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ABSTRACT

Limitations of present procedures for the design of bridge columns to withstand
seismic loads are discussed. An integrated seismic design procedure is
developed which 1) allows the automatic selection and scaling of design
earthquakes given the earthquake magnitude, the distance from the site to the
fault, and the type of overlying soil strata; 2) predicts the inelastic behavior of
reinforced concrete bridge columns when subjected to random lateral loads up
to and including failure; and 3) calculates cumulative damage which can be
directly correlated to observed states of damage in laboratory tests of bridge
columns. Techniques for achieving the above capabilities are described and
new design criteria, based on acceptable damage indices as functions of
earthquake magnitude, distance, and structural importance, are proposed. Using
the proposed procedure and criteria the performance of 72 representative bridge
columns designed in accordance with 1992 CALTRANS specifications is
analyzed. Analysis parameters included earthquake magnitude, distance from
epicenter, subsurface soil characteristics, column aspect ratio, and normalized
column axial load. Design charts, based on allowable damage index versus
earthquake magnitude, are developed and retrofit strategies are discussed for
those designs which do not meet the proposed design criteria.

Key words: circular bridge columns; damage index; design; dynamic analysis;
earthquakes; hysteretic damage model; inelastic modeling;
reinforced concrete; seismic loads; site specific response; soil
amplification; spiral reinforcement.
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On the cover: Proposed envelope for acceptable damage index, as a
function of earthquake magnitude and distance, for bridge piers deemed
moderately important to seismic lifelines. See Chapter 6.

Disclaimer

Certain commercial equipment, instruments, or materials are identified in this paper
in order to specify the experimental procedure adequately. Such identification is
not intended to imply recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that the materials or
equipment identified are necessarily the best available for the purpnse.
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SEISMIC PERFORMANCE OF CIRCULAR BRIDGE COLUMNS
DESIGNED IN ACCORDANCE WITH AASHTOQ/CALTRANS STANDARDS

1.0 Introduction

Research on the design of bridge structures to resist seismic loadings has
traditionally been driven by the inadequate performance of constructed facilities
under actual earthquakes. The catastrophic collapse of the I-880 Cypress
Freeway, and the significant damage sustained by other elevated highway
structures in the Oakland-San Francisco region during the Loma Prieta
earthquake of 1989 [Lew 1990] initiated a research project at the National
Institute of Standards and Technology (NIST) to develop a rational procedure
for the design of ductile bridge columns. Strong emphasis was placed on the
creation of an integrated design tool which followed from fundamental physics
and took advantage of advanced computational tools developed over the past
decade to study various aspects of transient response prediction.

Of particular interest to practicing bridge designers is the slate of existing
infrastructure immediately following an earthquake: Has the structure been
damaged, and if so, how badly? Should it be repaired? Can it be repaired?
Even more pressing is the question whether existing bridges should be
retrofitted now, before the next, more severe earthquake arrives.  What should
a "design" earthquake be for the purposes of retrofit analysis? Whar level of
damage should be considered "acceptable” for a given structure in light of its
importance and the energy content of a particular earthquake? How is damage
to be quantified? All of these questions have been heretofore answered only
subjectively by committees of consultants from various fields. As a result, no
standard procedure exists for site-specific design.

This paper describes the fundamental concepts used in an integrated seistnic
design procedure (ISDP) being developed at NIST for bridge columns. The
procedure is then employed to investigate the performance of a series of 72
representative bridge columns designed in accordance with 1990 California
Department of Transportation [CALTRANS 1990] seismic provisions. Since
these represent a more rigorous implementation of the American Association of
State Highway and Transportation Officials (AASHTO) design specifications
for highway bridges [AASHTO 1989] they can be considered the current state-
of-the-art for the seismic design of bridge columns in the United States.

It must be recognized that the vast majority of bridges in use in the United
States were constructed more than 40 years ago. Given the enormous capital
invested in this existing infrastructure there is strong interest, both at the federal



and state levels, to improve the survivability of these bridges during
earthquakes. While it is not possible to address the entire field of bridge
retrofitting techniques in this paper the potential power and utility of an
integrated seismic design procedure (ISDP) in this ficld is demonstrated by
means of a case study.

1.1 Background (Current CALTRANS Design Procedure)

Before discussing what constitutes a "rational” design procedure, it will be
useful to summarize the current generally accepted design procedure for single,
cantilevered bridge columns employed by the California Department of
Transportation [CALTRANS 1990]. The CALTRANS procedure, summarized
in fig. 1.1, requires the selection of a maximum expected bedrock acceleration
at the bridge site from a seismicity contour map; the calculation of the
anticipated fundamental period of the structure; and the selection of an
appropriate response spectrum (the so-called ARS spectrum) based on generic
soil conditions. The designer then reads a static equivalent lateral design
acceleration from the ARS response spectrum, from which a design base shear,
which accounts for presumed ductility based on a generic structural
classification, can be calculated. This procedure, while lending itself to a
codified standard, suffers from several drawbacks:

» A single peak acceleration value for a regional area ignores important
localized phenomena associated with distances from active faults, variations in
earthquake magnitudes and their effects on frequency content, and attenuation
and frequency shifting with distance from the active faults (or in the case of the
Eastern and Central United States, where active fault locations are often
unknown, the estimated probable distances, measured in any direction, from
earthquake epicenters).

» A sample of representative response spectra for homogeneous soil conditions
for a few depth ranges will not necessarily yield a realistic measure of the
lateral surface excitation force as experienced by the structure, particularly if a)
the frequency content of the earthquake rock motion 1s other than assumed in
the generation of the generic design charts, and b) if there are multi-layered
sedimentary deposits.

+ There is no basis for the prediction of the post-earthquake damage status for
the structure. Thus, the design codes for lifeline structures presently include
arbitrary modifiers to the static equivalent lateral design load based on the level
of "importance” and the presumed post-elastic ductility capacity of a particular
structure. Because of this, there is no ability to perform an effective



optimization study which would result in the least-cost design solution to meet a
particular survival requirement.

e Current retrofit assessment procedures [e.g., FHWA 1983, and FHWA 1987]
rely on a capacity/demand approach which involves the use of single mode or
multi-mode linear spectral analyses, again followed by modifications to account
for presumed ductility capacity. As with the design of new bridges, there is no
means for assessing the effectiveness of the proposed retrofit nor to predict the
state of damage that might exist following any particular seismic event.

| Current Design Approach: CALTRANS I

1. Estimate Period of Structure

T = 0.32V(W/k)
(W = weight; k = stiffness)

2. Linear elastic, lumped-mass space
space frame model, subjected to
response spectrum acceleration,

2. Determine Risk & Ductility Factor, Z 3. Compute Lateral Load
F=(ARSYW)/Z
Multi-Column Bents
8 &0 B 15 ALLCVIOM |
Single Columns [
¢ P i) B
NS
4 2 Lo N A=0.1g
7
2 ——
% e 3% 19 % 30 r 5.
PERIOD OF STRUCTURE, T, sec PERIOD OF STRUCTURE, T, sec

(Note: 1 foot = 205 mm)

Figure 1.1. Schematic of current CALTRANS seismic design approach.



1.2 Integrated Seismic Design Procedure (ISDP)

Rational structural design requires 1) the definition of functional requirements
for the structure, and 2) the us¢ of appropriate analysis techniques to determine
if a proposed design meets the functional requirements. When considering the
seismic design of a highway bridge the functional requirements are most
concisely stated by defining the design loads and the acceptable structural
behavior in response to those loads. In this paper the design loads are defined
by "suites” of likely events (acceleration time histories) which cover a broad
range of energy contents (as defined by magnitude and distance from the
earthquake epicenter). The specific procedures by which such design suites are
selected and/or created are described in Chapter 3. There are several reasons
for using this approach, the most important of which is that it explicitly
accounts for the transient nature of earthquake loading, rather than reducing it
to a simplified static force. The reason for employing a suite is that no single
earthquake record can characterize the randomness that will be exhibited in
nature at a particular construction site. Thus, given a particular energy content
(as defined by magnitude and distance) a group of distinctly different (from a
frequency content viewpoint) time histories has a higher likelihood of capturing
the worst case response for any given structere at a particular job site.

For any given time history a performance standard is required to determine if
the structural response is acceptable. In this paper a significant departure is
made from traditional load and resistance factor desigii procedures by
introducing the concept of acceptable damage. It is generally recognized in
seismic design (as opposed to design for live loads) that economical
construction excludes designs based on clastic response to the anticipated
maximum design carthquake. One can envision that elastic response is both
desirable, and feasible, for relatively low energy events. Between this condition
and total collapse in a high energy event will be a sliding relationship between
energy content and acceptable behavior, which necessarily will involve inelastic
performance.

Only recently [e.g., Park, Reinhom, and Kunnath, 1987] have researchers begun
to develop practical quantitative analytical models for cumulative damage to
reinforced concrete structures under reversed cyclic loading. Research is active
in this area and models are being refined. The eventual utility of such models is
clearly evident. Since there are no existing quantitative standards for acceptable
seismic damage an initial model is proposed by the authors in Chapter 6, that
will hopefully be the nucleus of a more refined AASHTO Specification.



To determine if the functional requirements described above are met, the
designer must employ models that traditionally have belonged to the fields of
structural engineering, seismology, and geotechnical engineering. These are
structural analysis models, atienuation relationships, and wave propagation
models, respectively. Transient seismic analysis begins with the definition of
an anticipated attenuation relationship based on historic bedrock motion data,
which for a geographic region relates frequency content and amplitude to
magnitude and distance. Using this relationship, suites of design bedrock
motions can be developed either by scaling recorded time histories or through
synthetic generation techniques. Given a knowledge of the soil profile at a
particular construction site wave propagation models may be used to determine
the altered time history that would be perceived by the structure at the surface.
Given a realistic time history, the inelastic response of the structure must be
determined. Inherent in the structural analysis phase is the need to realistically
model the hysteretic, inelastic behavior of the concrete; to determine a
cumulative damage "index"; and to account for any nonlinearities and damping
imposed by soil-structure interaction. Each of the above tools is predicated on
the existence of certain knowledge bases which include, for example, laboratory
tests of bridge substructures and elements; strong motion instrument records
made at bedrock sites; strong motion records made at soft soil sites; and boring
logs which describe the soil column properties at a particular site.

If properly integrated the above tools and requirements (each of which will be
described below) can lead to a rational seismic design, retrofit, and repair
procedure which is far more general, effective, and economical than the current
AASHTO and CALTRANS approaches (see¢ fig. 1.2).
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Figure 1.2. Overview of development of integrated procedures for the seismic
design, retrofit, and repair of concrete bridges.
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Figure 1.3 shows a computer program flow chart for the integrated seismic
analysis procedure. The approach is modular. It is based on recent advances in
methods for acquiring data on appropriate design earthquakes, and on the
development of reliable models for the prediction of hysteretic behavior in
reinforced concrete structures. Because the concept requires the integration of
seismological, subsurface soil, and structural analysis components, the input
data upon which the analyses are based are necessarily site- and structure-
specific,

Presently there is no national data base from which one might, for example,
obtain a set of representative acceleration-time histories for a particular region
which might then be used for design. To limit the scope of the required data
base generation a demonstration project is presented, using the State of
California as an example. Similarly, because there are many possible variations
to superstructure architecture, the initial scope of the project is limited to the
performance and design of circular, spirally reinforced, single cantilevered
columns which are monolithically cast with continuous longitudinal
reinforcement through the potential plastic hinge regions. These criteria are
apphicable to a large number of elevated highway systems presently in use in
California and elsewhere in the United States.

There are eight separate, but interrelated, ¢lements governing the design of a
bridge column with specified performance under given levels of seismic
excitation. These are as follows:

« Structural System anvi Performance Definition
* Subsurface (Soil Column) Definition

* Bedrock Motion Definition

+ Site (Surface) Motion Calculation

* Hysteretic Failure Model Selection

+ Soil-Structure Interaction Modeling

» Inelastic Dynamic Anaiysis

 Cost Optimization
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In considering the first element, Structural System and Performance Definition,
the engineer would prefer to enter as few pieces of information into a design
procedure as necessary. In the case of geometry and loads, the minimum data
required are the height of the column, L, and the effective axial load, Pe, from
the superstructure. In addition the engineer would also like to specify the level
of acceptable dainage following an earthquake of a given magnitude. A bridge
column which is required to be totally functional, with no damage at all,
following a Magnitude 6.5 earthquake, may demand a more robust design than
the same column which would be required to remain marginally standing (and
require subsequent demolition) following a Magnitude 7.5 earthquake. Since
these criteria will depend on site-specific characteristics, the engineer would
also want to provide the computer program with a geographical location
(longitude and latitude) of the construction site, from which, ultimately, design
loadings would be automatically generated. Obviously, this design approach
represents a significant departure from current design practices, particularly in
the explicit inclusion of performance based on earthquake magnitude (energy
content). Its implementation is predicated upon a number of developments
taking place and on the integration of what are presently disparate research
software packages into an automated system.

The issue of structural input loadings is addressed in the second, third, and
fourth elements listed above. The seismic excitation function (acceleration-time
history) is dependent upon the following parameters. among others:

The magnitude of the earthquake.

The local tectonics which affect the generation and propagation
of seismic waves.

The distance from the earthquake source to the structure.

The underlying soil conditions between the foundation of the
structure and bedrock.

el

Given these parameters the development of an appropriate "design” earthquake
loading is a complicated process which is presently the subject of considerable
resecarch. The authors envision, ultimately, a national database which would
permit the user, by specifying a geographic location for the construction site, to
automatically develop a best estimate for the soil column profile from surface to
bedrock level; and automatically generate a suite of design bedrock
acceleration-time histories, with varying magnitudes and frequency contents
which would be representative of that site, Existing wave propagation software
[e.g., SHAKES9!, 1992] can then be used to automatically generate surface-level
acceleration-time histories which would serve as the input loading for the
structural design. Initially, it is clear that the scarcity of available boring logs to



bedrock will relegate such automated soil selection procedures to preliminary
analyses, pending availability of specific construction site logs. However, with
required filing of boring logs to bedrock at all construction sites in seismic
regions with a national organization, such as the United States Geological
Survey, the completeness of such a soils database would gradually improve,

Procedures are currently available [e.g., Joyner and Boore 1988, Idriss 1985,
and Taylor and Stoue 1991] for the selection and scaling of earthquake records
at a given site, provided information on local geology and tectonics are
available. For any given site, and any given structure, a single acceleration-
time history is nearly as insufficient for proper analysis as a single equivalent
static lateral load. Because some structures may respond mose strongly to a
particular segment of a response spectrum, it is important to develop, for each
site, a suite of acceleration-time histories which, taken together, span the entire
target response spectrum, and taken individually, span discrete portions of the
target response spectrum. Likewise, because different magnitude earthquakes
may occur from different sources, a separate suite of design acceleration-time
historics for each magnitude under consideration must be generated. Given
these data, one may then develop a suite of surface-level time histories suitable
for subsequent structural analysis. An interactive graphics-driven system which
employs the above principles has been developed at NIST and will be the
subject of a forthcoming paper. Portions of this system are used for the
analyses reported in the present paper. The details of design earthquake suite
generation are preserted in Chapter 3.

The techniques used for inelastic dynamic analysis (steps 5 through 7 in the
proposed design procedure) are described in detail in Chapters 2 and 4. Briefly,
the approach subjects a column with known geometry and material properties to
a suite of independent earthquakes and for each time step in the earthquake
record, tracks the top of column lateral displacement as a function of lateral
load. These load-displacement (or moment-curvature) histories may then be
analyzed to determine a damage index at any point in time. The damage index
is a composite, dimensionless number which is a function of both maximum
displacement (curvature) ductility and narmalized absorbed hysteretic energy.
As will be shown in Chapter 4, these damage indices can be correlated to
physical states of damage observed in laboratory tests of bridge columns. This
then completes the analysis cycle which starts with the definition of a design
earthquake based on magnitude and proximity to the earthquake origin, and
ends with an assessment of probable damage caused by a given seismic event.

There is thus a means for directly assessing the cumulative damage to a column

subjected to a series of events, since any given analysis of a column could
simply be extended in time by attaching a subsequent earthquake record to the

10



input time history. This leads naturally into the subject of retrofit analysis
which is discussed in Chapter 6.

In the present study no attempt was made to address the issue of optimized
structural design other than to say that it is a logical and straightforward
extension of the analytical package (ISDP) presently under development at
NIST. As described in figure 1.3 and graphically in fig. 1.4, automated design
is possible using the ISDP approach. figure 1.4 shows one possibility in which
there are two optimization constraints. The damage constraint is provided by
means of a closed form equation which relates acceptable structural damage to
earthquake energy and structural importance (see Chapter 6). The second
constraint is the construction cost of the column. Using this approach the
practicing designer will uluimately be able automatically to determinc the lowest
cost design which mcets the acceptable damage criteria.

1.3 Scope of Present Study

Chapters 2-4 describe the analysis tools used to assess bridge column
performance. Beginning in Chapter 5 these techniques are used to study the
specific question of how bridge columns designed in accordance with current
CALTRANS specifications would perform when subjected to various design
earthquakes. In all, three column geometries (L/D = 3,6, and 9), three axial
load levels (Pe/fcAg = 0.05, 0.10. and 0.12); and four cpicentral (fault)
distances (D = 10, 20, 30, and 40 kilometers) were investigated, comprising 36
separate design scenarios. Each design scenario was subjected tu a suite of four
automatically generated earthquakes for four earthquake magnitudes (M=
3,6,7.8) for a total of 16 inelastic transient analyses per scenario or a total of
576 analyses for each subsurface condition investigated.

In order to assess the importance of soil an:plification two subsurface
conditions were considered: a) column founded on bedrock; b) celumn founded
on 37 m (120 foot) layer of alluvium (sand) underlain by bedrock. For ¢ach of
these cases (representing a total of 1152 analyses) design charts are constructed
relating cumulative column damage as a function of earthquake magnitude.
These charts also include, based on the work presented in Chapter 4, 90th
percentile probability limits representing damage states corresponding to three
discrete conditions: a) yield of axial reinfo-cement; b) ultimate load capacity;
and ¢) complete column failure.
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Figure 1.4. Schematic of automated inelastic design algorithm.

The design and analysis procedures used 10 investigate the CALTRANS
columns are described in Chapter 5. Chapter 6 presents first a brief treatise on
the subject of acceptable damage and then riduces the concept to a closed form
equation suitable for inclusion into the integrated seismic design procedure.
The performance of the CALTRANS columns analyzed using the procedures
identified in Chapter 5 is then discussed. T'wo types of design charts are
presented, each of which has specific practical application. The first chart
series relates the total damage that would occur to a particular column at a
particular construction site (located a specified distance from a likely fault or
earthquake source) as a function of carthquake magnitude. This is a highly
useful tool for examining the effect of column axial load and aspect ratio (L/D =
height/diameter) on damage avoidance. The second series of charts allows for
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quick assessment of the anticipated performance of a column whose geometric

properties and axial loading are known but the variance of damage is desired as
a function of both magnitude and location.

On the basis of the material presented through Chapter 6 a column retrofit
design example is solved for a specific case in which the predicted performance
of a column designed to current CALTRANS specifications is unacceptable.
The procedure described is general and can be used to analyze a broad class of
existing circular bridge columns in any area of the United States. Chapter 7
summarizes the implementation of the damage index design procedure for
retrofit problems and discusses the effectiveness and limitations of steel
Jacketing procedures presently in use by CALTRANS.

1.4 Limitations and Assumptions

Because of the reliance of the NIST method on direct calibration of analytical
tools to empirical test data the results described in this paper are limited in
scope to the design of circular, spirally reinforced bridge columns, for which a
substantial digital database has been established at NIST. It is anticipated in the
future that the method will be extended to handle other cross section
geometries, as well as multiple column bents.

Although the present ISDP package can handle any soil profile (including
clays), the analyses presented were limited to those for which direct
comparisons could be made with the existing simplified CALTRANS column
design procedures, as defined by the available ARS spectra charts. The intent
was to demonstrate the potential of the ISDP procedure and to call attention to
certain shortcomings in existing simplified design approaches.

In an effort to limit the scope of the present study, the influence of soil-structure
interaction was neglected. Generally, bridge foundations will fall into three
categories: piles, battered piles, and spread footings. Each of these substructure
systems will react inelastically with surrounding soil media during an
earthquake with the general effect of damping, to varying degrees, the
superstructure response. The results presented in the present paper can
therefore be considered conservative for bridge foundations constructed on deep
soil deposits. There is significant active research in the area of soil-structure
interaction. Those analytical models which have thus far been developed, and
those likely to be developed to characterize this phenomenon, reduce the effects
of soil interaction to a series of frequency-dependent nonlinear springs which
are, in essence, boundary conditions that can be directly assimilated at sume
future date into the structural analysis models presently used in the ISDP
package.

13



Finally, in Chapter 7, the retrofit analysis example is solved by considering, for
various seismic loadings, the effects on damage of changing design parameters,
specifically the confining reinforcement ratio (as determined by the thickness of
a steel jacket). Retrofitting is a global process and once the column retrofit has
been determined to be acceptable, a revised analysis must be performed on both
the foundation as well as the superstructure systems to ensure that the point of
failure has not merely been displaced from the column plastic hinge zone to
some other point in the bridge.
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2.0 Modeling Inclastic R /] LR f Circul
Bridee Columns

2.1 Inelastic Dynamic Analysis Codes

Several computer programs presently exist including SAKE [Otani 1974],
SARCF-II [Rodriguez-Gomez, Chung, and Meyer 1990], DRAIN-2DX
[Allahabadi 1987], and IDARC [Park, Reinhorn, and Kunnath 1987], among
others, which have achieved some measure of success in analytically predicting
the dynamic response of reinforced concrete structures, not just to their elastic
limits, but to complete failure. All are "research codes” and to date are limited
to the analysis of two dimensional structural systems. At the heart of these
programs are hysteretic rules to idealize the inelastic behavior of reinforced
concrete under dynamic or quasi-static loading. Such models attempt to capture
overall behavior of the structural element based on load-displacement (or
moment-curvature) predictive algorithms calibrated to experimental data. The
output of these programs tends itself to the computation of absorbed hysteretic
energy and displacement ductility, both of which have been shown to be
correlated to a quantifiable measure of the state of damage sustained by the
structure following a seismic event [Park. Ang, and Wen 1984], In the present
study a multi-linear hysteretic model, known as a "Three Parameter Model,”
was employed. This same algorithm is presently used in the program IDARC
[Park, Reinhom, and Kunnath 1987].

2.2 Development of Hysteretic Failure Models

It is common practice to describe the envelope curve of the force-deformation
relation of reinforced concrete components by a multi-linear function with three
turning points, e.g., cracking, yield, and ultimate strength. The tri-linear
approximation to the envelope curve is known as the "skeleton" curve.
Procedures have been developed to extract this curve from an equivalent
monotonic load-displacement envelope curve that has been fitted to
experimental data for columns tested under reversed cyclic loading [Park,
Reinhorn, and Kunnath 1987]. A variety of hysteretic properties can be
obtained through the combination of the tri-linear skeleton curve and three
characteristic parameters, o, B and v. Complete definitions of these variables
may be found in Stone and Taylor [1991]. Briefly, the parameter & controls the
degradation (softening) in the unloading stiffness that is generally observed in
reinforced concrete members as they degrade under reversed cyclic loading.
The parameter B determines the rate of strength deterioration, and is commonly
a function of cumulative absorbed energy and maximum displacement.
Pinching behavior is controlled by the parameter y. The introduction of such a

15



pinching parameter causes constriction of the hystercsis loops, and an overall
reduction in the cyclic energy absorbed by the structural element.

These three parameters, together with the skeleton curve information described
above, are the variables required for implementation of the hysteretic rule
described in Park, Reinhorn, and Kunnath {1987} El-Borgi, White, and
Gergely [1991] wam that proper implementation of this type of model requires
calibration of the variables to a specific type of structural element if reliable
results are to be obtained. It was for this reason that the initial project scope
was restricted to circular, spirally reinforced, single bridge columns. The first
task was thus to assemble a suitable digital database of tests of spirally
reinforced, circular concrete bridge columns subjected to reverse cyclic loading
combined with axial load. The process of determining the relationship between
the hysteretic parameters «, 3. and y and the column geometry and materials is
known as "system identification."

2.3 Digital Database

An extensive literature search identified several sources of bridge column test
data. Digitized records were available from Stone and Cheok [1989]; Cheok
and Stone [1990]; Lim and McLean [1991]; and McLean and Lim [1990].
Additional records, generally in the form of lateral load-displacement plots,
were obtained from Ang, Priestiey, and Park [1981]; Mander {1984]); Munro,
Park, and Priestley [1976]; Priestley and Park | 1984]; Zahn, Park and Pri¢stley
[1986]; Petrovski and Ristic [1984); Wong, Paulay, and Priestley [1990]; Ang,
Priestley and Paulay [1985, 1989]. Davey [1975]; Ng, Pricstley and Park
{1978}; Kenchiku Kenkyu Siryo {1975, 1978}: and Watson [1989]. All of the
analog data were digitized from large scale precision photo enlargements of the
analog records.

2.4 System Identification Procedures (NIDENT)

The term "System ldentification” is generally associated with the experimental
acquisition of such dynamic characteristics of a structure as its mode shapes,
frequencies, and damping coefficients. In this report we use¢ the term to refer to
the determination of the three parameters ¢, B, and ¥y, which best characterize
the hysteretic behavior of a given test specimen. The system identification
procedure used in this study consists of a three dimensional trial and error
search with bounded limits on o, f§, and ¥ subject to the constraint of
minimizing the cumulative error between predicted and experimentally
observed differential energy absorption for each point in the experimental
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database. In equation form, we seek to minimize the function F, where F is
defined as follows:

20'5|8i+1 - 8i—l |(Pexp (I)- Plht‘,o(i))2
i=1

F=
n
where:
di+1 = displacement of next point in load-displacement record
di-1 = displacement of previous point in load-displacement record
Pexp(i) = experimentally observed load at current point
Ptheo(i) = predicted load at current displacement, calculated using the multi-linear
hysteretic rule and the currently selected values of o, B, and vy.
n = number of data points in the experimental record

Following the initial identification of the parameters o, 8, and v, the predicted
load-displacement record was superimposed graphically, in a different color, on
top of the experimental record. Using a high performance graphics workstation
it was then possible to interactively adjust any of the three model parameters by
means of a dial-box while viewing the results in real time on the graphics
screen. This visual-feedback approach proved effective in arriving at a "best
fit." As a final check, the absorbed energy was calculated for the experimental
and predicted data for each cycle and compared in a histogram plot. When the
error between the theoretical and experimental sums of the cyclic absorbed
energies was reduced to a level of a few percent, the final values of a, B, and ¥
were recorded. The above tasks were carried out using NIDENT 3.0, the NIST
graphics-based system identification package, running on a Silicon Graphics
4D-420 workstation.

Examples of the fit between the analytical model and experimental data are
shown in figures 2.1 and 2.2. Several details of these figures bear discussion.
The first, as evidenced, for example, in figure 2.1, is that as the column begins
to fail, there is a tendency for the predicted loads to overshoot the
experimentally observed load at the maximum observed displacements for each
cycle. This is an expected consequence of using a tri-linear skeleton curve
where the post-yielding stiffness for such a model is defined to be positive for
reasons of numeric stability. Second, as evidenced in the associated cyclic
absorbed energy histograms (see figures 2.1-2.2), there is a tendency for the
predicted absorbed energy to overestimate the experimental data for low values
of lateral displacement and to underestimate the experimental data for high
displacement ductility. Despite these shortcomings, the Three Parameter model
is able to generally predict both overall absorbed cyclic energy and
displacement ductility to within a few percent error, which was considered
acceptable for the purposes of dynamic behavior studies involving reinforced
concrete.
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2.5 Closed-Form Equations for Hysteretic Parameters

Given best-fit values of the parameters o, B. and y for many different column
tests, the next objective 1s to ascertain if there is any correlation between these
parameters and the physical properties and dimensions of the test specimens
which were modeled. A stepwise linear regression analysis was conducted
using 65 digital test records. The regression analysis was carried out using the
commercial software package SAS/STAT [SAS/STAT, 1987]. R2 (square of
the regression correlation coefficient) values of 0.79, 0.85, and 0.80 were
obtained for the estimates of the parameters o, f§, and . It would be possible to
find a model which would explain a larger percentage of the total scatter in the
data, but at the expense of a significant number of additional terms. The
regression equations associated with the three parameters are given below.

Let

a, = Cross sectional area of spiral bar, em’

A = Spiral core cross section area, e’

A, = Cross cross section areq, cm’

d, = Diameter of longitudinal bar, cm

d, = Diameter of spiral bar, cm

D = Overall diameter of pier, cm

D_ = Diameter of spiral core (out to out), cm

f_ = Concrete cylinder strength, MPa

f,, = Longitudinal reinforcement yield stress, MPa
f,. = Spiral reinforcement yield stress, MPa

L = Length of pier, from base to first point of contraflexure, cm
N = Number of longitudinal bars in cross section
P, = Axial load applied to pier, kN

§ = Spacing (pitch) of spiral layers, cm

p, = Axial reinforcement content, %

P, = Spiral reinforcement content (volumetric), %

10P

o, = —= (kN, MPa andcmz)

f.A,

2af D - — o]
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The above equations were subsequently used to derive calculated estimates for
each hysteretic model parameter given the geometry and material properties for
each test specimen. Scatter plots for each parameter (values determined by
system identification on the x-axis; values calculated from the regression
equations on the y-axis) are shown in figures 2.3-2.5. In the case of the
parameter f it should be noted that negative predicted values are not valid (and
a zero should be substituted). [} values must be positive, and are normally less
than 1.0. A practical upper limit on [, based on the experimental data, is 1.75.
Predicted y values greater than 1.0 are not valid (and 1.0 should be substituted).

A perfect model for o, B and ¥ would cause all of the data in figures 2.3-2.5 to
fall on a 45-degree line intersecting the origin. Actually there is moderate, but
not unreasonably large, scatter, which is characterized by the R2 values of 0.79,
0.85, and 0.80. We anticipate that the expansion of the column test database
will extend the range of applicability of the regression equations. However, as
the limits of scatter are likely controlled by the variability of response that is
typical of reinforced concrete, it seems unlikely that the quality of correlation
betwezen the parameters derived via system identification and those calculated
using closed form equations will improve significantly, and that the scatter
cloud will simply become more dense. For the purposes of conservative
inelastic dynamic-based design it should be possible to shift o and Y downward
and B upward by some multiple of the standard deviation, much as strength
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adjustment factors are incorporated in traditional design codes to account for
workmanship and material variability.
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2.6 Summary

Within the bounds of the available test data for circular, spirally reinforced
concrete bridge columns subjected to cyclic lateral loading, it was found that
the Three Parameter model was able to generally predict the observed
experimental load-deflection histories, and more importantly to produce an
estimate of the cumulative absorbed cyclic energy within an error bound of
several percent. Preliminary regression equations, which are functions of the
physical properties of the bridge columns, were developed for the parameters G,
B. and y. The availability of closed form equations for these failure model
parametcrs permits an a priori inelastic dynamic solution for a large class of
bridge columns which employ circular cross-sections and spiral confining steel.
This was one of three critical factors which needed to be addressed in order to
create the integrated seismic design procedure (ISDP) described in Chapter 1.
The remaining two factors — damage model correlation to experimental data and
the development of a closed-form model for acceptable damage — are described
in Chapters 4 and 6, respectively.
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3.1 Introduction

A critical step in the implementation of any time-step analysis is the selection of
appropriate earthquake motions to drive the analysis. In order to design a new
bridge, evaluate the potential for seismic damage to an existing bridge, or
evaluate the effectiveness of earthquake protection systems, it is first necessary
to obtain a prediction of the seismic forcing function. In the case of the NIST
integrated seismic design procedure (ISDP), the desired earthquake motions are
bedrock acceleration-time records: the motions at the ground surface are
obtained by employing the shear wave propagation model SHAKE91
[SHAKE91, 1992] to filter the bedrock motions upward through the overlying
soil layers. This chapter describes a method for selecting site-specific bedrock
motions for the seismic design or evaluation of bridges.

3.2 Earthquake Record Selection and Scaling Method

There are in general two approaches to the generation of site-dependent
earthquake bedrock motions. First, synthetic ground motions can be generated.
These motions are normally computed on the basis of parameters derived from
probabilistic studies of seismicity in the region of interest. The parameters not
only account for earthquake magnitude but aiso distance from the causative
fault. In many cases an historically-recorded ground motion, or some
“standard” fictitious record, is selected to serve as a basis for the synthetic
motion. This record is then altered (sometimes radically) in frequency content,
duration and intensity to arrive at a synthetic motion which satisfies the
statistical model.

With the second approach, a "design" or "target” acceleration response
spectrum is established, and "natural” response specira, from historically-
recorded ground motions, are matched to it. The target spectrum is derived
from statistical studies of response spectra, calculated from all available
historically-recorded ground motions in the region of interest, Attenuation
relationships are derived to adjust the target spectrum for earthquake magnitude
and distance from the causative fault. The natural response spectrum, or
spectra, which best match the target spectrum are chosen for design purposes.
If no natural spectra match the target spectrum closely, the natural spectra can
be altered to some degree. Amplitude scaling is accomplished by multiplying
the ordinates of the entire nawral response spectrum by a constant scale factor.



The second approach has been chosen for use in the NIST seismic design
procedure for several reasons. First, the NIST study has focused initially on the
Northern California region. Since there is a relative abundance of historic
earthquake data from the West Coast of the United States it is possible to derive
relationships for the target response spectrum and attenuation equations in the
region of interest. Second. the method relies mainly on natural carthquake
records which are minimally altered to match the target response spectrum. It is
preferable to make use of natural earthquake records whenever possible, rather
than synthetic records, as the natural records may reflect aspects of the ground
motions which are not accounted for in the synthetic record generation
procedures. Finally, the use of a suite of three to five natural earthquake
records, which together span the target spectrum, provides a more realistic
loading history than a single synthetic record, which is forced to match the
entire target spectrum. In reality. a structure is subjected to a series of
earthquakes over its lifetime. Taken together, these earthquakes tend to cover
the entire range of the target response spectrum. A single synthetic earthquake
record which covers the entire target response spectrum represents an
unrealistic agglomeration of earthquake effects.

3.3 Target Response Spectrum and Attenuation Relationships

A number of methods for computing site-dependent target response spectra
have been proposed [e.g., Campbell 1981, Idriss 1985, Joyner and Boore 1988,
and Youngs et al. 1988]. In the present study, the spectrai equations developed
by Idriss [1985] were employed. This is because the development of the
equations was based c¢xclusively on seismic data from California (the initial
area of interest in this study), and because the equations have been recently
updated to reflect the seismic data collected from the 1989 Loma Pricta
earthquake. Figure 3.1 illustrates schematically how the target response
spectrum is computed, as a function of magnitude and distance. This method is
summanzed briefly below.

The method begins with a basic normalized spectral shape for a magnitude 6.75
earthquake. The ordinates of this curve, shown in table 3.1 below, were
determined from a staristical study of historically-recorded eanhquake bedrock
motions in California.
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Figure 3.1, Calculation of Target Response Spectrum.

Table 3.1. Bedrock accelerations, normalized spectral ordinates for M=6.75

Normalized Normalized
Period, Spectral Period, Spectral
seconds | Ordinates seconds Ordinates
S, 3,
a a
0.03 1.000 .50 2.170
0.05 1275 0.55 2.020
0.075 1.635 0.60 1.875
0.10 1.920 0.65 1.724
0.11 2.022 0.70 1.600
0.13 2210 0.75 1.481
0.15 2.375 0.80 1.375
0.18 2.525 0.85 1.280
0.20 2.610 0.90 1.200
022 2.666 1.00 1.065
0.25 2.720 1.50 0.648
027 2.769 2.00 0452
0.30 2.755 3.00 0.266
0.32 2.751 400 0.180
0.35 2.690 5.00 0.130
0.37 2.630 6.00 0.1
04 2.530 8.00 0.065
0.45 2.340




The next step is to alter this basic normalized spectrum to account for a
magnitude other than 6.75. This is accomplished using equation 1 below,
which was derived from a statistical study of earthquakes in Californiia, and
accounts for the variation of spectral amplitude as a function of magnitude, M,
and peniod, T, in seconds (Idriss 1985).

Sa

(&)M = exp[a{M) +b(M)ln(T)]( 2

) (Egn.1)
d M=6.75

where a(M)=-7.427 +1.654{M) - 0.082(M?)
and  b(M)=-3.224+0.718(M) - 0.036( M?)

The peak acceleration, "a", 1s computed using equation 2, which i» a function of
magnitude, M, and the distance from the earthquake source, d, in kilometers.

a =exp[a(M) - B(M)In(d +20)]  (Eqn.2)

where o(M)=exp[2.261-0.083M] forM<6.0
a(M)=exp{3.477 -0.284M] forM>6.0
B(M)=exp[1.602 - 0.142M] forM <6.0
B(M)=exp[2.475 - 0.286M] for M >6.0

Finally, the normalized spectral ordinates are multiplied by the peak
acceleration to obtain the absaolute spectral ordinates, as shown by equation 3.

sa:(-si) x{a)  (Egn.3)
3 Im
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3.4 Demonstration Computer Program

The method of selecting and scaling bedrock motions outlined above is well
suited for implementation in a computer program on a work station with
interactive graphics capabilities. Such a program called EARTHGEN was
written at NIST for a Silicon Graphics IRIS 4D/410VGX work station.™ It is
anticipated that EARTHGEN will make up one module of the comprehensive
seismic design procedure for bridge piers currently under development at NIST.
A block diagram of EARTHGEN 1is shown in figure 3.2, and the operation of
EARTHGEN is summarized below.

EARTHGEN Updaes and Displays the Most Recent
1) Magniude

2) Target Response Spectrum i

Designer Lniers the Distanive
From the Fault, D, and e
Eanhquake Magnitudes

) Scaled Naw Sox
M1, M2, M3, M4 an| M5 1) Scated Nawiral Response Spocira

4) Scale Factors
r\

Designer Seleds aa
Fanhquaie Magnitude
M1 M2 M M4 or M3

Designes Sclects an
Acceleranon Recond From
the Availshic Data Hase

Dresagner Sclects & New
Scale Factor for #
Natural Response Spectrum

EARTUGEN Computes
the Tamget Response
Spectrum for

EARTHGEN Computes
the Natura! Kesponse
Specinam for

EARTHGEN Muluplies the
Natural Response Spectram
Times the Scale Factor

That Magnnusde That Accelcrauon Reoord

\»/

EARTHGEN Mulupties Tach Acceleration Y 1s Opcrator hausficd With the Agreement NO
STOP | Rccont by its Correaponding Scsle Factor - Between the Targa Spectea and -
and Secnds all Data to a File Natural Spectra tor all Five magrtudes?

Figure 3.2, Block diagram of the program EARTHGEN.

Initially, EARTHGEN displays a menu and prompts the designer to enter the
distance of the bridge site from the fault of interest, and up to five earthquake
magnitudes. EARTHGEN then displays the target response spectrum for the
first magnitude value. The &4th and 16th percentile limits (the target spectrum
plus and minus one standard deviation) are also displayed (fig. 3.3). The
designer may then select, from a list, the name of an historically-recorded
bedrock motion. EARTHGEN retrieves the corresponding acceleration-time
record from a data base, computes the response spectrum, and overlays this
natural response spectrum on the target response spectrum already displayed

* EARTHGEN could have been written for any work station with high resolution graphics capabilitics.
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(fig. 3.4). (As part of this study some 60 recorded bedrock acceleration records
for the state of California were compiled and incorporated into the
EARTHGEN data base). The designer may then alter the vertical scale of the
natural response spectrum by adjusting a valuator dial (fig. 3.5). EARTHGEN
continuously updates the display to reflect, in real time, this scaling of the
natural response spectrum.

The designer may repeat the record selection and scaling procedure for up to
five other historically recorded bedrock motions, ail of which are displayed
simultancously on the screen (fig. 3.6). When the designer is satisfied that this
suite of scaled natural response spectra adequately covers the target spectrum, a
new magnitude value is chosen and the record selection and scaling process is
repeated. The designer may re-display and adjust the scaling of the spectra for
any of the five magnitudes at any time. An automated scaling option is also
incorporated in EARTHGEN. When invoked, this routine determines the scale
factor for each natural response spectrum which results in the least total
difference between the natural spectra and the target spectrum. The designer
may use this feature to provide an objective measure of the agreement of the
natural and target spectra.

Finally, when records have been selected and scaled for all five magnitude
values, the designer terminates the interactive session, and data are written to an
output file. These data include the initial input data (distance and magnitudes),
and up to 25 historically recorded bedrock motions and their scale factors (up to
five records for each of five magnitudes). The scaled bedrock motions may
then be used for later non-linear analyses of the bridge structure subjected to
five-earthquake suites of varying magnitude.
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3.5 Discussion

A method has been presented for celecting and scaling bedrock
earthquake motions for the seismic design and evaluation of bridges. The
method lends itself well to implementation on a computer with interactive
graphics capabilities. A demeonstration program, EARTHGEN, has been
described. EARTHGEN allows a designer to rapidly view response spectra
from a large number of historically recorded ground motions, then select and
scale the records which arz most appropriate for a particular site and structure.
EARTHGEN has been initially configured for Northern California region, but
could easily be re-configured for other localities. To do so it is only necessary
to supply attenuation relationships (such as those developed in the studies of
Campbell 1981, Idriss 1985, Joyner and Boore 1988, and Youngs et al. 1988)
and specify a data base of bedrock motion records which are appropriate for the
geology of the region of interest.

3.6 Bedrock Acceleration Records Selected for Trial Bridge Column
Designs

EARTHGEN was used to select and scale suites of bedrock acceleration records
for use in the trial bridge column designs of this study. A total of 64 records
were selected and scaled: (suite of 4 records) x (magnitudes 5.0, 6.0, 7.0, and
8.0) x (distances 10 km, 20 km, 30 km and 40 km) = 64 records. These records
are listed, along with their amplitude scale factors, in Appendix B. In all cases,
records were selected which required the minimum amplitude scale factor to
match the target responsc spectrum. However, for some of the high magnitude
events at close distances the scale factors were comparatively large, out of
necessity, since very few near-field records exist for large magnitude
earthquakes.
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$0 D State Predicti
4.1 Introduction

It was shown in Chapter 2 that the inclastic response of a spiral-reinforced
bridge column when subjected to random lateral loading can now be
analytically predicted with reasonable accuracy. The present availability of
empirical closed-form equations for the hysteretic model parameters o, B, and y
allows the extension of this type of analysis to practical seismic design, where
the engineer has available beforehand only the geometry and material properties
of a bridge column and a suite of appropriate design earthquakes (the selection
of which was described in Chapter 3}.

Given that we can predict the response of the bridge to an earthquake
characterized by magnitude and distance, the next question is: "would the
column be damaged. and if so, how severely?" For practicing engineers who
must perform post-earthquake assessments of highway structures, the
quantification of damage is a subjective process. The determination of when a
column is serviceable; when it is not serviceable but can be economically
repaired; or when it must be destroyed, based solely on an external inspection
inherently involves a high degree of variability.

In this chapter we discuss an alternative approach to damage assessment. It is a
two step process involving first the analytical calculation of a damage index,
and second a comparison of this value with a statistical damage state model.
The latter. as will be discussed in greater detail below, is based upon extensive
empirical correlation studies with existing laboratory data from tests of full-
scale and model bridge columns.

Briefly stated, a damage index is a dimensionless quantity generated by a
mathematical algorithm during the course of an inelastic dynamic analysis.
Many damage algorithms have been proposed over the last two decades. All
have the common feature of equating the damage index to parameters believed
to be related to the overall state of a structural element, as observed in
laboratory tests of beams, columns, bents, multi-story frames, etc. The original
models were primarily based upon a ratio of the maximum observed lateral
displacement and the calculated ultimate displacement of the structure under
monotonic loading. Later improvements recognized that strength degradation
also occurred during consecutive cycles at the same displacement ductility.
This additiona! cyclic damage was presumed to be caused by energy absorbed
by the structural element, as measured by the area bounded by a hysteresis loop
for one cycle of reversed loading.
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The damage index model employed in the original release of IDARC (Park,
Ang, and Wen 1985] is given by:

d, 9,P,
where
dm = Maximum deformation under seismic loading
du = Ultimate deformation under monotonic loading
Py = Yield load under monotonic loading
Eabs = Absorbed cyclic energy under seismic loading
B = Strength deterioration parameter

This equation may be evaluated at any successive displacement step (if the
analysis is simulating a displacement-controlled test) or at any discrete time
step in a transient (earthquake) analysis. The first component represents a
ductility ratio whereas the second component is a strength deterioration term
which is tied to the cumulative normalized encrgy absorbed by the column,
Although damage indices calculated using this equation generally run between
0 and 1.0, values of D.I. can be significantly higher depending on confining
reinforcement details.

The 1992 release of IDARC, which was modified extensively for work specific
to this report, employs an alternative formulation of the damage index equation
which is more versatile. Direct application of the original model to structural
systems requires determination of an overall member deformation. Since
inelastic behavior is confined within plastic zones near the ends of a member,
the relationship between overall member deformation, local plastic rotations,
and the damage index is difficult to correlate. The 1992 IDARC damage index
equation, based on moment and curvature, rather than loads and deflections, is



where

®5n = Maximum curvature attained during seismic loading
@, = Ultimate curvature capacity of section

®; = Recoverable curvature at unloading

My, = Yield moment of section

Ay = Total area contained in M-® loops

B = Strength deterioration parameter

The term At does not correspond to the original energy term in Park's model.
However, it does represent an implicit measure of energy, and when normalized
as indicated above, was found to correlate well with the original strength
deterioration parameter, . As described above, the moment-curvature model
is more versatile, particularly where complex indeterminate structures are
involved. For the case of a cantilevered bridge column, however, the results arc
essentially the same as for the load-displacement formulation and either model
could be used effectively (the previous model being more intuitive). For the
sake of continuity with future, more sophisticated, analyses of indeterminate
multiple-pier bridge bents, we have used the moment-curvature formulation for
the work presented n this paper. Because the damage index equations are in a
non-dimensional format, they permit comparisons between columns of different
sizes as well as columns with different loading histories.

4.2 Damage States

Figure 4.1 shows a typical inelastic cyclic test of a bridge column under
displacement control through failure of the column. In this figure three discrete
conditions relating to the structural integrity of the column are called out: yield,
ultimate, and failure. Although cracking and "spalling” might also be useful,
these were not considered as limiting states for the following reasons. First,
except in special prestressed situations, service load cracking is normal in
reinforced concrete and does not always represent a cause for concern, nor does
it constitute the sole cause for repair of a structure in the wake of an earthquake.
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Figure 4.1. Damage states of a laboratory test column.
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Yielding of longitudinal steel, on the other hand, is a signal of the onset of real
structural distress. Spalling of cover concrete in the plastic hinge region will
generally occur following extensive yielding but prior to reaching the ultimate
load (moment) capacity of the section. It is therefore a symptom of extensive
yielding, and not the cause. Ultimate load (moment) capacity of the section is
simply the maximum observed lateral load (moment) capacity of the column.

Beyond this point the stiffness of the column is negative and continued
application of the ultimate load would lead to complete failure of a single,
isolated column. However, a bridge column is usually part of a larger structural
system, and, depending on the structural configuration, can often be restrained
from lateral collapse by other structural elements. In displacement-controlled
tests it is possible to track the behavior of the column in this regime. It has
generally been accepted that once the lateral load capacity has fallen off to less
than 80% of the ultimate load the column will completely fail in an actual
earthquake, due to high moments created by its own axial load (P-d effects).
This has been labeled in figure 4.1 as the failure state of the column.

The above three states form useful delimiters for four possible damage
conditions that might exist in a bridge column following an earthquake. These
are:

1)  No Damage: the column has not yielded. Although cracking may have
occurred it will likely not be extensive and will not
compromise the serviceability of the structure.

2)  Repairable: the column has yielded but has not reached ultimate Joad.
Extensive spalling may have occurred but inherent stiffness
remains and economics will likely dictate that the structure
should be repaired rather than replaced.

3) Demolish: the column has been loaded beyond ultimate load but
remains standing. Complete failure is likely pending
another severe earthquake and the column, at least, and
possibly the entire bridge structure must be replaced.

4) Collapse:  the column has completely failed and will likely contribute
to collapse of the entire bridge.

As described above, the model employed in IDARC produces a quantitative
estimate of detenoration under cyclic loading. namely the damage index. As an
example of how this index is cumulative throughout the loading history for a
particular column figure 4.2 shows the damage index at each displacement load
step for the same column depicted in figure 4.1.
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While the damage index provides a convenient relative measure of degradation
under cyclic loading, in a practical sense the damage index is useless unless it
can be calibrated against experimentally observed states of column damage.
Therefore, it was necessary to investigate the correlation between the observed
states of damage in cyclic lateral load tests of spirally-reinforced bridge piers
and the calculated damage indices produced by IDARC. Furthermore, for the
purpose of establishing seismic design guidelines, it 1s advantageous to
establish threshold damage indices which indicate the likely occurrence of three
damage states: onset of yielding (Py); attainment of maximum lateral load

capacity (Py1,); and complete failure (Pgail).
4.3 Determination of Threshold Damage Indices

Threshold damage indices for the yield, ultimate and failure damage states were
conservatively estimated by examining the statistical distribution of calculated
damage indices from laboratory tests of 82 spiral-reinforced bridge piers (a
digital database for these tests has been established at NIST). The procedure for
the determination of the damage indices is outlined below.

For each of the 82 tests listed in table A.1 and A.2 the points in the
experimental loading history at which the yield, ultimate and failure damage
states occurred were determined by inspection of the load-displacement
histories, as illustrated in figure 4.1. Three separate IDARC analyses were then
carried out for each test specimen: the first analysis produced a calculated
damage index resulting from the load-displacement history applied up to the
observed point of yielding: in the second analysis the damage index was
calculated for a virgin column subjected to the load-displacement history from
its beginning up to the observed point of ultimate load; and in the third analysis
a virgin column was subjected to the load-displacement history from its
beginning up to the observed failure point.

Table C.1 presents a summary of the damage analyses, indicating the number of
displacement steps ("Number of Data Points") from the laboratory tests used in
the analysis, the observed damage state, the deformation (curvature) damage,
the energy (M-®) damage. and total damage. The yield state could not be
determined for one test, the ultimate state did not occur for one test, and the
failure state did not occur for 16 tests. Thus, the available populations were 81,
81, and 66 tests for estimating threshold damage indices for yield, ultimate, and
failure damage states, respectively.
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Histograms of calculated damage indices for each of the three damage states are
shown in figures 4.3, 4.4, and 4.5. In all three cases the distributions have a
pronounced mode (peak value) and are skewed strongly to the left. An estimate
of the most frequently occurring threshold damage index would be the mode of
the distribution, and a conservative estimate of the threshold damage index
would lie somewhat to the left of the mode. After close examination of the data
it was determined that the tenth percentile of each of the three distributions
provides threshold damage index estimates which are close 1o the mode, but are
fairly conservative, That is, in all three cases the tenth percentile threshold lies
close to the most frequently observed value of the threshold damage index. and
at the same time 90% of the calculated damage indices lie above the tenth
percentile. The tenth percentile threshold damage indices for the three damage
states are discussed in Section 4.4, and shown in table 4.1.

Yield State Damage Indices (Closeup of Range (0.0 10 2.5)

- Tenth Percentile 81 Observations
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Figure 4.3. Histogram of observed yield state damage indices.
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4.4 Variability of Threshold Damage Indices

The proposed threshold damage indices discussed above were derived from a
diverse experimental database. Thus, in a qualitative sense one could be fairly
confident that the proposed tenth percentile threshold values will not change
dramatically in light of future experimental results. However, it is desirable to
have a quantitative measure of the variability of the tenth percentile values. In
other words, one would like to know how precisely the tenth percentile values
have been determined. If there is wide variability in the tenth percentile values,
then further experimentation might be required to establish reliable damage
index thresholds. If there is narrow variability, then the proposed values could
be used with reasonable confidence.

4.4.1 The Bootstrap Method

As described in section 4.3 above, estimates of the threshold damage indices
were made, using as a database of all the known experimental results from
cyclic lateral load tests on spirally-rcinforced bridge piers. Since this database
is of finite size, it would appear that an estimate of the variability of any single
statistical parameter (such as the tenth percentile) could only be made if a large
number of additional databases of similar size became available. Specifically,
in order to determine the variability of the tenth percentile estimates made
above, one would need to collect a large number, say 500, additional sets of
tests on 82 bridge piers, compute the tenth percentile of each set of 82 tests,
then find the mean and standard error terms of the 500 resulting tenth percentile
values. Clearly, it is very unlikely that such a large number of tests on spirally-
reinforced bridge piers will ever be carried out. However, using a statistical
technique known as "resampling” or "the bootstrap method,” one can simulate a
very large data set and obtain estimates of the variability of the statistical
parameters that charactenize the original, smaller, data set.

Overviews of the bootstrap method, its theory and applicability are presented by
Efron and Gong (1983), Diaconis and Efron (1983), and Efron and Tibshirani
(1986). The fundamental requirement for valid application of the bootstrap
method is that the available data set be a representative subset of a much larger
population. In the case at hand, it is reasonable to assume that the 82 column
tests, performed by a number of different researchers working in separate
laboratories, and employing a variety of experimental methods, is a
representative random sample of the very large number of column tests which
could be (but probably will not be) performed in the future.
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The steps of the bootstrap method may be described conceptually as follows.
First, the oniginal data set of size n 1s randomly sampled. with replacement of
each value after sampling, to obtain a new sct of n  variables. Because
sampling is done with replacement. the probability of sampling any one value
from the original data set is always 1/n, and there may be multiple occurrences
of the same valuc in the new data set. Once the new data set is obtained. the
statistical parameter of interest (mean, variance, percentile. cte.) 1s computed.
Sampling of new data sets with n values is carried out a sufficient number of
times (on the order of several hundred to several thousand) to obtain a
histogram which shows the variability of the parameter of interest. Once this
histogram has been constructed, indicators of the variability of the parameter,
such as the standard error term and confidence intervals, can be computed.

4.4.2 Application of the Bootstrap Method to Threshold Damage Indices

The bootstrap method was applied to the tenth percentile threshold damage
indices, derived earlier, by carrying out sampling with replacement of data sets
with 81 values (or 066 values in the case of the failure damage index) 10,000
times. Tenth percentile damage indices were computed for cach of these 10.000
data sets. Subsequent analyses of the 10,000 damage indices resulted in
standard error terms and 90% confidence intervals for cach of the three
threshold damage indices (yicld, ultimate and failure damage states). Table 4.1
summarizes the estimates of the threshold damage indices obtained from the
original data sets, and the standard error terms and 909% confidence intervals
obtained from the bootstrap method. The threshold damage indices in the table
can be interpreted as the best available empirical estimates of the tenth
percentile thresholds, and the 90% confidence intervals can be interpreted as the
estimated vanability in the threshold damage indices, based on a large
bootstrapped data set.

Table 4.1. Threshold Damage idices for Spiral-Reinforced Bridge Piers, and
Estimates of Their Variabihity

Damage Threshold Standard 90% Confidence
State Damage Indices Error "erm Interval

Yield 0.11 (.03 (0.08,0.17)
Ultimate 0.40 (1.03 (0.32.0.43)
Failure 0.77 .05 {0.71.0.86)




3.0 Analysis of CALTRANS Columns
5.1. Selection Criteria

To demonstrate the seismic design approach described in this report, a series of
representative spiral-reinforced single column bridge bents was selected for
analysis. These columns were designed according to the seismic design
procedures currently published by CALTRANS [CALTRANS 1990§, which
are an extension of AASHTO standards [ AASHTO 1989] , and are generally
considercd 10 be the most stringent scismic design standards for bridges in the
United States. This series of CALTRANS-designed columns was then analyzed
using the procedures outlined above in Chapters 1 through 4, and the
performance of the columns was evaluated. The series of columns chosen for
analysis had geometries, material strengths and axial loads typical of those
found in practice. However, due to the limited scope of this study. it was not
possible to perferm a comprehensive set of analyses encompassing all common
design parameters. That is, the serics of analyses addresses a sampling of
columns, and further study 1s required to fully evaluate the adequacy of the
CALTRANS approach to seismic design.

The general characteristics of the series of columns analyzed in this study are
summarized in table 5.1 below.

Table 5.1. General characteristics of CALTRANS columns analyzed in this
study

Column Characteristic

Values Investigated

Diameter, D

122 c¢cm

Length/Diameter ratio, 1/D 36,9

oncrete cylinder strength, f'c 27.6 MPa
Axial reinforcement yield, ultimate stress 14,724 MPa
Spiral reinforcement yield, ulumate stress | 414, 724 MPa
Axial load level = Pe/(fc*Ag) 0.05,0.10,0.15
Clear cover to spiral bars S5.1cm
Diameter of spiral retnforcing bar 1.59 cm

Soil overburden

none (bedrock), 37 m sand

Distance from causative fault

10, 20, 30 and 40 km

The column diameter in all cases was fixed at 122 cm, and the length was
varied to obtain length-to-diameter ratios of 3, 6, and 9. Concrete and steel
material properties were assigned the typical values shown in table 5.1. The
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axial load levels of 0.05, 0.10, and 0.15 cover the range of values commonly
found in practice. The sprral bar diameter and concrete clear cover dimensions
also have typical values. Two seil overburden conditions were selected for
analvsis: na soil overburden (construction on bedrock, or less than 3 m of
alluvial depositsi, and 37 m of sand. Distances of 10, 20, 30, and 40 km from
the causative fault were investigated, in order ro explore the effects of distance
attenuation ctfects on column hehavior. A total of 72 columns were designed
by the CALTRANS procedures [(3 L/D ratios) x (3 axial load levels) x (2 soil
conditions) x (4 distances o causative tfaulty = 72 cases|.

5.2. Design of Columns

The currently published CALTRANS seismic design procedures permit an
equivalent static faterad load analysis for most ordinary bridge structures. This
procedure is summarized in frigure 1.1, and its essential features are outlined
below

The first step of the procedure is to esimate the fundamental period of the
elastic, undumaged structure by means of a simple function:

T=0.32yW/K

where W is the axial dead load of the bridge. and k is the lateral stiffness of the
substructure. in compatible units. An empirical factor, Z, is then read from a
graph. 7 accounts for the approximate ductility of the member being analyzed,
and the risk associated with failure of that member. Next, knowing the
geographic location of the proposed bridge. a value of peak bedrock
acceleration is read from a series of acceleration isoctines plotted on a map of
Califorma.  This map accounts for the locations of known active faults in
California, the maximum credible carthquakes associated with those faults, and
the attenuating characteristics of the subsurface geology. Once the period of the
structure and the peak bedrock acceleration have been determined, an "ARS
factor” 1s read from a curve which corresponds to one of four soil overburden
conditions: (-3 m alluvium, 3-24 m alluvium, 24-46 m alluvium, or over 46 m
alluvium. These ARS curves are pseudo-acceleration response spectra, which
have been adjusted for peak bedrock acceleration and soil amplification cffects.
Finally, the cquivalent static lateral load. F, for which the structure is to be
designed 1 found from the equation

_(ARS)(W)
- Z
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Sizing and detaihing ot the prer then proceeds as o would for a statie design,
with certain addinonal constramts imposed on reinforcenmient contents (o insure
adequate ducnlity under oyvobe toading,

The distanice of the bridee from the cansatve taalt s not an explicit factor in the
CALTRANS desran procedurer saibers distance v considered implicitly by
means of the peak bedrock avecicration map for California. Since the design
method described m this report accounts explicitly for distance, a means of
explicitly entering distance s the CALTRANS designs procedure was required.
This was accoriplishics by wanveving e Calitornia peak aceeleration map and
extracting peak acecleration viines trons the map for distances of 10, 20, 30,
and 40 Kin trom major actne faukis A total of 15 [ocations were ¢xamined near
major faults throughout the sivie, The maxrmum peak acceleration values from
any of these 1S locations rconservatt cly rounded up o the nearest (0.1g) are
shown 1n table 5.2 below o TThe » geccleration values represent the worst
possible peak ground aceckerirons required under the CALTRANS design
procedure. and shool s result &0 conservative. or at least acceptable. designs at
any location in the stuie,

Table 5.2. Maximum CALTEANS bedrock acceleranions for various distances
from tault

Distance of bedee from, Maximum peak bedrock
Clsative tault acceleranon from CALTRANS
hm desivn map., g's
b 0.6
20 0.4
) 04
) 0.3

It was found that ror ail 72 designs the spiral reinforcement content was
controlled by the CALTRANS requirement tor minumum confining steel, so #5
spirals spaced a1 12.1 ¢m are used in all cases. The calculated longitudinal
reinforcement contents for the 72 designs are shown in tables 5.3 and 5.4 below.
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Table 5.3. Longitudinal reinforcement contents for CALTRANS designs on

bedrock
L/D Pefifc*Ag) = 0.05 | Pe/(fc*Ag)=0.10 { Pe/(fc*Ag) =0.15
Distance = 10km, amax = 0.6 g
3.0 18 - #9 bars 18 - #9 bars 18- #10 bars
6.0 1% - #9 bars 1% - #9 bars 18 - #10 bars
9.0 18 - #9 bars i8 - #9 bars 25 - #10 bars
Distance = 20 km, amax =04 g
30 18 - #0 bars 18 - #9 bars 1§ - #9 bars
6.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
9.0 18 - #9 bars 18 - 49 bars 21 - #10 bars
Distance = 30 km, amax =04 g
3.0 18 - #9 bars 18 - #5 bars 18 - #0 bars
6.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
0.0 18 - #0 bars 18 - #9 bars 21 - #10 bars
Distance =40 km, amax =0.3 g
3.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
6.0 18 - #9 bars 18 - #9 bars 1R - #9 bars
9.0 18 - #9 bars 18 - #9 bars 21 - #10 bars




Table 5.4. Longitudinal reinforcement contents for CALTRANS designs on

37 m sand
L/D | Pelfic*Ag) =005 | Pe/f'c*Ag) =0.10 | Pe/(fc*Ag) =0.15
Distance = 10 km, amax = 0.6 g
3.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
6.0 18 - #9 bars 21 - #11 bars 22 - #14 bars
9.0 18 - #10 bars 20 - #14 bars 31 - #14 bars
Distance =20 km, amax = (0.4 g
3.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
6.0 18 - #9 bars 18 - #10 bars 25 - #10 bars
9.0 18 - #9 bars 21 - #10 bars 20 - #14 bars
Distance =30 km, amax =0.4 g
3.0 18 - #9 bars 18 - #9 bars 1% - #9 bars
6.0 18 - #9 bars 18 - #10 bars 25 - #10 bars
_9.0 18 - #9 bars 21 - #10) bars 20 - #14 bars
Distance =40 km, amax =03 g
3.0 18 - #9 bars 18 - #9 bars 18 - #9 bars
6.0 18 - #9 bars 18 - #9 bars 20 - #10 bars
9.0 18 - #9 bars 18 - #9 bars 19 - #11 bars

5.3. Inelastic Dynamic Analyses of CALTRANS Designs
3.3.1. Overview

In Chapter 3 the selection and scaling of bedrock acceleration records for
seismic design of bridges was discussed. This method is briefly summarized
below.

The approach taken in this report is to utilize, to the greatest extent possible,
suites of three to five natural bedrock acceleration records which were recorded
under conditions similar to the specified design conditions for the bridge.
Suites of records, rather than a single record, are used to account for the natural
variability in frequency content of seismic events. If the design requirements
for the bridge call for a certain minimum level of performance when the bridge
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15 subjected to o magnmitude 70 event af o detoee o 20 m then the preterred
suite of bedrock motions for nput 1o the meloste anvivses procedure would be,
of course, bedrock motons recorded andor sofar ceaciogical conditions, from
magnitude 7.0 events an g distance o8 Jobken P cser fachime sach asuite of
recorded bedrock aeccleranion records mannd rypatade dhut not frequency)
scaling 18 carned out on records obtoncd ree cvents windh are s close as
possible to the desired evento The amploadge souding tactor for cach record m
the suite 15 determuned by comparmyg thy acceleranon response spectrum of
cach record 1o a "target response specrnin winc b s canviabeed tor the desired
cvent.

Experience hus shown that asuthicienn imamt e ol secarded bediock motions are
currently avarlable o make this approach wecim e readm of possibility for
Calitornta, and possibly formueh of the Woat Const oo of the Unted States.
However, for the Central and Tosrere oo oo o0 Dinted Stateso it may be
necessary to make use of svntoche cocctatno oo While the vahlidity of
using synthetic records s onen o dchaies et Beothe ey avarbable option
11 SOIMC Cuses,

Once a suite of design bedrock motons v dercmined whether the suite s
natural, amphitade scaled or syotheres the bratee desion arder consideration s
subjected to cach record mhe suite wday cinativ onen sequentiallvis The sigle
record which causes the greatest damze to the srudtare detemmumes the worst-
case damage index expected tor the bridee ander the devign-level carthquake at
the design distance. This worsi-case damaze indey s then compared with
acceptable Jevels of dumage discussed nr Chapier 40 to determne whether or
not the design is adequadte.

The suites of design-level carthquabes derived for use i this stady are listed in
Appendix B. A suite of tour records wax developed for each of magnitudes 5.0,
6.0, 7.0, and 8.0, at distianices of 10 ki, 20 kg 30 koo and 40 ki, making a
total of 64 records.

5.3.2. Analyses on Bedrock Substrate

A schematic of the analvsis of & smele spival coluain bridee bent sitwated on
bedrock s shown in frgure 5.1 Fach melastie dynamice analysis of a column
results in a plot of damage ndes v ome tor the column. Examples of such
plots (for the same column with three difterent 170 ratios) are shown at the 10p
of figure 5.1, Tt can be seen that for cach unalyvsis the damage index rises to a
certain value, then levels off as the ground shaking subsides This terminal
value of damage mdex iy used to charactenize the performance of the column
design. when subjected to the given seismic event.
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As discussed in Section 5.2 above, 36 sample columns were designed using
CALTRANS procedures, assuming the columns were situated on bedrock (table
5.2). Each of these designs was subjected to 16 bedrock acceleration records:
four suites consisting of four records, each suite containing four carthquakes of
the same magnitude and distance. 'The highest of the four termnal damage
index values obtained from each suite was used io characterize the performance
of the column when subjected to the given magmiude canthquake at the given
distance. The numerical results of these analyses are presented in Section 6.2,

5.2.3. Analyses on 37 m Sand Substrate

A schematic of the analysis of a single spiral column hhidge bent snuated on an
aliuvium substrate is shown in figure 5.2, The process of computing the
damage index is exactly the same as describe above, except for the intermediate
step of propagating the bedrock acceleration record to the pronnd surface. As
explained in Section 1.2. this was accomplished in the present study using the
program SHAKE9].

Thirty-six sample columns were designed assuming they were situated on a 37

m thick layer of sand overlying bedrock (table 5.4). The results of these
analyses are presented in Section 6.2.
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Figure 5.1. Calculation of damage index for bridges on bedrock substrate.
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5.0 Perf { CALTRANS-Desi i Col
6.1. Development of Relationships for Acceptable Damage

In this section relationships are proposed for acceptable levels of seismic
damage to spiral reinforced bridge piers. In this study damage is quantified in
terms of the damage index, and acceptable values of the damage index are
expressed in terms of earthquake magnitude, distance of the structure from the
cansative fault, and the importance of the structure.

Acceptable levels of structural performance (e.g., minimum strength, allowable
deflections) are normally determined by code writing organizations, and local,
state and national government agencies. However, nc guidelines for acceptable
levels of seismic damage currently exist. Because the notion of employing a
"damage index” to gage the seismic performance of reinforced concrete
structures is relatively new, code writing bodies have not yet addressed the
issue of determining an "acceptable” damage index for a given structure
subjected to a given seismic event. Therefore, a proposed model for acceptable
damage level was derived in this study, and is described below. While the
mode] was developed specifically for spiral-reinforced concrete bridge piers,
with minor modifications the model could be applied to other types of
reinforced concrete members and structures,

The level of seismic damage deemed "acceptable” for a given structure 1s
mainly a function of two conditions: the severity of the seismic event, and the
importance of the structure. In turn, the seventy of the seismic event depends
on a number of subsidiary factors, including the magnitude of the event, the
distance of the causative fault from the structure. and the ground motion
attenuation characteristics of the local geology. Likewise, the importance of the
structure depends on several subsidiary factors, such as the threat to life-safety
posed by the structure, the role of the structure in maintaining essential lifeline
services (transportation, communication, utilities delivery, medical care, and
governance) following a major earthquake, and the potential cost of repair or
replacement of the structure. (For further discussions of evaluating the
structural importance of bridges, see Maroney 1990, FHWA 1983, and FHWA
1987).

Thus, many factors figure into the determination of an acceptable level of
damage for a specific structure at a specific location subjected to a specific
seismic event. For example, extensive damage of an unimportant and
inexpensive structure in a minor seismic event might be tolerated. but a highly
important structure might be required to remain fully operational following a

52



severe earthquake. Along these lines. a number of guiding principles can be
stated which shape the development of ¢ model of acceptable damage. First,
regardless of the charicteristics of the seismic event or the importance of the
structure, total collapse of the structure must be avoided, as total collapse
would likely result in loss of life. Second, for small events at large distances
from causative faults the damage suffered by any structure should be minor.
Depending on the imponance of the structure, this minor level of damage
should lic somewhere between the state of no perceptible damage and the state
of first yicld. Third, for very large. extraordinary, seismic events (on the order
of magnitude 8) extensive damage 15 unavoidable even at moderate distances
from the causative fault (say 40 km). Therefore damage 1-dices approaching
(but less than) the failure damage state riust be allowed in some cases. Finally,
allowable damage levels should in general be lower for important structures
than for unimportant structures.

Using the guiding principles outlined above. matrices of acceptable damage
indices could be constructed. which are functions of earthquake magnitude,
distance to fault and structural importance. Although the precise level of
acceptable damage at a given magnitude, distance and structural importance
level is somewhat open to interpretation, the approximate levels of acceptable
damage are generally evident. In this study. three damage index thresholds
have been defined: yield, ultimate, and failure, as discussed in Ct  rer 4.
Acceptable damage index matrices are constructed in terms of those 1 ..shold
values.

An example of a matrix of acceptable damage indices is illustrated by the bar
chart in figurc 6.1. The proposed values shown are for bridge piers which are
deemed moderately important to seismic lifelines, that is. for piers in bridges
which are judged to have a secondary role in sustaining transportation routes
and emergency services following an earthquake. Notice that for earthquakes
near magnitude 8.0 a high level of ailowable damage is proposed for all
distances up to about 50 km. This reflects the difficulty and impracticality of
limiting damage of moderately important bridges subject to massive, extremely
rare events, even at considerable distances from causative faults. Similarly, a
fairly high level of damage is allowed for moderate magnitude earthquakes at
small distances, up to about 30 km. Very low levels of damage are permitted
for low magnitude earthquakes at moderate-to-large distances.
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Figure 6.1. Estimated acceptable damage indices, as functions of
magnitude and distance, for bridge piers deemcd moderately
important to seismic lifelines.

Figure 6.2 shows a matrix of proposed allowable damage indices for piers in
bridges which are highly imporant to seismic lifelines. High levels of damage
are acceptable only for very large events at small distances, and the allowable
damage index decreases rapidly as distance increases and magnitude decreases.
This would permit most important lifeline bridges - except tliose very close to
the causative fault — to remain in limited operation following a major
earthquake. At moderate-to-small magnitudes and moderate-to-large distances
little or no damage is allowed. since under those conditions important lifeline
bridges should remain completely serviceable.
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Figure 6.2. Estimated acceptable damage indices, as functions of
magnitude and distance, for bridge piers deemed highly important
to seismic lifelines.

The process outlined above can be extended another step by fitting smooth,
three-dimensional surfaces to the discrete values shown in the bar charts of
figures 6.1 and 6.2. In this way acceptable damage levels for moderately
important and highly important bridge piers can be expressed as simple,
continuous functions of magnitude and distance. Continuous functions have the
advantage of being casily usable by design engineers, and, unlike tables of
discrete values, continuous functions provide unambiguous values of acceptable
damage at any magnitude and distance. A simple surface with a shape
appropriate to the data of figures 6.1 and 6.2 is a hyperbolic trumpet, which has
an equation of the form
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D.l=— >~ ~ C
DY (9-M)-
_ + —
a b
where DI = damage index
D= distance. km
M= carthquake moment magnitude
abe = coctlicients
and 0<DL <077
S5<D <0
5.0 <M <BRO

The valid range of the surface 1s linited by the three conditions on damage
index, distance, and magnitude, as shown above. The first condition reflects the
fact that damage indices greater than the failure damage index, determined in
this study as 0.77 for spirally reinforced bridge piers, ar¢ not possible. The
second and third conditions arc imposed by limitations on the rangces of distance
and magnitude investigated in this study.

Figures 6.3 and 6.4 show surtaces which. in gencral. fit conservatively (that is,
generally provide a lower bound to) the bar graphs of figures 6.1 and 6.2.
These surfaces have equations of the form shown above. The equations of the
curves in figures 6.3 and 6.4 were found by selecting three mathematical control
points for each curve, which in turn were used to solve for the coefficients a, b
and c. The control points uscd in this study are shown in table 6.1 below.
Although some of the control point values are outside the normal ranges
considered in design, they do serve to mathematically constrain the smoothed
curves of figures 6.3 and 6.4 so that they generally form lower bounds to the bar
graphs of figures 6.1 and 6.2, over practical ranges of magnitude and distance (5
km < distance < S0 km and 5.0 < magnitude < 8.0).
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Table 6.1. Control points used to solve for curves of figures 6.3 and 6.4

Magnitude Distance Damage Index
Structures of Moderate Importance to Seismic Lifelines (figure 6.1)
Contro! Point | 6.5 0 0.77
Control Point 2 9.0 65 0.40
Control Point 3 9.0 50 0.77
Structures of High Importance te Seismic Lifelines (figure 6.2)
Control Point 1 7.0 0 0.4
Conrol Point 2 9.0 50 0.0
Control Point 3 4.0 0 00

The equation of the surface in figure 6.3, for moderately important bridge piers,

18

1

D.l.=— - - 0.14
D* N (9-M)*
2300 5.7

where DI = damage index

D= distance, km

M= earthquake moment magnitude

abc= coefficients
and 0<DI1 <077

5<D<50

50 <M<80
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Figure 6.3. Proposed envelope for acceptable damage index, as a
tunction of magnitude and distance, for bridge piers deemed
moderately mmportant to seismic lifetines.

The equation for the surface in figure 6.4, for highiy important bridge piers, is

Dl=—— — 0.08
b-, (9-M)"
190 1.9
0<D.1 <0.77
5<D<50
S0 <M<80
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Further refincmient of these acceptable damage level surfaces is possible, and
other surfaces could be constructed for other types of members and structures
and other levels of structural importance. The presentation here of the steps
followed iy deriving these surfaces 1s intended as a demonstration of a rational
procedure. Such a procedure could be followed by code-writing bodies, and by
government agencics., to derive similar curves for the types of structures under
therr jurisdiction.

6.2. Summary of (ritical State Failures for CALTRANS Columns

In Chapter 5 u series of example analyses of CALTRANS-designed 122 ¢m
diameter spiral-reinforced bridge columns was described. In this section the
results of those analvses are presented, and the performance of the CALTRANS

designs. as compared with the proposed accepiable damage index functions
derived in Scction 6.1, s discussed.
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6.2.1. Damage Index as a Function of Magnitude and Epicentral Distance

Below. 24 plots are presented showing calcvlated damage indices for the
example CALTRANS-designed columns as a function of magnitude and
distance. Twelve plots are for the example CALTRANS designs situated on
bedrock, and twelve are for the example CALTRANS design situated on 37 m
of sand overlying bedrock. Also shown. by heavy lines on each plot, are the
proposed acceptable damage level curves for bridges which are moderately
(upper curve) and highly important (lower curve) to seismic lifelines. (These
curves may be visualized as "slices” through the three-dimensional plots of
figures 6.3 and 6.4, parallel to the Magnitude axis). Horizontal shaded bands on
each plot show stages of degradation of the column, determined from analyses
of experimental data. as described in Chapter 4. Each plot presents results for a
single soil condition (bedrock or 37 m sand overburden), a single distance from
the causative fault (10 km, 20 km, 30 km, or 40 km). a single axial load level
(5%. 10%. or 15%) and three L/D ratios (3.0, 6.0, and 9.0).

Due to limitations on the scope of this study, the plots shown are only
representative of a much larger set of design charts which could in principle be
derived. Such a set of charts would allow the design engineer to estimate, in
advance of or following an earthquake. the level of damage a particular column
design suffers when subjected to a specific magnitude earthquake at a specific
distance. This estimate of damage could then be compared with specified
acceptable damage levels, such as the suggested curves shown by heavy lines in
each plot.

It is important to note that only those column performance curves that fall
entirely beneath a particular acceptable damage curve, up to the maximum
credible earthquake magnitude for the region, are considered to have met the
requirements of the proposed acceptable damage provisions. If the actual
column performance curve rises above the acceptable damage curve at a
magnitude less than the maximum credible earthquake for the region. then
retrofitting should be considered. For example, referring to figure 6.9, the
design with L/D = 9.0 would be unacceptable in much of the Western U.S., but
might be acceptable in parts of the Central Unitcd States and Eastern United
States, where in many localities maximum credible earthquake magnitudes are
less than 7.0.
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6.2.2. Column Performance Charts

Below, 18 plots are presented which show three damage states for a particular
column as a function of earthquake magnitude and distance. The three damage
states shown are the onset of significant yielding of longitudinal reinforcement,
the attainment of ultimate iateral load (moment) capacity, and the overall failure
(collapse) of the column. The data for these plots was extracted from the
figures of Section 6.2.1: each of the curves shown in Section 6.2.1 crosses the
yield, ultimate and failure damage threshold states at certain values of
earthquake magnitude, and these three values form one vertical row of data
points in the figures below. Nine of the plots below are for the example
CALTRANS-designed columns situated on bedrock, and the remaining nine are
for the CALTRANS-designed columns situated on 37 m of sand overlying
bedrock. Each plot shows data for a single axial load level (5%, 10%, or 15%)
and a single L/D ratio (3.0, 6.0, or 9.0).

As with the plots in Section 6.2.1, the plots below are useful for evaluating the
future performance of proposed designs, or for estimating the need for repair or
retrofit of a particular column after a particular seismic event at a specific
distance. While the plots below do not indicate specific values of damage
index, they do illustrate clearly how a column is expected to perform in terms of
laboratory-calibrated damage states. This type of plot is useful to the design
engineer in giving an overall sense of the performance of a class of columns,
and for suggesting changes in design parameters which will improve seismic
performance. Examination of these plots leads to a number of observations,
which are outlined below.

General Observations.

For a given magnitude, distance, 6o [Where 6o = Pe/(fc*Ag)], and soil
condition, lower values of L/D result in greater damage.

For a given magnitude, L/D ratio, 6o, and soil condition, smaller values of
distance result in greater damage (obviously).

For a given L/D ratio, 0o, soil condition, and distance, greater values of
magnitude result in greater damage (obviously).

For a given L/D ratio, distance, 6, and magnitude, 37 m of granular soil
overburden results in greater damage than bedrock alone. This
supports the generally accepted hypothesis, as demonstrated by the
performance of engineered structures during the 1985 Mexico City and the
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1989 Loma Prieta Earthquakes, that soil amplification can occur in thick
overburden deposits and will result in higher forces imparted to the
structure.

For a given L/D ratio, distance, magnitude, and soil condition, greater
values of &g result in greater damage.

Specific Observations for Columns Founded on Bedrock:

a) At axial load levels of 5%. all columns analyzed performed acceptably,
regardless of aspect ratio.

b) At axial load levels greater than 10% but less than 15%, columns with
aspect ratios of three or less can be expected to suffer total failure under
a magnitude 7.0 earthquake at 10 kilometers from the epicenter and for
a magnitude B.0 earthquake at 30 kilometers from thc¢ epicenter.
Although results are not available in this study for axial load levels
greater than 15% it seems clear that increases in this variable would
lead to deteriorated column performance.

Specific Observations for Columns Founded on 37 m of Alluvium:

¢) Ataxial load levels as low as 5%, failure of columns with aspect ratios
of less than 3 is indicated for a magnitude 6.6 event at 10 kilometers
and for a magnitude 8.0 event at 40 kilometers.

d) At axial load levels of 10%, total failure of columns with aspect ratios
of less than 3 is indicated for a magnitude 5.5 event at 10 kilometers
and for a magnitude 6.7 event at 40 kilometers. Total failure of
columns with L/D ratios of 6 are indicated for a magnitude 7.5 event at
less than 20 kilometers.

e) Ataxial load levels of 15%. total failure of columns with aspect ratios
of less than 3 is indicated for a magnitude 5.3 event at 10 kilometers
and for a magnitude 6.4 event at 40 kilometers. Total failure of
columns with L/D = 6 is indicated for a magnitude 7.2 earthquake at 10
kilometers.

It may be gathered from the above discussion that short, stubby CALTRANS
columns as well as columns carrying high axial loads are particularly
susceptible to failure, despite what might be considered to be a significant
amount of confining reinforcement {(as compared with pre-1971 standards). In
most cases only columns with axial loads of less than 10% and L/D ratios of at
least 9 the acceptable damage criteria for important structures presented earlier
in this chapter.
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1.0 Retrofit Analysis
7.1 Introduction

According to a recent Federal Highway Administration memorandum [Cooper,
1992],

"There are more than 7 million kilometers of roads and highways in the
United States of America and approximately 575,000 bridges, ranging
from 7 m in length to 40 km. The bridge inventory varies from single,
simple-span structures to multispan suspension bridges. About one-half
are State-owned and 47,000 are on the Interstate System. Approximately
72 percent of the bridges in the U.S. were constructed prior to 1935 with
little or no consideration given to seismic resistance."

"Historically, bridges have proven to be vulnerable to earthquakes,
sustaining damage to substructures and foundations and in some cases
being destroyed as substructures fail or superstructures are unseated from
their supporting elements. In 1971 the San Fernando carthquake
damaged more than 60 bridges on the Golden State Freeway in
California. This 1971 earthquake is estimated to have cost the State
approximately $1 00 million to repair these bridges, including the indirect
costs due to bridge closures. In 1989, the Loma Prieta earthquake in
Northerm California damaged more than 80 bridges in a five-county
region, and caused the deaths of more than 40 people in bridge-related
collapses alone. The cost of the earthquake to the transportation system
was $1.8 billion of which the damage to Staie-owned viaducts was about
$200 million and to other State owned bridges about $100 million.”

Given the above statistics there is a clear need for the development of improved
vulnerability assessment techniques, as well as reirofit proceduics which can be
used to improve the seismic resistance of older hridges. During the 1970',
particularly in the State of California, emphasis was placed on the developmeni
of improved design procedures for new bridges, with particular attention paid to
reinforcement requirements for new columns. The focus shifted in the 1980's
towards implementation of a multi-phase retrofitting program. This effort was
largely concerned with improving connections between bridge elements. Cable
restrainers and other motion-limiting devices were installed to prevent
unseating of spans during an earthquake. Two useful reports, "Seismic Design
and Retrofit Manual for Highway Bridges” (FHWA, 1987) and "Seismic
Retrofitting Guidelines for Highway Bridges” (FHW A, 1983) contain in-depth
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discussion of these procedures. Most engineers familiar with retrofit restrainers
point to their use in California as one of the little-recognized success stories of
the Loma Prieta earthquake; without them the damage toll would likely have
been far greater.

Nonetheless, much work remains to be done on seismic retrofitting of existing
bridges. Only a few retrofitting schemes (as described above) have actually
been used in practice and given the present state of knowledge, retrofitting is
still an art requiring a considerable amount of engineering judgment. While it is
beyond the scope of this repornt to address all aspects of bridge retrofitting (see
FHWA 1987 for a global perspective on the complexity of the problem) the
specific problem of vulnerability assessment and retrofit design for RC column
substructures is highly amenable to solution using the ISDP procedure
described in this report. In the remainder of this chapter ISDP first will be
employed to investigate the performance of an existing RC column when
subjected to a range of earthquake intenrities., These responses will then be
compared to the design standard proposed in Chapter 6, and the effectiveness of
a common retrofit strategy will be analyzed.

7.2 Retrofit Procedure

Figure 7.1 depicts a box girder bridge cross section at a single column bent, as
might be typically employed at an elevated interchange. The column is circular
with a diameter of 122 cm and a height of 732 cm giving an aspect ratio of L/D
= 6. Hence flexural effects are expected to dominate the behavior of the
column. Axial reinforcement consists of 18 #10 bars (da = 3.2 ¢cm). Confining
reinforcement is provided by 1.6 cm diameter bars at a pitch of 12.1 cm. The
yield stress for both types of reinforcement is 414 MPa. The nominal concrete
cylinder strength is 27.6 MPa. The axial load is 3220 kN, producing a
normalized axial stress level, 6o, of 0.10. Concrete cover is presumed to be 5.1
cm to the centerline of the confining steel. The structure is situated 20 km from
a known fault (i.e., the most likely source of a future earthquake that would be
of sufficient energy to damage the bridge). The bridge is considered a critical

lifeline structure which must remain fully operational following a severe
earthquake.



Column Specification:

f'c=27.6 MPa

fy =414 MPa

fu=725 MPa

Pe = 3220 kN
D=12cm
cover=8.1cm

ds, spiral bar dia. = 1.6 cm
s, spiral pitch = 12.1 cm
L=732cm

da, long. bar dia. = 3.2 ¢cm
# long. bars = 18 (#10)

Design Earthquake

[ Loma Pricua '89, Telegraph Hill, 0-degrees
scaled 10 magnitude 7.0 at 20 km, and filicred through 37m alluviem
)

0.64
g
. 03E
)
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Figure 7.1. Retrofit design example - initial conditions and design earthquake.



The column described above was designed in accordance with current
CALTRANS seismic design procedures {CALTRANS [990] for a structure
founded on 37 m of alluvium. As was demonstrated in Chapter 6, it is possible
using ISDP to generate continuous curves representing the damage sustained by
the column when subjected to carthquakes of increasing energy content
(increasing magnitude). For the purposes of retrofit analysis it will be useful to
initially look at the response of the column to a specific earthquake, and then to
expand the parametric analysis to examine various levels of retrofit.

Figure 7.2 shows the response of the column to a magnitude 7.0 earthquake
(shown at the bottom of fig. 7.1). The acceleration-time history shown in figure
7.1 was obtained by first scaling the Loma Prieta Telegraph Hill 0-degree
record to magnitude 7.0 (as outlined in Chapter 3) and then filtering the record
through 37 m of alluvium using SHAKE91, which was embedded as a
subroutine in ISDP. In a general retrofit analysis each magnitude level will be
accompanied by a suite of time histories, selected in accordance with the
principles set out in Chapter 3. The record shown in figure 7.1 was shown
through analysis to produce the greatest damage of the four-record suite
generated for that magnitude. The damage response shown in figure 7.2
indicates that, at a final damage index value of approximately 0.34, the column,
subjected to this particular earthquake, would have sustained leading
approaching its ultimate capacity but would remain standing and could possibly
sustain emergency traffic. At a damage level of 0.34 substantial yielding will
have taken place as well as extensive spalling but none of the confining steel
would have fractured. Below the trace of the damage-time history in figure 7.2
is a shaded area indicating the zone of acceptable damage for important lifeline
structures, in accordance with the principles presented in Chapter 6. This
indicates that the damage sustained by the column in this particular event is
nearly double the desired maximum for important structures. The worst-case
response for all time-history suites for all magnitudes is plotted in figure 7.6. It
can be seen that the as-built column fails to meet the maximum allowable
damage design criteria for important structures, as detailed in Chapter 6, at all
earthquake magnitudes. Thus, some form of column retrofit is required.
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Figure 7.2, Retrofit design example - predicted response of the as-built column
to the design earthquake shown in figure 7.1.
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For the specific class of columns investigated in this report (single circular
column, cantilevered construction, stiff box girder superstructure) failure occurs
in the plastic hinge region at the base of the column. In this type of
construction the foundations are generally designed with significant
conservatism. It is thus assumed in the following discussion that failure is
constrained to occur in the column and will not be permitted to migrate into the
foundation. Since any retrofit to the column will necessarily increase the
loading on the foundation, a follow up study would be required to determine if
subsequent strengthening is required of the foundation.

A number of bridge column retrofit schemes have been investigated in recent
years, including cast-in-place concrete jackets; welded or bolted cylindrical
steel plate jackets; wrapped epoxy-fiberglass jackets; and tension-wound
prestressed confining steel. A useful rcport on the merits of these various
techniques is presented by Priestley and Seible [1991]. The latter two
approaches listed above must still be considered experimental as only a few
laboratory tests have been conducted. The first two techniques have seen
limited application in the Uniied States, Japan, and elsewhere. Of these, steel
jacketing appears to be the most effective technique and will be used in this
report as the basis for parametric retrofit analyses. [t should be noted that, with
appropriate constitutive modeling, all of the aforecmentioned retrofitting
schemes could be incorporated into ISDP, both for the purposes of routine
design and for automated parameter sensitivity studies.

Figure 7.3 summarizes the retrofit approach used for the present example. This
procedure maintains the as-built column diameter and adds successively thicker
cylindrical jacketing plates to the zone of high predicted damage. These plates
are presumed to be rolled to form a close match to the column surface and are
welded in place in the field. A narrow gap of a few millimeters is permitted
between the shell and column to allow for cement-based pressure grouting to
ensure integrity with the column. Generally, the height of the jacket should
extend a significant distance above the plastic hinge region, to a height of
approximately 2D or greater to ensure that a localized hinge is not simply
translated to the top of the jacket. In the retrofit analysis described below the
participation of the existing spiral reinforcement is included together with the
enhancement provided by the jacket. The jacket is presumed to be effective in
providing confinement only and not to act as additional longitudinal
reinforcement.

89



( Retrofit Procedure : j

1: Maintain D
2: Vary (increase) jacket
plate thickness, t.

3: L remains a fixed parameter.
4:H> 2D
\
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Figure 7.3. Retrofit design example - steel jacket retrofit configuration.



It is assumed in the above procedure that the column height is a fixed parameter
and that, for reasons of economy, complete replacement of the column or a
reduction in the diameter of the column is not feasible. Depending on the likely
frequency content of the earthquakes in a given region it may actually be
desirable to increase the fundamental period of the structure by making the
column more flexible. This could only be achieved through complete
replacement of the column (to achieve an increase in the L/D ratio) or possibly
by removal of selected longitudinal reinforcement. These techniques are both
rather extreme, and would only be warranted where critical structures could not
be retrofitted by more conventional methods.

7.3 Results of Steel Jacket Retrofit Analyses

Figure 7.4 shows a series of damage index versus time plots for various
thickness jackets in response to the magnitude 7.0 earthquake shown in figures
7.1 and 7.4. As can be seen, the addition of even a relatively thin steel casing
significantly improves the survivability of the column.

There is, apparently, a point of diminishing returns, beyond which there is no
significant decrease in damage index for an increase in shell thickness. Figure
7.5 shows the response of the retrofitted column to all 16 design earthquakes (a
four-record suite for each of four earthquake magnitudes) as a function of the
shell thickness. This clearly indicates that the maximum benefit afforded by
this type retrofit approach is achieved by the time the jacket shell has reached
about 5 mm. Indeed, auxiliary analyses indicated that for very thick shells
(greater than 10 mm) there may in fact be a loss of performance. This is
because the increase in concrete strain capacity afforded by the thicker shell is
ultimately offset by tensile fracture of the longitudinal reinforcement. This
phenomenon is accounted for in the fiber model employed in IDARC, which
presently forms the analysis core of ISDP.
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7.4 Discussion

Figures 7.6 and 7.7 summarize the retrofit analyses described in this chapier.
Given the as-built specifications and material properties for any column 1t is
possible using ISDP to predict the damage-vs.-time response of the column to
any acceleration-time history. By compiling the worst-case response of the
coiumn to suites of design records appropriate for a particular construction site.
it is possible to construct a damage profile for the column as a function of
earthquake energy content (as expressed by magnitude at a particular distance
from the likely source of the earthquake). In cases where there are many
possible sources for ecarthquakes at a certain construction site, similar damage
response analysis sets should be performed for each likely source distance, to
ensure that all possible scenarios are reasonably accounted for. Although this
may sound complex, using ISDP it is a straightforward matter to analyze a wide
range of design cases.

Retrofit of 122 cm dia. CALTRANS column, 10% axial load
20km from fault, 37 m sand overburdern
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Figure 7.6. Original state of example CALTRANS column before addition of
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Retrofit of CALTRANS column, 10% axi.! load
20km from fault, 37 m sand overburdern
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Figure 7.7. Effect of external jackets on example CALTRANS column.

In figure 7.6 the overall response for the as-ouilt column is shown as a function
of earthquake magnitude together with the two limiting design criteria set forth
in Chapter 6 for highly important and moderately important structures. Since
the initial criteria for this particular retrofit problein was that the bridge must be
serviceable under even the most severe event, the lower criteria corresponding
to important structures is the one of interest. From this perspective it is clear
that the as-built column does not satisfy the criteria for any magnitude.

In contrast, figure 7.7 shows the effectiveness of the steel jacket retrofit. It is
evident from this graph that a jacket thickness of 3 mm will be sufficient to
bring the column up to specification. However, it is also important to recognize
the issue of constructability. Bridge columns of the type described in this report
will generally vary in diameter from 100 to 300 cm. Retrofitting of such
columns using steel jackets means handling relatively large thin shell structures
at the job site. These shells may, if abused, be subject to buckling during
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transport and placement, which could compromise the ability of the shell to
provide the necessary column confinement. It may be more reasonable in such
cases to use a slightly thicker shell, for example using the 5 mm jacket in the
present example instead of the 3 mm jacket. to avoid problems in the field.
Furthermore, although there is presently no known experimental or field data to
support it, there is the possibility of localized tearing of particularly thin jacket
plates during an earthquake, at such locations as weld lines or bolt holes. Such
tearing would appear to be less likely for thicker plates. For these reasons a 4
mm or 5 mm thick jacket would be the recommended retrofit for the column
used in this example.

As was mentioned above, the present analysis was limited to retrofitting
procedures which employ a steel jacket. Further research is required to develop
appropriate constitutive models for other retrofit strategies and substructure
configurations. In this way ISDP could be become a design tool capable of
assessing the relative merits of a number of retrofit techniques for both single-
and multiple-column bridge bents.



8.0 Conclusions
8.1 Integrated Seismic Design Procedure

The authors have proposed an alternative procedure for the seismic design of
reinforced concrete bridge columns, which is in their opinion more rational than
the codified techniques presently in use in seismically active regions of the
United States. The approach, referred to as the Integrated Seismic Design
Procedure (ISDP), is in ¢ssence a unification of many disparate aspects of
advanced seismic design which heretofore have existed separately within the
various fields of seismology, geotechnical engineering, structural design, and
structural engineering research. It has been shown that the data and techniques
utilized in these fields (e.g., reinforced concrete test results; earthquake time
histories both at bedrock and at the top of soil overburden; soil boring records;
site geographic location; and the like) can be included either in computer codes
or in knowledge databases. Using these computer codes and knowledge
databases it is possible to approach the seismic analysis problem in rational
stages, arriving ultimately at specific columns designs (cross section geometry,
L/D ratio, material properties and reinforcement contents) which meet specific
levels of performance for specific seismic events.

The implementation of ISDP necessarily involves the use of a very high
performance computer with fast, sophisticated graphics capabilities. The
reasons for this aie obvious when one considers, first, that database
manipulation requires processing of hundreds of earthquake time histories (each
of which generally consists of some 10,000 data points); hundreds of
experimental test records (which also may consist of several thousand data
points) and second the computational burdens of wave propagation analyses and
full non-linear transient dynamic analyses associated with each trial case in a
parametric column desigu (of which there may easily be hundreds or thousands
of runs involved in the design matrix of variables of interest). Until recently,
with the advent of RISC-based desktop workstations which are both compact
and affordable to the average design office, such a large, computationally
intensive program as ISDP would have been intractable, except on a few
supercomputers operating at industry or govemment laboratories.

That such an integration of all the various pieces necessary for advanced
seismic design is feasible was demonstrated through the results of the ISDP
analyses presented in Chapters 6 and 7. At the inception of the research
described in this report three necessary components of the ISDP did not exist in
any form. These were a) a set of closed-form equations which, given material
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and geometric properties for a prospective column design, could be used to
calculatec an appropriate set of hysteretic failure model parameters for
subsequent use in the non-linear time history analysis module: b) a realistic
damage assessment model that could relate an intangible (but analytically
tractable) damage index to a specified level of observed damage in laboratory
tests of a wide variety of bridge columns; and ¢) an acceptable damage-based
design criteria which preferably could be reduced to a set of closed form
equations relating allowable damage to earthquake encrgy content and the
importance of the structure. The first tiwo of these components were based on
extensive system identification analyses of empirical test results, including full-
scale column tests, and are believed 1o be relatively accurate over the range of
parameters within which the models were developed.  The third element was
based on a systematic study of dumage states. and could serve as a model for
future development of damage-based performance criteria.

8.2 Acceptable Damage Limits

The acceptable damage model developed in Chapter 6 presents an initial
attempt by the authors to address the complex, socio-economic-technological
topic that is summarized by the question: "What cost are we willing to pay in
order for a particular bridge to survive a given earthquake?" The authors have
proposed a non-linear scale which relates allowable damage level to earthquake
intensity and structural importance. The criteria were developad, somewhat
subjectively, by considering limiting cases in a three-dimensional space defined
by allowable damage, distance from the earthquake epicenter, and earthquake
magnitude. From these discrete values parametric equations were developed to
model the three-dimensional surfaces of acceptable damage. Fquations for two
classes of bridges were presented: bridges deemed moderately umportant to
seismic lifelines, and bridges deemed highly important to seismic lifelines.
This was largely done in an effort to maintain consistency with existing design
procedures, which also recognize two levels of importance.

Refinement of the acceptable damage models beyond the ones presented by the
authors will necessarily involve probabilistic analyses on the likelihood of a
particular earthquake occurring durnng the useful lifetime of a bridge, as weil as
the estimation of the cost to society of repair/retrofit/replacement of the bridge
following a particular earthqyuake. While these tasks are well-defined, they are
beyond the scope of the present study. The important distinctions between this
approach and the approach presently eniployed by the model code agencies are
that a) the concept of acceptable damage, as a calculable quantity, replaces
ambiguous safcty factors and base shear cocfficients and b) the acceptable
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performance is tied specifically to two engineering quantities: the earthquake
magnitude and the distance of the construction site from the earthquake source.

8.3 Deficiencies in Current CALTRANS/AASHTO Designs

Using the ISDP and the aforementioned acceptable damage criteria a large
number of parametric analyses were conducted to investigate the performance
of a certain class of circular, spirally-reinforced concrete bridge columns such
as would be designed in accordance with current CALTRANS specifications
and procedures. The parameters investigated included column aspect ratio
(L/D), normalized axial load (0o), the type of subsoil deposit (either bedrock or
37 m of alluvium), the earthquake magnitude (M), and the distance of the
bridge from the causative fault (d).

The detailed results of these analyses were presented in Chapter 6. However,
scveral notable points are worth summarizing here:

For columns founded on bedrock:

a) At axial load levels of 5% of ultimate, all columns analyzed performed
acceptably, regardless of aspect ratio and distance from the causative fault.

b) At axial load levels greater than 10% but less than 15%, columns with
aspect ratios of three or less can be expected to suffer total failure under a
magnitude 7.0 earthquake at 10 km from the epicenter and for a magnitude
8.0 earthquake at 30 km from the epicenter.

For columns founded on 37m of alluvium:

c) At axial load levels as low as 5%, total failure of columns with aspect
ratios of less than 3 is indicated for a magnitude 6.6 event at 10 km and for
a magnitude 8.0 event at 40 km,

d) At axial load levels of 10%, total failure of columns with aspect ratios of
less than 3 is predicted for a magnitude 5.5 event at 10 km and for a
magnitude 6.7 event at 40 km. Failure of columns with L/D ratios of 6 are
indicated at magnitude 7.5 and distances less than 20 km.

¢) At axial load levels of 15%, failure of columns with aspect ratios of less
than 3 is indicated for a magnitude 5.3 event at 10 km and for a magnitude
6.4 event at 40 km. Failure of columns with L/D = 6 is indicated for a
magnitude 7.2 earthquake at 10 km.

It may be concluded from the above summary that short, stubby CALTRANS-
designed columns as well as columns carrying high axial loads are particularly



susceptible to failure, in spite of what is currentiy considered to be a significant
amount of confining reinforcement (a< compared with, for example, pre-1971
design standards).

In most cases only columns with axial loads of less than 10% and L/D ratios of
at least 9 met the acceptable damage criteria for important structures presented
in Chapter 6. Presuming such an accepiable damage criteria were to become
part of a future AASHTO Code it is fortunate that steel jacketing procedures, as
discussed in Chapter 7. appear to be particularly effective at improving the
behavior of columns to acceptable levels.

8.4 Retrofit Procedures Based on ISDP

For existing columns that have been identified (through analyses such as ISDP)
as being highly susceptible to seismic damage, there are a number of methods
which can be used for retrofitting. These include a) complete replacement; b)
jacketing; c) base isolation; d) use of energy dissipaters (e.g., lead extruders)
and ¢) active damping. Of these techniques jacketing will almost always be the
most cost-effective provided it can be demonstrated that the necessary increase
in performance can be achieved using this technique.

Within the jacketing subset there are four approaches presently under
consideration by the seismic design community: cast-in-place concrete jacket;
steel plate jacket; fiberglass-epoxy jacket; and prestressed, wire-wound jacket.
Steel plate jacketing was investigated in Chapter 7. The analyses assumed that
the steel jacket was rolled to form a co-axial split cylinder that effectively
matched the radius of the column in the field, plus a few millimeters to permit
high pressure grout placement to insure integrity with the column. Field
installation was assumed to have been either by welding or bolting of the split
cylinder. A parametric investigation revealed that even a relatively thin steel
jacket can have a pronounced effect on the seismic behavior of a circular bridge
column. There is, however, a point of diminishing retums, beyond which
increased plate thickness will not yield improved performance. For the 122 cm
diameter column investigated in the Chapter 7 retrofit study it was found that
this point of diminishing returns was reached at a jacket thickness of
approximately 5 mm. However, the application of that 5 mm jacket reduced the
predicted column damage by about 75%.

These results clearly indicate the beneficial effects of steel jacketing. However

certain precautionary notes are in order. First, while steel jacketing can
significantly improve the seismic performance of a circular column, retrofitting
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of columns may simply divert damage to other elements of the bridge, such as
the foundation or superstructure. Second, it is possible that thin steel jackets
may be susceptible to tearing when subjected te high internal pressures and
cyclic lateral loads. Along these same lines, the methods of installing thin steel
jackets (e.g., welding or bolting) should be ~dequate to maintain the integrity of
the jacket under these severe conditions. rurther studies of the toughness and
durability of thin steel jackets subje «d ‘u seismic loads may be required before
they then can be used with complete cotfidence.
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¢ Ty Column Cover | C-t0-C | No. of | Diameter Diameter
Test Name MPa | MPa | OD mm long. long. | long.bars hoop bars
mm bars mm | bars mm mm

mun76noel 400 305 500 20 434 20 18 8
ng78n02 15.1 305 250 11 211 10 13 4
ng78non2 330 294 250 10 213 H) 12 4
17901 284 303 60 25 516 16 24 10
179n03 266 303 600 25 16 16 24 10
ot 79no4 329 303 HX) 25 516 16 24 10
t79n05a 125 307 AX) 28 504 16 24 16
179n05h 325 307 600 28 S04 16 24 15
ang¥ lunil 260 308 300 16 346 16 16 ]
angd lunit2 28.5 308 400 18 338 16 16 10
zahn&6units 322 337 400 18 338 16 16 10
zahn86unith 2740 337 400 18 338 16 16 10
modetnl 24.1 393 25() 10 220 25 7 3
nodeln2 23.1 393 25() 10} 22() 25 7 3
maodeln3 254 343 250 10 221 25 7 3
modaind 24.4 393 250 10 220 25 7 3
modelns 243 393 250 10 220 25 7 3
modelnd 23.2 393 25() 10 221 25 7 3
flexnew 35.8 475 1520 59 1344 25 43 16
shcarmnew 34.3 475 1520 60 1337 25 43 [9
arakawal B8 366 275 26) 213 12 16 6
arakawa? 293 366 275 20 213 12 16 6
arakawad 208 360 z75 20 213 12 16 6
| arakawa6 28.6 366 275 20 213 12 16 6
arakawal 314 366 275 2() 213 12 16 6
arakawa9 30.5 366 275 20 213 16 16 6
arakawal() 30.2 360 275 20) 213 8 16 6
arakawall 28.7 366 275 20 213 12 16 0
arakawal2 27.8 366 275 20 213 12 16 6
arakawal3 30.5 366 275 20 213 12 16 6
arakawald 31.3 166 275 20 213 12 16 6
arakawal$ 320 3163 275 20 213 12 16 6
arakawal6 313 363 275 20 213 12 16 6
arakawal7 313 163 275 20 213 12 16 6
arakawal§ 311 363 275 20 213 12 16 0
arakawal¥ 31.2 363 275 20) 213 12 16 6
arakawa2() 293 363 275 20 213 12 16 6
arakawa2 1 3.5 363 275 20 213 12 16 6
arakawa22 20.5 363 275 20 213 12 16 6
arakawa?23l 422 363 275 20 213 12 16 6
arakawa24 311 363 275 20 213 12 16 0
arakawa2$ 29.7 363 275 20 213 12 16 (<]
arakawal6 30.9 363 275 20 213 12 16 [
arakawa2? 18.9 363 275 20 213 12 16 6
arakawa2l8 41.3 363 275 20 213 12 16 6




Table A.1 (pan 2 of 2).

Spiral column database used in this study, data group |

Test Name f¢ fy Column Cover [ C-10-C | No. of | Diameter Diameter
MPa | MPa | OD mm long. long. | long.bars hoop bars
min bars mm | bars mm mm
ang85uni2 37.2 296 400 18 42 2} 16 6
anp83uni4 30.6 436 400 20 334 20 16 10
ang83unitb 30.1 436 400 18 342 20 16 6
angBSunit7 29.5 448 400 18 342 20 16 o]
anpRSuni¥ 299 448 400 18 342 20 16 6
ang8Sunitl0 31.2 448 400 21 330 20 16 12
 ang8Suniil3 36.2 436 400 18 M2 20 16 6
ang8Sunitl4 33.7 424 400 18 334 9 24 6
ang85unitls 348 436 400 18 342 12 16 6
| ang85unitl6 334 436 400 18 342 20 16 6
angBSunitl? 343 436 400 18 342 20 16 0
ang85unitl8 5.0 436 400 18 342 20 16 6
ang85unitl9 34.4 436 400 18 342 20 16 6
angRSuni20 36.7 482 400 18 342 20 16 b
ang8Sunit22 30.9 436 400 20 334 20 16 10
ang85uni?3 323 436 400 21 330 20 16 12
ang8Sunit24 33.1 436 400 20 334 20 16 10
ﬁn_gﬁ5unit25 32.8 296 400 18 342 20 16 4]
davey7Sunit) 33.2 3731 500 20 435 20 18 7
davey7Sunit2 348 37 S00 20 435 20 18 7
davey7Sunit3 338 373 SO0 20 435 20 18 7
wongHunitl 38.0 423 4K} 20 334 20 16 10
wong90unit2 37.0 475 400 18 342 20 16 [¢)
wong30unit3 37.0 473 X 20 334 20 16 10
watson 10 40.0 474 400 17 M2 12 16 &
watsonlt 39.0 474 400 18 338 12 16 10
petrovin lel 388 240 307 36 217 12 12 [
petrovm te2 36.2 240 307 36 217 12 12 6
petrovm2e | 38.8 240 307 36 217 12 2 6
petrovm2e2 36.2 240 307 36 217 12 12 6
mc 1shift 34.5 448 152 10 115 8 3 4
mc2shift 34.5 448 152 10 115 3 13 4
me¢3shift 345 448 152 10 115 8 13 4
bri2spbaal 26.5 399 250 40 151 4 10 9
brilws21bs 26.5 375 250 40 151 8 10 9
bri3ws22bs 316 375 250 38 158 8 10 6
bri3ws25bs 26.5 381 250 40 148 8 13 9
bri3ws26bs 316 381 250 37 159 8 11 4
bridws27bs 31.6 345 250 40 145 8 16 9
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Table A.2 (part { of 2). Spiral column database used in this study, data group II, and
measured hysteretic model parameters

'l'csl.Name Hoop Axial Column Post-Yield
Spacing | Load Height Measured | Measured | Mecasured | Suffness
mm kN mm alpha beta gamma Reduction
Ratio

mun7énol 34 264 2730 14.00 0.001 1.00 0.0500
ng78nn2 14 16.9 1340 14.00 ).001 1.00 0.0988
ng78no2 1) 550 930 5.00 0,120 0.95 (0.0271
179n01 75 1920 1200 8.75 0.100 1.00 0.0329
179n03 50 4300 1200 13.00 0.030 .00 0.0411
P01 79n04 70 3785 1200 10.50 0.240 1,00 0.0320
pot79nosa 55 3385 1200 5.00 0.310 1.00 0.0511
t79no5h 55 6770 1200 14.00 0.001 1.00 0.1283
ang8lunitl 40 680 1600 8.00 Q080 1 00 {.0256
| ang8liunitd 55 2111 16(X) 14.00 0.001 1.00 0.0800
zahn86units 135 555 1600 10.50 0.250 1.00 0.0563
zahn86unit6 75 2080 1600 14.00 0.001 1.00 0.0834
modelnl 9 120 750 12.01 0005 1.00 0.0110
modcin2 9 239 750 10.50 0.320 1.00 0.0402
modcin3 15 120 1500 10.50 0.170 1.00 0.0489
modelnd g 120 750 12.0] 0.23G 1.00 0.0463
modeins 9 239 750 10.50 0.280 1.00 0.0452
modelnG 15 120 1500 14.00 0.180) 1.00 0.0724
flexnew 89 4450 9140 750 0.065 1.00 0.032¢
sheamew 54 4450 4570 1050 0.250 1.00 0.0311
| arakawal 100 0 600 2.0 0.850 (.30 0.0850
arakawa? 50 0 600 2.00 0.600 0.25 0.0562
arakawad 100 215 600 3.50 1.200 .85 0.0572
arakawab 50 215 600 4.00 0.980 0.26 0.0708
arakawa8 35 215 600 3.00 0.900 0.40 0.u741
arakawa9 50 215 600 31.32 1100 0.60 0.1020
arakawa 10 50 215 600 2.87 0.850 042 0.0925
arakawall N/A 430 600 4.53 2.400 0.93 0.0813
arakawal2 104) 430 600 2.60) 1.100 0.65 0.0274
arakawal3 50 430 600 2,55 0.980 0.65 00482 |
arakawald 35 430 600 3.20 0.900 0.65 0.0722
arakawal$ 75 D 900 1.90 0.470 0.20 0.0467
arakawu 16 35 0 500 6.00 0.260 0.98 0.0856
arakawal7 75 215 600 2.80 1.000 (.26 0.0974
| arakawal8 N/A 215 900 3.00 2.000 0.60 0.0968
arakawal9 75 218 900 1.90 0.700 (.50 0.0870
arakawa20) 35 215 900 2.50 0.120 (.65 0.0507
arakawa?1 75 215 1200 2.25 0.120 0.75 0.0245
arakawa22 75 215 300 1.90 0.750 0.18 0.0753
arakawa23} 75 215 HX) 1.52 (1.520) 0.30 0.0736
arakawa24 N/A 430 600 2.95 0.820 040 00818
arakawa2$ 75 430 900 1.60 0.640 0.36 0.0718
arakawa26 75 430 1200 1.80 0.200 1.00 0.0665
[Farakawaz7 751430 900 2.30 0.700 023 00632
[ arakawa28 75 430) 900 2.00 0.950 020 0.0792




Table A.2 (part 2 of 2). Spiral column database used in this study, data group II, and
measured hysteretic model parameters

Test Name Hoop Axial Cotumn Post-Yicld
Spacing | Load Height Mcasured | Measured | Mceasored | Suffness
kN nm alpha beta gamma Reduction
Ritio
angR85unit2 6 () B0 25.00 0.030 1.00 ).0246
ang85unitd 165 O 800 6.00 .29} (.51 (1.1068
angBSunitb &) 0 600 20).00 ().728 092 0.3175
Lngﬂ.ﬁmi[? K() 4] 300 12 .50} {) 490 ()45 (34421
ang8Sunity 30 751 1000 18.00 (1.070 .00 0.0483
ang83unit10 120 784 80 30.00 0002 1.00 0.1164
ang®5unitl3 30 455 8OO 5.00) (.090 0.70 0.0385
ang85unit14 60 0 800 450 (1.160 (.50 0.0384
ang8Sunit1s o) 0 800 9.00 .140 072 0.0442
angBSunit16 60 420 200 1.40 0350 (.90 0.0960
angBiunitl7 60 431 1000 2.25 0.220 a.70 0.1193
ang8Sunit1¥ 60 440 6(X) 294 1.300 (.98 04743
ang®3umt!9 80 432 600 12.50 0.4 0.60 0.3047
ang® Sunit20 80 RO7 700 12.50 0.380 0.98 (.1385
ang8Sunit22 220 0 800 2.50 .380 (.76 .1962
angR5unit23 160 0 B(X) 5.20 0.240 (.64 0.0180
angRSunit24 110 1] 800 5.00 0.080) (144 00152
ang8Sunit2s N/A 0 600 500 0.380 0.70 0.0886
davey75unitl 65 330 2750 12 50 0.375 100 0.0442
davey7Sunit2 65 380 1750 703 0.250 1.00 0.0705
davey75unitd 65 380 3250 12.50 {).780 1.00) (.0780
wongunil | 60 07 800 500 0.100 1.00 (.0361
wongXnit2 65 1813 ROO (.38 ().120 1.00 (.0907
wongounii3 60 1813 800 2.10 ().080 1.00 (.0827
watson 1} 84 2652 1600 9.50 0.290 1.00 0.0630
watsonl 1 57 3620 1600 19.00 0.002 1.00 0.1595
petrovmiel 75 145 1910 7.50 0.100 1,00 0.0730
petrovm: &2 75 254 1910 7.00 0.040 1.00 0.0595
petravm?2el 75 145 900 12.50 0.075 0.96 00857
perrovm2e? 15 254 895 9.00 0.180 1.00 0.0440
mic 1shift 22 151 1140 9.00 0.120 1.00 0.1827
me2shifl 22 151 570 15.50 0.005 1.00 0.1168
mc3shiflt 22 220 570 12.50 0.048 1.00 0.1417
bri2spbaal 50 184 375 1.35 0.020 0.60 0.0240
brilws21bs 33 322 250 4.00 0.280 080 (.0429
bridws22bs 63 322 500 3.00 0.180 0.50 0.0592
brilws25hs 45 161 250 5.00 0.705 .20 0.0770
bri3ws26bs 17 161 500 2.50 0.064 0.58 0.0678
ElwsZ?bs 42 322 500 7.99 (0.200 0.75 0.0726
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11.0 Appendix B: Table of Earthquakes Selected for Analyses

Table B.1 shows the bedrock acceleration record database that was used in this
study. From this data base acceleration records were selected and scaled, using
EARTHGEN and the procedures outlined in Chapter 3. Table B.2 shows the
suites of four records that were selected for each magnitude and distance, and
the amplitude scale factor applied to each record.

Table B.1 (part 1 of 2). Database of recorded bedrock uacceleration records used in this study

Record Location Orientation | Agency® Event Name
No. Deg. CW
1 § Golden Gate Park 10{ CALTECH j San Francisco, 1957
2 | Golden Gate Park 100 | CALTECH
31 2011 Zonal Aveniue 1181 USGS San Fermando, 1971
4| 2011 Zonal Avenue 208 | USGS
5| 3838 Lankershim 0] USGS
6| 3838 Lankcrshim 2701 USGS
7] 420 South Grand Avcnue 127} USGS
8 | 420 South Grand Avcnue 2171 USGS
9| 455 South Figucroa Sireet 218 | USGS
10 | 455 South Figucroa Strect 308 | USGS
11 ¢ 800 West st Street 371 USGS
12 | 800 West 1st Street 307 USGS
13 { Sanwa Anua Rescervoir Dam abutment 3§ USGS
14 | Santa Anila Rescrvoir Dam abutinent 2731 USGS
15 | Calicch Seismic Laboratory 1801 USGS
16 | Caltech Seismic Laboratory 270 | USGS
17 | Fairmont Reservoir Dam 56{ USGS
18 | Fairmont Reservoir Dam 326] USGS
19§ Santa Felicia Dam, outlet works 172 [ USGS
20 | Santa Felicia Dam, outlet works 2621 USGS
21 | Griffith Park Obscrvatory 180 | USGS
22 | Gniffith Park Observatory 2701 USGS
23 | Lake Hughes Array #4 111] USGS
24 | Lake Hughes Array #4 201 | USGS
25| Lake Hughes Array #9 21| USGS
26 | Lake Hughes Array #9 201 | USGS
27 | Puddingstone Reservoir Dam abutment 551 USGS
2R | Puddingstone Reservoir Dam abutment 325 | USGS
29 | Pacoima Dam Abutment 164 | USGS
30 ] Pacoima Dam Abutment 254 | USGS
31 | Superstition Mountain 45| USGS Imperial Valiey, 1979
32 | Superstition Mountain 135 ] USGS
* CALTECH = Cslifornua Institute of Technology: USGS = U.8. Geological Survey; CDMG = California Division of Mines

and Geology
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Table B.1 (pant 2 of 2). Database of recorded bedrock acceleration records used in this study

Record Location Orientation | Agency* Event Name
Nao. Deg. CW

33 | Casuaic, Old Ridge Road 0] CDMG Whittier, 1987
34 | Castaic, Old Ridge Road 90 | CDMG
35] Leona Valicy #5 0| CDMG
36 | Leona Valley #5 90| CDMG
371 Leona Valley #6 )| COMG
38 | Leona Valley #6 90 | COMG
39 | Mount Wilson, Caltech Scismic Stition 0| CDMG
40 | Mount Wiison, Caliech Seismic Station 90 | CDMG
41 | Pacoima. Kagel Canyon 0} CDMG
42 | Pacoima, Kagel Canyon 90 | CDMG
43 | Cliff Housc, 1090 Point Lobos 0| CDMG Loma Pricta, 1989
44 | Cliff House, 1090 Point Lobos 90 | CDMG
45 | Corralitos, 1473 Eurcka Canyon Road 90 { CDMG
46| Corralitos, 1473 Eurcka Canyon Road 360 | CODMG
47 | Diamond Heights, 80 Dighy Street 0] CDMG
48 | Diamond Heights, 80 Dighy Sircet 90 ] CDMG
49 | Gilroy #!, Gavilan Collegie water wnk 90 | COMG
50| Gilroy #1, Gavilan Collegce water tank 163 | CDMG
51 | Pacific Heights 270 | CDMG
52 Pacific Heights 360 | CODMG
§3 | Presidio 0| CDMG
54 | Presidio 90 | CDMG
55] Rincon Hill 0| CDMG
56 | Rincon Hill 90 | CDMG
57| Santa Cruz 0] CDMG
58] Santa Cruz 90 | CDMG
59| Telegraph Hill 0] CDMG
60 ] Telegraph Hill 90 | CODMG
61 | Yerba Buena Island 90 | CDMG
62! Yerba Buena Istand 360 | CDMG
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Table B.2. Suites of design bedrock accelerations and amplitude scaling factors for
magnitudes 5.0, 6.0, 7.0, and 8.0, and distances of 10 km, 20 km, 30 km, and 40 km.

Magnitude 5.0 Magnitude 6.0 Magnitude 7.0 Magnitude 8.0

Record | Amplitude | Record | Amplitude | Record | Amplitude | Record | Amplitude

No. Scale No. Scale No. Scale No. Scale

Factor Factor Factor Factor
23 0.755 16 1.169 59 7.259 7 4.187
Distance 37 2.488 30 0.256 30 0.518 10 4,288
10 km 57 0.198 27 3.390 48 3477 59 12.570
50 0.228 3 1.627 21 2.214 48 6.117
23 0.374 16 0.636 39 4.575 7 2.960
Distance 37 1,233 30 0.136 30 0.327 10 3.031
20 km 57 0.098 27 1.844 48 2.191 59 B.¥86
50 0.113 3 0.885 21 1.396 4 4.324
23 0.217 16 0.396 39 3.198 7 2.262
Distance 37 0.715 30 0.087 30 0.228 10 2.316
30 km 57 0.057 21 1.150 43 1,532 59 6.790
50 0.066 5 0.552 21 0.975 48 3.304
23 0.139 16 0.270 59 2.387 7 1.815
Distance 57 0.037 27 0.781 48 1.143 10 1.859
40 km 38 0.384 3i 0.405 62 3.755 56 5.450
50 0.042 5 0.375 21 0.728 48 2.652
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ix C: le of Dam ; i lymn T

Tabte C.1 (part 1 of 6). Damage indices for test columns at critical damage states

Analysis Run: Number | Damage Deformation | Energy Total
of Data | Suue Damage Damage Damagc
Points Index Index Index

mun76no! 1 121 { yicld .17 (.04 0.2
mun76énol 2 376 ] ultimate .69 0.56 1.25
ng78no2 1 241 | yield (.26 0.11 0.37
[ ng78n02 2 481 | ulumate 0.53 .51 1.04
ng78no3 1 61 § yicld 0.19 0.03 (.23
ng78na3 2 421 | ulumae (1.85 {).56 141
179n01 | 121 | yield 0.40 .12 (.52
pol79n01_2 241 | ulumate 0.88 (.40 1.28
| pot79no3 _t 61 | vicld 0.33 0.06 0.39
pot79no3 2 181 | ultimatc 0.70 (.25 196
pot79nod 1 121 | yield 0.60 012 0.72
pot79n04_2 241 | ultimate 1.18 0.44 1.63
pot79noSa | 121 § vield 0.18 .04 022
pot79noSa 2 241 | ultimate 0.37 0.13 0.49
pot79no5h 1 121 | vicld (.46 0.20 0.66
pot7YnasSh 2 181 ] ultimate 0.69 (.38 1.07
angBlunitl 1 121 1 yicld 0.14 0.03 0.17
angBluniti 2 241 { ultimate (.29 0.1t .40
ang8lunit2_} 121 | vield 0.17 0.03 0.19
ang8lunit2 2 241 | ultimaic 0.39 0.12 0.51
angBiunit2 3 361§ farlure 0.58 031 .89
zahn86no5 I 69 | yield 0.23 004 0.26
zahn86no$ 2 121 | uhimate 0.48 0.12 (.60
zahn86n035 3 361 | failure 1.50 0.88 2.37
zahn86no6 1 68 | yicld 0.15 0.02 0.17
2ahn86nob6 2 121 | ukimatc .38 0.07 .46
7ahn86no6_3 361 | failure 1.26 0.76 2.02
modeinl | 121 | yield 0.43 0.13 0.55
modelnl 2 241 | ultimatc (.97 0.44 1.42
modein! 3 421 | failure 1.50 1.30 2.80
modeln2 ! 121 | yicld 0.34 0.09 042
modein2 2 241 ] ultimate 0.74 0.30 1,04
modeln2 3 601 | failure 2.11 1.85 3.95
modeind 1 61 | vield 0.11 0.01 0.13
modein3 2 121 | ultimate 0.38 0.10 (.48
modeln3 3 421 | failure 0.80 (.66 1.46
modelnd 1 121 | yield 0.21 0.06 0.26
modeind 2 241 ] ultimate 0.46 0.20 0.66
madelnd 3 721 | failure 1.32 1.7} 3.04
modelns 1 121 { yield 0.27 0.06 0.34
modeln5 2 241 | ulumate 0.57 0.23 0.80
modeins 3 661 | failure 1.52 1.69 3.21
modelnG 1 61 | yield 0.09 001 0,10
' modeln6_2 121 | ultimate 0.28 0.07 0.35
| modeiné 3 841 | failure 0.60 1.13 1.73
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Table C.1 (part 2 of 6). Damage indices for test columns at critical damage states

Analysis Run: Number | Damage Deformation | Energy Totat

of Data | Swac Damage Damage Damage
Points Index Index Index
flexnew 1 121 § yield 0.36 0.09 0.45
flexnew 2 241 } ultimate 0.56 0.25 0.81
flexnew 3 1201 { failurc 1.18 247 3.65
shearmew 1 121 ] vield 0.25 0.09 0.33
shearnew 2 289 | ultimate 0.76 047 1.23
sheamew 3 529 | lailure 1,27 1.50 2.77
arakawal | 121 | vicld 0.32 0.04 0.35
arakawal 2 181 | uliimatg (.50 0.08 0.57
arakawal 3 421 | failure 1.22 0.36 1.59
arakawa2 | 181 ] vicld 0.52 0.08 (.60
arakawal 2 241 | ulimae 0.69 0.13 0.82
arakawa? 3 481 | failurc 1.50 0.48 197
arakawad | 61 | yield 0.17 0.01 0.18
arakawad 2 181 | ultimale .57 0.12 0.69
arakawad 3 301 | failure 1.02 0.32 1.34
arakawab 1 121 | yicld 0.17 0.02 0.i8
arakawat_2 181 ] ultimate (.26 0.04 0.30
arakawaé_3 361 | failurc (.57 0.14 0.72
arakawal | 61 | yicld (.04 0.01 0.05
arakawa8 2 181 ] ultimate 0.16 003 0.19
arakawa$§ 3 421 | failure (.43 0.14 0.57
arakawa® ! 61 | yicld 0.08 0.01 0.08
arakawa9 2 181 | ultimate (.27 0.05 0.32
arakawa9 3 361 | faiturc (.60 0.19 0.79
arakawalQ 1 121 | vicld 0.16 0.02 0.18
arakawalQ 2 241 | ultimate 0.34 0.07 041
arakawalQ) 3 421 | failure 0.60 0.22 0.81
arakawall 1 13 | yicld (.31 (.01 (.33
| arakawall 2 61 | nitimate 065 0.05 071
| arakawall 3 121 | failure 1.04 Q.15 1.19
arakawal2 1 61 | yicld 0.23 (.01 0.25
arakawal2 2 121 | uliimaie 0.53 0.07 0.60
arakawal? 3 181 | failurc 0.87 0.15 1.03
arakawal3 1 61 | vicld 0.11 (.01 0.11
arakawal3 2 181 | uliimate 0.38 0.07 (.45
| arakawal3_3 301 | failure 0.69 0.19 0.38
arakawalg 1 121 | yicld 0.15 0.02 0.18
arakawal4 2 241 | ultimae 0.34 0.08 0.43
arakawald 3 361 | failure 0.53 0.18 0.72
arakawal$5 | 301 | vacld (.38 6.07 045
arakawal$ 2 421 | ultimate 0.56 0.13 0.69
| arakawals 3 601 | failure 0.90 0.27 1.18
arakawal6 1 241 | yicld 0.22 0.06 0.28
arakawalé 2 361 { ultimatc 0.34 0.16 0.50
arakawal7 1 121 | vicld 0.27 0.03 0.30
arakawal? 2 181 | ultimate 0.42 0.06 0.48
arakawal? 3 361 | failure .91 0.22 1.14
———r
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Table C.1 (part 3 of 6). Damage indices for test columns at critical damage states

Analysis Run: Number | Damage | Deformauon | Energy Total i
of Dawy | Swte Damage Damage Damage
Points Index Index Index
arakawalf 1 73 | yickd 0.28 002 0.30
arakawal® 2 121 { ulimate (.35 0.03 0.38
arskawalg 2 181 | falure (.59 0.07 0.66
arakawal9d | 181 | yeeld (1% 002 0.20
argkawaly 2 301 | ultimaie 0.34 0.07 .40
arakawaly 3 541 | failure 0,64 0.22 (.86
arakawal( 1 241 | vield 010 0.02 (.12
arakawa?( 2 421 { ultimate 0.18 407 0.25
arakawall | 301, yicld 0.19 0.05 0.24
arakawall 2 541 | ulumate ().35 0.17 .53
arakawall 1 181 | yicld (.15 0.01 0.16
arakawall 2 36t 1 ultimate (.34 (.06 0.40
arakawal2 3 541 tanlure 0.57 (.14 (.70
 arakiwall_ | 181 | vicld 0.17 0.02 .19
arakgwall 2 3601 | ulumate (.39 0.08 3.47
arakawall 3 & | fudure 0.74 (.25 .99
arakawa?d | 6l | yield 048 0.03 0.51
arakawald 2 181 | ultimate 1.67 (.28 1.95
arakawald 3 301 | failure 297 (1.73 370
arakawals | 181} yield (1,27 03 0.29
wakawals 2 301 | ultimate (.50 0,09 0.59
arakawald 3 541 | tatlure F2 (.30 1.33
arakawn6 | 241 ] yield .22 .04 (.26
arakawale 2 541 ] uhimate 151 0.24 (.75
arakawa7 | 181 | vicld 0.19 .02 .20
arakawal? 2 301 | ultimate 0.17 0.06 (.42
arakawal7 3 481 ] failure 0.6 0.15 .80
arakawals | 181§ vickd {r18 0.02 (.20
arakawadf 2 301} ulimate (.34 (.05 .40
N arakawall 3 481 { failure 0.60 (14 Q.73
ang8sSnol 1 361 ] yield (.56 0.46 1.02
angisno2 2 Bal | ultimate 1.06 1.78 2.84
ang85no2 3 1981 | failure 1.87 644 8.3
ang8Snod 1 314 | vicld 0.77 0.37 1.14
ang85nod 2 361 { ulumaie 0.88 0.42 1.30
ang8Snod 3 721 | failure 1.32 1.11 2.43
ang8snod_1 11 | yweid 0.57 0.14 0.70
ang8Snob 2 61 | ulimate 085 027 1.12
ang85no6_3 361 | failure 1.27 1.08 2.35
ang85no7 1 13  yicld 0.58 0.12 0.69
angBSna7 2 &1 § ulumale 0.72 0.16 0.87
angRSno7 1 361 ] failure 0.94 0.66 1,60
ang85n09 1 361 | yicld 1.03 0.85 1.88
angR5n09 2 915 | ultimate 1.92 318 5.11
ang85n0% 3 1381 | farlure 2,78 7.10 9.89
ang85na 10 1 61 1 yield 1.13 0.3 1.53
angR5nol(0 2 361 | ultimate 1.56 1.99 3.54
angﬂSno]O‘.’; 721 | failure 2.30 5.33 7.63
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Table C.1 (part 4 of 6). Damage indices for test columns at critical damage states

Analysis Run: Number | Damage Deformation | Energy Total
of Data | State Damage Damage Damagce
Points Indcx Index Index
anpRSnol3 I 361 | yield 041 0.21 (.63
ang85nol1l 2 961 | ultimate 1.13 1.05 2.18
angBSnol3 3 1201 | failure 1.13 1.73 2.86
angB85nold 361 | vicld 0.90 0.39 1.29
angBSngtd 2 661 | ultimale 1,22 089 2.11
ang85noi4 3 961 | failure 231 1.80 4.11
angR5no01s 1 361 | yield 0.38 ().21 ().59
ang85nols 2 961 | ultimate 1.02 1.01 2.03
GngSSnolS 3 1201 1 failure 1.05 1.69 274
| angBSnol6 1 314 1 yicld (.61 0.24 (1.85
angB5nolé 2 361 1 ulimate 0.70 0.26 0.97
angR3noi6 3 721 | failure 0.95 0.74 {69
| angB5nol7 1 361 | yield 0.51 0.19 (.70
ang85nal7 2 661 | uitimate 0.67 0.47 114
ang85n017 3 961 | fatlure 1.02 (.88 1.90)
ang835nol8 | 361 ] yield 1.16 0.60 1.77
ang85nclg 2 661 | ultimate 1.70 1.47 3.17
anp&inolk 3 721 | failure 1.74 1.73 147
ang85nc19 1 61 | yicld 0,92 0.20 1.12
ang85n019_2 361 | ultimate 1.50 091 241
ang¥5nold 3 421 | farlure 1.55 1.16 271
ang85n020 1 314 | yicld 1.29 0.73 202
ang85n020 2 361 | ultimate 1.63 0.92 2.55
| ang85n020_3 421 | failurc 1.68 1.21 289
ang85n022 i 61 | yicld (.57 0.08 (.64
| ang85n022 2 361 | ultimate 101 0.44 1.45
ang85n022 3 421 | failure 1.01 0.57 1.58
[ angB85n023 | 361 | yicld 1.22 0.47 1.69
ang85n023 2 661 ] ultimate 242 1.34 3.76
| ang85n023 3 721 | failure 242 1.64 4.06
ang85n024 1 361 | yicld [.03 0.41 1.44
ang85n024 2 661 | ultimate 2.11 1.18 3.30
ang85n024 3 721 | failure 2.16 141 157
ang85n025 1 61 | vicld 1.39 0.3 1.68
ang85n025 2 361 | ultimaie 2.30 1.27 3.58
ang85n025 3 421 | fatlurc 2.35 1.57 3.92
davey75nol 1 181 | vicld 0.20 (.03 0.23
davey75nol 2 241 | ultimate 0.53 0.14 {).66
davey75n0l 3 361 | failurc 1.04 .37 141
davey75n02 1 61 | vicld 0.16 .02 0.17
davey?5no2 2 241 | ultimate 1.18 0.44 1.62
davey75no3_1 61 | yicld 0.05 0.00 (.05
davey75no3 2 181 ! ulumate 0.23 0.03 (.27
davex75n03 3 361 { failure 0.53 0.27 (.80
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Table C.1 (part § of 6). Damage indices for test columns at critical damage states

P‘

Analysis Run: Number | Damage Deformation Encrgy Total
of Data | State Damage Damage Damage
Points Index Index Index
wong90nol 1 101 icld .31 0,14 045
wong9inol 2 1199 | ultimate 0.87 0.80 1.68
wong90ino? | 301 § yicld 0.23 0.04 0.26
f_wong90no2 2 1199 | ultimate 1.58 1.33 491
L wong%0no? 3 1559 | failurc 4.70 2.15 6.84
wong90no3 1 661 | yield 0.30 0.21 0.51
wong9no3 2 1261 | vliimatc 1.03 0.98 2.01
wong90no3 3 1621 | failure 1.37 194 3.31
watsonl) 1 241 | vyield 0.33 0.05 (.38
watson1() 2 361 | ultimate 0.54 0.17 0.71
watsonl( 3 661 | failure 0.97 0.74 1.71
watsonll 1 68 | vield 0,08 0.00 0.08
watsonll 2 241 | vltimate 0.51 0.15] 0.66
watsonll_3 316 |} failure 0.77 0.32 1.09
mclshift 1 181 icld 0.15 0.02 0.16
me Ishift 2 421 § ullimaie (.45 0.18 0.63
mcishift 3 781 | failurc (.93 092 1.85
mg2shift 1 181 | vield 0.30 0.06 0.36
mc2shilt 2 541 | ultimate 1.33 1.14 247
mc3shift | 301 | vicld 0.72 0.27 0.99
mc3shift 2 421 | ultimate 1.15 0.66 1.81
I mc3shifi_3 ) 856 | failure 2,39 3.73 6.12
Lbri2spbaal | 121 | vicld 2.95 0.55 3.50
bri2spbaal 2 2701 | ullimatc 22.35 3498 57.33
bri2spbaat 3 2761 } failure 2422 3821 62.43
bri3ws21bs 1 121 { vicld 3.37 1.01 4.38
bridws21bs 2 781 | ulimate 6.34 6.02 12.37
bridws21bs 3 1501 ] failure 9.63 18.59 28.21
bri3ws22bs 1 121 | vield 1,22 0.24 146
bridws22bs 2 721 | ultimate 2.50 147 3198
bri3ws22bs 3 2641 | failure 7.78 14.16 2194
bridws25bs_1 121 | yield 1.23 0.28 1.51
bri3ws25bs_2 721 | ultimate _ 2.60 1.33 3.93
bri3ws25bs 3 1441 | failure 3.67 4.81 8.48
bri3ws26bs 1 121 { vicld 0.39 008 047
brilws26bs 2 1381 | ultimate 1.28 1.56 2.85
bri3ws26bs 3 2881 | failurc 3.48 1.26 10.74
bridws27bs 1 121 ] yield 0.64 0.19 0.82
bridws27bs 2 721 1 ulumate 1,27 1.08 2,35
brilws27bs 3 1561 { failure 2.03 3.95 5.98
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Table C.1 (part 6 of 6). Damage indices for test columns at critical damage states

Analysis Run; Number | Damage Deformation | Energy Total
of Data State Damage Damage Damage
Points Index Index Index
petlel 1 420 | yield 0.04 0.01 .05
petiel 2 1201 | ultimate 0.3] 0.16 048
petlel 3 1561 | failure 0.52 0.55 1.07
petle2 1 485 | yield 0.05 0.01 0.06
petled 2 1265 1 altimate 0.37 0.16 0.54
petie2 3 1565 | failure 0.56 0.51 1.07
pei2el 1 961 § yield 0.25 0.26 0.51
pet2el 2 1201 | ultimate 0.50 0.50 101
pet2el 3 2041 | failure 1.56 3.07 4.63
pet2e2 1 601 | yield 0.23 0.15 (.39
pet2e? 2 1141 ] ultimate 0.86 (.88 1.74
Ead 3 1501 ] failurc 2.01 2.20 421
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