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NOTICE

This report was prepared by the University of Central Florida and the National
Institute of Standards and Technology as a result of research sponsored by the
National Center for Earthquake Engineering Research (NCEER) through a con-
tract from the Federal Highway Administration. Neither NCEER, associates of
NCEER, its sponsors, the University of Central Florida, the National Institute of
Standards and Technology, nor any person acting on their behalf:

a. makes any warranty, express or implied, with respect to the use of any infor-
mation, apparatus, method, or process disclosed in this report or that such
use may not infringe upon privately owned rights; or

b. assumes any liabilities of whatsoever kind with respect to the use of, or the
damage resulting from the use of, any information, apparatus, method, or
process disclosed in this report.

Any opinions, findings, and conclusions or recommendations expressed in this
publication are those of the author(s) and do not necessarily reflect the views of
NCEER or the Federal Highway Administration.
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PREFACE

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

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

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

ELEMENT | ELEMENT 1l ELEMENT Il
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
+ Seismic hazards and + The Building Project Case Studies
ground motion + Active and hybrid controi
+ The Nonstructural « Hospital and data processing
« Geotechnical Components Project facilities
engineering + Short and medium span bridges
* The Lifelines Project C * Water supply systems in
* Structures and systems Memphis and San Francisco
» The Highway Project Regional Studies
» Risk and reliability + New York City
+ Mississippi Valley
» Intelligent and protective * San Francisco Bay Area
systems + City of Memphis and Shelby
’ County, Tennessee
» Socioeconomic issues J—L J_L
\V4 Vv
ELEMENT tV ‘
IMPLEMENTATION

+ Conferences/Workshops

* Education/Training courses
+ Publications

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

Highway Project research focuses on one of two distinct areas: the development of improved
design criteria and philosophies for new or future highway construction, and the development of
improved analysis and retrofitting methodologies for existing highway systems and structures.
The research discussed in this.report is a result of work conducted under the existing highway
construction project, and was performed within Task 106-E-5.3, “Performance-Based Specifications
for the Seismic Design, Retrofit and Repair of Reinforced Concrete Bridge Columns,” of the project as
shown in the flowchart.

The research reported herein is part of a larger research program that has as its objective the
development of a performance-based approach to the seismic design, retrofit and repair of
reinforced concrete bridge columns. This report provides the results from an experimental and
analytical study of cumulative damage to circular columns with a predominately flexural response.

Specifically, research in this task included a study of (1) progressive damage in bridge piers through

an examination of critical damage parameters including ductility, low-cycle fatigue, energy
dissipation capacity, and loss of confinement; (2) the influence of ductility on energy dissipation
capacity of members; and (3) the effects of random cyclic loads and load paths on the cumulative

damage of bridge piers. In addition, observed damage was visually correlated with damage limit
states and the relationship between damage parameters and observed failure modes for existing
cumulative damage models was investigated. It is expected that this study will contribute to the

overall effort of calibrating afatigue-based cumulative damage model, whichis anecessary first step
towards developing performance-based design guidelines.
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ABSTRACT

A comprehensive experimental study was undertaken in this research effort to investigate
cumulative damage in reinforced concrete circular bridge piers subjected to a series of
earthquake excitations. Twelve identical quarter-scale bridge columns were designed and
fabricated in accordance with current AASHTO specifications. A unique setup to expedite the
testing process was designed and built in the structural test facility at NIST.

The testing was divided into two phases. Phase I testing consisted of benchmark tests to
establish the monotonic force-deformation envelope, the energy capacity under standard cyclic
loads, and constant amplitude tests to determine the low-cycle fatigue characteristics of the
bridge column. Phase II testing was composed of a series of analytically predicted displacement
amplitudes representing the bridge response to typical earthquakes. The results of Phase I
testing provided information on the fatigue behavior of reinforced concrete and Phase II provided
data on the effect of load path on cumulative damage.

Test observations indicate two potential failure modes: low cycle fatigue of the longitudinal
reinforcing bars; and confinement failure due to rupture of the confining spirals. The former
failure mode is associated with refatively large displacement amplitudes in excess of 5% drift
while the latter is associated with a larger number of smaller amplitude cycles. Analytical
studies indicate that most earthquakes induce few large amplitude cycles pointing to the need for
proper confinement to prevent catastrophic failure.

The results of the testing were also used in an analytical study of cumulative damage. A simple
fatigue-based model, derived from existing theories in the literature, was used to predict
cumulative damage in flexural bridge piers. Critical damage measures, such as stiffness
degradation, dissipated hysteretic energy, ductility, and fatigue were evaluated against observed
behavior. It was found that none of these damage measures consistently predict observed
damage limit states though fatigue-based models demonstrated better reliability. It was further
observed that the energy-dissipation capacity of members is path-dependent, hence, models of
seismic damage that rely only on measures of energy dissipation cannot predict failure if it is not
related to ductility. Findings from this study will provide additional input into the development
of performance-based design specifications wherein design is linked to damage limit states.
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SECTION 1
INTRODUCTION

The failure of numerous structures during the 1971 San Fernando earthquake ushered in a new
era of seismic design. It recognized the need to detail critical sections for ductility so that the
imposed seismic forces may be resisted by the ability of these sections to dissipate energy. Past
and current design practices are being put to the test regularly with each severe earthquake. Each
faiture points to either a flaw in the basic design approach or a lack of understanding of the

inelastic behavior of structural systems resulting from seismic loads.

The function of a structure during and after an earthquake usually dictates the methodology
employed in the design of the structure. Lifeline structures, such as bridges, are assigned a much
higher “importance” factor in the design process since these structures are “essential facilities”
necessary for emergency operations subsequent to an earthquake. Such structures should resist
minor earthquakes without damage, moderate earthquakes without significant structural damage,
and in the case of a major earthquake, some structural and non-structural damage is allowed,
provided it does not affect the functioning of the structure after the earthquake.

Damage to bridge structures in past earthquakes have been significant. The 1971 San Fernando
earthquake significantly damaged as many as forty-one bridges. More recently, the 1989 Loma
Prieta earthquake caused over $5.5 billion in damage of which almost a third was attributed to
highway failures, the most notable of course being the collapse of a section of the Cypress
viaduct (Housner, 1990). Post-earthquake reconnaissance and follow-on research studies have
indicated that most of the damage in highway bridges is a result of some or all of the following
reasons: (a) insufficient column ductility and/or energy dissipation capacity to sustain the large
imposed lateral displacements; (b) insufficient shear capacity in short columns; and (¢) lack of

adequate anchorage length in the longitudinal reinforcing bars of the piers.



Pre-1950 highway construction (of which the Cypress viaduct is an example) in seismic zones
which followed either CALTRANS or AASHTO had very low seismic requirements compared
to those for buildings which used the Uniform Building Code (UBC). Despite many changes in
seismic design codes over the years, the basic philosophy behind prescribing design guidelines
have remain unchanged. For example, past and current AASHTO specifications for the seismic
design of bridge columns have taken a generally prescriptive approach. That is, the specifications
place constraints on such factors as material properties, minimum reinforcement or confinement
requirements, and column geometry, without specifically linking these requirements to the
performance of the column when it is subjected to a particular earthquake. A designer who
follows the prescriptive code requirements is ostensibly assured that the structural safety of the
bridge pier will be preserved under maximum likely earthquakes at the bridge site. However, the
designer cannot make a clear or precise decision on the amount of damage suffered by the bridge
column under small or moderate earthquakes. The larger issue of seismic safety under future

earthquakes, as well as the criteria to be used in upgrading, remains unresolved.

Much of the strength and deformation requirements in current highway bridge design procedures
have been derived from experimental testing and limited analytical studies. However, it must be
noted that most of the testing conducted in the past was directed towards the objective of
understanding post-yield behavior under cyclic load reversals to develop detailing strategies to
ensure satisfactory performance under seismic action. As such, these tests have provided
pertinent knowledge regarding the effects of various important parameters, such as the influence
of varying axial forces, the presence of high shear, confinement, and multidirectional loading, on
the failure of reinforced concrete components. Issues related to performance or correlation of
observed behavior to damage have not been addressed directly, hence efforts related to
calibrating damage models have not met with any success. Additionally, a number of analytical
models to predict seismic damage have been proposed by many researchers. These models, either

derived from or verified against results of past laboratory testing of RC components and



structures, have offered some clues on the factors affecting damage but fall short of the objective

of assessing structural integrity in terms of serviceability and reparability.

A major factor that has hindered the development of a performance-based design methodology is
the fact that no systematic experimental program has yet been undertaken wherein the imposed
loading, the system variables, and the measured or observed response were tailored to

specifically monitor, model and calibrate cumulative seismic damage.

1.1 Research Issues

The motivation for this research study stems from the following questions:

e Is it possible to predict failure in highway bridges due to a potential earthquake event, in the
context of the damage model theories to be found in the literature ?

e Is it possible to predict the associated mode of failure ?

¢ Can damage models be used to measure level of performance, or reserve capacity in a
structural member, following a seismic event ?

e Can the predicted “level of performance” or “reserve strength” be used to assist engineers in
deciding between rehabilitation, retrofit and demolition ?

e Is energy capacity of a member independent of the applied load history, or is it load path
dependent ?

¢ Can damage estimates be related to simple measurable quantities such as dissipated energy,

ductility and the loss of strength or stiffness ?

1.2 Research Objectives and Scope of Study

Numerous analytical and experimental studies have been conducted in the past to study the
inelastic response of typical bridge piers. The objective in such studies, as pointed out in the

previous sub-section, has heen to quantify the influence of certain material or system parameters



(level of axial load, amount of transverse reinforcement, etc.} on the cyclic response of columns.
Very few experimental programs have been designed to reproduce observed failure modes in
bridge piers. Another issue that has received very little attention is the effect of load path on the
response and failure of typical components and subassemblages. Almost without exception,
imposed displacement histories in standard cyclic tests are based on a fixed number of reversed

cycles applied at increasing levels of ductility until failure.

While this work is concerned with the behavior of bridge piers in general, it was decided to focus
initially on the response of circular piers which have the advantage of possessing fairly uniform
properties about any arbitrary cross-section. It was considered important to keep other system
variables to an absolute minimum so that the effects of load path on the structural response could

be isolated.

This research endeavor is concerned primarily with load path and the effect of ductilify on energy
dissipation capacity. It is also concerned with identifying criteria for low-cycle fatigue and the
role of confinement, as prescribed in modern codes, in altering flexural failure modes.
Ultimately, the results of this study will contribute to the overall task of damage modeling and

the prediction of flexural failure modes.
The primary objectives of the study may be summarized as follows:

1. Develop an experimental program dedicated to the study of progressive damage in bridge
piers through an examination of critical damage parameters such as ductility, low-cycle
fatigue, energy-dissipation capacity and loss of confinement due to repeated cyclic loads
resulting from earthquake motions.

2. Study the influence of ductility on energy dissipation capacity of members.

3. Study the effects of random cyclic loads and load path on the cumulative damage of bridge

piers.



4. Correlate visually observed damage with damage-limit states.

5. Investigate existing models of cumulative damage against observed behavior, and identify the
relationship between damage parameters and observed failure modes. |

6. Suggest an alternate test method, using random displacement cycles or some combination of
equivalent ductility cycles, which reflect realistic displacement histories under imposed
seismic motions.

7. Suggest further studies, based on the findings of this work, to address issues related to

damage prediction and the development of performance-based design criteria for highway

bridges.
1.3  Organization of Report

The remainder of this report is organized into six sections. Section 2 begins with an overview of
past work on experimental investigations on the seismic response of bridge piers. This is
followed by details of the test setup and various aspects of the design and construction of the
model specimens. Section 3 presents the analytical model of the bridge pier, calibration of the
hysteresis model used in the analyses, validation of the dynamic response of the scaled model
specimen, and the process of generating the random displacement histories used in the second
phase of the testing. The results of Phase I testing are summarized in Section 4. The testing is
composed of two phases: in the first phase, two benchmark tests consisting of monotonic
loading and a standard cyclic load is followed by constant amplitude fatigue-type loading. The
second phase of testing, reported in Section 5, is devoted exclusively to random load tests.
Various existing theories of damage are examined in Section 6. A few selected models,
representing distinct approaches to damage indexing are applied to the results of the test
program. Relevant findings from the study and suggestions for additional work are discussed in

the seventh and final section.






SECTION 2
DESIGN OF TESTING PROGRAM, SETUP AND INSTRUMENTATION

The objectives set forth in Section 1 of this report were addressed as part of a comprehensive
study on cumulative damage of bridge piers under seismic loads. It was considered appropriate
to begin on a simple scale: hence flexural columns with circular cross-sections were used in the
testing. While the literature is abundant with cyclic tests on columns, both circular and
rectangular, it does not provide the essential information needed to calibrate damage. Dynamic
loads, such as those imposed by an earthquake, are random. The effect of such randomness,
wherein large amplitude cycles are interspersed with innumerable small amplitude cycles, on the

response of structures is unclear.

This project is an attempt to correlate observed damage with well recognized damage parameters.
As such, a new test methodology using random cycles is proposed. Prior to describing the
experimental program, a brtef overview of previous experimental work in bridge testing is

presented.

2.1  Review of Previous Experimental Work

The earliest tests on bridge columns under simulated seismic loads were carried out in Japan and
New Zealand. Davey (1975) tested three 1:3 scale model piers with different shear span ratios.
Numerous cyclic tests were conducted by the Building Research Institute (1975, 1978) in Japan
on columns bent in double curvature. The first shaking table study was conducted by Munro et
al. (1976) on a 1:6 scale model pier. Since then, a number of additional experiments have been
carried out in Japan, New Zealand and the United States on the inelastic shear and flexural

behavior of bridge columns, the most significant of which are summarized below.

Mander et al. (1984, 1988) tested the first large scale square hollow bridge piers under lateral
cyclic loading. They attempted to experimentally establish the ductility capacity of hollow



bridge piers that are commonly used in New Zealand. A theoretical stress-strain model for
confined concrete was developed. The model took into consideration the effects of confinement,
shear deformation and strain rate. Confinement was modeled by equating the strain energy
required to first fracture the lateral reinforcement with the strain stored in concrete due to
confinement. It was determined that the main parameter that controlled the ductility capacity of

the columns was the amount of the lateral reinforcement.

Ang et al. (1985, 1989) investigated the shear strength of circular bridge piers subjected to
seismic action. Twenty five one-third scaled model columns with aspect ratios of 1.5, 1.75, 2.0

and 2.5 were tested under a sequence of imposed displacements.

Stone et al. (1989, 1990) tested the first set of full scale bridge piers under combined quasi-static
cyclic lateral and axial loading at the National Institute of Standards and Technology (NIST).
The full scale columns had aspect ratios of 6 and 3, to simulate flexural and shear behavior,
respectively.  Both columns were designed to meet CALTRANS specifications for seismic
loads. The loading history used on both columns were standard ductility-based displacement
inputs. The study concluded that the predicted ductility capacity based on the New Zealand code
{NZ-3101) was higher than that actually observed during the experiment. It was also observed
in both the flexure and shear specimens that the energy dissipated below a certain threshold
displacement stabilized without substantial decrease in load carrying capacity. The testing
indicated that the design requirements of CALTRANS were sufficient to provide a ductility of 6

for flexural bridge piers.

A parallel series of testing at NIST consisted of six circular model columns with a 1:6 ratio
compared to the full scale columns (Cheok and Stone, 1986, 1990). The variables in the study
were the load history, concrete mix and size of aggregate. It was concluded that the
CALTRANS design specifications for embedment length of longitudinal bars inside the footings
are adequate to prevent pullout failure. Fracture of the spiral reinforcement and buckling of the

longitudinal bars occurred at displacement ductilities beyond ten for flexural columns, and above



five for the shear columns. The observed moment capacity during the tests were higher by 10% -
25% than those predicted by ACI procedures (ACI-318, 1989). Higher displacement ductilities
were observed on increasing the axial load. But no so-called "threshold displacement” was

observed similar to that of the full scale columns.

Wong et al. (1990, 1993) tested sixteen 400 mm diameter columns with an aspect ratio of 2. The
objective of the testing was to determine the strength and the deformation capacity of columns
primarily in shear. The displacement pattern of the first column was uniaxial cyclic loading. Of
the remaining, fourteen columns were tested under different sequence of biaxial cyclic loading.

The sixteenth column was tested under random cyclic loading. The axial load ranged between

0100397/, This work concluded that biaxial loading patterns led to more severe stiffness
degradation than uniaxially imposed loads. The hysteretic response and the ductility capacity
were distinctly improved by increasing the volume of spiral reinforcement. The elastic shear
deformation of squat circular columns was determined to be significant enough that it should be

considered in the initial estimation of the stiffness so that dependable ductility and drift values

are established.

.The adequacy of interlocking spiral reinforcement has been investigated by Tanaka and Park
(1993) who conclude that the specifications of CALTRANS (1990) for this type of confinement
is sufficient to ensure reliable behavior under cyclic loads compared to similar specimens with
rectangular hoops and cross-ties. Recently, Priestley and Benzoni (1996) tested two large-scale
circular columns with low longitudinal reinforcement ratios. One of the columns had 0.5%
longitudinal steel while the second column had 1%, which represents 50% and 100% of the
minimum reinforcement requirement by ACI. Both columns performed well, pointing to the

possibility that the ACI minimum requirements for flexure can be further reduced.

Additionally, there have been a number of tests conducted at the University of San Diego
examining retrofit of columns and bridge bents. Priestley et al. (1993a, 1993b) tested a haif-scale

model of a typical section of a double-deck viaduct under simulated seismic loading. The 90,000



kg model was controlled by fourteen hydraulic actuators and represents one of the most complex
civil structures ever tested. The test was used to validate capacity design procedures that were
proposed to retrofit existing double-deck bents in the California freeway system following the
collapse of the Cypress viaduct in the 1989 Loma Prieta earthquake. Later, Priestley et al.
(1994) conducted large-scale tests of as-built rectangular and circular columns and companion
specimens with steel jacket retrofit. All as-built columns failed in shear at low ductility levels

(less than 3.0), while similar columns with steel jackets achieved ductility ratios in excess of 8.0.

While such tests provided invaluable insight into performance of RC members and some
information on damage mechanisms, they fail to provide the kind of fundamental information
necessary to calibrate seismic damage. Also, most of the above mentioned laboratory testing of
components usually involve large inelastic reversals with unrealistic drift demands. Any attempt
to calibrate a damage model using such tests cannot be applied to real structures wherein the
sequence, magnitude and reversals are arbitrary. Evidence to this is provided by Hwang and
Scribner (1984) who were the first and perhaps only investigators to study the effect of variations
in displacement history. They clearly conclude that methods previously used to calculate energy
dissipation capacity of members (for standard cyclic tests) do not predict consistently the cyclic
capacity of a flexural member subjected to an arbitrary displacement history. This is despite the
fact that the tests conducted by Hwang and Scriber were not truly random, but a small variation
from the customary process in which they alternated cycles of low ductility with cycles of larger

ductility demand.

Based on the current state-of-the-art in experimental dynamics of reinforced concrete, it is
obvious that the literature is lacking in data on RC behavior which examines failure as a low-
cycle fatigue phenomena or the consequence of random load paths on the energy dissipation
capacity of specimens. A new test program is, therefore, proposed to address these important
issues. The proposed scheme will include characteristics of RC member response under realistic

seismic action. These will include, but are not limited to: (1) arbitrary displacement history; (2)
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duration and sequence of applied histories; (3) relative magnitudes of successive histories; and

(4) the effect of ductility on energy dissipation capacity.

2.2 Details of Testing Program

As indicated earlier, the test program was designed to keep material, geometric and section
variables to a minimum. Since different failure modes may result in different critical damage
parameters, only flexural failure modes were considered in this study. The experimental program
was composed of testing twelve quarter-scale circular reinforced concrete columns, Only
dimensional scaling was considered and material properties were kept constant in both the model
and the prototype. In keeping with the main objectives of the study, the primary variables
considered were the amplitude, sequence and type of loading pattern. Two specimens were used
for benchmark testing: the first specimen was loaded monotonically and unidirectionally up to
failure, and the second specimen was subjected to a standard quasi-static cyclic load. Four
specimens were tested for fatigue characteristics under constant amplitude cycling. The final set

of six specimens were subjected to random displacement histories.

In subsequent sections, details of the prototype and model design, scaling considerations, test
setup, material properties, construction and assembly of specimens, instrumentation and data

acquisition are described.
2.2.1 Design of Prototype Circular Bridge Pier

A full scale single-bent bridge pier was designed to specifications of the CALTRANS (1990)
code though the same design can be achieved using AASHTO (1994). The CALTRANS design
procedure assumes a linear elastic, lamped mass and space frame model subjeéted to a design
specfral acceleration. This design response spectrum uses three factors: A4, the peak rock
acceleration determined from records of fault activity and attenuation data; R, the peak spectral

acceleration based on actual recorded earthquake data; and S, the soil amplification factor. The
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equivalent static force for design also incorporates a ductility/risk reduction factor, Z. The
product of A*R*S yields an elastic response spectra curve for the site which represents the

maximum credible seismic event corresponding to the closest active fault.

The design procedure involves the determination of “T”, the natural period of the single bent

column from:

T=2n ym/K -1

where m is the mass of the bridge deck (= /g ) and K is the lateral stiffness of the bridge

pier.

W= 01%f*4, (2-2)
3E]
K=" 2-3)

where A, is the gross cross-sectional area, E is the Young's Modulus of the concrete, 7 is the

moment of inertia and L is the height of the bridge.

Assuming a 28-day concrete compressive strength of 27.6 MPa, column diameter D = [.22 m

and length L =55m,weget W~3225kN and T =0.515sec. Using4d =03gand 0-3m
alluvium for the soil parameter, the static coefficient for the acceleration response spectrum,
ARS = 0.7. The design lateral force is determined from:

F=ARS* W/Z (2-4)
Taking Z = 6 for a well confined single bent ductile column, the design lateral load F = 376 kN.

Using CALTRANS Pn-Mn interaction diagrams, it is required to use 2% reinforcing steel ratio

12



which is equivalent to 24 # [1. The spirals were designed using a plastic moment (M,) of 130%

of the balanced moment (34,) as follows.

M,=13M, = 1.3%6570 kN -m (2-5)
7

VP = —= = 550 kN (2-6)

Vp =V, + 7V, 2-7)

V., = 0.166\/fc/ b,d= 1100 kN (2-8)

where b, is taken as the column diameter and J is the distance from the centroid of the

longitudinal reinforcement to the extreme compression fiber. The minimum shear reinforcement

is given by the following expression:

= 045 (-Ai ) Jeo_ 1% (2-9)
psmin * AC fy

where A, is the area of the confined core. Using # 5 (16 mm) bars for ties, the required spacing

was approximately 75 mm.
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2.2.2 Design of Model Specimen

The model scale was dictated by several factors: (1) available actuators for application of vertical
and lateral loads; and (2) minimum size for which primary reinforcement could be scaled without
use of special model materials. A quarter scale model was selected as an appropriate size for
which no special modeling treatment was necessary. Only dimensional scaling was used.
Material properties were selected to match those of the prototype. Table 2-1 shows the

dimensions, reinforcement details, applied axial load and lateral load capacity for both the

prototype and the model.

TABLE 2-1 Details of Prototype and Model

ITEM PROTOTYPE MODEL REMARKS
Longitudinal Steel | 24#11 36 mm) | 21 #3 (9.5 mm) p=2%
Spirals #5 (16 mm) wire =4 mm dia.
Spiral Pitch 76 mm 19 mm
Spiral Yield Strength 414 MPa 380 - 450 MPa
Column Diameter 122 m 03m Scale 1:4
Column Length 55m 0.32m Scale 1:4
Cover 50 mm 12.5 mm Scale 1:4
Embedment length Tension=14m | Tension=0.35m
Comp. =0.72m | Comp. =0.18m
Axial Load 3225 kN 806 kN 01 £/ 4,
Lateral Load Capacity 1550 kN 388 kN V,=M,/L
Spacing of long. steel 100 mm 25 mm
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2.2.3 Material Properties

Similitude relationships require that the model materials must have the same stress-strain
characteristics as the prototype. This was achieved easily for the main longitudinal
reinforcement. However, the column ties could not be scaled adequately using available steel.
Some heat treatment was required to alter the characteristics of commercially available wire

reinforcement to achieve proper similitude requirements.

2.2.3.1 Properties of Reinforcing Steel

The reinforcing steel used in the bridge pier construction was Grade 60 reinforcing bars. At a
scale of 1:4, the model pier required 9.5 mm (# 3) Grade 60 longitudinal bars conforming to
ASTM A615-90, which was not a problem since this size is commercially available. Figure 2-2
shows typical stress-strain curve of the #3 bars used as main longitudial reinforcement.
However, for the hoop reinforcement, the dimensional scaling resulted in the use of 4 mm
diameter wires. These wires do not have the specified yield strength (414 MPa) of the prototype
nor a yield plateau similar to the # 3 (9.5 mm) bars that were used as spirals for the full scale
bridge pier. The gage wire had to be annealed through extensive heat treatment of the cold
formed wires. After several laboratory oven heat tests of samples, a temperature of
approximately 1050 - 1070 °F was used to heat treat the spiral wires. This heat treatment
produced a wire yield strength of 380 - 450 MPa with similar yield characteristics of Grade 60
bars. Figure 2-3 displays the achieved stress-strain behavior of the annealed wire used as

confining spirals following heat treatment.
The footings and the end blocks were reinforced with # 5 bars conforming to ASTM 615-90.

Figure 2-4 shows the stress strain relationship for the #5 rebar used in the footings and end
blocks.
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FIGURE 2-4 Stress-Strain Curve for # 5 Rebars Used in Footings and End Blocks

The stress-strain curves presented in Figures 2-2 through 2-4 do not include the fracture strain.
The extensometers used to measure the specimen elongation had to be removed prior to fracture
to prevent damage to the instrument. However, the total elongation of the gage length was
measured, the resulting final strain calculated, and these results are tabulated in Table 2-2. The
energy to fracture was computed by assuming that the stress-strain diagram was linear from the
last instrumented strain reading to the fracture strain. Assuming that a typical hoop bar exhibits
characteristics similar to a 9.5 mm (#3) or a 16 mm (#5) bar, strength and ductility parameters
obtained for the annealed steel wire may be considered acceptable in terms of fracture energy and
peak strength with variations not exceeding 15-20%. Additionally, there is no well-distinguished
ultimate strain because of the lack of a yield plateau and strain hardening regime. A comparative

summary of the different rebar test results is displayed in Table 2-2.
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TABLE 2-2 Summary of Rebar Characteristics

SPECIMEN 5 E, o €y €y E,
Group | No. | (MPa) | (MPa) | (MPa) | (%) (%s) | (MPa)
3a 463 | 213,500 | 733 8.5 146 | 9,925
Rebar | 3b 472 | 215900 | 714 9.7 13.8 | 9,095
3c 476 | 227,300 | 723 7.9 15.7 | 10,659
Wi | 419 | 234,600 | 471 - 17.5 | 8,044
Wire | W2 | 407 | 210,900 | 455 - 19.1 | 8,501
W3 | 398 | 216,100 | 475 - 16.9 | 7,840
5a 422 1 220,600 | 650 8.2 16.9 | 10,270
Rebar | 5b 430 | 226,100 | 664 7.7 17.3 | 10,580
5¢ 423 | 203,200 | 656 8.3 162 | 9,772
Notations: S, = Yieldstress;  E; = Young's modulus

2.2.3.2 Concrete Properties

In order to ensure monolithic reinforced concrete specimens, the columns were poured with
Tfootings at the same time. All the specimen were cast in an inverted position, as described later.
This required a concrete with an average slump of 8 inches and a maximum aggregate size of 1/2
inch. The specimens were cast in two batches of six specimens each. The cement used in the
concrete mix was Portland Blast Furnace slag cement, Type IS, meeting ASTM C599-85
specifications and the requirements of ACI 318 and 301. The fine aggregate used was concrete
sand meeting requirements of ASTM C-33-90. The coarse aggregate used was SR #7/ASTM #8
crushed limestone, meeting the requirements of ASTM C-33-90. Air entraining admixtures
complying with ASTM C-260 were also used in the mix. In order to achieve 8 inches of slump, a

high range water reducer which complies with ASTM C-494 was added. The concrete mix

[+ = Ultimate (peak) stress

€5, = Strain at peak stress
gy = Fracture strain ; E , = Fracture Energy

proportions used are presented in Table 2-3.
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TABLE 2-3 Mix Proportions

Batch Material

PIERS

Mix 1:Batch1 &2
Cement

Fine aggregate

1/2” Coarse Aggr.

Water

Mix 2: Batch 3 & 4
Cement
Fine aggregate

1/2” Coarse Aggr.

Water

END BLOCKS
Cement
Fine aggregate

1/2” Coarse Aggr.

Water

Quantity

(kg/nt’)

280

1136

848
184

336
984
848
201

476
898
988
149

Concrete Strength (MPa)
Average

309

40.1

45.6

Mix 1 was used for the first six specimens. The specimens were cast in two batches of three
specimens per batch. Due to project delays, testing did not commence for over 12 months.
Hence, Mix Il was designed with a higher strength so that all twelve specimens would have
approximately the same strength during testing. The target strength was based on cylinder tests

of the concrete used in the construction of the first six columns. As shown in Figures 2-5

through 2-8, there is considerable variation in concrete strength even for the same mix.

The end blocks were poured from a different concrete mix and was designed to achieve a
strength of 42 MPa at 28 days. The design mix for the end blocks is also shown in Table 2-3.

Six cylinders were cast from each batch: three to be used to determine the 28-day strength, and

the remaining three to be tested at the same time as the corresponding column test.
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2.2.4 Construction of Columns and Base Blocks

It was decided to construct the pier and foundation for all specimens monolithically, which
meant that the base block and the column would be poured together at the same time. Based on
this decision, the form had to be designed to accommeodate both the column and the foundation
block. The forms, which were cut and assembled together on top of a steel frame shoring, were
constructed in a manner so that it could be folded together and be reused later. Additionally,
forms were tied together to permit six specimens to be cast in a single pour. For ease of

construction and pouring, all specimens were cast in an inverted position. The completed

formwork is shown in Figure 2-9.

FIGURE 2-9 Formwork for Six Specimens
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FIGURE 2-10 Cage Assembly for 1:4 Scale Model Piers

Steel cages for the columns were assembled first. The steel reinforcement for the footings were
then constructed around the column cages. As shown in Figure 2-10, the columns were
assembled on three discs which were notched to allow exact spacing and placement of the
longitudinal bars. The spirals were tied to the longitudinal # 3 bars at a spacing of 0.75 inch.
This spacing was kept constant throughout the column. The side base blocks were designed to
allow post tensioning of the foundation block (Figure 2-11). The foundation block is composed
of three parts: the mid-section is cast as part of the pier, while the side blocks were cast
separately as re-usable blocks which were to be connected to the specimen through post-

tensioning.

Four prestressing ducts were installed inside the specimen footings and in corresponding
locations in the end blocks such that 1-5/8” high-strength high alloy threadbars could be passed
through the two end blocks and footing and post-tensioned before testing each specimen. One
such post-tensioning operation for one of the specimens is shown in Figure 2-11. Figure 2-12

shows the reinforcement details for a typical column and its footing.
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FIGURE 2-11 Post Tensioning of End Blocks to Footing

Dimensional details of the final specimen of the final specimen are presented in Figure 2-13 and
2-14. Two views of the reinforcement used in the column and the base block are shown in
Figure 2-13. A number of U-stirrups were used in both directions of the foundation block as
shown in the figure to provide the necessary flexural capacity. Essential dimensional details of
the finished specimen are displayed in Figure 2-14. The height of the column above the base
block is 1525 mm. The center of gravity of the point of application of the load was
approximately 1370 mm from the base. Prestressing forcés were applied at four locations spaced
approximately 610 mm in either direction. The foundation block of the specimen, as poured in-
place, measures approximately 460 X 875 mm. However, once the side blocks are attached and
post-tensioned, the width of the foundation in the direction of loading is approximately 2.08
meters. The horizontal dashed lines in the figures represent the post-tensioned bars and the

vertical dashed lines represent threaded rods used to anchor the base blocks to the floor.
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FIGURE 2-12 Cage Assembly for 1:4 Scale Model Column

The post-tensioned end-blocks are shown in Figures 2-15 and 2-16. Three views of a single
block are shown in the figures. Two such blocks were used on either side of the column
specimen. The blocks were anchored to the strong floor by means of threaded rods, displayed by
dashed vertical lines in the both figures. The use of post-tensioned blocks considerably reduced

the amount of concrete required to cast each specimen.
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2.2.5 Test Setup

The test setup was assembled from available steel sections. The main consideration, after the
prediction of the expected maximum strength of the built specimen, was to minimize the
deformation and stresses in the members and connections of the test frame. The calculated
maximum deformation of the testing frame was 0.001 inches. A lateral brace was provided to
resist a significant portion of the reaction from the horizontal actuator. The second concern was
the floor anchoring pattern. The NIST strong floor is a 1.8 m thick heavily reinforced slab with
anchorage points for connecting test fixtures located in a grid 1.5 m on center. Each anchorage
point consists of two 40 mm bolt holes capable of resisting 900 kN in both the vertical and
horizontal direction. The placement of the two end blocks, the tying of the specimen base block
to the strong floor, and the layout of the test frame along with the loading actuators were carried
out with sufficient precision to allow a % 6 inches testing displacement in the main lateral degree

of freedom.

The final setup with the specimen and the loading mechanisms is shown in Figure 2-17. This
figure does not show the support system designed to prevent out-of-plane movement which is
described in the paragraph below. A photograph of the as-built test-rig with the specimen in

place is shown in Figure 2-18. Details of the specimen instrumentation is discussed in the next

sub-section.

To avoid any out-of-plane displacement during testing, two steel beams with smooth surface
plates were attached to the testing frame on either side of the specimen parallel to the direction of
loading. Four rollers were attached to the column head to permit relatively friction-free
movement on the side plates and confine the specimen against any out of plane displacements.
Figure 2-19 shows a top view of the support system with the top of the column grip in contact

with the side plates.
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FIGURE 2-19 Overhead View of Out-of-Plane Support System
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2.2.6 Instrumentatior of Model Columns

The objectives of the testing typically dictate the required instrumentation. The instrumentation
program for the experimental testing consisted of measurements of linear (lateral), curvature and
rotational response of the specimens. A minimal set of strain gages were also installed to
monitor yielding of the longitudinal reinforcing steel bars in the potential plastic hinge zones.
The placement of the various measuring instruments is displayed in Figure 2-20. Pertinent

details of the instrumentation and measurements are describzed below.
2.2.6.1 Force-Displacement Measurement

The lateral displacement was applied by a servo controlled 670 kN MTS hydraulic actuator. The
hydraulic power supply is a 4.5 cubic meter per second, variable volume pump rated at a pressure
of 34 MPa. The actuator stroke was = 150 mm contolled by a D/A & A/D assembled and
programmed data aquisition system. The applied lateral displacement and load were measured
from the MTS ram using a calibrated LVDT and load cell, respectively. On the opposite side of
the loading actuator a string potentiometer and two LVDT’s were mounted against the specimen
to measure the lateral displacemnt of the specimen at different elevations. The string
potentiometer was placed at the same level of the actuator center line 1370 mm from the top of
the footing. The two LVDTs were placed at 455 mm and 910 mm from the top of the footing.
The vertical load was applied using a 220 kN servo-controlled MTS ram. The vertical load was
recorded using the calibrated load cell of the vertical actuator. The applied vertical load during

testing was approximately constant at 0.1 fc'Ag which is the estimated weight of the bridge deck.

2.2.6.2 Curvature Measurement
The curvature was calculated using six clip gages mounted on opposite sides of the specimen in a

plane parallel to the loading direction. The clip gages were designed and manufactured at NIST.

These clip gages were used successfully in previous testing of full scale columns at NIST.
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The clip gages consist of two strain gages mounted on light gage C-shaped steel sections which
in turn are hooked between two points on the specimen equal to the gage length, L (Figure 2-21).

The curvature is calculated using the following expression:

(A — A1)

O =
Lx

(2-11)
where

A, is the contraction or expansion measured by clip gage 1.
A, is the expansion or contraction measured by the opposite clip gage 2.
L isthe gage length

x is the distance between the gage mount points

The above equation is generally valid only under the assumed condition that plane sections
remain plane after bending. Curvature measurements beyond yield were also affected by

spalling of the cover concrete.

2.2.6.3 Rotational Measurement

Four electric clinometers were mounted on the specimen in the central plane to measure the angle
of rotation at the base of the column during testing. The clinometers were connected to a special
base, which in furn was connected to threaded rods that were embedded inside the specimens.
The clinometers were attached to the specimen at 150, 300, 450 and 600 mm, respectively, from
the base of the column (top of the footing). The electric clinometer is composed of a metal
gravity sensor with no moving parts such that when rotated, its sensitive axis provides a linear

variation in capacitance, which is electronically converted into angular data (Figure 2-22).
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FIGURE 2-21 Clip Gage Mounted on Column for Curvature Measurement

FIGURE 2-22 Electric Clinometers Used for Rotational Measurement
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2.2.6.4 Strain Measurements

Four strain gages were installed: two each on opposite longitudinal reinforcing bars in the
loading plane. The strain gages were installed at 100 mm and 200 mm from the base of the
column. These locations were based on estimates of the plastic hinge length of the specimen
after yielding, which is typically a distance equal to the depth of the specimen. The strain gages

readings were used primarily to check the yielding load of the specimens.
2.2.7 Control and Data Acquisition Systems

The set up of the control system to coordinate (a) the movement of the hydraulic actuator, (b) the
data acquisition, and (c) the data display, was a significant and tedious task since there was no
existing controller or data acquisition system readily available for use with the experiment. The
control system consisted of a microcomputer with the usual peripherals, an analog-to-digital
(A/D) converter, a digital-to-analog (D/A) converter, two servo-controllers (one for the vertical
actuator applying the gravity load on the specimen and the other for the lateral actuator applying
the simulated earthquake displacements) and computer software (see Figure 2-23). Both

controllers had a full scale range of + 10 volts.

The data acquisition system had 2 - 32 channel real time A/D cards and 1- 2 channel D/A card.
The control system was programmed to send a voltage signal through the D/A card to impose the
required displacement history on the lateral hydraulic actuator. A special-purpose computer
program was written using system software to achieve various levels of control during testing.
This included the ability to stop the testing at any intermediate loading point and altering the
displacement history, if necessary. A predefined set of A/D channels which were to be sampled
during testing were established. Sampling rates were based on available disk storage space since
the system was capable of sampling 50,000 samples per second. The data acquisition program

also had the capability of reading different output channels at previously specified frequencies.
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FIGURE 2-23 Control and Data Acquisition System

2.2.8 Ultrasonic Measurement

Nondestructive test methods are gaining popularity these days as a means of assessing structural
integrity. It was, therefore, decided to validate the feasibility of using ultrasonic measurements
in assessing the damaged state of selected specimens after testing. Consequently, ultrasonic
readings were taken across the column in a plane parallel to the loading at different heights. The
readings for the travel time of an ultrasonic wave across the concrete specimen were taken once
before testing and later after the test was completed. Figure 2-23 shows the locations at which
the readings were taken. It was very difficult to take measurements during testing‘ since the noise

and vibrations of the hydraulic pump interfered with ultrasonic measurements. The objective of
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including this measurement in the experimental program was to seek a correlation between

damage and the wave travel time through concrete.

e

FIGURE 2-24 Ultrasonic Readings Across Concrete Column
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SECTION 3
ANALYTICAL MODELING AND DEVELOPMENT
OF LOAD HISTORIES

The development of load histories for the random phase of testing was accomplished through the
use of a nonlinear computer program, IDARC (Kunnath et al., 1992). Prior to using random
loads, however, it was essential to conduct certain benchmark tests to permit rational
interpretation of the results. The benchmark testing was composed of monotonic, standard cyclic
and constant-amplitude fatigue loading. Following this, a series of random displacement
histories were analytically simulated for the second phase of testing. Details of the bridge
column model used in analytical simulations, calibration of the hysteresis loops and selection of

the load histories are outlined in this section.

3.1  Analytical Model of Bridge Column

The prediction of the inelastic response of the model column was an important subset of the
overall task of developing the experimental test program. The imposed random displacement
histories were meant to reflect realistic displacements under actual earthquake loads. Hence,
every effort was made to use reliable element and material models to predict displacements under
inelastic load reversals. The conceptual framework in which the nonlinear time-history
evaluations are carried out represent a macromodel approach, summarized in Kunnath and
Reinhorn (1995). It consists of characterizing member behavior through assumed flexibility
distributions and monitoring stiffness at selected critical location through prescribed hysteresis
models. The success of this approach has been documented in Kunnath et al. (1992). The two
main elements of the macromodel are: (1) a flexibility-based member model; and (2) a versatile
hysteresis model that characterized moment-curvature behavior at the plastic hinge zone. Details

of each are briefly described.
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3.1.1 Component Modeling

Seismic moments induced in the bridge column have a linear variation along the length as shown
in Figure 3-1. When the tensile stress due to these moments exceed the tensile strength of
concrete, cracks form along the length of the member which in turn influences the moment of
inertia of the section. The member curvature parameter is inversely proportional to the moment
of inertia of the section and varies along the member length. The bridge column was modeled as
a single component with distributed flexibility. A linear variation of flexibility is used up to the
yield point of the member, after which a constant plastic region is assumed, as shown in Figure
3-1. Flexibility coefficients for this assumed distribution is calculated from the principles of

virtual work:

£y = [m(om,(x)/ EIxd(x) (3-1)

where: m;,(x) = moment distribution for unit moment at end i
m;(x) =moment distribution for unit moment at end j

El(x) = flexural rigidity
.The flexural rigidity, EI, at the ends of the member is monitored throughout the analysis. The

moment rotation relationship for such an element can be derived by integrating the M/EI diagram

across the length of the member, as follows:

A9, Ju S| |AM,
{Aes}z[fz, fzj {AM} (3-2)

where A@ and AM are the incremental rotations and moments at the ends 4 and B of the

member, respectively. The flexibility coefficients of the above matrix are:
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fo=0B+3a -3’ +a’~B-p*-p*+2aB —a’p +aB’)/(12EL)

+(1-3a+3a’ —a’ + B+ B2+ B’ —20p +ap —ap?)/ (12EL) (-3
fo=—fy=U+a+a’—a’—B—p2+p’+aB—ap?)/(12EL)

+(1-a —o?+o’+B+B2—Pp +ap?—a’p)/(12El,) -9
fpn = (+a+a?+a’ =3 +3p2 =B —2ap —a’p +ap?)/ (12E1) 5

+(B-a—a’-a’+3p -3 +B’ +2ap +a’p —ap®)/(12EL)

where o and [ are the plastic hinge length ratios (expressed as a function of the member
length) at the ends 4 and B, respectively. The term (EI) represents the instantaneous flexural
rigidity at the ends of the member. In the case of a single bridge column, the top end always
remains elastic and no plastic hinge length needs to be computed which greatly simplifies the

above expressions (i.e. B = 0).

tn

4L\"
lp
i 1 M=Pln
COLUMN MOMENT M/E1 DIAGRAM DEFORMED
SECTION VARIATION SHAPE

FIGURE 3-1 Inelastic Component Model of Bridge Pier
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Since lateral loads, such as those caused by an earthquake, produce only linear variations in the
moment diagram, the above formulation works effectively and efficiently. If additional
moments, such as those caused by distributed member loads, are significant, then the nonlinear
distribution of moments may not be sufficiently overcome by the lateral loads leading to
potential errors in the assumed flexibility distribution. In such cases, it is necessary to sub-divide

the element into smaller sections so that the assumed linear distribution is valid.

The element stiffness matrix is derived from the equilibrium of forces at the ends of the member

and can be expressed in the following form:

[Ks)=[Rs [ . ][R:] (3-6)

where [k] is sub-local stiffness matrix determined through inversion of the flexibility matrix

given in Equation (3-2), and:

Rl=

0 1

(3-7)

in which L is the length of the member. In general, the system of equations to be solved, at any

stage of analysis, is in the form:

[KKu} ={F} (3-8)
where [K] is the global stiffness matrix, u is the vector of unknown nodal displacement and [F]
is the vector of applied equivalent forces on the system. Since the stiffness matrix is symmetric,

only one half band width is stored by offsetting the main diagonal. The global stiffness matrix is

obtained by assembling the element matrices and updated only in the event of a stiffness change.
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The rest of the analysis procedure is similar to matrix frame analysis wherein the assembled
structure stiffness matrix is inverted through numerical techniques and solved for each step of the
imposed force or displacement. Dynamic time-history analysis is carried out by explicit direct
integration using Newmark’s unconditionally stable “beta” method (Newmark, 1959). The
moments at the base of the column are updated at every step. The corresponding stiffness is
established from a predetermined hysteresis model with user-specified control parameters for
stiffness and strength degradation. The hysteresis model was calibrated using observed results

from Specimens A-1 and A-2 as described in the next section.

Equilibrium errors resulting from changes in state (stiffness transition) are treated by means of a
single-step force correction. This consists in computing unbalanced forces at the end of any
given analysis step and applying them as corrective forces in the next step. Such a procedure
was first used in DRAIN-2D (Kanaan and Powell, 1973) since the compuational effort required

for a fully iterative nonlinear analysis is substantial.

3.1.2 Hysteretic Modeling

The primary difference between a macromodel approach as used in the present study and
standard finite element representation is that, in the present scheme, no constitutive equations are
used. Instead, the inelastic behavior is described using force-deformation rules which attempt to
capture overall member behavior. In theory, it is possible to construct force-deformation curves
using constitutive models. However, constitutive laws hold true only for a microscopic point in
the material. For an inhomogeneous material such as reinforced concrete, it will take a very fine
discretization of the cross-section to represent the material behavior in terms of local concrete-

steel interaction. Such an approach, however, is tedious and computationally intensive.
The force-deformation model used in the IDARC program is based on three primary control

parameters and an additional secondary parameter to establish the rules under which inelastic

loading reversals take place. Details of the model and the control parameters can be found in

43



Kunnath and Reinhorn (1995). A variety of hysteretic loop shapes can be achieved by a proper

combination of a monotonic trilinear force-deformation envelope and the control parameters

which characterize stiffness degradation, strength deterioration and pinching or slip behavior.

While automatic identification of hysteretic parameters is possible (Kunnath et al., 1996), the
control parameters were identified directly from one of the experiments conducted in this study.
A graphical evaluation of the hysteresis loops generated from the cyclic testing of Specimen A2
yielded control parameters as shown in Table 3-1. The simulated loops using these parameters
are shown in Figure 3-2. Except for some minor discrepancy in the shape of the loops just above
and below the zero-force axis, the overall behavior matches the experiment with adequate
accuracy. The identified control parameters listed in Table 3-1 were used in all IDARC analyses

for the generation of the random displacement histories.

TABLE 3-1 Identified Control Parameters

Parameter Meaning Value

o Degree of Stiffness 8.0
degradation

B4 Strength degradation 0.025
based on ductility

Pe Strength degradation 0.0
based on ductility

Y Pinching coefficient 1.0
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3.2 Prototype vs. Model Calibration

The IDARC runs to generate the random displacement histories were carried out on the model
specimen. If similitude requirements had been satisfied in every aspect, it would have been
equally logical to carry out the analyses on the prototype and scale the resulting displacements by
a factor of 4.0. However, given the probability that some discrepancy in material property
similitude may exist, it was decided to carry out the simulations using the model geometry and
material properties. A verification analysis was conducted, however, to check model response
against corresponding prototype response for a specified ground motion. The prototype bridge

column was subjected to the 1940 El Centro earthquake, assuming fixed based conditions, while

the model column was subjected to the same record using a compressed time scale of 1/+/S,
where S is the scale factor as required by similitude. The same intensity (PGA) earthquake was
used in both runs since the time compression applied to the model structure accounts for the scale
factor. Results are presented in Figure 3-3 in which the model response is clearly seen to be

scaled down by the model scaling factor, viz., 4.0.

3.3 Selection of Displacement Histories

The main focus of this research is the investigation of load path effects and its effect on structural
damage. However, to enable meaningful comparison of random load response with tests
conducted by others using standard cycles with increasing ductility, it was considered essential to
carry out a few benchmark tests. A few critical parameters were deemed important in
establishing such benchmarks. First, it was decided that a lateral load test under monotonically
increasing load until failure was essential, since numerous models of damage use the monotonic
envelope as a base line for comparing strength deterioration, normalizing energy dissipation
and/or peak deformation, etc. Secondly, a standard cyclic test using traditional displacement
amplitudes was also considered vital so that differences in load paths could be characterized.
Finally, it was considered crucial to conduct a few fatigue tests under constant amplitudes to

establish a basis for validating cumulative damage theories. The fatigue tests were conducted at
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slow strain rates since typical earthquakes do not impose high strain rates on bridge structures.
These tests were needed to provide fundamental data on the fatigue life of typical flexural
columns. The remaining specimens were all tested under random load histories. The complete

set of experiments showing the type of imposed displacement is presented in Figure 3-4.
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FIGURE 3-3 Comparison of Prototype vs. Model Response
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3.3.1 Benchmark Testing

Benchmark tests are typically carried out to calibrate future testing. In this project, the
benchmark tests were a critical part of the overall objective of identifying damage parameters. It
was necessary to relate dissipated energy, number of inelastic cycles, and peak/average inelastic

cyclic strains, to be observed in the random tests, to corresponding estimates in standard testing.

The first specimen designated A1 was tested under a monotonically increasing lateral load until
failure. Failure would be defined, in this case, as a significant drop in load carrying capacity and
incipient P-delta collapse. The significance of the monotonic envelope cannot be underestimated
since it forms the basis for defining a host of control parameters in many existing damage

models.

Specimen A2 would be subjected to a normal cyclic load with three full cycles at increasing
ductility up to failure. Following each set of cycles at a given ductility, a small cycle at

approximately & = 0.5Ay would be imposed to measure change in system stiffness.

Specimens A3 - A6 were tested under constant amplitude reversed cyclic displacements.
Specimen A3 was tested under a constant cyclic displacement amplitude of approximately § = £
2Ay. Specimen A4 was cycled under a constant displacement of 8 = + 3Ay. Similarly,
Specimens A5 and A6 were cycled at amplitudes of & = & 4Ay and & = + 5Ay until failure.
Failure was defined as either the loss of confinement following hoop fracture or significant loss

of vertical load carrying capacity following longitudinal bar failure.

3.3.3 Random Loading

Specimens A7 through Al12 were designated for random load testing. The choice of the
displacement history to be imposed was crucial. Hence, a great deal of time was spent trying to

develop a rational basis for identifying and specifying random displacement histories. Two
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issues were considered more important than others since it addressed directly the research

objectives of this study of cumulative damage:

1. The imposed earthquakes had to represent realistic scenarios. And the damage resulting from
the sequence of selected events had to induce adequate damage so that calibration of damage
through each of the limit states, from undamaged (elastic) to collapse would be viable.

2. The effect of load path on the ultimate response, both in terms of physical damage limit states

and in terms of measurable damage parameters, had to be identified.

Item 1 addressed above is shown conceptually in Figure 3-5. The question as to how one might
ensure a certain level of damage after each event posed innumerable challenges. This is where
the benchmark tests would contribute significantly. It was decided to utilize the damage data
from the first series of six tests to calibrate a fundamental fatigue-based damage theory. This
would then be utilized to plan the final series of six tests based on a predicted damage scenario.

Section 5 of this report will discuss the development of the random histories in greater detail.

The effect of load path would be considered by taking a given random displacement history and
altering the sequence of the displacement cycles. Hence, the number and amplitude of the
displacement cycles would remain unchanged - the only variable being introduced is the
sequence in which the displacements are applied. Again, since the selection of the random
histories is dependent on the outcome of the testing of the first six specimens, further discussion

on the imposed random histories is deferred until Section 5.
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SECTION 4
CUMULATIVE DAMAGE TESTING
I: PUSHOVER, BENCHMARK AND FATIGUE LOADING

The mechanics of cumulative seismic damage in reinforced concrete has never been fully
understood. It is the premise of this research that one of the primary reasons contributing to this
lack of knowledge is the fact that past experimental testing has not focused on the mechanics of
damage progression. The present research is directed particularly at the phenomenon of
progressive or cumulative damage, hence the only variable introduced in the testing program is
the applied load history.  Since seismic loads induce fairly random cycles of reversed
displacements on structural members, it was important to consider random load paths
representative of typical inelastic dynamic response motions. However, in order to evaluate and
calibrate the resulting response under random loads, it was necessary to establish certain
benchmark parameters. The following tests were conducted to ensure a reasonable database of

parameters against which to compare the random load testing:

1) Monotonic loading: The purpose of this test is to develop the backbone or skeleton
force-deformation envelope for the specimen. Some damage models use strength and
deformation quantities derived from a monotonic test to normalize and/or formulate
the damage expressions.

2) Standard cyclic test: This was considered essential since all past laboratory testing has
been based on this approach. This would provide a convenient benchmark against
which to compare random amplitude testing.

3) Quasi-fatigue testing: Another critical aspect that deserved consideration was the
quantification of low-cycle fatigue failure. In an attempt to calibrate a fatigue-based
damage model for flexural members, a series of tests was carried out in which the

specimen was subjected to reversed cyclic loading at constant amplitudes until failure.
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The benchmark tests and the constant amplitude tests were expected to provide a basis for
estimating damage so that the displacement histories required for the random testing could be
developed. The testing program was consequently divided into two phases: the first phase
would comprise benchmark and low-cycle fatigue tests, and the next phase would consider
response under random loads. The importance of the first phase of testing will become evident
at the end of this section. It was essential to develop an understanding of the mechanics of low-
cycle fatigue so that the displacement histories in the second phase could be planned in a way to

achieve desired damage states.

Details of the first phase of testing are described in this section. Records kept during testing
included information such as crack widths, spalling, exposed reinforcement, etc. that permit
calibration of damage to visual observations in post-earthquake reconnaissance. Failure was
typically defined by either the rupture of confining spirals or fracture of longitudinal reinforcing
bars. Other essential details such as necking of hoops or buckling of longitudinal bars were also
monitored. In addition to the overall force-deformation response, recorded information such as

cracking, yielding and failure load and displacements will be summarized for each specimen.

The recorded force-deformation data was converted to shear vs. displacement response taking
into consideration the additional moments induced due to P-delta effects. Figure 4-1 shows a
schematic diagram of the test set-up and the relevant quantities required to derive the necessary

forces and moments. With reference to Figure 4-1, the shear force (¥) in the column is given by:

Nx

V=P+ ? 4-1)

where: x =(L+ H)sin6 (4-2)
d 6=tan" (A) 4-3

an - L (4-3)

Table 4-1 summarizes the material properties of the specimens used in Phase I testing. Concrete

was ordered from a local concrete mixing plant with the stipulation that the strength of the mix
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be 4000 psi. However, as is evident from the results presented in Table 4-1, despite efforts to
keep material properties the same for all tests, the concrete strengths obtained from the two

batches were different.

Table 4-1 Average Material Characteristics for Phase I Testing

SPECIMENS Al - A3

Concrete Strength:
Steel Yield Strength:
Spiral Yield Strength:

SPECIMENS A4 - A6

Concrete Strength:
Steel Yield Strength:

Spiral Yield Strength:

29 MPa
448 MPa
434 MPa

35.5 MPa
448 MPa
434 MPa

Axial Load

Lateral Load
(]

FIGURE 4-1 Computation of Column Moments and Shear Including P-Delta
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4.1 Specimen Al: Monotonic Loading

Specimen Al was tested under a monotonically increasing lateral loading until failure.
Compression tests on control cylinders tested on the day of specimen testing indicated an average
compressive strength of approximately 29 MPa. The loading was applied in displacement
increments of 2.5 mm at the beginning of testing up to yielding of the specimen. As the system

stiffness dropped significantly, the displacement increments were increased to 5 mm.

Very fine hair-line cracks occurred at 2.5 mm lateral displacement. The cracks became
significant as the lateral displacement increased to 5.0 mm. Spalling of the concrete cover was
initially observed at approximately 33 mm lateral displacement. The spalling became significant
when the displacement exceeded 48 mm (3.5% drift). The crack width at this stage was on the
order of 1-2 mm. At this stage of spalling, the spiral reinforcement was clearly exposed. The
maximum lateral load reached 66 kN before additional displacement caused a gradual softening
of the column stiffness. Two longitudinal bars showed signs of buckling. No necking of hoops
took place, which indicated that neither the spirals nor the longitudinal bars were likely to rupture
under monotonic loading. The specimen lateral load capacity started dropping significantly after
a lateral drift of 4.0%.

The definition of failure in a monotonic test is difficult to establish. While it is conceivable that
large lateral displacements (without reversals) can strain the longitudinal bars to fracture, such a
level of displacement was not possible in the present test given the limitation of stroke capacity
of the hydraulic actuator. Additionally, at these large displacements, P-delta effects are
significant and the resulting secondary moments can result in collapse of the structure.  Again,
the test setup, consisting of hydraulic actuators mounted directly onto the specimen, will prevent
this from happening. Given these circumstances, it was decided to stop testing after the load
capacity decreased significantly, on the order of 20-30%. In the present test, this was achieved at

about 11 % drift.
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The results of testing on specimen Al produced the backbone force-deformation envelope that
was used in the initial analytical simulations. A trilinear representation, in which cracking and
yielding are distinguished, was considered in the analytical study. The analytical model was
eventually modified at the end of phase I testing to reflect average response values rather than the
results of specimen Al alone. Table 4-2 provides a summary of test observations. Figure 4-2
and 4-3 show the state of the specimen at the onset of yielding and at the end of the test,

respectively. Figure 4-4 presents the resulting force-displacement response.

TABLE 4-2 Summary of Test Observations for Specimen Al

LOADING TYPE: Monotonic pushover to failure.

LOAD AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : : 200 kN

Maximum Lateral Load: 66 kKN

Cracking Load: 17.8 kKN

Cracking Displacement: 5 mm

Yield Load: 64 kN

Yield displacement: 19 mm

Maximum Lateral Displacement: 152 mm

Failure Mode: Potential P-delta failure
DAMAGE OBSERVATIONS:

Displacement (Drift%) Notes

2.5 -5 mm (0.2-0.4%) First Cracking

19 mm (1.4%) Yielding

33 mm (2.4%) Spalling

60 mm (4.4%) Significant Spalling

150 mm (11%) Failure




FIGURE 4-3 Specimen Al at End of Test
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FIGURE 4-4 Base Shear vs. Displacement Response of Column Al

42 Specimen A2: Standard Cyclic Loading

The established procedure for seismic testing of specimens consists of applying a series of
reversed displacement cycles with increasing amplitude. Typically, either two or three full
cycles are applied at a specified amplitude (either as a function of drift or ductility) with a
smaller cycle in between each increase in amplitude to characterize the system stiffness at the
end of each amplitude. A major focus of this research is to investigate if this is an appropriate
load history to characterize random loads resulting from earthquake response. In order to study
the differences in response using random loads, it was necessary to test oné of the specimens

using the established standard cyclic procedure.
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Specimen A2 was subjected to three cycles at each displacement amplitude as a function of
lateral drift. Displacement amplitudes used in the testing consisted of three cycles each at 1.0%,

1.5%, 2.0%, 2.5% 3.0%, 4.0%, 5.0% and 6.0% drift until failure. The smaller amplitude between

each increase in amplitude was 0.5% drift.

The specimen strength was estimated at 29 MPa based on cylinder tests. Cracking and yielding
occurred in the very first cycle. Hair-line cracks began to appear at a lateral displacement in the
range of 2.5 — 5.0 mm. Crack widths were measured at 0.2 mm at the end of the second cycle.
Crack widths grew to almost 0.7 mm by the end of cycle 10, to 1.0 mm at cycle 13, and up to 1.5
mm at cycle 19 when the drift was about 3%.

Yielding was estimated at 20 mm lateral displacement when the lateral load reached
approximately 65 kN. Si)alling of the concrete cover was observed at cycle 15 at a drift of
approximately 3%. Significant cracking propagated up to 225 mm beyond the base of the
column at this stage. Minor bar buckling and significant spalling was evident by the end of cycle

22.

. At cycle 30, the specimen was considered to have failed when spiral rupture occurred. Testing
was stopped after the cycle was completed. The spiral fracture was clearly noticeable in the
load-displacement plot. The plastic hinge length was estimated as 180 mm though cracking
propagated beyond this region. The peak lateral displacement at faiture was recorded at 76.2 mm

which corresponds to a drift of about 5.5%.

Figure 4-5 shows the damaged state of the specimen near the plastic hinge zone close to the
failure load. Figure 4-6 shows a closer view of the specimen at the end of testing in which the
ruptured spiral is visible. Figure 4-7 shows the imposed displacement history on specimen A2
while Figure 4-8 presents the resulting force-displacement response. Table 4-3 is a summary of

observed data on the results of the testing.
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TABLE 4-3 Summary of Test Observations for Specimen A2

LOADING TYPE: Standard Cyclic Loading
LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 200 kN

Maximum Lateral Load: 75 kN

Cracking Load: 18 kN

Cracking Displacement: 5 mm

Yield Load: 65 kN

Yield displacement: 19 mm

Maximum Lateral Displacement: 76 mm

Failure Mode: Rupture of Spiral on the Right Side
DAMAGE OBSERVATIONS:

Cycle No.(Drift) Notes

1 (1%) First Cracking, Yielding

15 (3%) Spalling of cover

22 (5%) Significant Spalling, some buckling of

longitudinal bars
30 (6%) Failure of Spiral on Right Side

4.3  Quasi-Fatigue Loading

There is very limited information on the low-cycle fatigue behavior of reinforced concrete. The
only work to be found in the literature is a series of low-cycle fatigue tests conducted by Mander
and Cheng (1995) to validate the applicability of using specially detailed fuse bars in the plastic
hinge regions in bridge columns. Any effort to develop a cumulative damage model for concrete
will be incomplete without an understanding of this important phenomena.  Therefore, a
significant portion of the present test program (specimens A3, A4, AS and A6) was directed

towards studying the failure of bridge columns under constant amplitude loading.
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FIGURE 4-5 Damaged State of Specimen A2 at Cycle No. 30

FIGURE 4-6 Final Damaged State of Specimen A2
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4.3.1 Specimen A3: Constant Amplitude Cycles at 2% Lateral Drift

Specimen A3 was subjected to constant amplitude cycles at a displacement amplitude
corresponding to 2% lateral drift. Initial cracking occurred in the very first cycle at this drift
limit and minor spalling was observed on the compression side. The specimen was then
reversed in the opposite direction to the same amplitude. Cracking on the opposite side was
observed accompanied by similar spalling. The maximum crack width at this point was 0.5 mm.
On returning to the zero position, the cracks closed and were almost invisible. At cycle 3, the
crack widths increased to 0.8 mm. The column was cycled an additional 19 times with no
additional cracking or spalling. Maximum crack widths on either side were about 0.8 - 1.0 mm.
The test was stopped at the end of the day after 40 cycles of reversed cyclic loading at a constant

displacement amplitude of about 26 mm without any further deterioration to the specimen.

The following day, testing of column A3 continued at cycle 41. The rate of loading was
increased to the full capacity of the actuator. At cycle 95 some loose concrete was picked off.
Loading of specimen A3 continued until cycle 150 without any further damage. Later; it was
analytically estimated that this specimen would have sustained over 300 cycles. Since one of the
objectives of the test program was to study different damage models, it was decided that the
cyclic loading could be discontinued and a monotonic load applied until failure. This would
provide information on reserve capacity that is crucial to many damage modeling theories. The
specimen sustained a final drift amplitude of over 10% after experiencing 150 cycles at 2% drift
which suggests that the damage from the initial 150 cycles was negligible.

Table 4-4 provides a detailed summary of observed results related to testing of specimen A3.
Figure 4-9 shows the state of specimen A3 after 100 cycles of loading. The column condition at
the end of testing is shown in Figure 4-10. Figure 4-11 shows the imposed displacement history
on specimen A3 and Figure 4-12 displays the resulting lateral force vs. displacement response

histofy.
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TABLE 4-4 Summary of Test Observations for Specimen A3

LOADING TYPE: Constant Amplitude Cycles at 2% Lateral Drift
LOADING AND DISPLACEMENT:

Axial Load : 200 kN

Maximum Lateral Load: 72 kN

Yield Load: 65 kN

Yield displacement: 19 mm

Lateral Load at failure: 64 kN

Failure Mode: No failure due to cyclic load,

Final failure under monotonic load at 10.5% drift

DAMAGE OBSERVATIONS
Cycle No. Notes
1 First Cracking
1 Minor Spalling -
0.5 Yielding
100 Significant Spalling
150.5 Failure (due to monotonic load)

FIGURE 4-9 Specimen A3 at Cycle 100
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FIGURE 4-10 Specimen A3 at End of Fatigue Testing
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FIGURE 4-11 Displacement History Applied to Column A3
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4.3.2 Specimen A4: Constant Amplitude Cycles at 4% Lateral Drift

Specimen A4 was tested under repeated cyclic loading at a constant displacement amplitude of +

57 mm until failure. This displacement was equal to a drift of approximately 4.0%. The applied
axial load was 222 kN which corresponds to the desired axial stress based on0.1£4,. On the

very first cycle, deterioration (spalling ) was observed on the compression side of the specimen.
In the second cycle, cracks propagated along the length from the base of the specimen. In the
third cycle, spalling had progressed to approximately 150 mm on both sides of the specimen. At
the end of the fifth cycle, the crack width was approximately 1.5mm which increased to about 2
mm in the next cycle. At cycle 8, the plastic hinge was fully developed was estimated to be
about 150-160 mm.

On continuing to load the specimen, cracks propagation and spalling of concrete on both sides

increased significantly. Buckling of longitudinal bars was observed on both sides of the
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specimen. This led to necking of the confining spiral reinforcement. It was clear at this point
that the load capacity of the specimen was beginning to decrease and failure of the specimen was
eminent. It was also observed that a certain threshold demand on the column was being
surpassed beyond which stiffness and strength of well-confined columns begin to degrade
rapidly. This may also be considered as an irreparable damage limit state. Following cycle 25
and heading toward the peak displacement at cycle 26 a spiral approximately in the middle of the
plastic hinge zone ruptured on the tension side. Table 4-5 gives a detailed summary of test
observations for column A4. Figure 4-13 shows the condition of specimen A4 after 18 cycles of
loading. Spaliing of the cover and exposed reinforcement is visible at this stage. The state of
the column at the end of testing is shown in Figure 4-14. Figure 4-15 shows the imposed
constant-amplitude displacement history applied to specimen A4. The resulting force vs.

displacement response history is displayed in Figure 4-16.

TABLE 4-5 Summary of Test Observations for Specimen A4

LOADING TYPE: Constant Amplitude Cycles at 4% Lateral Drift
LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 222 kN

Maximum Lateral Load: 72 kN

Cracking Load: 20 kN

Yield Load: 64 kN

Yield displacement: 16 mm

Failure Mode: Spiral Rupture on the Left Side.
DAMAGE OBSERVARTIONS:

Cycle No. Notes

1 First Cracking

1 Spalling of cover concrete

1 Yielding

3 Significant Spalling

18 Necking of spirals, some bar buckling

25-26 Hoop Failure
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FIGURE 4-13 Condition of Specimen A4 at Cycle No. 18

FIGURE 4-14 Specimen A4 at End of Testing
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FIGURE 4-16 Shear vs. Displacement Response of Column A4
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4.3.3 Specimen A5: Constant Amplitude Cycles at 5.5% Lateral Drift

Specimen AS was tested under repeated cyclic loading at a constant amplitude of + 75 mm
corresponding to a drift of approximately 5.5%. The axial load applied was kept constant at 222
kN throughout the testing. Since the maximum displacement in the very cycle was slightly in
excess of 5.5%, cracking, yielding and spalling of the concrete cover were all observed in the
very first push to the peak displacement. Testing continued at a steady rate with reversed cyclic
loads being applied to the same peak amplitudes in both directions. Crack widths exceeded 2.5
mm by the end of the sixth cycle and spalling had progressed beyond 150 mm. The plastic hinge
length was recorded at an average value of 175 mm. Significant buckling of longitudinal bars
was observed on both sides of the specimen at cycle 3. This led to necking of the confining
reinforcement. The specimen failed through rupture of a longitudinal bar before cycle 10 was

completed.

Table 4-6 presents a summary of test observations for specimen AS. Figure 4-17 shows the
condition of specimen A5 after 3 cycles of loading. The state of the column at the end of testing
is shown in Figure 4-18.  Figure 4-19 shows the constant-amplitude displacement history
applied to specimen AS5. The resulting lateral force vs. displacement response history is

displayed in Figure 4-20.
4.3.4 Specimen A6: Constant Amplitude Cycles at 7% Lateral Drift

This was the fourth and final specimen to be tested under constant amplitude loading. Specimen
A6 was tested under repeated cyclic displacement of + 95 mm (corresponding to approximately
7% drift) to failure. The compressive strength of the specimen on the day of testing was 36 MPa.
The applied axial load was 222 kN which remained constant throughout the testing.
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TABLE 4-6 Summary of Test Observations for Specimen AS

LOADING TYPE: Constant Amplitude Cycles at 5.5% Lateral Drift
LOADIN G AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 222 kN

Cracking Load and Displacement: 18 kN and 5 mm

Yield Load: 64 kKN

Yield displacement: 20 mm

Maximum Lateral Load: 93 kN

Failure Mode: Bar Rupture on the Left Side.
DAMAGE OBSERVATIONS:

Cycle No. Notes

1 Cracking, spalling and yielding

3 Significant Spalling

8 Some buckling, necking of spirals

9

Failure

FIGURE 4-17 Specimen AS at Cycle No. 3
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FIGURE 4-18 Condition of Specimen AS at End of Testing
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FIGURE 4-19 Displacement History Applied to Column A5
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FIGURE 4-20 Shear vs. Displacement Response of Column AS

Again, the relatively high amplitude produced cracking, yielding, and spalling of concrete in the
very first cycle. Cracks propagated rapidly and the spalling extended beyond 175 mm on both
sides of the specimen. Within two cycles, severe buckling of most of longitudinal bars occurred
on both side of the specimen. The visible bulging of the spirals caused by necking of the
confining reinforcement was a sure sign of distress. A significant drop in strength capacity and
system stiffness was noted. The plastic hinge length was recorded to be 250 mm. At cycle 3, a

spiral ruptured on the tension side of specimen.

Table 4-7 presents a summary of recorded test observations for specimen A6. Figure 4-21 shows
the condition of specimen A6 just prior to failure. A closer view of the state of the column at the
end of testing is shown in Figure 4-22. Figure 4-23 shows the displacement history applied to

specimen A6. The resulting lateral force vs. displacement response is displayed in Figure 4-24.
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TABLE 4-7 Summary of Test Observations for Specimen A6

LOADING TYPE: Constant Amplitude Cycles at 7% Lateral Drift
LOADING AND DISPLACEMENT:
Axial Load : 222 kN
Maximum Lateral Load: 76 kKN
Cracking Load: 20kN
Cracking Displacement: 5 mm
Yield Load: 66 kN
Yield displacement: 18 mm
Failure Mode: Spiral Rupture on the Left Side.
DAMAGE OBSERVATIONS:
Cycle No. Notes
1 Spalling commenced at quarter cycle
1 Yielding (well before end of cycle)
Significant Spalling, necking of spirals,
buckling of longitudinal bars
3 Failure

A
CYG. 3

DISP 3.8 IN
DRIFT 77/ ..

FIGURE 4-21 Specimen A6 at Cycle No. 3
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FIGURE 4-22 Specimen A6 at End of Testing
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FIGURE 4-23 Displacement History Applied to Column A6
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SECTION 5
CUMULATIVE DAMAGE TESTING
II: RANDOM CYCLIC LOADING

The benchmark tests and low-cycle fatigue loading completed in the first phase of testing
provided the necessary information to validate the analytical model and develop the random
displacement histories required for the second phase of testing. This section will cover aspects
dealing with the choice of ground motion, the generation and selection of displacement histories,

and results and observations during testing.

5.1 Background and Selection of Random Histories

The main objective of the test program was to verify the behavior of bridge piers responding in
flexure to a random displacement input such as those typically experienced under earthquake
loading. The testing was divided into two phases: the first phase was meant primarily to
develop certain benchmark parameters against which to compare the-random response. The
second phase was directed at examining the effects of load path on cumulative damage and
energy-dissipation capacity. It was essential, from a practical and damage calibration point of
view, to choose an appropriate set of displacement histories so that the number of imposed cycles
was reasonable (not so excessive as to require testing to continue beyond one day) and that the

damage incurred would lead to potential failure at the end of each test.

A suite of over fifty earthquakes, mostly recorded activity in the west coast of the United States,
was selected for a preliminary study. The analytical model of the bridge pier, calibrated using
the force-deformation response from Specimen A2, was utilized in a extensive simulation study
to obtain the final sequence of displacements. Prior to carrying out the simulation study, a
desired sequence of events was chosen. For example, the first specimen was to be subjected to

the following sequence of loads:
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1. A major earthquake causing significant but repairable damage

2. A minor earthquake representing a possible aftershock

3. Another minor event signifying additional earthquakes prior to another major
earthquake

4. A final severe event sufficiently large enough to cause failure of the column

In order to achieve such a desired sequence of events and the corresponding damage states, it was
necessary to calibrate some measure of damage. A fatigue-based approach was used in which the
number of cycles to failure, based on results of the experimental testing in the first phase, formed
the basis of defining a certain degree of damage. The elastic cycles were generally ignored in
the damage quantification. To illustrate how the procedure was applied in developing the final
displacement amplitudes, consider the following situation. An earthquake induces about 30
response cycles of which only four exceed the yield displacement as follows: 2 cycles at 3%
drift, 1 cycles at 4% drift and 1 cycle at 5%drift. Based on the results of Phase I testing, the
model columns sustained 26 cycles at 3% drift, 9 cycles at 4% drift and 4 cycles at 5% drift.
Hence the cumulative damage under the imposed earthquakes was estimated, using Miner’s

linear damage accumulation rule, as follows:
(2/26+1/9 1/4) =044

which is likely to inflict significant damage on the specimen but is perhaps repairable. A second

similar event would certainly damage the specimen beyond repair.

In order to achieve a desired damage scenario, it was necessary to try innumerable combinations.
An additional problem in the numerical simulations was the fact that the records were
concatenated so as to retain the damaged state and stiffness characteristics at the end of each
event. Hence, an earthquake that may have been damaging in the initial state of the structure
may not have any significant effect when applied a second time. After many trials, however,
including the need to scale some records, it was possible to develop three separate damage

scenarios, the details of which are summarized in the next section.
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5.2 Selected Ground Motions

A total of 10 earthquakes were used in the final simulations for the three separate damage
scenarios considered in this study. Each of the three sets of displacements were utilized twice:
during the second usage the sequence of the applied displacements were altered so as to force the
system to follow a different load path. Hence, there were truly only three sets of displacement
histories used, and each was repeated a second time but applied in a different sequence. Table

5-1 presents a complete summary of the earthquake records that were applied.

The accelerograms and the corresponding spectra used as input motion for simulating the
displacement histories for specimens A7 - A12 are shown in Figures 5-1 through 5-3. Note that
the accelerations shown include all the earthquakes selected for a given damage scenario. The
analysis was not repeated for the next specimen to develop a new time history by rearranging the
input motions, rather the displacements from the first simulation were rearranged to simply alter
displacement paths on the assumption that some random combination of ground motions could
produce such a displacement path. It is important to remember that one of the primary purposes
of the testing is to investigate effects of load paths. Hence it was essential to use the same “total”

displacement history without introducing additional cycles or altering amplitudes.

Analysis of the model column subjected to the earthquakes shown in Figures 5-1 through 5-3
was carried out using IDARC. Model properties were identified from results of Phase 1 testing
and have been presented in Section 3 of this report. Resuits of Phase II testing using the

analytically simulated displacements are presented in the next section.
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TABLE 5-1a Ground Motions Selected for Generating Random Displacement Histories
for Specimens A7 - A9,

Specimen Event Description Purpose Record Scale* PGAg
A7 Damaging  Firstmajor  Loma Prieta 1989 120 1.20
earthquake  event Presidio
Minor Aftershock  Imperial Valley 1979 1.8 0.34
earthquake Superstition Mt.
Minor 2nd San Fernando 1971 1.2 0.10
earthquake  aftershock 2011 Zonal Ave.
Severe Failure of San Fernando 1971 3.6  0.54
earthquake  bridge 455 S Figueroa St
A8 Minor Minor Imperial Valley 1979 1.8 0.34
earthquake  damage Superstition Mt.
Minor Additional  San Fernando 1971 1.2 0.10
earthquake = damage 2011 Zonal Ave.
Damaging  First major  Loma Prieta 1989 12.0 1.20
earthquake  event Presidio
~ Severe Failure of =~ San Fernando 1971 3.6  0.54
earthquake  bridge 455 S Figueroa St
A9 Major First major  San Fernando 1971 3.25 143
earthquake  event Orion Blvd.
Minor Aftershock  San Fernando 1971 12 0.10
earthquake  damage 2011 Zonal Ave.
Moderate Additional  El Centro 1940 1.0 035
earthquake  damage
Minor Aftershock  San Fernando 1971 1.0  0.15
earthquake 455 S Figueroa St
Severe Failure San Fernando 1971 3.25 143
earthquake  of structure  Orion Blvd

* Multiplying factor on acceleration amplitude
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TABLE 5-1b (continued) Ground Motions Selected for Generating Random
Displacement Histories for Specimens A10 - A12

Specimen Event Description Purpose Record Scale* PGA.g

Al0 Minor Minor San Fernando 1971 1.2 0.10
earthquake = damage 2011 Zonal Ave.
Moderate Additional  El Centro 1940 1.0 035
earthquake  damage
Minor Aftershock  San Fernando 1971 1.0 0.15
earthquake 455 S Figueroa St
Major First major  San Fernando 1971 3.25 143
earthquake  event Orion Blvd.
Severe Failure San Fernando 1971 3.25 1.43
carthquake  of structure  Orion Blvd

All Major First damaging Northridge 1994 1.0 042
event earthquake =~ VA Hospital
Minor Aftershock  Northridge 1994 1.0 026
earthquake Griffith observatory
Minor Additional Taft 1952 1.0 036
earthquake = damage
Severe Failure of Mexico City 1985 1.0 0.17
carthquake  column SCT

Al2 Minor Minor Northridge 1994 1.0 026
earthquake  damage Griffith observatory
Minor Additional Taft 1952 1.0 036
earthquake  damage
Major First damaging Northridge 1994 1.0 042
event earthquake =~ VA Hospital
Severe Failure of Mexico City 1985 1.0 0.17
earthquake  column SCT

* Multiplying factor on acceleration amplitude
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FIGURE 5-1 Acceleration History and Corresponding 5% Damped Spectra for Input
Motions Used te Generate Displacement History for Specimens A7 and A8
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FIGURE 5-2 Acceleration History and Corresponding Spectra for Input Motions Used to
Generate Displacement History for Specimens A9 and A10
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Generate Displacement History for Specimens All and A12
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5.3 Random Loading: Testing and Observations

As indicated previously, the random displacement histories were composed of three independent
sets of timme histories generated through analysis of the model specimen using IDARC. Details

of the testing and relevant damage observations are described in subsequent sections.

5.3.1 Specimen A7

Specimen A7 was subjected to random displacement cycles generated from four different
earthquakes. The actual acceleration records and associated PGA’s used and the intended
damage scenario were shown in Table 5-1. The first record produced significant displacements
which was considered sufficient to induce moderate damage to the specimen. The next two
earthquakes were meant to represent aftershocks and/or other minor events which do not result in
any further significant damage. The final ground motion was so selected to produce severe

damage and probable failure of the system.

First cracking occurred after 22 cycles (or 45 half-cycles) of loading at a lateral drift of about 1%.
On the reverse cycle, at a drift exceeding 1.5%, cracking started in the opposite face of the
column accompanied by considerable spalling which extended up to 100 mm from the base of
the pier. At the end of the 26th cycle, spalling of the cover had taken place on both sides of the
column and cracks had propagated even further along the length. Before cycle 32 was
completed, the specimen had undergone one complete cyéle at a drift amplitude of approximately
5%. At this point, some buckling of the longitudinal bars was observed on one side of the
specimen. The next forty cycles were uneventful since it was composed of elastic cycIes. with
drifts under 0.5%. At the half cycle corresponding to #145, which was part of the ‘second
earthquake, the spalling had stabilized and the slightly buckied longitudinal bars were clearly
visible. The loading had progressed into the third minor earthquake and 94 cycles of
displacement had already been applied and no significant damage progression was observed.

The third earthquake did induce up to one and a half cycles of 2.5% drift by the end of the 110 th
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cycle. Buckling was observed in 4 bars on each side by this point. No further extension of the
plastic hinge length took place, and crack widths were measured between 2.5 - 4 mm. Finally, at
half cycle #269, and a drift of almost 6%, failure of the specimen was recorded following the
rupture of the spiral in the plastic hinge zone. This occurred during the peak displacement
demand of the fourth earthquake. In all, the specimen had undergone about 8 inelastic cycles of
displacement at an average drift of about 3.6%. Table 5-2 provides a detailed summary of the

test observations.
Figures 5-4 and 5-5 present visually observed damage towards the end of testing. The applied

displacement history and the resulting force-deformation hysteresis is shown in Figures 5-6 and

5-7, respectively.

TABLE 5-2 Summary of Observations During Testing of Specimen A7

LOADING TYPE: Simulated Seismic (Random) Loading
Concrete Strength: 32.8 MPa

LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 222 kN

Yield Load: 60 kN

Yield Displacement: 16 mm

Maximum Lateral L.oad: 78 kN

Maximum Lateral Displacement: ~ 82.5 mm

Failure Mode: Spiral Ruptured on the Left Side
DAMAGE OBSERVATIONS:

Half Cvcle No. Notes

45 First Cracking

49-52 Spalling

64 Significant Spalling

220 Visible buckling of longitudinal bars

269-270 Spiral Failure
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FIGURE 5-5 Final Damaged State of Specimen A7
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5.3.2 Specimen A8

The displacement history imposed on Specimen A8 was essentially the same as that used in
specimen A7, but the sequence of events were changed (see Table 5-1). The two minor events
were applied first followed by the two major earthquakes. In order to investigate effects of load
path, it was necessary to use the same number of cycles and amplitudes with the exception that

they be applied in a different sequence.

First cracking occurred at half-cycle #33 of earthquake 1 on the left side of the specimen. By the
end of cycle 23 or half-cycle #46 of the earthquake 1, spalling on the same side of the specimen
was noticed. Cracking and spalling continued and became fairly significant around the end of
cycle #57 at which time the specimen experienced one full inelastic cycle at a drift of nearly 3%.
The third earthquake commenced at about cycle #90. Significant spalling on both sides of the
columnn was observed by the end of half-cycle #209. The spirals and longitudinal rebars were
exposed along the plastic hinge zone. Some buckling of the longitudinal bars was noticed
towards the end of cycle 110 following a few inelastic cycles at drifts exceeding 2.5%. At half
cycle # 267, during the peak displacement demand of earthquake #4, necking of one of the spiral
bands was observed. In the next cycle, at approximately the same cycle at which failure occurred

in specimen A7, rupture of the spiral reinforcement took place.

The specimen continued to be loaded to observe loss of strength capacity. A second spiral, next
to the previously ruptured spiral, failed in the following half cycle. The plastic hinge length at
this stage was about 150 mm. The specimen continued to be loaded until the end of earthquake
#4, but no further rebar or spiral fracture occurred. It must be remembered that the total
displacement history was identical to specimen A7, hence the failure of specimen A8 at about the
same stage of loading indicated that the load path did not influence the cumulative damage of

this specimen. Table 5-3 summarizes all observations during testing of this specimen.
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Figure 5-8 displays the accumulated damage to the specimen towards the end of the loading
when significant spalling, necking of spiral reinforcement and some visible buckling of the
longitudinal bars had already taken place. Figure 5-9 shows the failure of the two spirals. The
sequence of the imposed displacements is shown in Figure 5-10 while the resulting force-

deformation response is shown in Figure 5-11.

TABLE 5-3 Summary of Observations During Testing of Specimen A8

LOADING TYPE: Simulated Seismic (Random) Loading
Concrete Strength: 32.8 MPa

LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 222 kN

Cracking Load: 20 kN

Cracking Displacement: 3 mm

Yield Load: 64 kN

Yield Displacement: 15.5 mm

Maximum Lateral Load: 72kN

Maximum Lateral Displacement: ~ 81.5 mm

Failure Mode: Two Spirals Ruptured on the Left Side.
DAMAGE OBSERVATIONS:

Half Cycle No. Notes

33 First Cracking

46-47 Spalling

114 Significant Spalling

220 Buckling of longitudinal bar

267 Necking of spiral reinforcement

270 Two Spirals Failed on the Left Side
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FIGURE 5-9 Specimen A8 at Final Damaged State
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5.3.3 Specimen A9

Column A9 was tested under simulated random displacements resulting from a series of five
different earthquakes (see Table 5-1). A fifth earthquake was used in this specimen to introduce

additional small amplitude cycles between two large events.

Hair-line cracks were first observed at half-cycle # 22 of earthquake #1 at a lateral displacement
of 8 mm (about 0.5% lateral drift) on the left side of the specimen. The first significant crack
was observed on the right side of the specimen at half cycle # 29 (about 14 full cycles) when the
lateral drift reached 2% in one cycle.  First spalling occurred at half-cycle # 49 of the first
earthquake on the left side of the specimen accompanied by major crack propagation. Spalling
took place on the opposite side of the specimen in the very next cycle at a drift exceeding 3%.
After nearly five inelastic cycles at an average drift of 3.0% , the crack widths had reached about

2.0 mm.

The next two earthquakes did not produce any significant damage since all of the imposed drifts
remained less than 1.5%. Earthquake #4 was of moderate intensity and was composed of about 2
inelastic cycles at a drift of about 2.5%. By the end of this event, at half-cycle #190, minor
buckling was noticed in the longitudinal bars. However, it appeared that the specimen was still
repairable. The buckling of longitudinal bars increased and became more prominent during cycle
#120 (or half-cycle #240) of the fifth and final earthquake. At half-cycle #260, at an imposed

drift exceeding 5.5%, failure of one of the spirals occurred on the left side of the specimen.

Figure 5-12 displays the state of damage at the end of cycle # 94, following which the initial
buckling of the longitudinal bars was observed. Figure 5-13 shows the failure of the hoop
reinforcement at the center of the plastic hinge. The plastic hinge length stabilized at

approximately 200 mm towards the end of testing.
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The entire displacement history generated by IDARC and applied to specimen A9 is displayed in
Figure 5-14. The base shear vs. lateral displacement hysteresis of the bridge column is plotted in

Figure 5-15. A summary of observations during testing is reported in Table 5-4.

TABLE 5-4 Summary of Observations During Testing of Specimen A9

LOADING TYPE: Simulated Seismic (Random) Loading
Concrete Strength: 32.5 MPa
LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 222 kN

Cracking Load: 20.5 kKN

Cracking Displacement: 5 mm

Yield Load: 65 kN

Yield Displacement: 16.5 mm

Maximum Lateral Load: 75 kN

Maximum Lateral Displacement:  91.6 mm

Failure Mode: Two Spirals Ruptured on the Left Side.
DAMAGE OBSERVATIONS:
y Half-Cycle No. Notes

22 First Cracking

49 Spalling :

122 Significant Spalling

190 Initial buckling of longitudinal bar

260 Spiral Failed on the Left Side of Column A9
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FIGURE 5-13 Final Damaged State of Specimen A9
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5.3.4 Specimen A10

Specimen A10 was subjected to essentially the same displacement history as Specimen A9,
however, the sequence of applied displacements was different. The objective of altering only the
sequence of loading was to monitor the effect of load path on the capacity of the specimen. A
similar test conducted on Specimen A8 did not reveal any significant influence of load path,
however, in this test a larger number of low-amplitude cycles were introduced between cycles of

larger amplitudes.

The axial load on this specimen had to be reduced because the concrete strength obtained from

cylinder testing was lower than the previous three specimens which were cast from a different

batch. All tests were conducted at an axial stress of 0.17.

The first sign of damage in the form of hair-line cracks was observed at cycle #6 on the right side
of the specimen. Cracking of the left side was noticed in the very next cycle in the reverse
direction of loading. Crack widths at this stage of loading was about 1 mm. and were distributed
from the base up to a distance of 450 mm. At half-cycle #30, some signs of spalling were
observed on the left side. Earthquake #1 did not cause any further damage. The second
earthquake, like the first, induced only one significant cycle of displacement which resulted in a
lateral drift of about 2%. At half-cycle # 121, which was part of the third earthquake, spalling
was observed on the right side of the specimen. This was a moderate earthquake with only a few
cycles beyond 2% drift. At the end of this earthquake, at approximately half-cycle # 194, the

column did not sustain any irreparable damage.

Significant buckling of the central longitudinal bar was recorded at half-cycle # 258. This was
part of the peak displacement amplitude of earthquake #5. Accompanying this was some
necking of the spirals - a normal tendency following the initiation of longitudinal bar buckling.
The very next cycle resulted in failure of one of the spirals. The plastic hinge length was

estimated between 190 — 200 mm.

99



Figure 5-16 displays the state of damage at the end of half-cycle # 122 at which point significant
spalling of the cover concrete in the plastic zone was observed. Figure 5-17 shows the failure of

the hoop reinforcement at the center of the plastic hinge.

The entire displacement history applied to specimen Al0 is displayed in Figure 5-18. The
hysteresis loops showing base shear vs. lateral displacement response of the bridge column is
plotted in Figure 5-19. A summary of test observations and general damage behavior during

testing of specimen A10 is presented in Table 5-5.

TABLE 5-5 Summary of Observations During Testing of Specimen A10

LOADING TYPE: Simulated Seismic (Random) Loading.
Concrete Strength: 27 MPa

LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 200 kN

Cracking Load: 18 kN

Cracking Displacement: 5.5 mm

Yield Load: S8 kN

Yield Displacement: 17 mm

Maximum Lateral Load: 74 KN

Maximum Lateral Displacement:  91.2 mm

Failure Mode: Spiral Ruptured on the Left Side
DAMAGE OBSERVATIONS:

Half-Cycle No. Notes

12 First Cracking

30 Spalling

194 Significant Spalling

260 Spiral Failed on the Left Side of Column
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FIGURE 5-17 Final Damaged State of Specimen A10
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53.5 Specimen All

A relatively recent set of unscaled earthquakes were used to simulate the displacement history
for specimens All and Al2. The only exception to the set was the 1952 Kern County (Taft)
record. Two recorded accelerograms from the 1994 Northridge earthquake and the SCT record
from the 1985 Mexico City earthquake composed the remainder of the input motions. The
combined accelerogram record and the corresponding spectra of the unique multiple motion was

shown previously in Figure 5-3.

First cracking was observed on the right side of the specimen at half-cycle 27 of the first
earthquake. Minor spalling was also observed. First cracking on the opposite side occurred in
the very next half-cycle. The drift at this point was over 2.5%. By half-cycle #38, concrete
spalling had extended to indicate extension of the plastic hinge zone and cracks had propagated
75 — 100 mm above the hinge zone. The maximum crack width was about 2 mm which increased

to almost 4 mm following the 21st complete cycle.

The next two earthquakes which represented potential aftershocks did not cause any further
damage to the column. The final earthquake imposed several large displacement cycles in excess
of 3.5% combined with a single cycle with a maximum drift of almost 7%. Buckling of the
longitudinal bars was observed at half cycle # 252 on both sides of the specimen which forced
spiral to start necking in the center of the plastic hinge zone. Two spirals failed in consecutive

half cycles (#270 and 271).

The plastic hinge length was about 200 mm in length at the instant of failure. The specimen was
further loaded for the remainder of the earthquake induced displacement until fracture of a
longitudinal bar was recorded at half-cycle # 275.
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Figure 5-20 displays the state of damage at the end of half-cycle # 139 at which point significant
spalling of the concrete cover in the plastic zone had occurred and the spiral reinforcement was

exposed. Figure 5-21 shows the final damaged state of the specimen.

The entire displacement history applied to specimen A1l is shown in Figure 5-22. The recorded
shear force vs. lateral displacement behavior of the bridge column is plotted in Figure 5-23. A
summary of the observations during testing and general damage of specimen Al1 is presented in
Table 5-6.

TABLE 5-6 Summary of Observations During Testing of Specimen A1l

LOADING TYPE: Simulated Seismic (Random) Loading.
Concrete Strength: 27 MPa

LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 200 kN

Cracking Load: 18 kN

Cracking Displacement: 6 mm

Yield Load: 65 kN

Yield displacement: 18 mm

Maximum Lateral Load: 69 kN

Maximum Lateral Displacement: 103 mm

Failure Mode: Spiral Rupture

DAMAGE OBSERVATIONS:

Cycle No. Notes

27 First Cracking

38 Spalling

252 Significant Spalling, Some bar buckling,
and necking of spirals

270-271 Two Spiral Failed on the Right Side

275 Fracture of longitudinal bar
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FIGURE 5-21 Final Damaged State of Specimen All
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5.3.6 Specimen Al12

Specimen All failed mid-way through earthquake 4. However, the largest amplitudes were
imposed by earthquake #1. For specimen Al2, the displacement cycles corresponding to
earthquake #4 up to failure of the column were first applied, followed by the two minor
earthquakes, followed by the original earthquake #1, and then followed by the remainder of
earthquake #4. Hence the largest amplitudes were reserved for the final ¢ycles. Since all the
previous specimens failed in confinement, it was of interest to see if longitudinal bar fracture

could be induced through an alternate sequence of cycling.

First crack occurred on the right side of the specimen at half-cycle #72 accompanied by minor
spalling. The specimen had experienced a couple of cycles at 2% lateral drift at this stage.
Cracking on the opposite face of the column did not occur until half-cycle #83 when the drift in
one cycle exceeded 3.5%. By the end of the first minor earthquake, the crack widths were no

larger than 2 mm.

The second earthquake, which did not contain any large amplitude cycles, did no further damage
to the column. At the onset of the large amplitudes due to earthquake 3, corresponding to half-
cycles 205 and 206, significant spalling was observed on both sides of the specimen. At this
time, the column had undergone one large inelastic excursion with a lateral drift of almost 6%.
The average crack width was 2-3 mm. Buckling of the longitudinal bars was first noticed at half-

cycle # 254 leading to a kink (or necking) in the spirals.

First signs of failure were recorded during the fourth earthquake at half-cycle # 255 when one of
the spirals on the right side ruptured. The maximum lateral drift at this cycle exceeded 7%
lateral drift. It was decided to continue loading column A12 with the rest of the displacement
history. At half-cycle # 276, one of the longitudinal bars fractured on the east (left) side of the

specimen.
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Figure 5-24 shows the condition of the specimen at half-cycle # 236, at which point significant
spalling and damage was evident in the column. The final damaged state of the specimen is
shown in Figure 5-25. The displacement history imposed on the specimen is shown in Figure 5-
26. The corresponding force vs. lateral displacement response of the column is presented in

Figure 5-27. Table 5-7 summarizes observations during testing.

TABLE 5-7 Summary of Observations During Testing of Specimen A12

LOADING TYPE: Simulated Seismic (Random) Loading.
Concrete Strength: 27 MPa

LOADING AND DISPLACEMENT VALUES OF INTEREST:

Axial Load : 200 kN
Cracking Load: 18.5 kKN
Cracking Displacement: ~ 6mm
Yield Load: 64 kN
Yield displacement: 13 mm
Maximum Lateral Load: 72 kKN
Maximum Lateral Displacement: 103 mm
Fatlure Mode: Spiral Rupture
DAMAGE OBSERVATIONS:
Half-Cycle No. Notes
22 First Cracking
83 Spalling
205-206 Significant Spalling; Buckling of long. Bars
and initiation of spiral necking
255 Spiral Failed on the Right Side of Column
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FIGURE 5-25 Final Damaged State of Specimen A12
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SECTION 6
CUMULATIVE DAMAGE MODELING:
EVALUATION OF EXPERIMENTAL RESULTS

The bridge column specimens tested in the experimental program, and presented in Sections 4
and 5 of this report, will be examined in this section from the perspective of damage modeling.
Since a number of damage models have been proposed by other researchers in the past, it was
considered beneficial to compare the relative performance of selected models by applying them

to the observed response and damage of specimens tested in this research.

The next sub-section will provide a brief overview of typical fatigue-based damage models
proposed for use in seismic structural analysis. The models selected for systematic evaluation
will then be discussed. Finally, the performance of each of the selected models against data

generated from the present experimental testing will be presented.
6.1  Fatigue-Based Damage Models

A review of the literature reveals that there are essentially five approaches to damage modeling:
estimates based on measures of deformation and/or ductility; models based on the degradation of
a selected structural parameter (typically stiffness); models developed from considerations of
energy-dissipation demand and capacity; hybrid formulations combining some aspects of the
aforementioned parameters; and more complex theories based on concepts derived from fatigue
models. Comprehensive reviews of damage modeling techniques can be found in Powell and

Allahabadi (1988) and Williams and Sexsmith (1994).

Since seismic loads induce several inelastic cycles at relatively large ductilities, the concept of
using low-cycle fatigue theories to model damage is logical. Though high-cycle fatigue of
metals and concrete have been evaluated in the past, few have attempted to extend these concepts
to evaluating seismically induced fatigue damage. The formulation of Chung et al. (1987)

" combines Miner’s rule (Miner, 1945) with a failure criteria:
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nt o
D=Z[w: —— W] —E—J (6-1)

In the above expression, where both positive and negative cycles are treated separately, w, is a
weighting factor, », is the number of cycles at a given amplitude, and 7, is the number of

cycles to failure at the same amplitude. The similarity of this approach to the well-known

Miner’s hypothesis is evident.

Jeong and Iwan (1988) use a more straight-forward extension of Miner’s rule by combining it

with another well-known law postulated by Coffin-Manson:
7.1
D=3 6-2)

where ¢=n,1 and 7, is the number of cycles to failure at a specified ductility p.

Other approaches to modeling fatigue failure have also been developed. The most practical of
these is a mechanics-based derivation by Mander and Cheng (1995). They express local section

curvature at the plastic hinge region directly in terms of strain in the rebar:

0.113
D=—=""_N}% 6-3
¢ 1-2d/D" 7 ©6-3)

The above expression is derived from the plastic strain vs. fatigue life relationship obtained from
actual testing of steel reinforcing bars (Mander et al.,, 1994) and the relationship between

curvature and strain in a reinforced concrete circular cross-section assuming a linear strain
profile. - In Equation (6-3), ¢, is the plastic curvature, D is the overall column diameter, d is

the depth from the outermost concrete fiber to the center of reinforcement, and Ny is the number
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of cycles to the appearance of the first fatigue crack in steel. A variation of this representation is

utilized in this study.

It must be remembered though that using fatigue theories presupposes a flexural fatigue failure
mode. Other potential failure modes resulting from the combined effects of axial force, shear

and confinement are not incorporated in these models.
6.2  Damage vs. Performance

The ability to predict damage in a structural member does not necessarily reflect the success of a
damage model. Tt is the ability to calibrate a model such that it can be used by a practicing
engineer to assess structural integrity following a seismic event that ultimately determines the

effectiveness of damage modeling.

Structural engineers in zones of high seismic risk have been faced with the constant challenge of
having to associate serviceability limit states with observed visual damage to structures
following an earthquake. The Applied Technology Council (ATC) report (ATC, 1985) on
Earthquake Damage Evaluation provided engineers with damage categories for estimating loss
assessment. A more recent ATC effort following the Northridge earthquake introduces the
notion of damage states that engineers can use more readily in assessing structural damage from
essentially visual observations.  The proposed classification is shown in Table 6-1. This
classification provides an important guideline that can be used in damage calibration studies.
The present study will attempt to correlate observed damage during testing to computed damage

values using different models using the above guidelines.

6.3  Models Evaluated in this Study
Four independent models characterizing different damage measures were selected for detailed

evaluation in this study. The purpose of this evaluation is to identify the merits and drawbacks of

different models so that future work on damage model development may utilize these findings.
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TABLE 6-1 Damage Categories Proposed in ATC-38

Damage State Descriptor Description
None N No visible damage, either cosmetic or structural.
Insignificant I Damage requires no more than cosmetic repair.
No structural repairs necessary.
Moderate M Repairable structural damage has occurred. The

existing elements can be repaired essentially in
place, without substantial demolition or
replacement of elements.

Heavy H Damage is so extensive that repair of elements is
either not feasible or requires major demolition or

replacement.

The first model selected for evaluation is a modified form of the system softening index. The
change in structural stiffness is associated with system degradation which ftranslates into a
lengthening of the fundamental period. An additional advantage of this model is the fact that it
can be monitored in actual structures without much difficulty. In the present study, the following

normalized expression is used to quantify damage:

m o (6'4)

With reference to Figure 6-1, k, is the stiffness of the structure at the maximum induced
displacement, k,is the pre-established stiffness at failure of the system (typically under

monotonic loads), and %, is the initial stiffness prior to loading.
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FIGURE 6-1 Parameters Used in Softening Index

The second model investigated is the Kratzig model (Kratzig and Meskouris, 1987), since it
incorporates only energy terms in its formulation. The terminology used to define this model is
illustrated in Figure 6-2. A primary half cycle (PHC) is the energy contained in the half cycle at
the maximum deformation point. Additional cycles with displacement amplitudes less than the
peak deformation are accumulated as follower half cycles (FHC). Positive and negative
deformations are treated separately. Accumulated damage for the positive portions of the

response is defined as:

) Y E +2E 65)

b E; +Z.E,.+

where Eg; is the energy in a PHC, E; is the energy in an FHC and Ej is the energy absorbed in a
monotonic test to failure (area enclosed by OABCF in Figure 6-2). A similar expression is

computed for negative deformations, and the two quantities are normalized as follows:

D=D'+D -D'D (6-6)
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The inclusion of the follower cycles in the numerator and denominator suggest that their

contribution to damage is small, or less significant than deformations that extend the response

envelope.

PHC+
Force 4 B \C\ _F
% Monotonic
: failure
A FHC+ | point
|
|
|
l‘:
o Deformation
FHC- /
PHC-

FIGURE 6-2 Parameters Used in Kratzig Damage Model

The next model considered in this study is the Park-Ang model (park and Ang, 1985). This
model represents a hybrid model, and was included in the evaluation partly because of its ease in
implementation and partly because it is one of the most widely used damage models today. The

model is used in its original form as follows:

3 E
D="+p—= (6-7)
8 By,

The constant p was identified directly from the standard cyclic test conducted on Specimen A-2.

The fourth and final model considered for evaluation was derived from principles of low-cycle

fatigue. As pointed out earlier, the identification of the failure mode is critical prior to using a
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fatigue model. Since the bridge columns tested in this study were essentially flexural columns
with well detailed plastic hinge zones, only two important failure modes had to be considered:
confinement failure or longitudinal rebar fracture from low-cycle fatigue. Modeling confinement
failure is somewhat more complex. Hence only the fatigue behavior of the longitudinal steel was

monitored, as described below.

The derivation shown below is a variation of the procedure developed by Mander and Cheng
(1995). The fatigue behavior of the longitudinal steel under reversed cyclic loading is
formulated in terms of the Coffin (1954) - Manson (1953) equation:

sp =27 Ny (6-8)
where: £, = plastic strain amplitude

€ f' = a material constant to be determined from fatigue testing

2Ny = Number of complete cycles to failure
An experimental fit to this expression was obtained by Mander et al. (1994):

g, =008 2N,)™ (6-9)
A similar expression using total strain instead of plastic strain was also developed:

g, =0.08(2N )% (6-10)

A relationship between strain and curvature is possible, assuming the plane-section theory, as

displayed in Figure 6-3.

g, =® d/2 (6-11)
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If the plastic hinge length is defined as /,, an expression for the plastic strain in terms of plastic
curvature (or rotation) can be established (Priestley and Paulay, 1992) assuming that the plastic

rotation takes place about the center of the plastic hinge:

6 A /(L-05]
®, === e 6-12)
I

i /

P

which upon substitution into Equation (6-11) can be used directly in Equation (6-9) to define the
number of cycles to failure for a given plastic strain or a given plastic deformation. Cumulative

damage is then defined as:
D=y - (6-13)
~~2N,

The following additional notations were used in the above expressions:

1, = plastic hinge length

d = distance between centers of longitudinal bars
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6 ,, = plastic rotation

@, = plastic curvature (difference between total and yield curvature)

L = specimen (member) length

In the present study, the fatigue-based damage index was derived in terms of plastic strain. Since
random displacement cycles were used in the second phase of testing, the model was re-written
in terms of half cycles since the positive and negative peaks in a given cycle were not of the

same amplitude.

6.4  Damage Analysis of Tested Specimens

The control parameters required in the application of the different damage models selected for
evaluation were initially identified from the monotonic test specimen and then adjusted to match
the average response of specimens A2 through A6. The variation from the mean values for any

of the specimens did not exceed 10%.

The following fixed parameters were used throughout the evaluation:

Yield force: 65 kN

Yield displacement: 18 mm
Ultimate displacement: 155 mm
Initial Stiffness of column: 10.5 kN/mm

The computed damage to specimen A2 using the different models described in Section 6.2 is
shown in Figure 6-4. Of all the models, the Softening Index and the Kratzig model show severe
damage fairly early in the response. The fatigue model shows little or no damage through the
first ten cycles where displacement ductilities are below two. The Park-Ang model shows a
gradual progression of damage throughout the load history with increasing accumulation of
damage at each increase in displacement level. The fatigue model suggests rapid deterioration of
the specimen towards the end of the loading while the damage appears to be in the repairable
range after 24 cycles. The actual observed damage state was probably between the predictions of
the fatigue model and the Park-Ang model. In summary, for this specimen, the Park-Ang model

provided a very good measure of damage at different limit states.
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FIGURE 6-4 Comparative Evaluation of Progressive Damage for Specimen A2

Specimen A3 was subjected to 150 cycles at a lateral drift of about 2%. As described earlier in
Section 4, these 150 cycles produced only reparable damage to the column. The application of
the damage models to this specimen is displayed in Figure 6-5. All non-fatigue based models,
including the Park-Ang model fail to predict accurately the damaged state of the component at
the end of the testing. The Kratzig model and the Softening index, as before, show significant
damage accumulations early in the response which is inconsistent with observed behavior. The

fatigue model performed the best with predicted damage states correlating to observed damage.

The next specimen, A4, was subjected to a much larger drift amplitude. Failure of the specimen
was recorded in less than 30 cycles. The Park-Ang model seems to perform better when the
displacement amplitudes are significantly larger than the yield displacement. The Kratzig model
and the damage represented by the Softening Index do not span a reasonable range of limit states

due to the fact that severe damage is predicted very early in the response.
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The fatigne model over predicts damage with failure reported at the end of the 17% cycle. Figure
6-6 displays the computed damage history for each model.

Figure 6-7 presents the cumulative damage for specimen A-5. The Park-Ang damage model
reaches an index of 0.5 with the first cycle representing primarily the deformation damage at a
drift of 5.5%. Since the fatigue model is based on cycles to failure using Miner’s rule, and is

evaluated at the end of each cycle, the damage progression is essentially linear.

The last specimen subjected to constant amplitude loading failed at the end of the 4™ cycle. The
imposed drift was slightly larger than 7.0%. The severe damage predicted by the non-fatigue
models in the very first cycle indicate their inability to deal with low-cycle fatigue damage. The
fatigue model, on the other hand, has been fairly consistent in their prediction levels. Failure in

this specimen was indeed by longitudinal bar fracture. Results of the evaluation are shown in

Figure 6-8.
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FIGURE 6-8 Comparative Evaluation of Progressive Damage for Specimen A6

Specimens A7 through A12 were subjected to random cyclic reversals. Figure 6-9 shows the
progression of damage for Specimen A-7 which was subjected to a major earthquake followed
by two smaller events (aftershocks or minor tremors) and finally another severe event which
resulted in failure by rupture of the confining spirals. All of the damage models show a
significant increase in damage at each of the imposed large amplitude reversals. The Softening
Index, the energy-based Kratzig model and the Park model indicate severe damage following the
single peak cycle at 6% drift during the 1% earthquake. The fatigue model shows little evidence
of such damage. While it may be stated that visual observations support the non-fatigue models,

only the Park model picks up additional damage in the fourth and final earthquake.

Specimen A-8 was subjected to essentially the same total history but the sequence of events was
changed. Here two severe events followed two minor ones. The results of the damage model
application to the recorded response is presented in Figure 6-10. Interestingly, this specimen

failed at approximately the same cycle of displacement indicating no effect of load path.
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All the damage models, which do not take into account the effect of load path, show the same
final damage state, as expected. But an interesting observation must be noted: the degree of
damage from the minor earthquakes is fairly significant for the non-fatigue models which is
inconsistent with observed behavior.  There seems to be a tendency for such models to
accurnulate damage at unreasonable rates during low amplitude cycling - this was also observed
in the constant amplitude tests where all of the non-fatigue models predicted failure after 150
cycles at 2 % drift.

Specimens A9 and A10 were subjected to a different set of load reversals resulting from a
different sequence of events. A9 experienced strong ground shaking representing a severe event
followed by two minor earthquakes, a moderate earthquake, and another major event. In the case
of Specimen Al0, the final event was retained as before but the first four earthquakes were
interchanged to produce an entirely different path leading up to the final earthquake. The
predicted damage using the different damage models are shown in Figures 6-11 and 6-12.
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FIGURE 6-11 Comparative Evaluation of Progressive Damage for Specimen A9
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As in the case of the previous two specimens, the damage models respond primarily to large
displacements. And, as was the case with the constant amplitude cycles, the Kratzig model and
the Softening Index predict significant damage very early in the response. Since both specimens
failed in confinement, the present fatigue damage model, which essentially monitors fatigue in

the longitudinal rebars, did not predict failure.

The final two specimens were subjected to four earthquakes. Two minor events were placed
between two significant events. The objective in this series of testing was to induce fatigue
failure of the longitudinal bars, hence the events were so selected to produce significantly larger
displacement amplitudes. The predicted accumulation of damage is presented in Figures 6-13
and 6-14 for specimens A-11 and A-12, respectively. Failure in the two specimens did not take
place at exactly the same cycle, instead the second specimen which sustained relatively smaller

amplitudes early in the history survived a few additional inelastic cycles before failure.
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6.5 Proposed Fatigue-Based Cumulative Damage Model

In general, it was observed that the fatigue-based damage model under-predicted the final
damage state of all column specimens. Since the model used in the study is capable of
evaluating damage due to low-cycle fatigue of the main longitudinal reinforcing bars only, and
all tested specimens experienced confinement failure prior to low-cycle fatigue failure, this

observation is not unexpected.

A modified cumulative fatigue model is now proposed based on experimental fitting of the
Coffin-Manson fatigue expression using results from the constant-amplitude testing of columns
A3, A4, A5 and A6." The plastic and total strains in the longitudinal rebars were calculated
from expressions previously listed in Equations (6-11 and 6-12). Results of the curve-fitting
exercise are shown in Figures 6-15 and 6-16. On evaluating the model coefficients of both
plastic and total strains vs. the number of cycles to failure, the following expressions are

obtained :
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FIGURE 6-15 Coffin-Manson Fatigue Model for Plastic Strain
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Note that the number of cycles to failure for specimen A3 was not based on experimental
observation since the specimen did not fail after 150 cycles and was eventually subjected to a
monotonic load to induce failure. This point on the graph corresponding to this specimen was
computed analytically from the above equations. The difference in the constants of the above
equations to those obtained by Mander et al. (1994) is the fact that these expressions were

derived for the concrete column as a composite section and indirectly accounts for the

accumulated damage due to shear, axial stress and loss of confinement.
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Equations (6-14) and (6-15) can be considered as fatigue life expressions for seismically detailed
AASHTO (or CALTRANS) flexural columns and may be used to predict damage and reserve
capacity. Similar expressions can be derived using lateral drift as a variable. To convert the
above equations to a relationship involving lateral drift, Equations (6-11) and (6-12) are used.
Values of the plastic hinge length and yield deformation were taken directly from experimental

records or observations. The resulting expression for fatigue life of flexural columns as a
function of total lateral drift is:

Drift (%) = 10.6 ( Ny) %5 (6-16)

The curve-fit for Equation (6-16) is shown in Figure 6-17. A simple procedure to estimate

earthquake damage for a known ground motion is summarized in Section 7.
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Finally, Equations (6-14) and (6-15) were used to estimate damage to Specimens A-7 through A-
12. Essentially, the damage model formulation is identical to the derivation presented in
Equations (6-9) through (6-13) with the fatigue life equations of Equations (6-9) and (6-10)
replaced by Equations (6-14) and (6-15). The results of the evaluation are presented in Figures
6-18 and 6-19. A significant improvement in damage prediction is evident. Final damage
estimates have increased and appear much closer to observed performance. However, only
specimens All and Al2 reach a final index of 1.0. The other four specimens show a damage

index of approximately 0.8, which is typically representative of irreparable damage.
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SECTION 7
RESEARCH FINDINGS AND CONCLUSIONS

This study was directed primarily towards the experimental and analytical investigatioh of
cumulative damage. A major departure from past practice of laboratory testing that was pursued
in this research effort was the development and use of random displacement histories rather than
“standard” displacement cycles with increasing amplitudes. Related topics such as the effects of
load path on damage and energy dissipation capacity, low-cycle fatigue failure of longitudinal
reinforcing bars, and the influence of random cyclic loading on failure modes, were also studied.
Given the complexity of the cumulative damage process and the innumerable parameters
affecting the response, every effort was made to keep system variables to a minimum.
Consequently, the imposed displacement history was the only variable introduced in the

experimental testing.

This research investigation was limited to the study of circular columns with a predominantly
flexural response. Circular sections have the advantage of possessing fairly uniform properties
in any direction and are commonly used in bridge construction, particularly in seismic zones.
The observations, findings and conclusi herefore, are limited to seismically detailed flexural
circular columns only. Additionally, the influence of soil-structure interaction and foundation
flexibility were not considered. Failure, as defined in this study, is restricted to damage to the
bridge pier only. Other potential damage sources such as foundation failure and deck-abutment

connection failures are beyond the scope of this investigation.

7.1  Research Findings

Essential findings of this research study, given the limitations set forth in the previous paragraph,
are summarized in this section. The inferences are subdivided into different categories, based on
the nature of the finding. Most of the primary findings are damage related. Findings that shed
further light on the concept of energy dissipation capacity are discussed separately. Likewise,

contributions to inelastic modeling are summarized as a separate category.

133



7.1.1 Findings Related to Cumulative Damage

1. There exists a “threshold” ductility level for well-confined flexural circular columns
designed by current CALTRANS (or AASHTO) specifications beyond which severe
degradation of stiffness and strength takes place. For the bridge columns tested in this
study, this threshold ductility level occurs between 3Ay and 4Ay, which corresponds to a
lateral drift between 4% and 5%. Specimen A3 which was cycled 150 times at a ductility
of about 2% drift showed no significant signs of damage or deterioration. Specimen AS
which was cycled at a lateral drift of 5.5% failed in less than 10 cycles. It may, therefore,
be stated that earthquakes which impose ductility demands less than 2.0 can survive a
series of similar events without undergoing any significant structural damage. When the
ductility demand approaches 4.0, the likelihood of moderate to severe damage is high and

depends on the number of such inelastic cycles experienced by the structure.

2.  Damage models evaluated in this study indicate that most non-fatigue based theories are
incapable of consistently reproducing observed damage. Models based on the degradation
of a single structural parameter, such as the softening index evaluated in this study, are
sensitive in the early stage of damage progression and show little variation beyond this
point to failure, making them difficult to calibrate. Energy-based models, such as the
Kratzig model, which do not account for the level of ductility at which energy is dissipated,
consistently over-predict damage. The Park-Ang model is essentially a ductility-based
model since the energy term is not adequately represented: energy damage is sometimes
overestimated at small inelastic amplitudes and underestimated at large inelastic cycles.
The Park-Ang model predicted failure of specimen A3 after 150 cycles which was contrary
to observation. On the other hand, damage models based on fatigue-life expressions, using
a Coffin-Manson rule in combination with Miner’s hypothesis, account only for low-cycle
fatigue of steel. It appears that a model which combines low-cycle fatigue failure in
combination with confinement deterioration will yield excellent results. A simple fatigue
life relationship was proposed, derived from the original work of Mander and Cheng
(1995), based on the experimental data generated from constant-amplitude testing of

specimens A3-A6, and was shown to produce improved damage prediction characteristics.
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Under a sequence of predominantly low amplitude cycles, it is more probable that the
confining spiral will fail prior to low-cycle fatigue failure of the longitudinal reinforcing
bars. Conversely, if the bridge column is subjected to predominantly high amplitude
inelastic cycles, it is more likely that the longitudinal bars will rupture before confinement
failure occurs. In the present study of flexural columns, it was found that the threshold
“low-amplitude™ cycle is approximately 2% - 4% drift, while high-amplitude cycles are
those in excess of 4% drift.

The use of random cycles provides a better means of understanding the phenomenon of
cumulative damage. It is also a more reliable way of testing performance of structures
subjected to low-cycle fatigue damage. Typical earthquakes impose few inelastic cycles
and the energy demand is significantly different from the demand imposed by standard

cyclic testing.

A large database of displacement histories were produced for the bridge column specimen
using dozens of recorded ground motions at different soil profiles. A significant finding of
this research study, based on these numerous analytical simulations, is the fact that typical
earthquakes produce few large amplitude cycles, hence failure is generally governed by
confinement rather than low-cycle fatigue of the longitudinal bars. However, damage from
low-cycle fatigue of the Jongitudinal bars does contribute to overall damage though
estimates of failure must include other failure modes. Damage models that attempt to
predict flexural failure need to target failure modes resulting from confinement in greater

detail.

In an attempt to correlate visually observed damage during testing with damage limit states,
all recorded test data were evaluated carefully to develop a correlation chart. This chart

provides a convenient aid in post-earthquake reconnaissance evaluation of structural safety.

This summary is presented in Table 7-1.
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TABLE 7-1 Correlation of Damage Limit States with Visual Observations

Damage

Indicator

Damage State

Description

Visual Observation Based

on current Testing

N

None

No visible damage, -either
cosmetic or structural

No visible cracks

Insignificant

Damage requires no more
than cosmetic repair. No
structural repairs necessary

Hair-line cracks
Minor spalling
No exposed
Reinforcement

Moderate

Repairable structural damage
has occurred. The existing
elements can be repaired
essentially in place, without
substantial
replacement of elements

demolition or

Excessive spalling

Exposed reinforcement
No
longitudinal bars

buckling of

No necking of spirals

Heavy

Damage is so extensive that
repair of elements is either
not feasible or requires major
demolition or replacement.

Buckling/fracture of
longitudinal bars
Necking/rupture of spirals

7.1.2 Findings Related to Energy-Dissipation Capacity

The constant amplitude and random cyclic testing clearly indicate that the energy capacity
of a member at failure is strongly path (history) dependent.
clearly evident in Figures 7-1 and 7-2 which show plots of cumulative energy dissipated for
all specimens tested in both phases of the study. Figure 7-1 is a summary of specimens
tested under standard and constant-amplitude cycles in Phase I while Figure 7-2 shows the
history of dissipated energy for specimens tested under random loads in Phase II. If
specimen A2, tested under standard cyclic displacement amplitudes, is referred to as the

benchmark energy capacity, it is evident that the energy capacity of the columns vary

considerably depending on the displacement amplitude and path.

136

Proof of this observation is



Cumulative Dissipated Energy (kN-m)

Cumulative Dissipated Energy (kN-m)

150

100

[4)]
(=

A/S;tandard cyclic:;test

L =T T — T

e Specimen A2
—<— Specimen A3

~= == Specimen A4
==6=~=Specimen A5
- -+ - Specimen A6

168 kNm

40

60

Cycle Number

80

100

FIGURE 7-1 Cumulative Energy to Failure of Bridge Columns
Subjected to Constant Amplitude Loading

100 L e e e B i A
| | == Specimen A7 é -
80 .| —— Specimen A8 Frergy capacity from:  _.ip]
= = Speimen A9 standard cyclic test =, |
==¢==Specimen A10 : : - .
L | = =+==S8pecimen A11 e -
60 |--] »=== Specimen A12 S AT SR P R .
' #: _
40
20 e
0 I . 1 1 i i 1 | S—) i f— 11 Ll L AL 1

0 50 100 150 200 250 300

Cycie Number

FIGURE 7-2 Cumulative Energy to Failure of Bridge Columns
Subjected to Random Loading :

137



Standard cyclic testing may provide information on the behavior of members and the potential
effects of certain material and geometric parameters on seismic response, but must not and can

not be used as a measure of energy-capacity of members.
7.1.3 Findings Related to Inelastic Modeling

Another contribution from the results of this study is the identification of inelastic behavior at
small amplitudes. This information is useful in the development of hysteresis models used in
nonlinear programs for dynamic response analysis. To date, most hysteresis models make fairly
arbitrary assumptions on the hysteretic loop behavior for small amplitude cycles which are
enveloped by larger amplitude cycles. The experimental findings in this study provide direct

mput into this modeling process.

Figure 7-3 shows segments of the experimental response for two of the specimens in which a few
relevant cycles are separated from the rest of the force-deformation loops. A well-known aspect
of loop behavior is clearly evident: that unloading paths generally attempt to return to the
location of displacement and/or force at the end of the previous half cycle. The path taken to
return to this previous amplitude location may vary depending on the current location of
unioading. The purpose of displaying intermediate force-displacement hysteresis in Figure 7-3 is
to facilitate the development of a model that can be used for earthquake analysis of concrete
structures. Figure 7-4 is a proposed model of expected loop behavior under random amplitudes

wherein the path of small-amplitude cycles are given proper consideration.

If unloading occurs within a displacement amplitude less than the yield displacement, unloading
paths seem to directly target the previous maximum point (shown by paths 'd' and 'e' in Figure 7-
4) as opposed to unioading paths beyond the yield displacement which show the ability to
dissipate more energy (paths 'cl’ and 'c2' in Figure 7-4). (c) If reloading occurs along an
unloading path before the zero force axis is crossed, it is reasonable to reload along the same line

without energy dissipation (paths aa’ and bb").
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FIGURE 7-4 Proposed Modeling of Local Hysteresis Loops

7.2  Development of Performance-Based Design for Bridge Columns

One of the primary objectives of this research was to formulate a performance based
methodology for seismic design of bridge piers. This design procedure should be capable of
allowing the structural engineer to evaluate the adequacy of a reinforced concrete bridge pier
against expected seismic action. Based on the findings of this study, and the fatigue life
expression for flexural columns presented in Section 6.4, the following simple procedure is

proposed:
a) Establish a series of ground motions from seismological prediction and/or historical

records that best fit the bridge site. This would constitute the site-specific loading

criteria.
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b) Conduct an inelastic time history analysis of the bridge pier for each of the series of the

c)

d)

€)

- selected records.

Determine the seismic demand from results of the preceding analysis in terms of number
of half cycles at each drift amplitude.

Equation (6-16) can be utilized to define the degree of damage resulting from each half
cycle at a given drift amplitude. Solving Equation {(6-16) in terms of number of cycles to

failure yields:

N
4 10.6

£\ 351
=2.0*% (_‘?ﬂffj (7-1)
The quantity 2.0 accounts for the fact that only a half-cycle is being considered. Calculate

the induced damage to the column using the following expression:
D.I=Y vd. | (7-2)
. N,

where g is the number of half cycles at a particular drift “di” obtained from the
analysis indicated in step (a), and Ny is the number of half cycles to failure at the same

drift “di” obtained from Equation (7-1).

If the demand, based on the computed damage index, is close to or exceeds 1.0, then the
bridge will either not survive the expected earthquake activity at the site under
consideration or suffer irreparable damage. In fact, for practical considerations, values of
the above damage index in excess of 0.75 would indicate a high probability of severe

damage.

The above steps can also be used to estimate reserve capacity of a bridge column following a

seismic event if recorded data at the site is available to estimate the drift response during the

event.
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7.4 Recommendations for Future Research

This research effort must be viewed as a preliminary attempt that contributes to the overall effort
in calibrating a fatigue-based cumulative damage model which is a necessary first step towards
developing a performance-based design guideline. The study provided a number of useful
insights into the mechanics of damage progression and brought to the forefront a number of
issues that still remain unresolved. The following recommendations for future work are based on

the findings of this project:

1. The response of bridge columns with a much smaller aspect ratio must be investigated
using essentially the same approach adopted in this study. This will highlight modes of
shear failure as well as the applicability of fatigue-life expressions for elements responding
primarily in shear.

2. A simple experimental study on the fatigue behavior of deformed reinforcing bars
subjected to random cyclic loads needs to be investigated. Since the behavior of flexural
elements is controlled largely by the response of the steel reinforcement, this study will
provide the basis for developing future test programs that examine cumulative fatigue in

. RC members. In particular, the inter-dependence of small and large amplitude inelastic
cycles must be studied to determine load path effects.

3.  Circular columns were used in this study to limit the number of system variables. It is
recommended to extend this study to rectangular columns to investigate effects of shape
and cross-section aspect ratio. The study of rectangular columns should obviously cover
both flexure and shear.

4, A final aspect of behavior that may deserve some attention is the influence of bidirectional
moments on the deterioration and damage of bridge columns. Since bridge piers are
constrained to respond in the lateral direction of the bridge span due to the relatively large
deck that forces motion in the in-plane direction, it is unlikely that biaxial bending is a
serious concern in bridge design. The ﬁse of circular columns also avoids this issue.

5. This testing methodology may also be extended to single bay bridge bents in which the
interaction of the deck beams becomes significant. Single and double deck bents are

common in highway construction. Testing such models at a realistic scale is time-

142



consuming and difficult. Analytical studies of such structures using validated damage
models can provide useful information.

6. Tests of retrofitted specimens may also be investigaied using the test methodology
presented in this report. The reliability and adequacy of proposed retrofit and rehabilitation
techniques can be readily evaluated by examining the response of the original and repaired
specimen under the same sequence of random load reversals.

7.  Existing damage models need to be enhanced and improved to account adequately for
damage resulting from different failure modes. In the present testing, it was obvious that
failure was a combination of low-cycle fatigue damage and the deterioration of confining
action of the spirals. The fatigue-life expressions proposed by Mander and Cheng (1995)
were extended to composite concrete columns based on limited experimental testing.

However, the proposed model needs to be enhanced further to better characterize damage

resulting from other failure modes.

A performance-based design procedure wherein damage limit states can be identified is urgently
needed by the profession. The proposed procedure in Section 7.3 must be viewed as an initial

step in this direction.
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APPENDIX A

Ultrasonic Testing






Non-destructive test methods are gaining popularity these days as a potential means of
monitoring damage in structures. If it is possible to calibrate such methods with damage limit

states, they couid contribute to the overall effort of performance-based design.

Hence, in addition to the force-deformation hysteresis and strain gage data recorded during
testing of the bridge columns reported in Sections 4 and 5, minimal non-destructive tests of the
specimens were also carried out. The non-destructive methodology employed here consisted of
ultrasonic measurements across the height of the specimen before and after testing.
Measurements could not be taken during testing since the extraneous vibrations and noise of the
hydraulic system to which the test specimen was anchored interfered with the ultrasonic
readings. As such, it was not possible to calibrate the data with observed damage during testing.

Rather, the testing was conducted primarily as a feasibility study.

Results of the ultrasonic measurements are presented in Figures A-1 through A-9. It is clear that
damage is reflected through an increase in travel time of the sound waves. Also encouraging is
the fact that the change in travel time increases non-linearly with the degree of damage (see
variation across height of specimen). These preliminary studies indicate that such methodologies
hold promise in damage measurement and could be calibrated for use in performance-based

evaluation and post-earthquake damage reconnaissance of bridge piers.
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Reinhorn, 11/87, (PB88-187752, A03, MF-AQ1). This report is available only through NTIS (see address
given above).

“Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/87, (PB88-187950, A05, MF-AO1). This report is only available through
NTIS (see address given above).

"Second-Year Program in Research, Education and Technology Transfer,” 3/8/88, (PB88-219480, A04, MF-
A0

"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics," by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760, A03, MF-A01). This report is only available
through NTIS (see address given above).

"Optimai Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88, (PB88-
213772, A06, MF-A01).
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"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780, A04, MF-AOQ1).

"Iterative Seismic Analysis of Primary-Secondary Systems,” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798, A04, MF-A0L).

"Stochastic Finite Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88, (PB88-
213806, AD3, MF-AQ1).

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

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

"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471, AQ7, MF-AO1). This report is only available through NTIS (see
address given above).

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

“Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems," by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh, 5/18/88, (PB89-122238,
A06, MF-A01). This report is only available through NTIS (see address given above).

"Seismic Floor Response Spectra for a Combined Systém by Green's Functions," by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875, A03, MF-AQ1).

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

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

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

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711, A04, MF-AQ1).

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

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Seils,” by S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891, A04, MF-A01).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin, Z.
Liang, T.T. Scong and R.H. Zhang, 6/30/88, (PB89-122212, A05, MF-A01). This report is available only
through NTIS (see address given above).

"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
AM. Reinhorn, 5/27/88, (PB8§9-122204, A04, MF-A01).
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"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures," by I.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909, A04, MF-A01).

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196, A04, MF-AQ1). This report is only available through NTIS (see address given
above).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage," by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188, A0S, MF-A01). This report is available only through
NTIS (see address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B K. Bhartia and E.H. Vanmarcke,
7/21/88, (PB893-145213, A05, MF-A0Q1).

"Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170, A06, MF-A01). This report is available only through NTIS (see address
given above).

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/88, (PB89-122600, A04, MF-A01).

"Earthquake Simulation Tests of a Low-Rise Metal Structure," by J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917, A04, MF-A01).

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

"Seismic Fragility Analysis of Plane Frame Structures," by H.H-M. Hwang and Y.K. Low, 7/31/88, (PB89-
131445, A06, MF-AQ1).

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

"Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.CK. Chen and L.D. Lutes,
9/19/88, (PB89-131437, AG4, MF-AQ1).

"Design Approaches for Soil-Structure Interaction," by A.S. Veletsos, A M. Prasad and Y. Tang, 12/30/88,
(PB89-174437, A03, MF-A01). This report is available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221, AQ5, MF-A01).

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

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

"Modeling of R/C Building Structures With Flexible Floor Diaphragms {(IDARC2)," by A.M. Reinhorn, S.K.
Kunnath and N. Panahshahi, 9/7/88, (PB89-207153, AQ7, MF-AO1).

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88, (PB89-
207146, A04, MF-AO1).

"Optimal Placement of Actuators for Structural Control," by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846, A05, MF-AQI).
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"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling,” by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PB§9-218457, A10, MF-A01). This report is
available only through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681, A04, MF-AC1).

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

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by W.
Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625, A0S, MF-A(1).

"Modeling Strong Ground Motion from Multiple Event Earthquakes," by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445, A03, MF-AQ1).

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

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PB89-174452, A0S, MF-A01).

"First Expert Panel Meeting on Disaster Research and Planning,” edited by J. Pantelic and J. Stoyle, 9/15/88,
(PB89-174460, A05, MF-AQ1). This report is only available through NTIS (sec address given above).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383, A0S, MF-AO1).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,” by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478, A04,
MF-AQ1).

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

“Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187, A05, MF-AQ1).

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

"Experimental Study of *Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and R.L.
Ketter, 2/22/89, (PB89-207195, A03, MF-A01).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E. Richardson
and T.D. O'Rourke, 3/10/89, (PB89-218440, A04, MF-AQ1). This report is available only through NTIS (see
address given above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, I.F. Abel and A.H. Zaghw, 1/15/89, (PFB89-218463, A06, MF-A0Q1).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481, AD9, MF-AQ1).
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"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211, A04, MF-A01).

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

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

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeling," by S.K. Kunnath and A.M. Reinhorn, 4/17/89, (PB90-114612, A07, MF-A01).

"Recornmended Modifications to ATC-14," by C.D. Poland and J.0O. Malley, 4/12/89, (PB90-108648, Al15,
MF-A01).

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

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-AQ1).

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

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893, A03, MF-A01).

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

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.EK. Ross, 12/31/89, (PB90-207895, A012, MF-A02). This report is available only
through NTIS (see address given above).

"Multidimensiona! Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146, A04, MF-AQ1).

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

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,"” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-A01).

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

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.L

ORourke, 8/24/89, (PB90-162322, A10, MF-A02).
"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-

127424, A03, MF-A01).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB20-160169, A04, MF-AQ1).
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"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation," by Jean H. Prevost, 9/14/89, (PB90-161944, AG7, MF-A01). This report is available only
through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection," by
AM. Reinhom, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-173246,
Al10, MF-A02).

“Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methads," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699, AQ7, MF-AQ1).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures," by H.H.M.
Hwang, J-W. Jaw and A L. Ch'ng, 8/31/89, (PB90-164633, AQS5, MF-A01).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by HH.M. Hwang,

- C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-AO1).

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

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/39, (PB90-161951, A04, MF-A01).

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

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracci,
A.M. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-A01).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865, A05, MF-A01).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-AQ1).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PB90-208455, A04, MF-AO01).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294, AQ3, MF-AQ1).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173523, A04, MF-A01).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/8%, (PB90-207887, A06, MF-AOQ1).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H. Prevost,
5/10/89, (PB90-207879, A07, MF-A0I).
"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,” by I-K. Ho and

- A.E. Aktan, 11/1/89, (PB90-251943, A07, MF-A0Q1).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,” by
T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596, A05, MF-AQ1).
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"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976, A07, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/16/90, (PB91-251984, A05, MF-
A03). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984,
AQ5, MF-A01).

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

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,”
by H.H.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, A04, MF-AQ1).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by H-H.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811, A0S, MF-AQ1).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 5/25/90, (PB51-108837, A06, MF-A01).

*A Program to Generate Site Dependent Time Histories: EQGEN,” by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-A0I).

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

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A0S, MF-A01).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by AN. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197, A13, MF-A02).

"Secondary Systems in Base-Isolated ‘Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhom, 7/1/90, (PB91-
110320, A08, MF-A01).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795, A11, MF-A02).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-A01).

“Instantaneous Optimal Control with Acceleration and Velocity Feedback," by EN. Yang and Z. Li, 6/29/90,
(PB91-125401, A03, MF-A01).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377, A03, MF-AQ1).

"Evaluation of Liquefaction Potential in Memphis and Shelby County,” by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/30, (PB91-125427, A09, MF-A0Q1).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation

System,” by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385, A06, MF-AC1).
This report is available only through NTIS (see address given above).
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Spherical Surface,” by A.S. Mokha, M.C. Constantinou and A.M. Reinhomn, 10/11/90, (PB91-125419, A05,
MF-A01).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, {PB91-170381, A05, MF-A01).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A06, MF-AQ1).

"Study of Site Response at a Selected Memphis Site," by H. Desai, 8. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-A01).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals,” by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272, A03, MF-AQ1).

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

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

"SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by 8. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-A0Q1).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A0&, MF-AQ1).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751, A05, MF-A01).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M. Hamada,
2/1/91, (PB91-179259, A99, MF-A04).

"Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242, A04, MF-AQ1).

"Seismic Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-A0]).

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

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL" by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553, A07, MF-A01). This report
has been replaced by NCEER-93-0011.

"A Multidimensiona!l Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364, A04, MF-AQ1).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S8.J. Fenves, 4/9/91,
(PB91-210930, A08, MF-AQ1).
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"Nonlinear Analysis of Stee! Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828, A0S, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142, A06, MF-
AO1), This report has been replaced by NCEER-92-(018,

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

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648, A06, MF-A02).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Da.mpers " by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816, A05, MF-AQ1).

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

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

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures," by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602, A11, MF-A03).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building,"
Somaprasad, T. Toksoy, H. Yoshiyuki and A E. Aktan, 7/15/91, (PB92-129980, AQ7, MF-A02).

by HR.

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, RN.
White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-A02).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB93-116630, A08, MF-A02).

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

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems,” by I.N. Yang, Z. Li and A.
Danielians, 8/1/91, (PB92-143171, A06, MF-AQ2).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid,” by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742, A06,
MF-A02).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E K. Ross and F. Winslow, 7/23/91, (PB92-129998, A12,
MF-AQ3).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235, A09, MF-A02).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A(04).

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

“Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by L.N.
Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-A01).
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"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou, A.
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973, A10, MF-A03).

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

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250, A20, MF-A04).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389, A07, MF-A02).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by LG. Buckle, 2/4/92, (PB94-142239, A99, MF-AQ6).

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

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF-
AD1).

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

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States,” by C.D.
Poland and 1.Q, Malley, 4/2/92, (PB92-222439, A20, MF-AQ4).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282, A06, MF-A02).

"Seismic Resistance of Siab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by AL
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-A02).

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

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

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

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines," by M.J. O'Rourke,
and C. Nordberg, 6/15/92, (PB93-116671, A08, MF-A02).

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem,” by M.
Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496, A03, MF-AQ1).

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

"Observations on Water System and Pipeline Performance in the Limdn Area of Costa Rica Due to the April
22, 1991 Earthquake," by M. O'Rourke and D. Ballantyne, 6/30/92, (PB93-126811, A06, MF-AQ2).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92,
(PB93-114023, A07, MF-AQ2).
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"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction,” Edited by M. Hamada and T.D. O'Rourke, 8/12/92, (PB93-
163939, A99, MF-E11).

"Active Bracing System: A Full Scale Implementation of Active Control,” by A.M. Reinhorn, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512, A06, MF-A(2).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,” by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241, A06, MF-A02).

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

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266,
A08, MF-A02).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests," by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A0S, MF-A01).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced Concrete
Frame Buildings," by A. Beres, S. E-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-227791, A05, MF-
AQ1).

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

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure,” by JLM. Bracci, AM. Reinhorn and 1.B.
Mander, 12/1/92, (PB94-104502, A08, MF-A(2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhorn, 12/1/92,
(PB94-104510, A08, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part Il -
Experimental Performance and Analytical Study of a Structural Model," by J.M. Bracci, A.M. Reinhom and
J.B. Mander, 12/1/92, (PB93-227528, A0S, MF-AQ1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part | - Experimental Performance
of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92, (PB93-198307,
A07, MF-A02),

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

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

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621, A03, MF-AQ1).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin, S.
Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217, A07, MF-A02).
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"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without
Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, AQ7, MF-A02).

"Social Accounting for Disaster Preparedness and Recovery Planning,” by S. Cole, E. Pantoja and V. Razak,
2/22/93, (PB94-142114, A12, MF-AQ03).

*Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions," by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639, A06, MF-A(2).

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

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

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

"Seismic Testing of Installation Methods for'Computeré and Data Processing Equipment,” by K. Kosar, T.T.
Soong, K.L. Shen, J.A. HoLung and Y.K. Lin, 4/12/93, (PB93-198299, A07, MF-A02).

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

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

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

"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base Isolated
Structures,” by S. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou, 8/2/93, (PB94-141819, A09,
MF-A02).

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

*Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.0. Maldonado, 8/4/93, (PB94-141827, A09,
MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems," by G. Chen and T.T. Soong,
8/6/93, (PB94-142767, A11, MF-AU3).

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Pricta Earthquake,” Edited by F.E. Winslow and K.E.K. Ross, 8/16/93, (PB%4-
154275, A16, MF-A02).

"Reconnaissance Report of Damage to Historic Monuments in Caire, Egypt Following the October 12, 1992
Dahshur Earthquake,” by D. Sykora, D. Look, G. Croci, E. Karaesmen and E. Karaesmen, 8/19/93, (PB94-
142221, A08, MF-AQ2).

“The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
141843, A04, MF-AOQL).
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"Engineering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB94-141983, A05, MF-A01).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing," by 1.
Krstelj, Supervised by J.H. Prevost, 10/23/93, (PB94-181773, A-10, MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)," by M.C. Constantinou, P.
Tsopelas, Y-S. Kim and S. Okamoto, 11/1/93, (PB94-142775, A08, MF-A02).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings," by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, to be published.

"Seismic Vulnerability of Equipment in Critical Facilities; Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB94-181763, A16, MF-A03).

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthom, 12/23/93,
(PB94-181500, A07, MF-A01).

"An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auxiliary Water Supply System,” by 1. Markov, Supervised by M. Grigoriu and T. O'Rourke, 1/21/94,
(PB94-204013, A07, MF-A02).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers," Volumes I and II, by P. Tsopelas, S. Okamoto, M.C. Constantinou, I), Ozaki
and S. Fujii, 2/4/94, (PB94-181740, A09, MF-A02 and PB94-181757, A12, MF-A03).

"A Markov Model for Local and Global Damage Indices in Seismic Analysis,” by S. Rahman and M.
Grigoriu, 2/18/94, (PB94-206000, A12, MF-A03).

"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P. Abrams,
3/1/94, (PB94-180783, AQ07, MF-A(2).

"The Noﬁhridge, California Earthquake of January 17, 1994: General Reconnaissance Report." edited by
J.D. Goltz, 3/11/94, (PB193943, A10, MF-A03).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Capacity," by G.A. Chang and 1.B. Mander, 3/14/94, (PB94-219185, A11, MF-A03).

"Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems," by T.M. Al-
Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94, (PB193745, A09, MF-AQ2).

"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
1.G. Buckle, 3/24/94, (PB94-193851, A06, MF-AQ2).

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
1.G. Buckle and 1. Friedland, 3/31/94, (PB94-195815, A99, MF-A06).

"3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
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