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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
dissemninate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismuc hazard mutigation procedures to muinimuze loss of lives and property. The emphasis 1s on
structures in the eastern and central United States and lifelines throughout the country thai are found
in zones of low, moderate, and high seismicity

NCEER's research and impiementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown inthe figure below. Element I, Basic Research, iscarried outto support
projects in the Applied Research area. Element 11, Applied Research, is the major focus of work for
years six through ten Element [1I, Demonstration Projects, have been planned to support Applied
Research projects, and will be either case studies or regional studies. Element IV, Implementation, will
result from activity in the four Applied Research projects, and from Demonstration Projects.

ELEMENT |
BASIC RESEARCH

+ Seismic hazard and
ground motion

* Soils and gectechnicat
sngineering

¢+ Structures and systems
+ Risk and reliability

+ Protective and intelligent
systems

+ Societal and economic

ELEMENT I
APPLIED RESEARCH

+ The Building Project

» The Nonstructursl
Components Project

* The Lifelines Projoct

* The Bridge Project

ELEMENT NI
DEMONSTRATION PROJECTS

Case Studies
+ Active and hybrid control
* Hoapital and data procassing
faciivties
~ e Short and medium span bridges
N

+ Water supply systems in
Masmphis and San Francisco

Regional Studies
« New York City
* Mississippi Vallay
+ San Francisco Bay Area

Research tasks in the Bridge Project expand current work in the retrofit of existing bridges and
develop basic seismic design criteria for eastern bridges in low-to-moderate risk zones. This research
parallels an extensive multi-year rescarch program on the evaluation of gravity-load design concrete

S n it
N N
ELEMENT v
IMPLEMENTATION
+ Conferences/Workshops
* Education/Training courses
¢ Publications
¢+ Public Awareness

buildings. Specifically, tasks are being performed to:
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1. Determine the seismic vulnerability of bndge structures in regions of low-to-medium
seismicity, and in particular of those bridges in the eastern and central United States.

2. Develop concepis for retrofitting vulnerable bridge systems, particularly for typical bndges
found in the eastern and central United States.

3. Develop improved design and evaluation methodologies for bridges, with particular emphasis
on soil-structure mechanics and its influence on bridge response.

4. Review seismic design criteria for new bridges in the eastern and central United States.

The end product of the Bridge Project will be a collection of design manuals, pre-standards and design
aids which will focus on typical eastern and central United States highway bridges. Work begun inthe
Bridge Praject has now been incorporated into the Highway Project

This report summarizes the results of experimenis of an actual 32 year old bridge pier joint and
a companion quarter-scale two-column bent. The load-deformation characteristics, including the
energy absorption capacities for reversed cyclic loading, were similar for the prototype subas-
sembly and the model test. These tests show that there is little strength deterioration up to
column drift angles of two percent. The shear capacity predictions by codes were shown to be
too conservative jor these piers with little transverse reinforcement. The accompanying analyti-
cal study included a new energy-based strength deterioration model.
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ABSTRACT

This report summarizes an investigation of the behavior of a beam to column
joint of a 32 year old shear-critical bridge pier and a companion one-quarter scale model
of the two column prototype bent under reversed cyclic lateral loading. The prototype
specimen was retrieved from the field and prepared for testing by welding a self
equilibrating reaction frame onto the reinforcing steel of the cap beam. The model and
the prototype were tested under constant vertical (gravity) loads. The cyclic lateral
loading was applied through a horizontally connected actuator in case of the model and
two parallel actuators inclined at 24° with the horizonlal were used for the prototype
testing in order to simulate lateral force effects in an entire two-column bent.

Lateral loads were applied with increasing drift angles to +4 percent. A
moderately ductile failure initiated through flexure but was later dominated by shear
when drift angles exceeded : 2 percent for both model and prototype specimens. Final
failure was attributed to fracture and bond deterioration of the lengitudinal bars for the
model and the prototype respectively. The results of model and the prototype tests were
compared with one another. Overall performance of the model and prototype were
remarkably similar.

Shear accounted for between 25 and 60 percent of the plastic deformations in the
columns. The experimentally observed shear strengths were compared with code based
strength evaluation techniques. The evaluation methods show that the pier would possess
inadequate shear capacity and thus be classified as shear-brittle with no ductility
capability. An energy based damage analysis procedure is proposed. This improved
evaluation procedure is a rational method and is capable of predicting the cumulative
displacement ductility failure limit state. The seismic vulnerability of this class of shear-
critical bridge pier is examined using the ATC 6-2 methodology. It is shown that if code-
based evaluation procedures are followed this class of bridge pier is classified as "unsafe”
and shear-brittle, but may be capable of resisting minor earthquakes through elastic
response. However, if a dependable ductile mechanism is assumed, as demonstrated by
good experimental behavior, a "safe” seismic response can be assumed for all Seismic
Performance Categories in the United States.
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SECTION 1
INTRODUCTION

1.1 Research Context

To date most existing bridges in the castern and central United States have been
designed predominantly for carrying gravily loads. Some lateral loading might have been
considered in the design process to account for: centrifugal forces on curved bridges,
hydrodynamic loading on piers in river crossings including the effects of a debris raft,
traction forces and wind loading. However, these lateral loads with respect to the weight
of the bridge are typically small. Even though bndges in the eastern and central United
States are situated in low to medium seismic risk zones, the seismic design of bridge
substructures has historically been ignored in these regions. This raises a leading
question: How will such bridges perform in the event of an earthquake when they are
subjected to large dynamic seismic loads that may arise from ground shaking?

The large number of bridge failures during recent earthquakes has emphasized the
need to improve design standards for new bridges. While considerable improvement has
been made in seismic design standards since the 1971 San Fernando earthquake, the
dependability of existing bridges under seismic loads remains an unresolved question.
Especially failures of older bridges and the accompanying loss of life in the 1989 Loma
Prieta earthquake brought an increased awareness of the vulnerability of existing bridge
systems. The research presented herein addresses such bridges and is part of a larger
program sponsored by NCEER to investigate the seismic vulnerability of the existing
highway bridge system, particularly in the eastern and central United States. It also
endeavors to study the effect of conservatism buill in design and construction which can
result in an unknown intrinsic strength and ductility capacity, that can be mobilized to
resist seismic joading. This study is a step towards formulating evaluation procedures for
prediction of bridge behavior under earthquakes to achieve confidence while making

decisions regarding the existing dependability, or the requirement of seismic retrofitting
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or replacement.

The present state-of-the-art in Earthquake Engineering requires that in the event
of an earthquake, the loss of life should be minimized; structures may suffer structural
damage, but prevention of complete collapse must be ensured. The traditional way of
achieving this for reinforced concrete structures is by the formation of a ductile structural
mechanism with the dissipation of energy in carefully detailed ductile plastic hinge zones.
The ability of the structure to behave in a desirable ductile fashion therefore depends
primarily on the adequacy of the reinforcing steel detailing.

A considerable amount of model testing on bridge components under simulated
seismic loading has been carried out over the past two decades, but the reliability of these
results and whether they can or cannot be applied to aged existing bridge structures needs
verification through comparative studies. The present study constitutes an experimental
investigation on a prototype cap to column connection retrieved from such a bridge and
a companion one-quarter scale model of the entire pier of a shear-critical bridge pier.
The prototype bridge is a typical gravity load designed slab on steel girder bridge
constructed in the late 1950's in the state of New York. An effort is also made to
compare the performances of the model and the prototype.

This present report is first of a series on the seismic evaluation and retrofitting
of reinforced concrete bridge piers. Similar studies have already been completed on the
evaluation and seismic retrofit of reinforced concrete frame buildings, designed only for
gravity loads. These studies include an Evaluation Series and a Retrofit Series. The

Evaluation Series consists of:

Part I Design and Properties of a One-Third Scale Model Structure by
Bracci, Reinhom and Mander (1992a).

Part 11 Experimental Performance of Subassemblages by Aycardi, Mander
and Reinhorn {1992).

Part I1I: Experimental Performance and Analytical Study of Structural

Mode! by Bracci, Reinhorn and Mander (1992b).

The Retrofit Series consists of:

1-2
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Part 1: Experimental Performance of Retrofitted Subassemblages by
Choudhuri, Mander and Reinhom (1992).

Part II: Experimental Performance and Analyrical Study of Retrofitted
Structural Model by Bracci, Reinhorn and Mander (1992c).

1.2 Scope of Present Study

The present study consists of two parts: experimental and analytical. The
experimental part of the study is divided into the study of the model pier and the
prototype. Section 2 provides a description of the bridge and design, construction,
instrumentation and testing of the model pier, while experimental results of the model
study are presented in Section 3. Section 4 describes the test setup, instrumentation and
testing procedure for the prototype. Observations and results of the prototype testing are
discussed in Section 3.

The analytical part presented in Section 6 constitutes of the evaluation of the
flexure and shear strengths for both the prototype beam-column joint and the quarter
scale model by code based formulations and their comparison with the experimental
results. A comparison is also made of the hysteretic performances and energy absorption
patterns of the model and the prototype. Finally the damage potential of the prototype
bridge under earthquake loading in various seismic zones is studied employing the
AASHTO/ATC guidelines. The conclusions drawn from this study are presented in

Section 7.

1-3



SECTION 2
MODEL DESIGN, CONSTRUCTION, AND INSTRUMENTATION

2.1 Introduction
In this section a description is given of the prototype bridge, the prototype beam-
column joint specimen, and design, construction and instrumentation of the quarter scale

bridge pier model.

2.2 The Prototype

The bndge selected for the present study was the East Jewett-Holmwood road
bridge crossing the eastern branch of Cazenovia Creek. The bridge, owned by Erie
County, is located near the town of East Aurora, New York. The plan, elevation and
section of the bridge are shown in Fig. 2.1. The bridge consisted of a 32" wide roadway
with 3.5" wide sidewalks on both sides. The three spans were 40', 88’ and 60’ in length.
The wearing surface was 2" thick asphait supported by a composite superstructure
consisting of 8" thick concrete deck slab over five WF steel girders equally spaced at §'-
3" centers. The steel girders for the central span were scated on high bolster bearings
while the end spans were seated on low steel pintle rocker/sliding bearings. Both piers
consisted of two column bents with tapering square columns supported on a deep beam
over a spread footing foundation.

The Jewett-Holmwood bridge was originally constructed in 1957. Due to
considerable deterioration of concrete in the deck and piers the bridge was dismantled
for reconstruction in 1990. At that time, a beam-column joint of the pier was retrieved
from the site and brought into the SUNY at Buffalo Civil Engineering laboratory for
testing. In Fig. 2.2a, the elevation of the western pier is shown, where the shaded
portion represents the portion which was retrieved from the field for laboratory testing.
The test setup was designed in accordance with the forces which would be experienced
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by the prototype as shown in Fig. 2.2b. Details about the testing arrangements are
presented in Section 4.

The columns were reinforced wiin 16 #7 bars enclosed by #3 hoops at 12*
centers. Figs. 2.3 and 2.4 show the reinforcement details of the pier. Test cylinders (3"
diameter x 6" long) of concrete were core drilled and taken out of the specimen.
Compression test results revealed cylinder strengths of 7400 psi and 9000 psi for column

and capping beam respectively. It may be of interest to note that the specified strength

found in the construction drawings was ' = 3,500 psi.

2.3 Scale Model Design

In the area of structural research, scale model experimentation is a powerful tool
in developing an understanding of structural behavior in many complex dynamic loading
situations, especially where sophisticated non-linear analytical techniques are not fully
developed. Experimental methods are also able to take into account many of the
secondary effects and indeterminate factors which are commonly neglected in analytical
modeling procedures in order to obtain a tractable solution.

For (he purpose of the model pier experiment, modeling laws based on constant
stress and strain similitude in the model and prototype were used; thus:

€
stress and strain ratios !-'_ =L=1
f- e-
. . L
geometric modeling scale _L.L A =4
]
. A
area ratio ;L =23=16
. F
force ratio 2 _32-16
F.
bar force ratio W, A= 16
AL,
M
moment ratio _ﬁ& =AY-64



In the above ratios, the subscripts m and p stand for the model and the prototype,
respectively. These relationships were required 1o simulate the behavior of the prototype
during the experiment.

To simplify the construction of the model, some deviations in geometry from the
true similitude were made as can be seen in Fig. 2.2(a) and Fig. 2.5. To hold down the
pier model to the strong floor and thus simulate a fixed base, the length of the base was
adjusted to conform to the configuration of holes in the laboratory strong floor.

Based on the geometric limitations of the holding down locations of the laboratory
strong floor, as well as the limitations of the reaction frame and actuators, it was
established that a '4 scale model should be used. This would enable as large as possible
model 10 be constructed, and still capture all the construction details. It was also as small
as the model could be constructed using deformed model reinforcement. Figs. 2.5 and
2.6 show the working drawings for the model. Front and side elevations and plan view

are shown in Fig. 2.5, while Fig. 2.6 shows the steel reinforcement details.

2.4 Materials for the Model
2.4.1 Model Concrete
Model pier was built in the following four states:

Stage 1: Construction of the Base

Stage 2: Construction of the Foundation Beam
Stage 3: Construction of the Columns

Stage 4: Construction of the Cap Beam

Concrete for stages 1 and 3 was mixed in the laboratory while the larger
quantitics for stages 2 and 4 were provided by a local ready-mix supplier.
The proportions by weight for the Stage 1 mix were:

Water : Cement : Aggregate(Sand + Coarse) = 049 : 1 : 38(L.7 + 2.1)



and for Stage 2 mix:

Water : Cement : Aggregate(Sand +« Coarse) = 043 : ] : 3.4(1.5 + 19)

Aggregate for these two stages was %" crushed stone and sand was a blend of

coarse and fine in 4:1 ratio. Type 1l (rapid hardening) cement was used in a'l mixes.
For each pour, 16 4”x8" cylinders were cast 1o determine the compressive

strength, except for Stage 1 in which 3" diameter cylinders were cast. Results of these

tests are presented in Table 2.1.

TABLE 2.1: Concrete Compressive Strength for various Pours of the Model Pier

7 Days 28 Days Ape at Strength
Concreting Slump Strength Strength Time of at
Stage Testing Testing
{inches) (psi) (pst) (days) (psi)
Stage 1: 3 2960 3020 180 --
Base
Stage 2:
Foundation 4 2390 2940 162 3080
Beam
Stage 3: 2.5 4500 5050 149 5350
Columns
Stage 4: 3 3050 3080 100 4100
Cap Beam

2.4.2 Model Steel

The exact required model bar diameters are generally impossible to find in the
marketplace. Therefore, an attempt was made to obtain model bars with diameters as
close as possible to the required size, but more importantly, to model the yield force
similitude of the prototype versus model bars. The prototype steel yicld stress was
assumed to be 60 ksi and modeling was done based on this value, but later steel samples
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were extracted from the prototype pier after testing, from the regions which were least
affected during the test. Monotonic testing of these samples in tension showed yield
strengths of 38 ksi and 40 ksi for hoops and longitudinal bars respectively. The results
of the test parameters are presented in Table 2.2. Table 2.3 shows the bar sizes in the
prototype and the model. Results of the coupon tests for the prototype and the model

reinforcement are presented in Fig. 2.7.

TABLE 2.2: Prototype Pier Reinforcing Steel, Stress - Strain Properties

fy Ey E,, €, fou £
(ksi) (kst) (ksi1) (ksi)
Longitudina] bars #7 40.0 | 29000 1250 0.007 75 0.116
Transverse hoops #3 | 38.0 | 29000 750 0.010 60 0.106
TABLE 2.3: Prototype & Model Reinforcement
Prototype ] Model Modeling Ratios
Bar Bar Area Bar Bar Area Measured A
Desig- | Diameter (in.%) Desig- Dia- (in‘z) Yield ( ')’ (A"f’) 2
nation |  (inches) nation meter Stress 4), (A,f,).
{inches) (ksi)
Gauge
3 0.375 0.110 12 0.104 0.008 54 14 22
wire
L 2] 0.500 0.196 D1 0.113 0.010 140 9 22
#5 0.625 0.307 D2 0.160 0.020 85 15 12
#6 0.75 0.442 D4 0.225 0.040 85 11 8
¥7 0.875 0.601 D4 0.225 0.040 85 15 12
D4a) 0.225 0.040 65 14
" 1.000 0.785 [ Ba] 0.252 0.050 83 22 12

*Assumed prototype steel yield stress is 60 ksi.

**D4({a) means annealed bars.
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2.5 Stages of Model Construction

The model pier was built in the following four stages described in the following:
Swage |; Pier Base

The base for the model was 8/x2/x7.5" in size and was built by making a hollow

box consisting of two 8' and two 2’ long and 7.5" high wood pieces nailed at the ends.

This box was then nailed to a 4'x8’ plywood sheet which served as the flooring. Along
the length, the long sidey uf the form were braced at third points.

Provision for lifting and moving the 3.5 ton model and anchoring the specimen
to the strong floor was embedded in the base and is shown diagrammatically in Fig. 2.8.

At each end this lifting mechanism was made on a 2'x2'x0.5” steel plate consisting of

24" long, 1.5" diameter stee! pipe welded across the plate such that the pipe was located
15" away from the end of the base. The mechanism to hold down the pier consisted of
welding four nuts over 1.25" diameter holes drilled in the plate. Then 1" pieces of 17
diameter pipe were welded on top of these nuts which were later plugged with wood
plugs and sealed with silicon caulk to prevent the ingress of cement. These nuts were
designed to accommodate the 1" dia holding down bolts which were passed up from
beneath the laboratory strong-floor.

As these plates had to be subjected to all the uplift and most of the shear during
testing, two #6 bars were added to improve the base strength capacity. Then the bottom
12 gauge 2" square steel mesh was placed with a 0.5" cover above the flooring. The top
mesh was then put in place with 0.5" top cover. The next step was to put all the
reinforcement abutting from the base and to tie it to the bottom and top steel meshes.
Finally laboratory mixed concrete was poured and a key was left in the middle to form
the construction joint for foundation beam concrete.

Stage 2: Foundation Beam

The construction of the foundation beam consisted of firstly tying the six
horizontal rebars, secondly placing the formwork, thirdly fixing the column steel starter
bars, and finally pouring the ready-mixed concrete.

2-6



Stage 3: Columns

Steel tying was limited to only tying the hoops at 3.5" intervals. Formwork for
the tapering columns was constructed from trapezoidal pieces of plywood and2x4
timber. The forms were fixed and braced to the foundation beam. The small volume of
concrete required for this pour was mixed in the laboratory in a single batch.
Stage 4: Cap Beam

The major work in this stage was the preparation of the steel reinforcement cage.

An arrangement for anchoring the top loading girder was also provided. This consisted

of a bearing plate with a U-shape shear connector welded to the 6”x16”x¥%" plate as
shown in Fig. 2.9.

One such bearing plate with a single U-shape stud was placed near each end of
the cap beam and a third bearing plate with two U-shape shear studs was placed at the
center of the cap. Finally the ready mix concrete was poured and vibrated.

2.6 Test Rig

Fig. 2.10 shows the setup in which the specimen was tested. The specimen was
anchored to the 18 inch thick laboratory strong floor, Lateral load was applied to the
specimen by a 250 kips capacity servo-controlled actuator. The vertical load, representing
the dead load of the bridge spans was applied by a 22 kips actuator via a transverse
loading beam seated on the specimen’s longitudinal steel girder (W14 x 257).

The tes: setup was carried out by firstly lifting the specimen over the strong floor
anchorages. Secondly, the lateral load transferring beam (12° W14 x 257) was connected
to the three steel plates embedded in the cap beam for this purpose with two 3/4"
diameter A32$ Grade 8 bolts in each plate. This arrangement is shown in Fig. 2.11, The
bolts were torqued o 250 kips-inch to prevent slip between the beam and the plates. This
beam was then connected to the actuator assembly, correctly aligned, and the holding
down anchorages fastened.

In order to prevent sliding of the base on the strong floor, the specimen was
tension-anchored to the reaction frame with two high strength (Grade 160) 1® diameter
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threadbars. These bars were only effective during the actuator’s push cycle when the ties
were in tension. When the actuator was in the pull cycle, base sliding was prevented by
the holding-down bolts acting in shear as well as friction between the model base and the
strong floor.

Axial load was applied with the 22 kips hydraulic actuator through the
arrangement shown in Fig. 2.10. Transfer of axial load to the specimen was through the
WI0 x 77 cross-beam. This system amplified the actuator force by a factor of 3.2,
potentially delivering up to 70.4 kips of vertical load into the specimen. The bearing
seating of the W10 x 77 cross-beam on to the W14 x 257 lateral loading beam is shown
in Fig. 2.12.

2.7 Instrumentation

Displacements, column rotations, and forces were monitored as follows:

Displacements

Fig. 2.13(b) shows the arrangement of the sonic transducers used to measure
lateral movement of the pier and the north column. This experiment was controlled by
relative drift movement of the north column. Herein, drift was defined by the difference
of movement between sonic transducers # 8 and 7. Thus

D - i'T'ﬁ @1y

€

where L, = clear length of the column, A = displacement of the indicated sonic
transducer, and D = dnft index.

Even though the base was securely fixed to the strong floor as described above,
any slight movements could be monitored by sonic transducer # 10. The displacement
of the north column was measured at the six points coinciding with the linear
potentiometers’ locations. This was done in an endeavor to enable analysis of shear and
flexural displacements. All sonic transducers were fixed on to a rigid reference frame

secured to the strong floor.



Curvatures

Fig. 2.13{(a) shows the arrangemen! of seven pairs of linear potentiometers,
located at opposite column faces, which were used to enable the measurement of the
northern column curvatures over sequential gauge lengths of that column. The gauge
length for the potentiometer pairs were adjusted to ensure that some movement would be
detected in each section. Two potentiometers were mounted on one aluminum seat; one
covering an upper gauge length, the other the adjacent lower one. The seat was glued to
a 1/4™ wide aluminum strip which was epoxied to the column at appropriate gauge length
mark. Similarly, striking plates made of aluminum angle were mounted at each alternate
gauge length mark. This arrangement was such that at one end of the gauge length there
was a potentiometer mounted on an aluminum seat and on the other end there was the
striking plate to provide a contact surface for the brass rod coupled to the potentiometer.
It should be noted that the surface mounting arrangement for the potentiometers only
provided reliable strain readings until the onset of concrete spalling. Even though this
approach has its shortcomings, it was felt 10 be more expedient than casting mounting

rods transversely through the column section.

Loads
Lateral and vertical forces were monitored through load cells connected in series

1o their respec-ive actualors.

2.8 Data Acquisition

During the active period of the test the output voltages of all the instruments were
recorded using a Optim Megadac 5533A Data Acquisition System. From these records
torce-displaceraent (drift) and moment-curvature relations were established.

During the test, the lateral load measured by the load cell on the horizontal
actuator and the displacement of the sonic transducer on the load transferring beam (W14
x 257) was plotted on a Type 70790A analogue Hewlett-Packard X-Y Plotter. This
backup system also provided an immediate insight to the behavior of the model during

testing.



Prior to testing, the position of reinforcement in the column was drawn on all the
four faces of both columns to detect the nature and position of crack and failure. Before
the actual test, all the instrumenis were sel at their balance points and it was also ensured

that these are in working order after giving them a small manual movements.

2,9 Photographic Record

Figs. 2.14 to 2.16 present a photographic record of the mode! experiment. Fig.
2.14 shows the reinforcing steel cages at various stages of construction prior to pouring
the concrete. Fig. 2.15 shows the finished one-quarter scale model prior to attaching the
instrumentation. Fig. 2.16 shows a number of different views of the test setup including

the instrumentation, prior to commencing the testing.
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SECTION 3
EXPERIMENTAL RESULTS AND OBSERVATIONS
FOR THE MODEL

3.1 Introduction
In this section an account is presented of the testing procedure, observations made

during testing and results obtained after data reduction.

3.2 Testing Procedure

The model was tested in two stages using different ‘requencies of loading. These
first and second stages will be referred hereinafter as Quasi Static and Quasi Dynamic
loading respectively. The Quasi Static stage consisted of two cycles of loading at each
drift level of +0.25%, +0.5%, +0.75%, +1.0%, +1.3%, and +2.0%. The honizontal
load was applied as a sine wave with a frequency of 0.01 Hz. The Quasi Dynamic stage
consisted of § and 20 cycles at 0.1 Hz. of loads at +3.0% and +4.0% drift amplitudes,
respectively. A constant axial load of 9 kips was kept in the vertical actuator throughout
the experiment. This axial load transferred to the model as 29 kips. By adding the 7 kips
weight of the load transferring equipment, a total of 36 kips of vertical force was applied
to the specimen. This axial load represents the scaled dead load on the prototype pier.

During testing, all instruments were continuously monitored and records logged
using the Megadac Data Acquisition system with data sampling rates of 1 and 10 Hz. for
the Quasi Static and Quasi Dynamic tests respectively.

3.3 Visual Observations
All components of the model were closely observed for cracks during the testing
procedure but special attention was focused on the columns as failure was anticipated to

initiate from here. Cracks were marked and photographs taken for future reference.
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Herein an account of the performance of the model pier during each drift amplitude is
given.

No cracks were visible in any part during the +0.25% dnift cycles, the behavior
essentially being elastic. During the +0.5% drift cycle, the first noticeable crack
appeared at the foundation beam-column interface of the south column as shown in Fig.
3.1a & b. This is attnibuted 1o tensile cracking. This crack propagated across the entire
height of the foundation beam and was visible on both sides. This crack appeared only
on the north side of this column. Such tensile cracking was not evident at the cap beam-
column interface. The reason may be the presence of rather congested reinforcement in
this part as .ompared to the base and relatively weak concrete of the foundation beam.
In the next drift level a1t £0 75%, some new cracks opened around the column base and
the previous cracks showed growth in width. So far no visible cracks occurred in the
column. The situation remained the same for the +1.0% drift level with no cracks
appearing in the column or the cap beam. At the +1.5% drift level, the commencement
of cracking away from the column ends was observed. These were in the form of
diagonal shear cracks initiating from near the column ends. More cracks formed at the
column top than the bottom. Some typical shear cracking was also visible in the cap
beam in the column support regions. During the +2% drnift level of the Quasi Static
loading stage, more cracks in the end regions of the column formed, but all these cracks
were very small in width and there was no apparent spalling of concrete at all (Fig.
3.1¢). This indicated good serviceability of the model under Quasi Static loading.

The columns showed some plastification during the first cycle at +3% drift level
of the Quasi Dynamic loading stage. Concrete cover to the reinforcing bars on the inner
column faces was partially lost in the hinge regions. Therefore, after the end of this
loading sequence, all the instruments were taken away from the instrumented north
column except the control sonic transducers (Fig. 3. 1d).

The final phase of the test(+4% drift level) severely damaged the specimen as
depicted in Fig. 3.2. Firstly the concrete in the hinge zones was badly cracked and later
crushed and thrown out from there, thus leaving no protection for the reinforcing bars

which eventuaily fractured due to low cycle fatigue at mid hinge length (in the top hinge)
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and nearly at the base (fatigue cracks were evident) in the bottom hinge. It was also
observed that the bottom hinge length was inadequate (Fig. 3.3a). Even at the end of the
test, the columns were able to take the full applied axial load. Apart from hair-line cracks
in the column suppon regions, the cap beam suffered no damage (Fig. 3.3b).

3.4 Experimental Results
i) Hysteretic Performance

The lateral load versus column drift performance of the pier for Quasi Static as
well as Quasi Dynamic loading stages are presented in Fig. 3.4. It is evident from this
figure that the columns and thus the pier behaved in a ductile fashion as the hysteresis
loops show good energy dissipation characteristics. The pier behaved elastically during
the +0.25% drift cycles. As the drift levels increased, the pier started entering the
plastic range. It is interesting to note that during the Quasi Static loading stage, there was
no apparent degradation in strength as the drift amplitude increased, cven though some
decrease in strength in the second cycle of a given drift amplitude can be noted. During
the Quasi Dynamic loading stage, a progressive decrease in strength can be observed at
the +3% and +4% drift amplitudes, evidently due to the increased number of load
cycles at these amplitudes. This can be attributed to the partial loss of concrete cover in
the plastic hinge zones after the +3% drift cycles, loss of vertical bar anchorage bond,
and loss of concrete shear strength capacity. As might be expected, the strength
degradation during the 20 cycles at the +4% drift amplitude is significant. Not only was
the concrete in the hinge zones badly cracked and spalled, but also the longitudinal
reinforcing bars buckled and fractured due to low cycle fatigue.

The specimen exceeded its nominal strength, calculated in Section 6.2, in the
reverse loading cycles but failed to achieve this in the forward loading cycles. This
difference may be due to the following: (i) two different types of annealed bars used for
Jongitudinal reinforcement in the column corers; (ii) the presence of a major crack in
the foundation beam along the inner face of the south column (during the forward loading
cycle, this column is the heavier one and the crack would have reduced the strength of
the column as indicated in Fig. 3.1a & b.}; and (iii) the initial loading direction for all
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load cycles was negative which may have pre-weakened the shear strength capacity of
the pier due to crack opening for the positive loading half-cycles.
In Fig. 3.4, the lateral load resistance capacity of the pier model is also expressed

in a dimensionless form as a base shear coefficient C_ defined as

(3-1)

where F = lateral Force, W = axial load on the columns including pier self weight =
318.6 kips

ii) Section Curvatures and Strains

Although the entire column height was monitored for rotations with linear
potentiometers, it is evident from photographs that plastification and column rotations
were restricted to the two end gauge lengths. Similarly, due to concrete spalling in the
end zones, the contact between the potentiometer mountings and the pier was lost and it
was not possible to obtain data for drift levels of +3% and +4%.

Rotation over a given gauge length is calculated from:
o T — (3'2,

and curvatures from:

_ 4 (3-3)

0
¢ = —
L Ll

where A, = algebraic difference of potentiometer readings, L, = center-to-center

distance between potentiometer pairs, and L, = gauge length over which curvature is
measured.

The rotations over the two end gauge lengths are plotied in Fig. 3.5. These
locations incorporate the plastic hinges at both ends of the column.
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Lateral load vs. curvature hysteresis curves for the lower and upper gauge lengths
of the column are shown in Fig. 3.6. The curvatures for the second gauge iengths
adjacent to the end zones are plotted in Fig. 3.7. It is to be noted that the curvature
hysteresis performance at the Jower gauge length is nearly the same in both directions
of loading and it appears to be well within the plastic range while at the upper gauge
length the performance in the forward loading direction is nearly half that in the reverse
loading cycle and a lack of spread of plasticity i1s evident. This may be attributed to two
reasons:

a) At the upper end of the column, the plastic hinge length is much greater than at
the lower end and one can compare the performances of the adjacent gauge lengths (Fig.
1.7) which show some energy dissipation in the gauge length adjacent to the top one but
virtually nothing for the one adjacent to the bottom. But the plastic hinge rotations for
the top and bottom hinges present a more regular pattern as shown in Fig. 3.5. Hinge
rotation is taken as the combined rotation of the two respective end gauge lengths. It is
observed that hinge rotation in the forward and reverse cycles are approximately the
same for the top and bottom hinges with rotation in the forward loading cycle being
abou. 73% that 1n the reverse direction for both hinge locations.

b) It is suspected that due to weak fcundation beam concrete, there might have been
some strain penetration at the lower gauge length. Thus, the strains recorded there are
larger, and hence the curvatures as well,

The same reasoning applies for the differences in the strain profiles for the lower
and upper gauge lengths shown in Figs. 3.8 and 3.9 respectively and for the gauge
lengths adjacent to the lower and upper ones in Fig 3.10 and 3.11 respectively.

Distribution of section curvatures along the column height are shown in Fig. 3.12.
It indicates larger curvatures at the ends, in the reverse loading direction than the
forward direction. Note the inactivity of the region between the hinges. This plot is
corresponding to the peak potentiometer readings for the first cycle of each drift

amplitude.
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iii) Synthesis of Various Components of Column Displacement
Various components of column displacement, 1.e. total, flexural and shear are
shown in Fig. 3.13(a) along the column height, while synthesis of column drift into these
components vs lateral force is shown in Fig. 3.13(b). All displacements are with
reference o the column base. Total displacements were found from the readings of sonic
transducers #1 10 8. The plotted values are the peak values for a given drift level during
the first loading cycle. Flexural displacements were computed by using the moment area
theorems which can be mathematically stated as:
*a
By - [#.xds (3-4)
Xa
Eq. 3-4 implies that the deflection of point B relative to a tangent drawn to the
elastic curve at poiat A is equal to the first moment of area of the curvature diagram

(between points A & B) about B. This integral can be numerically evaluated by dividing

the curvature diagram, between points A and B, into n strips of height (L), with

curvature ($,) being measured at the center of each gauge length (Lr)‘ as shown in Fig.

3.14. Therefore Eq. 3-4 can be written as:
Bpup =) @.L ), (3-5)
=1

where x, = Moment arm of the i th strip about B.

Using the relationship defined in Eq. 3-3,

Ay,=Y B,x) (3-6)
i=]

The shear component of displacement was inferred as the difference between the
total and flexural displacements.

The following observations are made:
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1 The flexural displacements’ profile along the column height is smooth giving
confidence in the instrumentation accuracy. During the last two drift levels {(£1.5% and
+2%), the flexural displacements along the entire column height are greater in the
reverse direction of loading than the forward direction, although the tolal displacement
in both directions for these drift levels is nearly the same. The difference is accounted
for by the shear component. This is explained by the fact that the hinge length at the top
is greater than the bottom and when the pier is under forward loading, the inner column
face is in tension and as this region developed hinge first (due to smaller cross sectional
area), it reached its flexural capacity first and the subsequent displacements were
predominantly due to the shear component. The same phenomena can be ohserved at the
bottom that with increasing drift amplitudes, the shear component grew in the hinge
zones and first equalled and then exceeded its flexural counterpan.

2) Apart from the hinge zones, the displacements are the desirable flexural type
while in the hinge zones shear is cqualty dominant. This indicates the good overall

performance of the pier.

iv) Cyclic Loading and Energy Absorption Considerations

Fig. 3.15 shows a plot of peak force during each loading cycie. The drop in
maximum force during the second and subsequent cycles of each drift level is quite
noticeable. The specimen picked up strength until reaching a maximum during the first
+1.5% dnft amplitude loading cycle. There 1s a sharp dechine in maximum lateral load
carried by the pier in the first few loading cycles of +4% drift level until the instance
of first longitudinal rebar fracture after which the loss of strength is gradual reaching a
nearly constant value in the last cycles.

The plot of energy absorbed by the pier; which is equal to the amount of work
done on it, is shown in Fig. 3.16. A cycle of loading is defined as one full reversal
between positive and negative forward and reverse drift amplitudes. Area within a Force-

Displacement hysteresis loop for a cycle measures the energy absorbed in that cycle. This
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can be found by numerical integration using the trapezoidal rule resulting in :

~(F, + F

where F, = force and x, = displacement for the ith step.

Fig. 3.16 shows that there is a gradual increase in energy absorption with
increasing drift amplitudes up to the +3% drift level. This peak was followed by a
steady drop off in absorbed energy. The observation made for the drop of peak force in
the +4% drift level loading cycles holds true in the case of energy absorbed also.

Fig. 3.17 presents a plot of cumulative energy vs cumulative drift. It is evident
that there is an increase in energy absorption ali the way up to loading cycle 22
corresponding to first fracture of longitudinal reinforcing bar. After the first longitudinal
rebar fracture, the slope of the curve has started to drop but did not reach tne asymptote
at the end of test, indicating that there is still some life left in the apparently devastated
specimen.

The degradation of strength is also examined by Peak Force vs Cumulative Drift
plot shown 1n Fig. 3.18. Cumulative drift is defined as the sum of all positive and
negative drift peaks occurring prior to a given stage of testing. Thus 2 cycles of drift
amplitude +0.5% contributes a cumulative drift of 2.0%. It is observed that at the
instant of fir. longitudinal rebar fracture 74% of the total energy was absorbed in 41%
of total cumnulative drift. This implies that, as expected, the lateral load carrying capacity
of the pier mode! was severel; impaired after the longitudinal rebar fracture.
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Fig. 3.1 Progressive Damage of the Model till the end of :3.0% Drift
Amplitude Loading
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Fig. 3.2 Progressive Damuge of the Model during the : 4.0% Drift Amplitude
Loading
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F'ast Face

West Face

Fig. 3.3 Model Pier after the end of Testing
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SECTION 4
CONSTRUCTION AND INSTRUMENTATION
FOR THE PROTOTYPE SPECIMEN

4.1 Testing Arrangements

Due to the high strength of the specimen and the large magnitude of gravity load
and lateral forces necessary to induce a column failure, it was not possible to use the
laboratory's existing strong-floor and wall testing systems in the experiment. A self-
reacting reaction frame was therefore designed to provide both gravity and lateral forces
to the specimen. Figs. 4.1 to 4.5 show different views of these arrangements. Details of

the reaction frame and testing setup are presented in the following sub-sections.

4.1.1 Lateral Force

Reaction Frame: Figs. 4.1 and 4.2 show this frame which consisted of two W14X145
beams and four 12" x 1" plates, referred as Beams 1 and 2 respectively, along with their
connecting arrangements to the capping beam and to one another. Beams | and 2 were
respectively inclined at 32° and 24° with the horizontal.

Beam | was connected at the bottom of the specimen through a seties of
connecting plates, fabricated as Beam 3 (as shown in Fig. 4.2), to the horizontal
reinforcement of the capping beam. Beam 3 consisted of a 48" x 20" x 1" plate at the
northern face of the capping beam which was welded to a 48" x 10" x 1" plate (thus
making a T-Section}. The 10" wide plate was welded to the reinforcing bars. The T-
Connection was stiffened by five triangular plates which also helped in providing an
increased weld area.

The four plates of Beam 2 were welded to Beam 1 (the two W14X 145 beams)
and to a series of connecting plates which formed Beam 4. Beam 4 consisted of a 48"

x 16" x 1" plate at the northern face of the capping beam which was welded to two
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4.1.2 Dead Load

The total load on the western pier of the bridge was calculated to be 538 kips.
Therefore a constant ventical load of 269 kips was required at column top during the test.
This load was provided through a system consisting of two WI10X77 lever beams and an
actuator of 55 kips capacily as shown in Figs. 4.4 and 4.5 The load of 260 kips was
achieved as a support reaction for the top beam. The support consisted of one of the high
bolster bearings taken from the bridge on top of the column placed at it's center. The
bearing's sole plate was welded to the upper W10X77 beam. The tension anchorage
connecting the two WI10X77 lever beams consisted of three # 8 high strength (Dywidag)
threadbhars passing through holes in the beams aligned at a distance of 24" from the
center of the specimen’s column and the bearing seat. These bars were anchored at the
top and bottom beams by Dywidag couplers. The beams were stiffened by vertical side
plates in the regions of high shear. The actuator was attached to each beam through four
1" diameter bolts. The actuator’s centerline was at a distance of 98" from the column’s
center. In this manner the actuator force was magnified 5.08 times to give the required
gravity load to the specimen. Thus, a farce of 53 kips through the actuator resulted in
a reaction of 269 kips applied at the top of the column. A large amount of fresh concrete
was poured at the top in order to ensure that the vertical load was evenly distributed over
the entire column section in the lower portions of the specimen starting from the location
of application of the lateral load. To achieve this, a 26" long x 14" wide x 10" high steel
box was fabricated and filled with concrete to increase the column depth, and spread the

bolster bearing load which was welded directly onto the top of this box,

4.1.3 Construction Sequence
The pier was initially lying in the laboratory in such a manner that the column
was parallel to the floor. The preparation sequence consisted of a series of steps as listed
below:
(1)  The concrete was chipped off using pneumatic jack hammers in the zones where
the reinforcing bars needed to be exposed for welding to Beams 3 and 4.
(2)  The plates forming Beams 3 and 4 were prefabricated and welded together.
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3)

{4)

(5)

(6)

)

(®)

)

(10)

1D

(12)

(13)
(14)

(15)

(16)

Beams 3 and 4 were then welded to their respective reinforcing bars on the
capping beam.

Fresh concrete, as shown in Fig. 4.2, was poured in the vicinity of Beams 3 and
4.

The 60" x 16" x 0.5 plate was welded to the reinforcing bars of the column and
a frame designed for lifting operation of the pier was welded to this plate. This
A-shaped lifting frame had a plate welded at its apex which had a hole drilled in
it for the crane's hook.

The pier was then lifted and placed in an upright position, the position in which
it was tested.

The remaining fabrication of the reaction frame was then completed. Beams 1 and
2 were fillet welded to the capping beam and to one another,

A 3" x 3" x 0.25" angle section was then attached to the column with 0.5"
concrete anchor bolts. Its purpose was to hold the 16" x 1" plate, behind Beam
5. in position and at exactly 24° from the vertical.

Beams 5 and 6 were then placed in position and connected together with 4 # 11
high strength (Dywidag) threadbars.

The three 14" x 10" x 1" plates were then welded to both 16" x 1" and 16" x
0.5" cross-section plates on the northern face at the top of the specimen’s column.
The steel box shown in Fig. 4.3 was welded to the steel plates at the north and
the south faces at the top of the column.

The fresh concrete at the column top was poured in three different stages, the last
one being in the steel box after welding the bearing at ils top.

The two 250 kip actuators were placed in position.

The two W10X77 lever beams were placed at top and bottom of the pier. These
beams were held in position by three # 8 high strength (Dywidag) threadbars.
A rich cement-sand mixture was then poured onto the top face of the lower lever
beam to provide a uniform seat area in contact with the capping beam of the
specimen.

The 55 kip actuator was attached to the two lever beams.
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(17) Finally, the instrumentation was atlached to the specimen as shown in Figs. 4.6
and 4.7, and described in Subsaction 4.2.

Figs. 4.8t0 4.11 include the photographs of various features of the pier specimen
during and after its construction. The photographs in Fig. 4.8 show the specimen reaction
frame during its construction. Fig. 4.9 shows the concrete core dritling operation being
carried out at the column top. The bolster bearing used for transferring the dead (axial)
load is shown in Fig. 4.10. Fig. 4.11 shows the instrumentation details and a view of the

entire test setup.

4,2 Instrumentation and Data Acquisition
Instrumentation was provided for the test in order to monitor displacements,

rotations and forces as follows.

Displacements: A series of sonic (TcmpersonicTM) transducers were provided on the
southern end of the pier in order to monitor the displacements over the height of the
column. As shown in the Fig. 4.6, these transducers were mounted onto a Unistrut™
frame which was attached to the capping beam through concrete anchor bolts. One
instrument was provided down the centerline of the column at each level. At the top
control level (level 7), two additional sonic transducers were provided, near the east and
the west sides of the column to check for column torsion. The control level was at a
height of 53" from the column base at the southern end. It represented the level at the
point of intersection of the actuator force and column center-line.

The experimen! was performed in Drift Control. This required the use of sonic

transducer 7C, located 53" above the column base to provide the external displacement

(4,¢) control signal during testing. Thus, the specimen drift is defined as:

_ B (a-1)

where L, = 53"



Curvatures: lhg. 4.7 shows the arrangement of linear potentiometers on the column
face. These instruments were mounted in a similar fashion on northern and southern face.
The gauge lengths for these instruments were fixed 1n such a way that some movement
would be detected at each section. These instruments were attached to 1/4" wide
aluminum strips epoxied to the concrete. Their other ends were restrained from
movement through striking plates at those ends, the movement being made possible
through springs during testing. These instruments were provided to neasure
displacements which were used to compute strains, rotations, curvatures and flexural

displacements. It should be noted that these istruments could be relied upon as long as

concrete did not start spalling.

Loads: The ftorces were monitored through load cells connected in series to their

respecuive actuators.
Dato Acquisition: During the active period of the test, the autput voltages of all the

instruments were recorded using an Optim Megadec SS33A Data Acquisition System.

From these records the force-displacement (drift) and other relations were established.
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SECTION §
EXPERIMENTAL RESULTS AND OBSERVATION
FOR THE PROTOTYPE

5.1 Introduction

In this section, the testing procedure, observations during the test and the results
from the data reduction are presented. It also includes a brief explanation of the data
reduction procedures.

5.2 Testing Procedure

The specimen was tested in two stages with different loading frequencies. The
first and second stages are referred to as Quasi Static and Quasi Dynamic loading,
respectively.

The Quasi Static stage consisted of a series of loading cycles at different drift or
force levels. In order to ensure the proper functioning of the transducers and
potentiometers, an elastic Force Control cycle with an amplitude of =90 kips was {irstly
applied. The results from all instruments were checked following this initial cycle. As
the lateral force was to be provided through two actuators, it was necessary to ensure that
an equal amount of force/drift would be provided by cach of them during the Drift
Control cycles in order to avoid torsion. A cycle with 0.1 % drift amplitude was
provided after the 190 kips cycle with two separate instruments i.e. transducers 7E and
TW working as the controls for east and west sides actuators respectively. The forces in
the two actuators did not remain equal during this cycle, therefore another Force Consrol
cycle of 1200 kips amplitude was then applied. For the remaining part of the testing,
the control scheme shown in Fig. 5.1 was adopted. The transducer 7C controlled the
movement of the east-side actuator. Feedback from this actuator was used to control the
displacements of the west-side actuator. In this manner, equal displacements, and similar
but not identical forces, were achieved through both actuators. After the + 200 kips force
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amplitude cycle, all the iests were controlled by drift levels which included one cycle
with 0.25 % drift amplitude which was followed by two cycles each with +0.5 %,

$+0.75 %, +1.0%, +1.5 % and +2 ™ % drift amplitudes. The lateral displacements
were applied as sine wave cycles with a frequency of 0.00277 Hz (Period = 360
seconds) during this stage of loading.

The Quasi Dynamic Stage consisted of 5 and 17 loading cycles with +3.0 % and

+4.0 % drift amplitudes respectively. The cyclic frequency was 0.0167 Hz (Period =
60 seconds) during this stage.

A constant vertical {gravity) force of 269 kips was applied at the column’s top
during both stages of loadings. However, the actual vertical force varied during the tests
because of the vertical component of the lateral force which was about 41 % of the
actuator loads.

The records of all instruments were logged using the Megadac Data Acquisition
System during ihe experiment. The data sampling rates for Quasi Static and Quasi
Dynamic Stages were | and 3 Hz respectively.

5.3 Observations During the Test

Due to the slow Quasi Static Loading rate, it was possible to closely observe the
specimen during the test for the appearance of cracks. The test was filmed through video
cameras and photographs were taken during most of the stages. Cracks at the various
drift levels were marked in different coiors in order to get a better picture of their

formation sequence as follows:

Drift Levels Color/Panern
0.25 % and before green
0.50 % biue
0715 % black
1.00 % red
1.50 % dashed green
2.00 % white



Figs. 5.2 to 5.6 show the extent of damage and cracking at different stages of
testing. A description of the visual observations during the tests 1s presented below.

During the 290 kips force amplitude cycle, only two hairline cracks were
observed in the capping beam. One of them was at the north-western comner of the beam-
column joint and it extended down to a few inches into the capping beam. The other
crack was observed on the western face of the capping beam near the centerline of the
column/bearing. No additional cracking was observed during the 0.1 % drift level
cycle.

Many new cracks appeared during the +200 kips force amplitude cycle. They
included a crack in the capping beam similar to the previous comer crack which extended
in length during this cycle. Some cracking occurred at the northern and southern faces
of the column, both above and at the beam-column interfaces.

No new crack was observed during the £ 0.25 % drift amplitude cycle, but some
of the already presert cracks extended in length.

At 1 0.5 % drift amplitude, the cracks in the capping beam extended down to its
bottom in somewhat diagona: direction. There was some lengthening of the column
cracks as well. New diagonal shear cracks were also observed at the centers of the
eastern and weslem faces of the column. These cracks did not penetrate up to the edges
of the column at this stage. Fig. 5.2 includes the photographs of the specimen during
these initial stages of testing.

As it is evident from Fig. 5.3, the diagonal shear cracks became continuous on
both eastern and western faces at +0.75 % drift amplitude. An increase in continuity was
noticed in other previously occurred cracks also. Some penetration of the capping beam’s
cracks was observed in a horizontal direction. The level at which this penetration
occurred varied from 4" to 6" below the beam-column joint. The widening of the
interface’s cracks at the peak levels of the cycles revealed that this penetration resulted
because of separation of the beam and column concrete at the construction joint, as those
cracks were penetrating vertically downwards.

Photographs during the later stages of the Quasi Static loading are presented in
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Fig. 5.4. Atthe 1.0 % drift amplitude, more cracking occurred and most of it was near
the centerline of the column. This might have taken place due to the weakening of the
section in that zone because of the diagonal cracking. At +1.5 % and +2.0 % dnft
amplitudes, fresh cracks did not appear. However, the already present cracks ecither
widened or extended in length dunng these cycles. The crack at the construction joint

became continuous at + 1.5 % drift amplitude and separation of a small piece of concrete

from this location at +2.0 % drift amplitude exposed the joint. The two different colors
of concrete could be easily observed above and below the joint.

Although significant amount of tension and shear cracking occurred, there was
no spalling of concrete due to high compression strains during the Quasi Static stage of
loading. The only wide cracks which appeared, were at the beam-column interfaces at
the peak levels of the loading cycles.

Figs. 5.5 and 5.6 respectively include photographs of the specimen taken during
and after the Quasi Dynamic stage of loading. The concrete started spalling during the
+3.0 % dnfi amplitude cycles. However, it was only observed at the northern face of
the column at this level. i.e. the face which was under tension in case of positive loading.
The potentiometers which were mounted at this face detached and fell down during the
loading cycles. Al the southem face, a wide crack appeared near the top of the column
as a result of extension of an existing diagonal crack. The reinforcing bars were exposed
at the northern face and some plastification was observed in them during these cycles.
The exposed hoops started opening and the thin tic wires which joined their ends were
seen broken at this stage of loading. Most of the concrete spalling took place from the
region between the two intersecting diagonal cracks. After the 3.0 % drift level cycles,

all the instruments except the controlling transducer were taken off the specimen.

At the £4.0 % drift amplitude, the specimen became increasingly damaged as the
cycling progressed. The spalling of concrete at the southern face began in the first cycle
at this level. The exposed stirrups opened out completely, the concrete at the base of the

column was damaged entirely and significant shortening of the column was also observed
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along with buckling of longitudinal reinforcing bars. The vertical load of 269 kips was
sustained by the column up to the end of the testing. The column remained plastic
throughout this loading phase and all the reinforcing bars remained intact. Although the
column concrete adjacent to the joint was crushed entirely during this test, yet there was

no significant damage in the capping beam.

5.4 Data Analysis

Forces and Total Displacements/Drifts: The force and displacement data was retrieved
directly during the test through the actuators’ load cells and the sonic transducers
respectively. The drifts were calculated from the displacements using the method
described in the previous section.

Strains: The strains were calculated by the relation,

A
€ - — (5-)
L,
in which 1 = level of the gauge length, L, = gauge length and A, = displacement

from the potentiometer data.
The first gauge length was taken as 6.25" which included the depth of the

construction joint which was 4.25" below the column base.

Curvatures and Rotations: The rotations over a given gauge length are calculated as:
A

e, - L (5-2)
L’,
and the curvatures are calculated as:
PO (5-3)
Lc erl‘ /{

in which 4, = algebraic difference of the potentiometer readings, and L,, = center to
center distance between the potentiometer pairs.
The plastic hinge rotation was taken as the sum of the rotations of the first four
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gauge lengths as most of the plastification took place in that region, that is,

@ =@ v, e, A, (5-4)

Flexural and Shear Displacements: The flexural and shear components of the

displacements were calculated by the method explained in Subsection 3.4,

Energy Absorption: The hysteretic energy absorbed by the pier was determined through
kq. 3-7.

5.5 Experimental Results

As the potentiometer data was not available for the Quasi Dynamic Stage of
testing, the synthesis of the total displacements into flexural and shear displacements and
evaluation of strains, rotations and curvatures was possible only for the Quasi Static

Stage.

5.5.1 Forces and Total Displacements
Hysteretic Performance: The Lateral force versus Column drift relationships of the pier
for both Quasi Static and Quasi Dynamic loadings are shown in Fig. 5.7. In the Quasi
Static Stage, all the iests before the + 0.5 % drift amplitude cycle are referred to as the
initial 1ests.

The pier behaved elastically during the 90 kip force amplitude, and 0.1 %
drift level loading cycles. During the second half of the + 200 kip force amplitude cycle,

the pier started entering the plastic range. The actuator force versus drift curve for ¢ 0.25
% drift amplitude cycle was almost linear in nature. But, it also revealed that some
damage had been done to the specimen in the preceding cycle, as a smaller force was
used to attain a higher drift under the negative loading. The plastification continued to
increase in the cycles at higher drift levels which followed.

On the whole, the pier behaved in a ductile fashion and the Force versus Drift
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curves show good energy dissipation characteristics. No fracture of the reinforcing bars
was observed but their plastic backling deformations were cbvious once the concrete

cover had spalled off.

Flexural and Shear Displacements: The Force versus Dnft curves for total, flexural
and shear components of the drifts are shown in Fig. 5.8. It should be noted that these
graphs are respectively based on direct measurement, Eq. 5.6 and Eq. 5.7. It may be
interesting to note that the hysteresis loops for the flexural component of the drift are
more elliptic in nature, while sharp pinching of the curves for the shear component
occurred with each change in direction of the force. The vanation of the peak values of
the total and synthesized, flexural and shear displacements along the column height is
shown in Fig. 5.9. It was noticed that the peak shear displacements were more than the
flexural displacements under the negative (heavier axial load) loading, but smaller in case
of the positive loading. Figs. 5.14, 5.15 and 5.16 show the variation of flexural and
shear displacements at peak drifi levels, as percent of the total displacements, with
loading cycles, dnft levels and the cumulative drift respectively. The percentage of the
shear displacement was high during the initial test, then became smaller, and increased

ORnCE again.

5.5.2 Courvatures and Strains

The rotations, strains and curvatures were evaluated for the Quasi Static Stage
with Force versus the Plastic Hinge Rotation relationship presented in Fig. 5.10. It is
evident from the figure that the flexural rotations under the positive loading are larger
when compared tc those under the negative loading. Again, this difference is attributed
to the different relative magnitudes of flexural and shear displacements under forward
and reverse loadings.

The Force versus Curvature relationships for all the gauge lengths are presented
in Fig. 5.12. The curvatures at the second and third gauge lengths locations were very
small as compared with the ones at the fourth and fifth gauge lengths. Fig. 5.11 shows

the vanation of peak curvatures along the column height as well as the pattern of
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cracking on the column. It is evident from this figure that almost no cracking took place
in the second and third gauge lengths. As most of the cracking occurred in the fourth and
fifth gauge lengths, the evaluated curvatures were larger in those zones.

The strain profiles at the bottom gauge lengths under both positive and negative
loadings are shown in Fig. 5.13.

5.5.3 Strength Degradation and Energy Absorption

The degradation in strength of the pier in each loading cycle can be seen in Fig.
5.17. In Fig. 5.18, the peak forces are plotted versus cumulative peak drifts provided
during the test. It is evident from the figures that the degradation in strength during the
Quasi Static Stage was quite small as compared to the Quasi Dynamic Stage. Almost no
degradation was observed during the first stage under the positive loadings. It increased
with the dnft amplitudes until the specimen was severely damaged under the 4.0 %
drift amplitude loading cycles. Evidently, there was little degradation of the pier strength
between the successive cycles near the end of the testing. The jump in the force
magnitude 1n the hysteretic loop was due to the obstruction to displacement because of
broken pieces of concrete, and not because of an increased strength.

The peak forces for the negative loads remained more than those for the positive
loadings throughout the Quasi Static Stage. As it is evident from the photographs in Fig.
5.5, there was little damage in the concrete at the column’s southern face during the
+3.0 % drift amplitude loading. Therefore concrete provided enough resistance in
compression at this face until it became severely damaged during the first cycle at the

+4.0 % drift amplitude loading when the peak force for the negative loading became
larger once again, although this was for only one cycle. The difference between the
shapes of the degradation curves for the negative and positive loadings as shown in Fig.
5.17 is an interesting feature to note.

The energy absorption plotted against the loading cycle is shown in Fig. 5.19.
From this graph, it can be seen that the maximum energy was absorbed during the first
+ 3.0 % drift amplitude cycle when crushing of the cover concrete occurred. It can also
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be noted that the absorption became constant near the end of testing, when all the
concrete at the column’s base was damaged and the energy was mostly absorbed by

reinforcing bar slippage. This is also evident in Fig. 5.20 where cumulative energy is

plotted against cumulative drift.

5.6 Summary

I

The experimental technique permitted the decomposition of total force
displacement response into flexural and shear components. The shear component
contributed 40 to 70 percent of the overall displacement, the higher value being
for when the larger axial load was present.

Significant strength degradation under repeated cyclic loading took place when the
drift limit exceeded 2 percent.

After 9 cycles at the 4 percent drift level, a constant lateral resistance was
encountered and a constant energy absorption occuited after the 4th cycle. This
was observed to be due 1o frictional slippage resistance of the column reinforcing
bar anchorages in the capping beam.

The strength degradation was more abrupt under the negative (heavier axial load)
loading as compared to the positive (lighter axial load) loading.



Fig. 5.1 Control Schematic for the Prototype
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Fig. 5.2 Specimen during Initial Stages of Testing
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Fig. 5.3 Specimen after 0.75 % Drift Amplitude Cycles
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Fig. 5.4 Specimen during Later Stages of Quasi-Static Loading
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Fig. 5.5 Specimen after 3.0 % Drify Amplitude Cycles
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Fig. 5.6
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SECTION 6
STRENGTH AND DEFORMATION ANALYSIS

6.1 Introduction

In this section, a theoretical analysis for strength prediction and deformation
behavior is presented for both the model pier and the prototype column to cap specimen.
A comparison is made between code based formulations and the experimental results.

Finally, a seismic vulnerability analysis of such bridge piers is presented.

6.2 Flexural Strength and Deformation
6.2.1 Model Pier Strength

The ultimate flexural strength of the pier was found by carrying out a plastic
analysis of the bent with hinges forming in the columns as shown in Fig. 6.la.

Employing the virtual work method of piastic analysis,

F,- Ale"ML?L*M * My, (6-1)

(2

in which M,, to M_, are the plastic hinge moment capacities shown in Fig. 6.1 andL,

is the clear height of the column. The plastic moment capacity at each hinge location was
found from the column interaction diagram shown in Fig. 6.1b. The calculations were

based on the usual ACI 318 assumptions, namely; an ultimate compression strain
€, = 0.003, an average concrete stress across the stress block of 0.85 f" with a depth

of a = P, c where c is the neutral axis depth and

! - 4000
B, = 0.85-0.05 [[,_____) &2)
1000
and employing the measured material properties described in Section 2.4. Note that no

capacity reduction factor was used in the analysis (i.e ¢ =1.0). At locations 1 and 4

the column cross-section is 11"x11" while at locations 2 and 3 it is 9"x9”. Determination
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of F in Eq. 6-1 is of an iterative naturc as M, is a function of axial load. The changes
in the axial load are found by determining the overturning reactions (T and C) by taking
moments about the base:
F’xL‘ = Ml + M‘ + TxL.
) F’xL‘ - M, - M,
L,
These overturning reactions are added (C) or subtracted (T) from the gravity

T=-C (6-3)

reactions and the moment capacity at each hinge is found by iteratively solving Egs. 6-1
and 6-3.

6.2.2 The Prototype Column to Cap Specimen Strength
The total actuator force F, is used to determine the horizontal and vertical

components of force that affect the flexural and shear strength capacities and are given
by:

F, = Fcos24° (64 2)
F, = Fsin24* = V (6-4 b)
in which F, = the horizontal force component and is equal to the column shear force

V, and F, = the vertical force component that adds to the column axial load. In Eq. 6-4
the 24° angle is the inclination above the horizontal of the 250 kip actuators. The applied
axial load at the top of the column was 269 kip and when combined with the column’s
self weight gives a constant vertical load of 275 kip. Thus, the total vertical load is given
by:

P = 275-Fsin24* = 275 - 0.407F (6-5)
where, P = compression positive, and reverse loading (negative F) will increase the
axial compression in the column. The maximum column bending moment is given by

M = 53Fcos24® = 484 F (in-Lps) (6-6)
Thus, the jack loads (in kips) in terms of nominal moment capacity and ultimate shear
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F, = 0.0207 M, &7
F, = 1095V, (6-8)

The cracking, yield and nominal ultimate flexural strengths of the pier are
presented in Table 6.1 for positive (forward) and negative (reversed) loading and the

corresponding axial load vs moment interaction diagram is presented in Fig. 6.2.
In the analysis of the cracking strength, a concrete tensile strength of 7.5Jf—;' was

adopted. The yield forces were determined using straight line elastic theory, with no
lension capacity of concrete contributing to the strength.
TABLE 6.1: Prototype Column Flexural Strength Capacities

Negative | Positive

Loading | Loading
Cracking Force (kips) -172 155
Yield Force (kips) -202 161 J
Nominal Ukimate Jacking Force (kips) -256 197
Nominal Moment Capacity (ft-kips) -1034 794
Axial Load at Nominal Ultimate  (kips) | 380 194

6.2.3 Ultimate Flexural Curvature and Displacement Ductility

The ultimate curvature and displacement were calculated using a plastic hinge
concept. The equivalent plastic hinge length L, was calculated by the relation suggested
by Priestley and Park (1987):

L, =008L +6d, (6-9)

where L = length of the column from base to the point of contraflexure and d, =
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diameter of the main longitudinal reinforcing bars.

The nominal yield curvature ¢, is given by:

M,
é, - ¢ -2 (6-10)
y y M'

where M, = nominal ultimate moment, M, = moment at first yield of the tension steel

with ¢; = corresponding curvature given by:

o - —L (6-11)

d-kd
in which, kd = the neutral axis depth at first yield from the extreme compression fiber
and €, = yield strain of the tension reinforcement.
The ultimate curvature is calculated as:

o, - = (6-12)
c

where ¢ = the neutral axis depth at the nominal ultimate moment, and €, = ultimate

compression strain taken herein as 0.008 which is roughly equal to the spalling strain.
Finally, the ultimate flexural drift is calculated by the relation:

: 0SL
6, = 8,+L’[1——L!](¢_-¢r) (6-13)

where ©, = the drift at yield. Herein 0 was taken as the experimentally observed value.

The ultimate ductilities for curvature p, and displacement (drift) p, respectively, are
given by the following relationships:

by = 4,14, (©6-14)

Bs = 4,/8, =8,/0 (6-15)

The results of the above calculations for the four hinge locations of the model pier and

the prototype column to cap specimen are presented in Tables 6.2 and 6.3 respectively.
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TABLE 6.2: Determination of the Theoretical Ultimate Drift Angle for the

Model Pier

Quantity Hinge 1 Hinge 2 Hinge 3 Hinge 4
M, (in-kip) 227 176 214 272
M, (in-kip) 267 213 264 i3
L (inches) 12.22 9.78 9.75 12.25
L’ (inches) 2.33 2.13 2.13 2.33
k 0.206 0.240 0.274 0.234
¢; (rad/in) 0.000266 0.000342 0.000359 0.000276
6, (rad/in) | 0.000313 0.000415 0.000443 0.000337
$, (rad/in) | 0.011299 0.010256 0.006612 0.008122
B, (percent) 0.25 0.25 0.25 0.25
8, {percent) 2.56 2.12 1.42 1.89
e 36 25 15 24
Ky 11 9 6 8
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TABLE 6.3: Determination of the Theoretical Ultimate Drift Angle for the

Prototype
Quantity Positive Negative
Loading Loading
M, (in-kip) 7798 9793
,  (in-kip) 9526 12410
L (inches) 9.49 9.49
k 0.258 0.295
O,I, (rad/in) | 0.000055 0.000058
é, (rad/in) | 0.000067 0.000074
¢, (rad/in) 0.0021 0.0027
e’ (percent) 0.15 0.15
8, (perceny) 1.91 2.42
' 31 36
B, 13 16

6.2.4 Experimentally Observed Equivalent Plastic Hinge Length

Using the data obtained from the experiment, it is possible to evaluate the
observed equivalent plastic hinge length at different drift levels. Eq. 6-13 can also be
written as:

A-A L
0, - 1 -1 -¢)d-0s-h (6-16)

’ L

(4

where 8' = plastic hinge rotation (and drift) and (¢, - 0,) = ¢' = plastic curvature,
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From this the ratio of plastic hinge length to the column height is calculated by:

fz=1_ 1_2_81 (6-17)
L ¢ L

The results of this analysis are discussed below:

(a) Model Pler

The results of the experimentally observed plastic hinge lengths for the four hinge
locations in the model pier are presented in Table 6.4, Yicld drift for the model was
found to be 0.25% from the experiment. As only one column was instrumented during
the test, therefore calculations for hinges 1 & 2 (lighter column) and hinges 3 & 4
(heavier column) are performed corresponding to the Reverse and Forward loading cycle
data respectively, assuming that the behavior of the model is symmetric in both

directions.

() Prototype

The curvature and drift at yield were found to be 0.000085 and 0.0015
respectively, through the experimental results. Equivalent plastic hinge lengths at
increasing drift amplitudes are given in Table 6.5.

It is evident from the results that the experimer ally observed equivalent plastic
hinge lengths increase with increasing drift amplitude, and are larger for the greater axial
load under negative loading. It should also be noted that the pier experienced its peak
force levels under 1.5 % and 3.0 % drift amplitudes for negative and positive loadings
respectively. It therefore appears that an equivalent plastic hinge length of 7.5" could be
taken for both the forward and reverse direction. It is of interest 10 note that this is 20
percent lower than the theoretical value of 9.49" given by Eq. 6-13. The difference
between the theoretical and observed values appears to be due to the tapered nature of

the column.
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TABLE 6.4: Experimental Observed Plastic Hinge Lengths for the Model

Hinge # Drift ¢, 3’ LJ/L L,‘
e

0.50% 0.002227 0.002159 0.083 1.0
0.75% 0.003407 0.004168 0.106 1.3
! 1.00% 0.004137 0.005714 0.122 1.5
1.50% 0.004977 0.007209 0.127 1.5
2.00% 0.006407 0.008377 0.113 1.4
F 0.50% 0.000788 0.002159 0.336 33
0.75% 0.001451 0.004168 0.358 35
2 1.00% 0.001884 0.005714 0.384 3.8
1.50% 0.002035 0.007209 0.475 4.6
2.00% 0.002445 0.008377 0.453 4.4
T 0.50% B 0.000867 0.001450 0.190 1.8
0.75% 0.001897 0.003726 0.227 2.2
3 1.00% 0.0028%97 0.005302 0.210 2.0
1.50% 0.004927 0.009347 0.218 2.1
2.00% 0.005747 0.013811 0.288 2.8

S —————
0.50% 0.001659 0.001450 0.074 0.9
0.75% 0.002912 0.003726 0.110 1.4
4 1.00% 0.003979 0.005302 0.115 1.4
1.50% 0.006565 0.009347 0.123 1.5
2.00% 0.009170 0.013811 0.131 1.6

* According to Eq. 69, L, =1233,2.13,2.13and 2.33" for hinges 1 to 4 respectively.
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TABLE 6.5: Experimental Observed Equivalent Plastic Hinge Lengths for the

Prototype

Drift Level ¢’ 9, L’[L L"
| 0.50 % 0.000615 0.0014 0.044 23
075 % 0.000515 0.0030 0.064 3.4
1.00 % 0.001245 0.0043 0.067 3.6
1.50 % 0.001625 0.0073 0.089 4.7
2.00 % 0.002095 0.0102 0.097 5.1
0.50 % 0.000235 0.0001 0.008 0.4
0.7 % 0.000345 0.0013 0.074 39
-1.00 % 6.000445 0.0023 0.103 5.4
-1.50 % 0.000663 0.0046 0.140 7.4
-2.00 % 0.000815 0.0057 0.142 7.5

" According to Eq. 6-9, L, = 9.49".

6.1 Shear Strength Determination
6.3.1 Code Comparison

One of the principal focuses of this study was to examine the shear strength
capacity predicted using various different code and rational methods. Generally, codes

determine the nominal shear strength of reinforced concrete celumns by combining the

shear carried by concrete ¥_ and the transverse reinforcement V, as follows:
V, =V +V, (6-18)

where the steel contribution is given by:

V, = AutyS cord ©19)

)

in which, A, = area of transverse reinforcement, f,* = yicld stress of transverse
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reinforcement, d = effective depth, s = center to center spacing of transverse hoops and
is the orientation of the shear cracks, normally taken as 45°,

The equations for the shear strength provided by the concrete have been revised
from time to time based on recent research in this regard, in order to relax the
conservatism. As a realistic evaluation of the strength was sought, four different

approaches were adopted for comparison and are described below.

AC] 318-89 /| AASHTO (1989)
The ACI 318-89 concrete design code and the AASHTO (1989) bridge design
code both require that the shear carried by concrete shall not exceed a basic shear force

v, =2/fb,d (6-20)

unless a more rigorous analysis is used as described below. In Eq. 6-20, b, = width of

column and d = effective depth of the section and £’ is in psi units.

For column members subjected to axial compression,

N
- !
V, = 2{1 '3 'A‘],[Z b,d (6-21)

where, N, = axial load on column, A, = gross cross-sectional area of column, and b,

= column width. A more detailed analysis can be obtained from the following

relationship,

v, - [1.7{;}2500 P :;d]b,d <35/ b,d (6-22)

[ ]
where, V., d/ M, s 1, p_ = volumetric longitudinal stecl ratio, ¥, = shear force at
the section, and M, = bending moment at the section. Eq. 6-22 can be used for

members subjected to axial compression with M,, = M, - N, (44 - d)/8 substituted forM,

and ¥, d/M, not limited to 1.0.
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However, in any case V¥, should not exceed,

N
v, = 351 e b (6-23)
[ 4

In this study the initial and final shear strengths are taken as ¥,; and ¥/, where

¥ = V_ given by the appropriate value in Eqs. 6-20 10 6-23, and ¥, = 0. The latter

€l

is for plastic hinge zones in accordance with ACl 318 seismic provisions when

N, <005fA,.

NZS 3101 (1982)/ ACI-ASCE Committee 426 {(1979)
The New Zealand concrete code NZS 3101 (1982) has adopted the ACI-ASCE
Committee 426 (1979) recommendations where the concrete contribution outside the

plastic hinge zone is given as:

{
LI

v, - v,[1+3 p ]b,d (624)

where, P = axial load on the column, v, is the basic shear stress given by

v, = (085 +120p,)ff] s 24\ (6-25)

In the plastic hinge zone, the concrete shear strength can be taken as

v -av, |2 b d (6-26)

€ ] w
L

In this study, Eqs. 6-24 and 6-26 were adopted for the evaluation of V, andV,

respectively. It should be noted that Eq. 6-26 is normally used only if P = 0.1£A .

CAN3-23,3-M84
Canadian National Standard (1984) for design of structures is based on the
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Compression Field Theory which is referred to in that code as the "General Method”.

It gives the following relation for the evaluation of shear resistance:
Vv - 4 0 (6-27)
, = A, " cot

where d, = effective shear depth and 8 = crack inclination to the longitudinal axis and
taken greater than or equal to 15° for non-seismic design and 30° for the seismic design.
The diagonal compressive stress f; is to be checked to ensure that web crushing does not

take place , where

v
f, = (1anB + cot8) - ; $ Srmax (6-28)

| e

where b, = minimum effective width within depth d, and,

fi = «fe (6-29)
mar - (0.80 + 170¢)

in which e is taken as 0.8 and 1.0 respectively, for the seismic and non-seismic design.
The principal tensile strain €, is given by,

e, +0.002

(6-30)
tan’0

£l=€x

where €, is the longitudinal strain at the center of the web. In lieu of a more exact
analysis where e, is determined from curvatures, the code recommends that 0.004 and
0.002 be used for €_in seismic and non-seismic conditions respectively.

In this study the values of the stress f, were found to be much less than £, for
both seismic and non-seismic conditions which means that the shear strength is governed
by the yielding of transverse reinforcement and resistance is given by Eq. 6-27 with®

set to 15° and 30° for ¥V, and ¥, respectively.
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Ang, Priestley and Paulay (1989)
Ang et al (1989) tested a number of confined circular bridge pier models and
modelled the shear resistance mechanism as dependent on the displacement ductility. The

initial concrete shear strength is given by

4.451:(1 3 L ]@]b,d (6:31)

v, =

fA

L 4

where, a = 2 21,

M/VD

The initial value of the concrete shear strength is applicable up to a displacement

ductility of 2. Concrete is assumed to possess a final shear strength ¥, at the ultimate

ductility. The strength degradation from ¥, to V, is assumed to be linear and:

s
V, =V +V, (6-32)
Where, v, = (250, /f)b,d (6-33)

and V is given by Eq. 6.19. p, = volumetric transverse reinforcement ratio and the

crack inclination to the longitudinal axis 8 is given by,

9 = m"(—"'—] > 25° (6-34)

Vi-¥

—= and v <1 is a factor for reduced strength of the diagonal

compression strut.

6.3.2 Degradation of Shear Strength
It is well recognized that the concrete contribution to shear resisiance degrades
with cyclic loading and/or increasing ductility amplitude. ATC 6-2 (1983) suggests a
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shear degradation relationship based on an initial capacity V_ which can be sustained

until a ductility factor of p = 2. The shear strength degrades linearly to the final shear
capacity V¥, at a ductility factor of u = 5 for an M/ VD aspect ratio of 2. This effect

is shown in Fig. 6.3. For the mode! pier, the yielding occurred at a drift amplitude of
0.25% which means that ¥, is the shear strength up to a drift amplitude of 0.5 % and V.

after 1.25%. For the prototype column, the experimentally obtained dnft at yield is
0.15%, which gives initial and final shear capacities ending and commencing at drift

amplitudes of 0.3 % and 0.75 % respectively.

6.3.3 Application of Code Formulations to the present studies

The results of the code equations discussed in 6.3.1 are respectively presented in
Tables 6.6 and 6.7 for the model pier and the prototype. The strength degradation of the
pier along with the theoretical failure envelopes are presented in Fig. 6.4 for the pier
model and in Fig. 6.5 for the prototype beam-column joint. The degradation patterns for
ACI 318-89 and NZS 3101 shear strengths were derived as suggested by ATC (1983).

None of the code based methods indicate the measure of ductility observed in the
experiments. In fact, «n all the cases, according to ATC 6-2 (1983) guidelines, the pier
would be defined as shear brittle with no ductility capacity since the initial shear strength
is predicted to be less than the nominal flexural shength (V, < ¥,). Only the method by

Ang, Priestley and Paulay (1989) shows that the model and prototype are capable of
sustaining some inelastic response. According to the ATC 6-2 evaluation procedures, the
ductility capacity of a structural element whose final shear capacity is less than the
flexural overstrength (lfr < V,(d) = 1.3V,) but initial shear capacity greater than the
flexural overstrength (¥, > 1.3 V) as shown in Fig. 6.3, is given by

L
W =2 +[0.75 £
b‘

Vi(c) -V, (d)

(6-35)
V,(0) - ¥L0)

in which b, = width of column in the direction of shear (see subsection 6.6 for details).
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Table 6.6: Code based Shear Strength for Model Pler

o e ———————
Approach Eq. No. v, v, v, F, =2V, Remarks
ACI 318-89

6-21 15.6 2.4 18.0 36.0 Approx.
6-22 14.0 2.4 16.4 327 Exact
NZS 3101 (1982) 6-24 9.9 24 12.3 24.6 Initial W
6-26 7.5 2.4 2.9 19.8 Final
CAN3-A23.3 (1988) 627 - 7.8 7.8 15.6 Initial
6-27 - 3.6 3.6 7.2 Final
T .. |
Ang ot al (1988) 6-31 29.8 2.3 32.1 64.2 Initial
6-32 1.3 4.5 6.1 12.2 Final J
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TABLE 6.7: Code based Shear Strength for the Prototype

(a) Negative Loading

Approach EqNo. | y v, vV, | F,-1095v, | Remarks
(kips) | {kips) | (kips) (kips)
6-20 204 23 227 229 Basic
ACI 318-89 6-21 236 23 259 284 Approx.
622 196 23 219 241 Exact
NZ5 3101 (1982) 6-24 103 23 126 138 Initial
6-26 75 23 98 108 Final
CAN3-A23.3 (1988) 6-27 - 86 86 94 IW Initial
6-27 40 40 a4 Final
Ang et al (1988) 6-31 693 n 716 784 Initial
6-32 12 46 58 63 Final
(b) Positive Loading
Approach Eq.No. Vv, v, v, F,=1095y, | Remarks
(kips) | (kips) | (kips) (kips)
6-20 204 23 209 229 Basic
ACI 318-89 6-21 218 23 241 265 Approx.
6-22 196 23 219 240 Exact
NZS 3101 (1982) 6-24 100 23 123 135 ‘nitial
6-26 53 23 7% 83 Final
CAN3-A23.3 (1988) 6-27 - 86 86 94 Initial
6-27 - 40 40 44 Final
Ang et al (1988) 6-31 657 23 680 745 Initial
6-32 12 46 58 63 Final
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This gives ductility capacities of ¢ = 4and p = 18 translating into ultimate drift
angles of 8, = 1.0% and 6, = 2.25% for the model and prototype specimens,
respectively.

The above result, using the recommendations of Ang et al and ATC 6-2 still fall
well short of the observed flexural-shear ductility capacity. Based on the flexural capacity

alone, the experimentally ohserved ultimate drift was 8, = 3% for both model and the

prototype.

One possible explanation for this discrepancy is due to the fact that Ang et al
{1989) tested their specimens at five completely reversed cycles of loading at drift angles
of approximately :0.75%, :1.5%, 22.0%, +3.0%, +4.0%..... until the failure
occurred. (Each of the shear-critical specimens studied by Ang et al had a yield drift of
approximately 1.0%). In the present study however, only two cycles of loading were

applied at drift amplitudes of :+(0.25%, +0.5%, 20.75%, 2+1.0%, 21.5% and 22.0%,

and five cycles at +3.0% and about 7 cycles at +4.0% at which ume the residual
capacity (defined in the next subsection) was obtained.

6.4 Proposed Strength Deterioration Model ’

From the results it is evident that the failure of the specimen is difficult to define
and (or) predict experimentally. This makes analytical predictions even more difficult,
Even when the testing was terminated the specimen was still performing its primary
function -- supporting the tributary gravity load! In light of this result and in keeping
with the ATC 6-2! idealization for flexural-shear interaction shown in Fig. 6.3, it is
proposed to define a three step strength deterioration model based on (1) an initial shear
capacity, (II) a residual strength, and (III) a cumulative drift capacity based on the energy
absorption due to repetitive cyclic loading. Each of these steps in the analysis are
described below:

() Initial Strength Capacity
The initial capacity should be taken as the more critical of the nominal flexural
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strength or the theoretical shear strength. A rational assessment of the initial shear
capacity can be made using the Modified Compression Field Theory (MCFT). In this
study the program RESPONSE (details to be found in Collins and Mitchell'!) was used
to apply the MCFT for the determination of the ultimate post-cracking shear capacity.
(ID Final Strength

The final (residual) strength exists after either: (a) the concrete resistance capacity
is destroyed due to damage resulting from repetitive cyclic loading; or (b) the
longitudinal bars fracture due to low cycle fatigue. Following the final stage the member
does not fail, but rather a change in behavior state takes place where the column either
slides or rocks on it’s foundation as shown in Fig. 6.6.

The final/residual capacity is defined as lesser of: {a) the column rocking lateral
strength shown in Fig. 6.6, or (b) the sliding shear capacity of the section, such that

F, = min | Fp, Fun) (6-36)

in which
Froung = WidIL, (6-37)
Fomg = B W (6-38)

(
where W = tributary gravity weight, L, = clear height of the column, and jd = the

internal lever arm taken as the lesser of
jd = (d-d" (6-3%)

jd=h-a (6-39b)
where A = column widthand a = Pl(0.2jfb) = the residual stress block depth. In Eq.

6-38, p = the coefficient of sliding friction. A dependable value of p = 0.7 may be
assumed according to Paulay and Priestley (1992). For the specimens in the present study
Eq. 6-37 is critical giving F, = 14 and 75 kips respectively, for the model and the
prototype. This difference is attributed to the continued crushing of concrete in the hinge

zones which continued 10 reduce the internal moment arm (jd) progressively. But still
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the flexural strength ratios are relatively high which indicate that despite such extensive
damage the specimens are capable of withstanding reasonably large lateral loads and
sustain their tributary gravity loads without complete collapse.
(III) Concrete Damage Analysis for Determination of Drift Capacity

In what follows is a damage analysis, developed from first principles for
unconfined concrete beam-columns which is used to determine drift and history
dependant moment capacities. An energy approach is used, similar to that adopted by
Mander, Priestley and Park (1988), to assess the cyclic capacity (cumulative dnft) of
concrete. The external work done (EWD) on the compressed concrete is equal to the
intemal work or energy absorption capacity (/WD) of the entire concrete section, thus by

virtual work

EWD = IWD

€,

2N.C, (o, %) - 4, [td, (6-40)
]

in which ¢, = the plastic curvature applied to the section, ¢ = depth of the concrete
stress block from the extreme compression fiber to the neutral axis, C P compression

force carried by the concrete, and 2N, = the number of reversals to failure, N, being

the number of completely reversed cycles. The integral |f.d, is the area beneath the
¢

entire concrete stress-strain curve which is equal to the total energy absorption capacity
of the plain concrete. In lieu of a more precise analysis, this may be taken as 0.008}:.
Rearranging Eq. 6-40 gives

0.008

N(bh) =
[c) (6-41)

h

f A,
The plastic rotation may be determined from an equivalent plastic hinge length given by
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6’ = Q’L’ = (¢’h)(L’[h) (6-42)
where L, = the equivalent plastic hinge length may be determined from the relationship
suggested by Paulay and Priestley (1992):

L, = 008L + 0022/ d, (6-43)
where L = column length (M/V), f, = yield stress of the longitudinal steel (MPa) and

d, = diameter of the longitudinal bars. Hence from Eq. 6-41 it may be assumed that
the cumulative plastc drift capacity is given by
0.016 L’!h

b} =
) C (c) (6-44)

‘ —
h

f A,

Note that the cumulative plastic drift is defined as the sum of all the positive and negative

plastic drift amplitudes to a given stage of testing. Thus five cycles at the +3 percent
drift amplitude contribute a cumulative plastic dnft amplitude of 0.0025 radians
[(0.03-0.0025) x5 x2, where 0.0025 1s the yield dnift].

The damage to the concrete for one cycle is thus given by

20
- 6-45
Dy L 6,(c) (6-43)

where 0, is the plastic rotation for the ith half-cycle.

Assuming the level of damage is proportional to the loss in moment capacity
which is contributed by the concrete, then at the end of the ith cycle, the modified ideal

capacity M, can be evaluated through

5:1-“‘20‘“:1—‘—‘2& {6-46)

M, M, M, ¥ 8,(c)

in which E D = accumulated damage, E 0’ = current cumulative plastic dnft, M, =
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nominal moment capacity, and M, is the moment generated by the eccentric concrete

stress block which may be computed by
M -05 Ceh(l - %) (6-47)

where h = total section depth.
The concrete compression force C_ can be determined in terms of the familiar

stress block parameters, such that
C,=affch (6-48)

[ 4
in which & = average concrete siress ratio, B = depth ratio of the concrete stressed
in compression, ¢ = stress block depth, and b = section width. Eq. 6-48 can be
normalized for use in Eq. 6-40 such that

;:; ] ""(E) (6-49)
¢

where A, = bh = gross section area.

The stress block depth ratio (¢/h) in Eq. 6-49 can be found from force

equilibrium on the column section that requires

P,-C +C, -T, (6-50)
where P, = the applied axial load, and C, and T, are the forces provided by the
longitudinal compression and tension reinforcement, respectively. Assuming that the

total area of longitudinal reinforcement (A4,,) is equally distributed in each of the four

faces of a rectangular column (0.25 A, each side), and that under large curvatures all
steel is yielding, then by proportion it can be shown that

1-2¢c/h
P,=C -~ 05Af|—=~ (6-51)
¢ e 'f’(l-h!’lh]

where d’ is the depth from an outer face to the centroid of the adjacent steel layer.
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Solving Eqs. 6-49 and 6-51 for the stress block depth ratio gives

0.5 p, 11, ]

1-2d')h

(6-52)

P, .
)
A
ap A
1-2d'th
where p, = volumetric ratio of the longitudinal reinforcement (4_/A o) Here stress
block parameters appropriate for large curvatures should be used. Thus it may be
assumed that @ = 0.66 and B = 1.3-0077 but 0.75 < p < 1.00.

In summary, the damage analysis proceeds as follows:
1. Determine the neutral axis depth ratio ¢/k using Eq. 6-52.

2. Determine the concrete compression force ratio C‘IJ’;'A‘ using Eq. 6-49.
3. Determine the equivalent plastic hinge ratio L_/A using Eq. 6-43.

4. Determine the cumulative plastic drifi capacity ) 8,(c) using Eq. 6-44.

5. Using Eq. 6-47, determine the proportion of the moment capacity that is
contributed by the eccentric concrete stress block, M /M, .

6. Finally, by applying the damage model Eq. 6-45, and the model for strength
degradation Eq. 646, the modified theoretical strength capacity may be
determined as a function of the actual (experimental) cumulative plastic drift
history.

This simple energy consumption theory will now be applied to the model bridge

pier. To simplify the analysis an average column size of 107 x 10” is assumed, thus
P, = 0036f/A,, c/h =011, C, = 0066f/A, and L,/h =036, thercfore
I 0,(c) = 0.80 radians. Table 6-8 presents a tabulation of the damage analysis.

Experimental drifts for the model and prototype at nominal yield of 0.25 and 0.15
percent respectively, have been assumed when calculating the plastic rotations. It will be
noted that Table 6-8 also lists the relative strength ratio
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TABLE 6.8: Concrete Damage Analysis

{a) Pler Model
Drift Experimental Plastic Cum. Plastic | Damage
Amplitude Cumulative Rotation Drnift Index
in Test Cycles Drift 0_ (radian o D MM
f 4 ’ f cf i a
0 ) G @) (5) ©) (7N
0.5% 2 0.03" 0.0025 0.010 0.01 0.99
0.75% 2 0.06 0.0050 0.030 0.04 0.97
1.00% 2 0.10 0.0075 0.060 0.08 0.95
1.50% 2 0.16 0.0128 0.110 0.14 0.91
2.00% 2 0.24 0.0175 0.180 0.22 0.85
3.00% 5 0.54 0.0275 0.454 0.57 0.62
4.00% | 4.6 0.90 0.0375 0.772 1.00 0.34
_“
(b) Prototype
e S
Drift Experimental Plastic Cum. Plastic | Damage
Amplitude Cumulative Rotation Drift Index
in Test Cycles Drift e’ (radian )] e" LD, MM,
(D 2) Q) @) (5) ©) M
0.5% 2 0.03" 0.0035 0.018 0.02 0.99
0.75% 2 0.06 0.0060 0.042 0.04 0.97
1.00% 2 0.10 0.0085 0.076 0.08 0.94
1.50% 2 0.16 0.0135 0.130 0.14 0.90
2.00% 2 0.24 0.0185 0.205 0.22 0.85
3.00% 5 0.54 0.0285 0.489 0.52 0.64
4.00% (. 1.02 0.0385 0.951 1.00 0.30
Moot

Includes the effect of previous elastic cycles
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at the end of each drift amplitude. These modified theoretical strength capacities are
plotted in Figs. 6.7 and 6.8 for the model and prototype respectively. It is evident that
this energy-based method of analysis provides a more reliable and rational assessment of
the strength envelop duce to cyclic loading of a poorly detailed reinforced concrete column

member.

6.5 Comparison of Prototype and Model Tests

When comparing the model pier and the prototype specimen behavior, it should
be noted that the material strengths were slightly different : ie. f." = 5,050 psi and 7,400
psi. and f, = 65,000 psi and 39,500 psi in the model and prototype, respectively.
However, by normalizing the prototype and model behavior with respect to the nominal
strength of a plastic flexural mechanism, a direct comparison can be made between the
two as shown in Fig. 6.9(a). The force inclination on the pier during laboratory test
resulted in different forward and reverse strengths. This difference was overcome by
taking the averages of (absolute) normalized forces for positive and negative halves of
the cycles. For this reason, only half ioops are shown in the comparison,

In Fig. 6.9(b) the normalized cumulative energy absorption versus cumulative
plastic drift relationships for the model and the prototype are presented. The cumulative
energy was normalized by dividing E (given by Eq. 3-7) by 2 F_h_ where F, = the
nominal ultimate strength (in kips) of the specimen, and A, = the effective height of the

column which is equal to the clear column height (22") for the model and the moment
arm (537) for the prototype cap to column specimen. The energy absorbed by an Elasto-

Perfectly Plastic (EPP) material is E,,, = 4F,X,,, = 4 F, h_8,,, (thc arca of a
parallelogram) in which X, = plastic drift of an EPP material and 6,,, = the
rotation corresponding to that plastic drift. The ratio (normalized energy) thus obtained
is = ) 8,/8,,, where 6, = the plastic component of the cumulative drift amplitude

in one direction which means that it is equal to half of the actual cumulative plastic drift.
The straight line in the Fig. 6.9(b) represents the 100% EPP behavior. In this manner,
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the cumulative energy absorption as a fraction of the energy absorbed by an EPP material
is obtained e.g. vp to a cumulative drift of 0.25 radian, the model and the prototype had
energy absorptions of 33% EPP and 39% EPP respectively.

It can be seen that the maximum achieved forces for both medel and prototype
were similarly close to the nominal flexural strength and there is a considerable
resemblance in the shapes of the loops. Similarly the energy absorption pattern was
remarkably similar among them. This close comparison gives credence to model studies
where the real materials are modeled using scaled deformed reinforcing bars and scaled

down aggregate (not to be confused with micro-concrete).

6.6 Seismic Evaluation Using ATC 6-2 Procedures

This subsection applies the ATC 6-2 (1983) seismic evaluation procedures to the
pier examined in the present study through the use of capacity/demand ratios. In this
analysis it 1s assumed that the columns are well founded such that a foundation/footing
failure will not result. Because the class of bridges represented by the type of pier
considered in this study generally possesses simply supported slab-on-girder
superstructures, the single-mode spectral method (Procedure 1 in ATC 6-2) can be used
for assessing seismic demands for each of the seismic performance categories.
Furthermore, the natural period for this class of bridges is generally small enough (T <
0.33 sec.) that the base shear coefficients always lie on the flat top portion of the elastic

design spectra. Therefore, the base shear coefficient is given by,

C, =254 (6-53)

where A = normalized peak ground acceleration coefficient. For this class of bridge pier

it can be shown that the natural period is given by

T-2x G5 (6-54)

C.(c)g
in which 8’ = yield dnift, h, = col..nn "eight, C,(¢) = nominal (yield) strength and

8§ = gravitational acceleration. For the present study T = 0.087 sec. (12 Hz).
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The lateral load corresponding to the elastic moment and shear demands by
combining the effects of the loading in the two orthogonal directions (100 % of the
elastic value along one axis of the bridge plus 30 % of the vaiue for the perpendicular

axis) results in

W, =13C, W, (6-55)

in which W, = dead load on the pier. An elastic base shear demand can thus be

defined as
L4
C(d) = —+ - 13C, (6-56a)
Wo.
which for the present study gives,
C(d) = 3254 (6-56b)

Flexure:
A capacity demand (C/D) ratio for the nominal ultimate flexural moment capacity
to the elastic moment demand is defined as

@ €

r . (6-57)
* C(d) 3254

in which C, (c) = the nominal flexural mechanism capacity which is taken as 0.90 for
the prototype bridge in this study.

Anchorage:
If the effective development length is insufficient then the C/D ratio for
anchorage of the longitudinal reinforcement is given by

A

6-58
Tea l.(d)r“ (6-58)

in which I (c) = the actual development length and [ (d) = required effective
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anchorage length of the longitudinal reinforcement given by

kr db

(6-59)
(1 ‘25 +k,],/f—:
b

l(d) =

where k, = a constant for the steel given by k, = 0.2083f -2.292 (f = steel yield

stress in psi), d, = diameter of the longitudinal rebars, ¢ = lesser of the clear cover

over the rebars, or half the clear spacing between longitudinal rebars, and

) A,(C)f! (6-60)
¥ 600sd,

in which 4_(¢) = area of transverse reinforcement normal to splitting cracks, and f,,
= vyield stress of the transverse reinforcement.
For the present study I (d) = 304, and I (c) = 434, giving 7 = 143r,_,

thus anchorage is theoretically not a problem.

Column Shear:

The C/D ratio of the columns subjected to shear is calculated in accordance with
the procedures outlined in Fig. 6.10, taken from ATC 6-2 (1983). In that figure the shear
demand resulting from flexural overstrength is defined as

Vi) =13 M,/L, (6-61)
The initial and final shear capacities, ¥;(¢) and ¥ (¢) are calculated in accordance with

the AASHTO (1989) provisions previously described in Subsection 6.3.1. In the present
study for those situations where 7, < 1.0 then a shear capacity will be defined as

6-27



C,(c) = V.(c)/ W, thus

Vi(c) Cle) C[e)

r - = - (6-62)
“ V() Cd) 3254

Using the ACI/AASHTO procedures to calculate V, gives Case A (Fig. 6.10) as being
critical, ie. C,(¢) = 219/275 = 0.796. However, if a more realistic assessment of shear
is determined then Case B will apply. Adopting the experimentally observed results or
the values given by Ang et al (1989) it is evident that the ductility capacity is p > 5.

Therefore, a dependable shear capacity can conservatively be adopted as r,, = 5r,_.

Confinement:

The C/D ratio for transverse confinement is given by

r. = RBr, (6-63)
In the present study specimen pier all of the confining steel requirements were violated
that is,
s> 6d,
s>02b_
and p(c) =0

Therefore, only a minimum ductility capacity can be assumed, and in accordance with

ATC 6-2 thisgives p = 2, and 1, = 2r1,_.

Summary of C/D Ratios for Present Study:
From the foregoing discussion ATC 6-2 based C/D ratios for the present bridge
pier are:

r,. = 0.278/A for elastic response

r.. = 0.245/A for theoretical shear capacity
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r

o~ = 3r,  for shear capacity based on experimental cbservations

rtt

2r,_ theoretical ductile flexural capacity

From these relationships if the C/D ratios are set to 1.0, then it is possible to
identify the peak ground acceleration ratio A at which incipient failure is expected. Thus,
elastic response is probable when 4 < 0.28, except that the ATC 6-2 analysis shows
that theoretically the pier should fail prematurely in brnittle shear when A <0.245. If
however, a more realistic assessment of shear capacity is used in the analysis, then a
ductile flexural response will result when 0.28 < A < 0.56. The results of the
aforementioned C/D ratios are plotted in Fig. 6.11. In this figure the various Seismic
Performance Categories for the United States are also shown. Based on a dependable
ductile mechanism (p = 2) it is evident that a "safe” performance can be assured for all
Seismic Performance Categories in the Uniled States. However, it should again be
emphasized that the ATC 6-2 procedures for assessing shear strength paint a false picture

indicating “unsafe” shear-brittle behavior in categories C and D.
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SECTION 7
SUMMARY AND CONCLUSIONS

This report has presented an investigation of the behavior of a beam to column jeint of
a 32 year old shear-critical bridge pier and a companion one-quarter scale model of the
two column prototype bent under reversed cyclic lateral loading. The prototype specimen
was retrieved from the field and prepared for testing by welding a self equilibrating
reaction frame onto the reinforcing steel of the cap beam. The model and the prototype
were tested under constant vertical (gravity) loads. The cyclic lateral loading was applied
through a honzontally connected actuator in case of the model and two parallel actuators
inclined at 24° with the horizontal were used for the prototype testing in order to
simulate lateral force effects in an entire two-column bent.

Lateral loads were applied with increasing drift angles to $4 percent. A
moderately ductile failure initiated through flexure but was later dominated by shear
when drift angles exceeded 12 percent for both model and prototype specimens. Final
failure was attributed to fracture and bond deterioration of the longitudinal bars for the
model and the prototype respectively. The results of model and the prototype tests were
compared with one another. Overall performance of the model and prototype were
remarkably similar.

Shear accounted for between 25 and 60 percent of the plastic deformations in the
columns. The experimentally observed shear strengths were compared with code-based
strength evaluation techniques. The evaluation methods showed that the pier would
possess inadequate shear capacity and thus be classified as shear-brittle with no ductility
capability. An energy based damage analysis procedure was proposed. This improved
evaluation procedure is a rational method and is capable of predicting the cumulative
displacement ductility failure limit state. The seismic vulnerability of this class of shear-
critical bridge pier was examined using the ATC 6-2 methodology. It was shown that if
code-based evaluation procedures are followed, this class of bridge pier is classified as
"unsafe” and shear-brittle, but may be capable of resisting minor earthquakes through
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elastic response. However, if a dependable ductile mechanism is assumed, as

demonstrated by good experimental behavior, a "safe” seismic response can be assumed

for all Seismic Performance Categories in the United States.

1.

Some specific conclusions are as follows:

The primary purpose of this study was to examine the seismic performance of a
particular class of existing bridge piers, that was not specifically designed for
earthquake loads thus possessing detailing deficiencies. The principal deficiency
of the bridge pier considered in this study was a general lack of transverse
reinforcement for shear. It has been shown herein that present code-based
evaluauion techniques do not adequately predict the strength and deformation
capacity. Use of the existing code techniques that provide overly conservative
predictions of shear strength and deformation characteristics can lead to a false
picture that indicates many existing bridge piers may be unsafe in carthquakes.
However, in reality they may perform satisfactorily, particularly in moderate

seismic zones.

Even though the transverse reinforcing steel was insufficient with respect to a
contemporary design, both the prototype and the model performed well up to
column drift angles of 2 percent, at which level the flexural strength was
sustained under cyclic loading. Thereafter degradation in strength took place at
a ratc that was directly proportional to the cumulative plastic drift (about B0
percent for both model and the prototype) until the residual base strength

C. = 0.15 was left with no significant reduction during the successive cycles

of loading.
The shear carrying capacities evaluated by various code-based approaches were

generally lower than the nominal flexural strength. The shear strength degradation
pattern suggested in Ang et al (1989) was found to provide an improved
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6.

approximation, although that is still conservative.

The existing flexural piastic hinge method for predicting maximum displacement
needs further refinement to include the shear component of the plastic
displacement, For the members tested in this study (where MV/D = 1.1 t0 1.5)
results showed that the total displacement typically included between 40 to 65

percent of shear displacement, the higher value occurring for higher axial loads.

A new energy based strength deterioration model is proposed. Although this still
needs some further refinement it shows promise for making a rational prediction

of the maximum cumulative ductility (energy absorption) capacity.

Similarities in the performances of the model and the prototype show that the
model studies can be relied on when investigating the behavior of this class of
structure. It should be noted however, that bond and anchorage in model studies
may not be reliably represented. The general nature of the hysteretic performance
however, is almost identical between model and prototype.
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M. Shinozaka. 1/26/B9, (PB89-207211/AS).

“Effects of the 1985 Michoscan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Ayala and M J. O'Rourke, 3/8/89, (PBB9-207229/AS).

"NCEER Bibliography of Earthquake Education Materials,” by K.E. K. Ross, Second Revimon. 9/1/89, (PBY0-
125352/A8).

“Inelastic  Three-Dimensional Response Analysis of Reinforced Concrete  Building
Structures (IDARC-3D), Pant 1 . Modeling,” by S.K. Kunnath and AM. Remnhomn. 4/17/89. (PB9O-
114612/A8).

"Recommended Modifications 0 ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648/AS).
“Repair and Strengthening of Beam-to-Column Connections Subjecied w Earthquake Loading,” by M.
Corazao and A.J. Durrani. 2/28/89, (PB90-109885/A5).
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NCEER-89-0024

NCEER-85-0025

NCEER-85-0028

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun. M.
Hoshiya and M. Shinozuks, 5/19/89, (PB9U- 109877/AS).

"Resporse of Frames With Bolted Sermi-Rigxd Connections, Part | - Expenmenta!l Swudy and Analyucal
Predictons,” by P.J. DiCorso, A M. Reinhorn, J R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89, 10
be published.

“"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.D. Spanos and M.P. Mignolet,
10789, (PBY0-109893/AS).

“Prehminary Proceedings from the Conference on Lhssster Preparedness - The Place of Earthquake Education
in Our Schools,” Edited by K.E K. Ross, 6/23/89.

"Provecdings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools.” Edited by K.E K. Ross, 12/731/8%, (PB90-207895). This repont 15 available only through NTIS (see
address given above).

“"Muludimensional Models of Hysteretic Matenial Behavior for Vibration Analysis of Shape Memory Encrgy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarells, 6/7/89, (PB90-164146/AS).

“Nonhnear Dynami: Analysis of Three Dimenssonal Base Isolated Structures (3D-BASIS).” by 5. Nagarajatah.
AM._ Rainhom and M.C. Constantinou, 8/3/89, {PR90-161936/A8). This report is availabie only through
NTIS (see adkdress given above).

"Structural Control Considerning Time-Rate of Control Forces and Control Rate Constraunts,” by FY. Cheng
and C.P. Pantelides, 83/89, (PB9O-120445/AS).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-H. M. Hwang,
7/26/89, (PBI0-120437/AS).

“Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M J. O'Rourke,
B/24/89. (PB90-162322/AS).

"Workshop on Serviceability Analysis of Water Delivery Systems,” edited by M. Grigonu, 3/6/89, (PR90-
127424/AS).

“Shaking Table Stwdy of a 1/5 Scale Sieel Frame Composed
K.C. Chang, J.§. Hwang and G.C. Lee, 9/18/89, (PBOC-160165/AS).

of Tapered Members,” by

“"DYNAI1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/AS). 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 Ascismic Protection,” by
AM. Reinhorn, T.T. Scong, R.C. Lin, Y.P. Yang, Y. Fukeo, H. Abe and M. Nakai, 9/15/89, (PB90-
173246/A8).

“Scattering of Waves by Inclusions in & Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699/AS).

"Statisucal Evalustion of Deflocuon Amplification Faciors for Reinforoed Concreie Structures,” by HH.M.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633/AS).

“"Bedrock Accelerations in Memphis Area Due 10 Large New Madrid Eanthquakes,” by H-HM. Hwang, CH .S,
Chen and G. Yu. 11/7/89. (PB90-16233)/AS).
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NCEER-90-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-0005

NCEER-90-0006

NCEER-90-0007

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems.” by Y.Q. Chen and T.T. Soong.
10723/89. (PBY()- 164658/A8).

"Random Vibrstion and Relisbility Analysis of Primary-Secondary Structural Systems,” by Y. Tbrahim, M.
Grigonu and TT. Soong, 11/10/39, (PBIC- 161951/AS).

“Proceedings from the Second U.S. - Japan Workshop un Liquefactuon, Large Ground Deformation and Theur
Effects on Lifelines, September 26-29, 1989, Edited by T.D. O'Rowke and M. Hamada, 12/1/89, (PBY0-
200388/AS).

"Deterministic: Model for Seismic Damage Evaluation of Reinforced Concrete Structures.” by J.M. Braca,
AM. Rainborn, J.B. Mander and $ K. Kunnath, $/27/89.

“On the Relation Between Local and Global Damage Indices.” by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PBY0- 173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A J. Walker and HE. Stewan,
7726/89, (PB90-183518/AS).

"Liquefacuon Potenual of Surficial Deposits 1n the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass. 1/17/89, (FB%0-208455/AS).

“A Deterministic Assessment of Effects of Ground Motion Incoherence.” by A.S. Veletsos and Y. Tang,
T/15M9. (PRX)-164254/A8).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapming.” July 17-18, 1989, ediied by R.V.
Whtman. 12/1/89, (PB90-173923/AS).

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

"Centnfugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H. Prevost,
S/10/89, (PBY0-207879/AS).

"Laneanzed ldentification of Buildings With Cores for Seusmic Vulnerability Assessment.” by I-K. Ho and
AE. Aktan, 11/1/89. (PB90-251943/AS).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,” by
T.D. O'Rourke, HE. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB9O-208596/AS).

“Nonnormal Secondary Response Due 10 Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes.
2/28/90. (PB9)-251976/AS).

"Earthquake Education Materials for Grades K-12." by K.E.K. Ross, 4/16/90, (PBS1-113415/AS).
“Catalog of Srong Motion Stations in Essiemn North America,” by R W. Busby, 4/3/80, (PB90-251984)/AS.

“"NCEER Smong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),”
by P. Fnberg and K. Jacob, 3/31/90 (PB90-258062/AS).

“Seismic Hazard Along a Crude Onl Pipeline in the Event of an 1811-1812 Type New Muind Earthquake.”
by H.HM. Hwang and C-H.S. Chen, 4/16/50(PB90-258054).

"Site-Specific Response Specurs for Memphis Sheshan Pumping Ststion,” by HHM. Hwang and C.S. Lex,
5/1580. (PB91-108811/AS).
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NCEER-90-0025

"Moot Study on Saismic Vulnerability of Crude (hl Transmission Systems,” by T. Anmman, R. Dobry, M
Gngonu. F. Kozain, M. O'Rourke. T. O'Rowke and M. Shunozuka, 572580, (PB91-108837/A8}.

“A Prugram 10 Generate Site Dependent Time Histonies: EQGEN,” by G.W. Elhs, M. Snmivasan and A S.
Cakmak. [30A0, (PBYL-108829/A8).

" Active Isolation for Sessmic Prolection of Operating Rooms,” by ME. Talbott, Supervised by M. Shunozuka,
6/8/9. (PBY]1-110205/AS).

“Program LINEARID for Identification of Lincar Strwctural Dynamic Systems,” by C-B Yun and M.
Shinozuka. 6/2580. (PBY1-110312/A8).

“Two-Ihimensional - Two-Phase  Elasio-Plastic  Sesmixc Response  of  Earth  Dams.”
Yiagos, Supervised by JLH. Prevost, 6720090, (PB91-110197/AS).

by AN.

"Secondary Systems 1n Base-Isolated Structures: Expenmental Investugation, Stochastic Kesponse and
Stochastic Sensitivaty.” by G.D. Manohs, G. Juhn, M.C. Constanunou and A M. Remnhom, 7/180. (PBY]-
110320/AS)

“Seismic Behavior of Lightly -Reinforced Concrete Column and Beam -Column Jownt Detals.” by S P. Pessik,
C H. Conley, P. Gergely and R.N. Whte, 872280, (PBY1-108795/AS).

“Two Hybrid Control Systems for Building Stuctures Under Strong Earthquakes.” by JN. Yang and A.
Damehans. 6/29/90, (PBY1 -1 25393/AS8).

“Instantaneous Opumal Control with Acceleration and Velocity Feedback.” by J.N. Yang and Z. L1, 8/29/0,
(PBY1-12540[/A8).

"Reconnassance Report on the Northern lran Earthquake of June 21, [990." by M. Mchramn, 10/4/90, (FBY1-
125377/AS).

“Evaluation of Liquefaction Potenual in Memphts and Shelby County.” by T.S. Chang. P.S. Tang, CS. Lee
and H. Hwang. 8/10M90. (PB91-125427/AS).

"Expenmental and Analytical Study of a Combinod Shding Dhisc Bearing and Helical Steel Spnng Isolation
System,” by M.C. Constantinou, A.S. Mokha and A.M. Reinhom, 10/4/90, (PB91-125385/AS).

“Experimental Study and Analytical Prediction of Earthquake Response of a Shding lsolsuon System with
a Spherical Surface,” by A.S. Mokha, M.C. Constanunou and A.M. Reinhorn, 10/11/90, (PB91-125419/AS).

"Dynamic Interaction Faciors for Floating Pile Groups,” by G. Gazetss, K. Fan, A. Kaynis and E. Kausel,
9/10/90. (PBOL-1703R1/AS).

"Evaluation of Seismx: Damage Indices for Reinforced Concrete Structures,” by §. Rodri guez-Gomez and
A.S Cakmak, 93080, PB91-171322/AS).

"Study of Sute Response at 1 Scleciod Memphis Sie,” by H. Desai, 8. Ahmad, E.S. Gazetas and M.R. Oh,
10711890, (PB91-196857/AS).

"A User's Guide to Strongmo. Vermon 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Termunals.” by P.A. Friberg and C.AT. Susch. 11/1380. (PB91-171272/AS).

"A Three-Dimensional Analytical Study of Spatisl Variability of Seismic Ground Motions,” by L-L. Hong
and AH.-5. Ang. 103090, (PB91-170399/AS),
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NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

MUMOHLD Liser's Guide - A Program tor the ldentification of Modal Pargmeters,” by S Rodrs guez - Gomez
arnd E DiPasquale. 95 M), (PRI -TTI298/AS )

"SARCE- User's Guide - Sersmic Analysis of Remforced Concrete Frames,” by §. Rodr i guez-Gomez. Y S.
Chung and € Meyer, Y3040, (PRY1-171J8(/AS ).
“Viscous Dampers Testing, Modeling and Application in Vibration and Sesmic Isolanon,” by N Makis and

M C. Constantinou. 12/20/%) (PRYL- 190561/A8).

“Sond Ettects on Barthquake Ground Motons an the Memphis Area,” by H. Hwang, C.S. Lee, K W. Ng and
TS Chang. R2M0. (PRI 19079 1/AS)

"Piuweedings from the Third Japan-U.S. Workshop on Earthquake Reststant Design of Lifeline Facilitres and
Countermeasures tor Sml Liyuetaction, December 17-19, 1990, edited by T.I). {}’'Rourke and M. Hamada,
291 (PB91 ITY259/A8).

“Physical Space Solutions of Non Propartionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
IS8T (PBYL-1T79242/A8).

“Setsmue Response of Single Piles and Pide Groups.” by K. Fan and G. Gazetas. 1/10M81. (PBY2-174994/A8).

“Damping of Structures: Part 1 - Theory of Complex Damping,” by £ Liang and G. Lee. 10/1081, (PB92-
197235/A5).

"ID-BASIS - Nonlmew Dynamic Analysts of Three Dimensional Base Isolated Structures: Part " by §
Nagarajaiah, A.M. Remrhorn and M.C. Constantinou, 272881, (PBY1-190553/AS).

" A Multidimensional Hysteretue Model for Plasticity Deforming Metals i Energy Absarbing Devices,” by
E 1. Graesser and F. A. Cozzarells, 4/9/91, (PBY2-108364/AS).

"A Framework for Customizable Knowledge-Based Expert Systems with an Applatwon to a KBES for
Evaluating the Seismuc Reswstance of Existing Buldings.” by EG. Thara-Anaya and 5.). Fenves, 4041,
(PBY1-210930/A8).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Specirum Method.”
by G.G. Deterlemn, S-H. Hswieh, Y-J. Shen and J.F. Abel, 77291, (PBY2-113828/AS).

"Earthquake Educatuon Matenals for Grades K-12," by K.EK. Ross, 43001, (PB91.212142/AS).

“Phase Wave Velociues and Displacement Phase Differences in 8 Harmomcally Osaillating Pile,” by N.
Makns and G Guzetas, 7/8/91. (PBY2-108356/A8).

"Dynami Charactertstics of a Full-Size Five-Story Stcel Structure and & /S Scale Model,” by K.C. Chang,
GC Yw, G.C Lee. DS. Hao and YC. Yeh." 77281,

“Seismic Respunse of a 2/ Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong. $-T. Oh and M.L.. Lai, 5/1791 (PB92-110816/AS).

"Earthquake Response of Retaining Walls; Fuli-Scale Tesing and Computational Modeling,” by S Alampalls
and A-W M. Elgamsl, 6/2081, o be published

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures.” by P.C. Tsopelas,
S. Nagarajuah, M.C. Constanunou and A M. Reinhom, 5/2881, (PB92-11388S5/AS).
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“Evaluation of SEAOC Design Requirements for Sliding Isolated Structures.” by . Theodossinu and M.C.
Constantinou, 6/10/91, (PBY2-114602/AS).

"Closed-Loop Modal Tesung of a 27-Swory Reinforced Concrete Flat Plate-Core Building.” by H.R.
Somapeasad, T. Toksoy, H Yoshiyuki and A E. Aktan, 7/1381, (PB92.129980/AS).

"Shake Table Test of a 1/6 Scale Two-Swry Lightly Reinforced Concrete Building,” by A.G. El-Attar, RN
White and P Gergely, 2/28/91, (PBY2-222447/A8).

“Shake Tabie Test of 8 1/8 Scale Three-Story Lightly Reinforced Concrete Building.” by A G. El-Attar, RN
White and P'. Gergely. 2/28/91.

“Transier Funcuons for Rigid Recangular Foundations.” by A.S. Veletsos. AM. Prasad and W.H. Wu,
73191

“Hybrid Congol of Sesmic-Excited Nunlinear and Inclasuc Structural Systems,” by JN. Yang, Z. Li and A.
Danelians, 8191, (PB92-143171/A8)

“The NCEER-91 Eanthquake Catalog: Improved Intensity-Based Magmtudes and Recurrence Relations for
U.S. Earthquakes East of New Madnd,” by L Seeber and J.G. Armbruster, 8/28/81, (PBY2-176742/AS).

"Provecdings from the Implementauon of Earthquake Planmung and Educauon in Schools: The Need for
Change The Roles ol the Changemakers,” by K. E K. Ross and F. Winslow, 7/23/91, (PB92-129998/AS).

"A Study of Rehability-Based Crutenia for Seismic Design of Reinforced Concrete Frame Buildings.” by
H.HM Hwang and H-M. Hsu, 8/1051, (PBY2-140235/A8).

"Expenmental Venficaton of a Number of Stuctural System [denuficauon Algonthms,” by R.G Ghanem,
H. Gavin and M. Shinozuka, /1891, (PB92-176577/AS).

“Probabilistic Evaluauon of Liquefacuon Potenual” by H.H.M. Hwang and C.5. Lec.” 1172581, (PBY2.
143429/A8).

“Instantaneous Opumal Control for Lincar, Nonlinear and Hystereuc Swuctures - Stable Controllers.” by J.N.
Yang and 711, 11/1581, (PB92-163807/AS).

"Expenmental and Theoretical Study of a Shding, Isolation System for Bndges,” by M.C. Constanunou, A.
Kanoum, A M. Rewhorn and P. Bradford, 1171591, (PB92.176973/A5).

"Case Studies of Liquefacuon and Lifeline Performance During Past Earthquakes, Yolume I: Japancse Case
Studses.” Edited by M. Hamada and T. O'Rourke. 2/1752. (PB92.197243/AS).

"Case Studies of Laquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies.” Edited by T. O'Rourke and M. Hamads, 2/17/82, (PB92-19725/AS).

"Issues in Earthquake Education,” Edued by K. Ross, 2392, (PB92-222389/AS).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bndges,” 2/4/92,
to be pubhshed.

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

"Proccedings from the Sue Effects Workshop,™ Edited by R. Whitman, 2/29/92, (PB92-127201/AS).
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"Engineering Evajuation of Permanent Ground Deformations Due 10 Seismically-Induced Liquefaction,” by
M H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92.222421/AS).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States.” by C.D.
Poland and J.(). Malley, 4/202, (PB92-222439/AS).

"Expenmental and Analyucal Smdy of a Hybrid lsolaton System Using Fnction Controllable Shding
Bearings.” by M.Q. Feng, S. Fujii and M. Shinozuka, 5/1542, (PB$3-150282/A8).

"Seismic Resistance of Slab-Colump Connecuons tn Exisung Non-Ductile Flat-Plale Buiidings.” by AJ.
Durram and Y. Du, 5/1892.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Sumulated 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 1n Buddings.” by G F. Demetnades, M.C.
Constantinou and A.M. Remnhorn, 5/20/92.

“"Shape Memory Structural Dampers: Matenal Propertes, Design and Seismic Testing,” by P.K. Witung and
F.A. Cozzarell, 5/26/92.

"Longuudinal Permanent Ground Deformation Effects on Buried Contnuous Pipelines.” by M.J. O'Rourke,
and C. Nordberg. 6/1592.

"A Sunulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem.” by M.
Grnigonu snd S. Balopuulou, 6/11/92, (PBY3-127496/AS).

"Gravity-Load-Designed Reinforced Concrete Bulldings: Seismic Evaluation of Existing Constructuon and
Detaging Strategies for Improved Seismic Resistance,” by G W. Hoffmann, S K. Kunnath, J B. Mander and
A M. Reinhorn, 7/15/92, 10 be published.

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

"Fourth Edition of Earthquake Education Matenals for Grades K-12,” Edited by K E K. Ross, 8/10/92.
"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilibes and
Countermessures for Soil Liquefaction,” Edited by M. Hamads and T.D. O'Rourke, 8/12/52, (PR93-
16393G9/AS).

"Active Bracing System: A Full Scale Implementation of Acave Control,” by A.M. Remhom, T.T. Soong.
RC. Lin, M.A. Riley, Y.P. Wang. §. Aizawa and M. Higashino, 8/14/92. (PB93-127512/AS).

"Emprical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral Spreads,”
by S.F. Bantlen and T.L. Youd, §/1782.

"IDARC Versior 3.0: Inclastic Damage Analysis of Reinforced Concrete Structures,” by §. K. Kunnath, A M.
Reinhom and R.F. Lobo, 8/3152. w0 be published.

“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'Rowrke and R. Flores-Berrones, 9/9/92, (PB93-150266/A8).

"Seumic Behavior of Rewnforced Concrese Frame Structures with Nonductie Details, Part 1 Summary of
Experimental Findings of Full Scake Beam-Column Joint Tests,” by A. Beres, RN. White and P. Gergely,
9/30/92, to be published.

"Expenmental Resulis of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced Concrete
Frame Buildings.” by A. Beres, 8. El-Borgi, K.N. Whiie and P. Gergely. 10/29/92, to be published.
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“Sewmic Resitance of Rernforced Concrete Frame Structures Designed Only for Gravity Loads: Pan 1 -
Design and Properties of a One-Thud Scale Mudel Structure,” by J M. Brace, AM . Remhom and 1B
Mander. 12/142.

“Seistic Resstanwe of Remtorced Concrete Frame Structures Designed Only for Gravity Loads Past I -
Experimental Performance of Subassemblages.” by L.E. Aycardi. J.B. Mander and A.M. Reinhomn, 12/182.

“Seismic Resistance of Remnforced Concrete Frame Structures Designed Only for Graviy Loads: Pan 11 -
Expenimental Performance and Analyucal Study of a Structural Model.” by J. M. Bracci. A M. Remnhomn and
1B Mander, 1182

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Sttuctures: Pan | - Experimental Performance
of Retroftied Subassemblages.” by D. Choudhun, J.B. Mander and A M. Reinhom, 12/882.

“Evaluaton of Seismic Rewofit of Reinforeed Concrete Frame Structures: Pari I - Experimental Performance
and Analyucal Study of a Retrolmed Suuctural Model,” by J.M. Bracci, A M. Reinhom and 1.B. Mander,
12882

"Expcrimental and Analytical Invesuganon of Seismic Response of Struclures with Suppiemental Fluid
Viscous Dampers.” by M.C. Cunstanunou and M. Symans, 122182.

“Recoanaissance Report on the Cairo, Egypt Earthquake of October 12, 1992, by M. Khater, 12/23/92.
“Low- Level Dynamic Charactenstics of Four Tall Flat-Plate Buildings w New York Ciry,” by H. Gavin, 8.
Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/52.

“An Expenimental Study on the Seismi Performance of Bnck-Infilled Steel Frames With and Without

Retrofit,” by J B, Mander, B. Nai, K. Woskowski and J. Ma, 172983

“Social Accountng for Disaster Preparedness and Recovery Planning.” by S. Cole, E. Pantoja and V. Razak,
27223, 10 be published.

"Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions,” by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Gngonu, 3/1%3.

“Evaluation of Static and Response Spectrum Analysis Procedures of SEAOC/URC for Seismic Isolated
Structures.” by C.W. Winters and M.C. Constantnou, 3/23/43,

"Earthquakes in the Northeast - Are We Ignonng the Hazard?7 A Workshop on Earthquake Science and Safety
for Educators,” edited by K.EK Ross, 4/2/93, to be published.

"Inelastic Response of Rewnforced Concrewe Structures with Viscoelastic Braces.” by R.F. Lobo, I.M. Braca,
K.L. Shen, A.M. Reinhorn and T.T. Soong, 4/5/93.

"Seismic Testing of Installatiun Methods for Computers and Data Processing Equipment,” by K. Kosar, T.T.
Soong. K.L. Shen, J.A. HoLung and Y K. Lin, 4/12/93.

"Retrofit of Reinforeed Concrete Frames Using Added Dampers,” by A. Reinhom. M. Constantinon and C.
L1, to be published.

"Seismic Applications of Viscoelasic Dampers to Steel Frame Structures,” by K.C. Chang and T.T. Soong,
to be published.
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“On the Relation Between Local and Global Damage Indices,” by E. Dillasquale and A'S. Cakmak, 8/15/8y,
(PR [TIRAR).

“Cyelie Undrained Behavior of Nonpiastic and Low Plasticaity Silis” by AJ. Walker and H.E. Stewart.
T/26/R9, (PRU). IRISTR;AS)

“Liguetaction Potenual of Surficial Deposits 1n the Ciry of Buffalo, New York.” by M. Budhu. R. Giese and
L. Baumgrass, 1/17/89, (PRYO.208455/A8 ).

“A Determunisue Assessment of Effects of Ground Motion Incoherence.” by AS. Veletsos and Y. Tang,
TI1S/8Y, (PRYO-164294/A8)

“"Workshop on Ground Motxon Parameters for Seismic Hazard Mapping.” July 1718, 1989, edited by R V.
Whuman, 12/1/89, (FB%)-173923/A8).

"Seismic Etfects on Elevated Transit Lines of the New York Cuy Transit Authority,” by C.J. Costanuno, C.A.
Miller and E. Heymsfield. 12/26/89, (PR9(0.2078R7/A8)

"Centrfugal Modeling of Dynamie Soil-Stracwre Interaction,” by K. Weissman, Supervised by [ H. Prevost,
S/10BY. (PRY0-207879/AS).

"Limeanzed ldenaticaion of Buldings With Cores for Seismic Vulnerability Assessment.” by K. Ho and
AE. Aktan. 11/1/89, (PBY-25194Y/A8).

"Geotechmeal and Lifeline Aspects of the October |7, 1989 Loma Prieta Earthyuake in San Francisco,” by
T.D. ORourke, HE Stewart. F.T. Blackburm and T.5. Dickerman, 1/90, (PB90-208596/A5).

"Nonnormal Secondary Response Due (o Yielding in 8 Pnimary Suucture,” by D.C.K. Chen and L D Lutes,
272800, (PRYO-251976/AS).

"Earhqueke Educagon Matenals for Grades K-12.” by KE K. Ross, /16890, (PBY1-113415/A8)
“Catalog of Strong Motion Stations in Eastern North America,” by R.W. Busby. 4/3/90, (PB9(-251984)/AS.

"NCEER Swong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sund),”
by P Frberg and K. lacob, 331890 (PB90.258062/A8)

"Seismic Hazard Along a Crude Onl Pipeline in the Event of an 1811-1812 Type New Madnd Earthquake.”
by HHM. Hwang and C-H.S. Chen. 4/16/20(PBY0-258054).

“Site-Specific Response Spectra for Memphis Sheahan Pumping Stauon,” by HHM. Hwang and C.5. Lec,
5/15/0. (PB91-108811/AS).

B-7



NCEER - %1-0008

NCEEK 90004

NCEER -9.001¢

NCEER -1 {X}11

NCEER-90-0012

NCEER-90-00] 3

NCEER-90-(X)14

NCEER-90-005 3

NCEER-90.0016

NCEER-90.0017

NCEER-90-0018

NCEER-90-(X119

NCEER -90.0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER -90-0024

NCEER-90-0025

"Pilot Study on Seismic Vuinerabality of Crude (1] Transmission Systems.” by T. Ariman. R. Dobry, M.
Grigonu, F Kosin, M. (Y Rourke, T. ()'Rourke and M. Shinozuka, 5725/K), (PBY1-10BR37/AS)

"A Program to Gencrate Site Dependent Time Histories: EQGEN.” by G.W. Ellis. M. Snnivasan and A S
Cakmak, 1/30AN, (PRY1 1URR2Y/AS)

"Active Iselation for Sessmic Protectuon of Operating Rooms.” by MLE. Talbott, Supervised by M. Shinozuka,
6/84, (PRYL-110205/A8).

“Program LINEARID for Identfication of Linear Stuctural Dynamiv Sysiems.” by C-B. Yun and M.
Shinozuka, 6:25/%), (PB91-110312/A8).

“Two-Dimensional - Two-Phase  Elasto-Plastic  Seissmic Response  of
Yiagos, Supervised by FH Prevost, 672(/%), (PB91-110197/A8)

Earth Dams.” by AN.

“Secondary Systems n Base-Isolated Structures: Expenmental Investigation, Stochastic Response and
Stochastie Sensiivity,” by G.D. Manolis, G. Jubn, M.C. Constantuinow and A M. Reinhomn, 7/180, (PRYT -
110320/AS).

“Sersmic Behavior of Lightly-Remnforced Concrete Column and Beam-Column Jownl Details,” by §.P. Pessik,
C H. Conley. P. Gergely and R N. Whate, 872200, (PB91-1)8795/AS).

“Twu Hybnd Control Systens for Building Strutures Under Strong Earthquakes,” by JN Yang and A.
Lanichans. 6/29/90. (PR91-125393/AS)

“Instantaneous Optimal Control with Acceleration and Velocity Feedback,” hy I N Yang and 7. Li. 6/2990.
(PB91-1254(11/AS)

“Reconnaissanie Report on the Northern Iran Earthquake of June 21, 1990, by M. Mehrain, 10/4/50. (PBY1-
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“Evaluation of Liguefachon Potenuial in Memphis and Shelby County,” by T.8. Chang, P.5. Tang. C.5. Lee
and H Hwang. 8/10AX), (PB91-125427/AS).

"Experimental and Analytical Study of a Combined Shiding Ihsc Beanng and Heiical Steel Spring Isolation
System,” hy M.C_ Constantinon, A.S. Mokha and A M. Reinhom, 10/4/90. (PB91.125385/A8).

“Expenmental Study and Anafytical Prediction of Earthquake Response of a Shding Isolaton System with
a Sphencal Surface,” by A.S. Mokha, M.C. Constantinou and A M. Reinhorn, 10/11/90, (PB91-125419/AS).

“Dynamic I[nteraction Factors for Floaung Pile Groups,” by G. Gazetas. K. Fan, A. Kaymua and E. Kausel,
9/10/80, (PBY1-170381/AS).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by §. Rodr 1guez-Gomet and
A.S. Cakmak, 9/30850, PBIL-171322/AS).

"Study of Site Response at a Sclected Memphis Site,” by H. Desai, 5. Ahmad, E.S. Gazetss and M.R. Oh,
10/11/9%), (PB91-196857/AS).

“A User’'s Gude to Strongmo: Vursion 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals,” by P.A_ Friberg and C.A.T. Susch, 11/1580, (PRO1-171272/AS).

" A Three-Dimensional Analytical Study of Spatial Varability of Seisrme Ground Motions,” by L-L. Hong
and A H.-S. Ang, 103090, (PB91.170399/AS}.
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SARCF-I1 User's Guwde - Seismic Analysis of Remtoreed Concrele Frames.” by S, Rodrigues-Gomer, Y .8,
Chung and C. Meyer, 97300440, (PRB91-17] 28V AS)
“Viseous Dampers: Testing. Modehng and Apphication in Vibration and Sersmic Isolation, ™ by N. Makns and

M.C Constantinou. 12720/4%) (PRY1-190561/AS).

“Sorl Effects on Earthquake Ground Motions i the Memphus Area,” by H Hwang, CS Lee, KW Ng and
T.S. Chang. 82M0. (PBY1-19T51/AS)

“Proceedings from the Third Japan-U.S Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Sail Liguefaction, Devember [7-19. 1990, edited by T.1D. (Y Rourke and M. Hamada.
21891, (PRY1-17T9259/AS)

“Physicdl Space Solubons of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G C. Lex,
171801, (PRY1-179242/A5).

“Scismie Response of Single Piles and Pile Groups.” by K. Fan and G. Gazetas. 171081, (PB92-174994/A8).

“Damping of Structures Part |
197235/A5).

Theory of Complex Damping,” by Z. Liang and G. Lee, 1071041, (PRY2-
"i1D-BASIS - Nonhinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part 117 hy S
Nagarajaiah. A M. Reinhorn and M.C. Constantinouw, 228851, (PB91-190553/AS)

“A Multiimensional Hystereie Model for Plasticity Deforming Metals in Energy Absorbing Devices.” by
E.J. Graesser and F A, Cozzarelli. 4991, (PB92-108364/A8).

“A Framewuork for Custormizable Knowladge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Exisung Buildings,” by E.G. Ibarra-Anaya and 3.). Fenves, 4881,
(PBY1-21093)/AS).

“Nunlincar Analysis of Steel Frames with Semi-Rigid Connecuons Using the Capacity Spectrum Method.”
by G G. Deaerlemn, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/291. (PBY2-113828/A%)

"Earthquake Education Matenals for Giades K-12,” by K.E.K. Ross, 43091, (PB91-212142/AS).

“Phase Wave Velociues ané !Mcrliziement Phase Dhiferences in & Harmonically Oscillating Pile,” by N.
Makns and G. Gazetas, 7201 (PBU2-1083I56/AS).

“Dynamic Charactensucs of a Full-51ze Five-Swrv Steel Suucture and & 2/5 Scale Model.” by K.C. Chang.
G.C. Yao, G.C Lee. D.S. Hao and Y.C. Yeh.” 71281,

“Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang. T.T.
Soong, S-T. Oh and M.L. Lai. 5/17/91 (PBY2-110816/AS).

“Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling,” by S. Alampalli
and A-W M Eigamal. 62081. 1o be published.

“3D-BASIS-M: Nonlinear Dynamic Analysis of Multipic Bulkling Base Isolated Structures,” by P.C. Tsopelas,
S Nagarajaiah, M.C. Constantinou and A M. Reinhom, 5/28/91, (PB92-113885/AS).
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"Evalvanen of SEAOC Design Reguirements tor Shding Isolated Structures,” by D Theodossiou and M C
Comstantinou., 6101, (PRY2. | 14602/AS5)

“Cloned Loop Madal Testmg of a 27-Story Reintorced Concrete Flat Plate-Core Building,” by H.R.
Somaprasad. T Tokwey. H Yoshiyuki and A E Aktan, 771591, (PR92 129980/AS)

"Shake Table Test of a 178 Scale Two-Swory Lightly Renforeed Conerete Butlding.” by A G EL Attar. R N
While and P Gergely, 228091, (PBY2-222447/A%)

“Shake Table Test of a 1/8 Scale Three Story Laghtly Reinforead Concrete Building,” by AG El Attar. RN
White and P Gergely. 2/ 28091

Transler Funcions for Kigd Rectangulas Foundations,” by A8, Veletsos, AM. Prasad and W.H. Wu,
TR

“Hybrd Control of Seranic-Excited Nonbinear and Inelastic Structural Systems.” by JIN Yang. 7. Liand A
Daniehans. 8/191. (FBY2- 1431 71/AS).

“The NCEER 91 Earthquake Caialog. Improved Intensity -Based Magmitudes and Recurrence Relations tor
U.S Earthquakes East of New Madnd.” by L Sceber and 1 G A mbruster. /2881, (PRY2 176742/A8)

“Proweedings from the Implementauon of Earthquake Planning and Education m Schools: The Need tor
Chunge - The Roles of the Changemakers.” by K E.K. Koss and F. Winslow, 72381, (PBY2 129998/AK)

A Study of Rehabody Based Critenia for Seismic Design of Remnforced Concrete Frame Builldings.™” by
HHM. Hwang and H-M. Hsu. 8/1041. (PRY2 140235/AS8)

"Experimental Verfication of a Number of Structural System ldenuficatnon Algorthms,” by R G Ghanem,
H Guavin and M Shinorzuka, 9718921, (PRY2-176577/AS).

“Probabihistie Evaluation of Liquefaction Potential.” by HHM Hwang and C.8. Lee.” 1172581, (PR92.
143429/A8)

“Instantaneous Optimal Control for Linear, Nonhinear and Hysteretic Siructures - Stable Controllers.” by J.N.
Yang and 7. L, 1171581, (PR92-163807/AS).

“Experimental and Theoretical Study of a Shiding Isolation System for Bndges.” by M.C. Constanunou. A.
Kanioum. A M. Reinhorn and P. Bradford, 11/1591. (PB92-176973/A8).
“Case Studies of Liquefaction and Lifeline Performance Duning Past Earthquakes. Yolume [ Japanese Case

Studies.” Edited by M. Hamada and T. ()'Rourke, 2/1792, (PBY2-197243/AS).

"Case Studies of Liquefaction and Lifeline Performance Dunng Past Earthquakes, Volume 2: Umied States
Case Studies.” Edued by T. ()’Rourke and M. Hamada. 2/1792, (PBY2-197250/A8).

“lssues in Earthquake Educauon, ™ Eduted by K. Ross, 273892, (PBY2-222389/A8).

“Proveedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges.™ 2/4/92,
o be published.

“Seismic Ground Monion from a Haskell Type Source tn a2 Multiple-Layered Half-Space.” A.P. Theohans,
G. Deodans and M. Shinozuka, 1/292. w be published.

"Proceedings from the Site Effects Workshop,” Edited by R. Whitman, 2/29/92, (PB92-197201/AS).
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“Engmcenng Evaluation of Permanent Ground Deformations Due to Seismically Induced Liguelaction,” by
MH Banar, R Dobry and A W M, Elgamal, 372442, (PR92.222421/A5;

“A Procedure fon the Seismic Evaluation of Buildings in the Central and Eastern United States,” by C D
Poland and 1.(r Malley, 4/292, (PBY2-222439/A8).

“Expenmental and Analyucal Swdy of a Hybnd Isolaton System Using Frction Controllable Shding
Beanngs,” by MQ Feng. 8 Fupi and M. Shinosuka, 5/15/92, (PB93-1S0282/A8).

"Sesmie Resitance of Slab-Column Connections 1 Exisung Non Ductile Flat-Plate Bualdings.” by Al
Duiram and Y Du, 5/18/2

“The Hysteretic and Bynamie Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyche Loading and Strong Simulated Ground Moton,” by H Lee and S.P Prawel, 5/1142, 1 be published.

“Study of Wire Rope Systems for Sessmie Protection of Equipment in Butldings,” by G.F Demetriades, M.C.
Constantineu and AM  Rewmnbuan, 52092,

"Shape Memory Structural Dampers: Matenal Properies, Design and Setsmic Tesing,” by P.R. Withing and
F.A Corrarelli. 5/26/92

“Longstudinal Permanest Ground Deformation Effects on Buried Conttnuous Pipelines.” by M.J. O Kourke.
and C. Nordberg, /1592

“A Simulaton Method for Statonary Gaussian Random Funcuons Based on the Samphing Theorem.” by M
Gngonu and § Balopoulou, 671142, (PRY3-127496/AS8)

“Gravity-Load-Designed Remforced Concrete Butldings. Sersmic Evaluaton of Exssting Construction and
Detathing Strategies for inproved Sersmic Resistance.” by G.W. Hoffmann, § K. Kunnath. J.R. Mander and
AM. Remhorn, 771542, w he published.

"Ohservanons on Water System and Pipeline Performance in the Limdn Area of Costa Rica Due to the Apnl
22, 1991 Earthquake,” by M. ()’Rourke and D. Ballantyne, 6/30/92, (PBY3-126811/AS).

"Founth Edition of Earthquake Education Malerials for Grades K-12." Edited by K.E.K. Ross. 8/10/92.
“Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifehne Facihiies and
Countermeasures for Soil Liyuefaction,” Edited by M. Hamada and T.D O'Rourke, 8/1292, (PBY3-
1634939/AS).

"Active Bracing System: A Fuyll Scale Implementation of Active Congol,” by A.M. Remnhom, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, §. Aizawa and M. Higashino, 8/14/92, {PB93-127512/AS).

“Empncal Analysis of Honzontal Ground Displacement Generated by Liquefaction- Induced Lateral Spreads,”
by S.F. Bartlett and T.L. Youd. 8/1782.

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Conarete Structures,” by S K. Kunnath, A M.
Reinhorn and R F. Lobo, 8/3182, 1o be published.

"A Semi-Empurical Analysis of Strong-Mouon Peaks in Terms of Seismic Source. Propagauon Path and Local
Site Conditions, by M. Kamiyama, M.J. O'Rowrke and R. Flores-Berrones, 9482, (PBY3-150266/A5).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Detals, Part I Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests,” by A. Beres. RN. White and P. Gergely.
9/30/92, to be pubhished.

"Expenmental Results of Repaired and Retrofitted Beam -Column Jount Tests in Lightly Reinforced Concrete
Frame Buildings.” by A. Beres, S. El-Borgi. R.N. Whiie and P. Gergely, [0/29/92. to be published.
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‘Sesmic Resistance of Renforced Concrete Frame Structures Designed Only for Gravity Loads Pant 1 -
Desagn and Properties of a One Third Scale Model Svucture.” by J M. Brace. AM. Ranhom and J.B.
Mander. 12/1492

"Senmie Revistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part 11 -
Expenuncental Performance of Subassemblages,” by L E Aycardi, ] B Mander and A M. Remnhom, 12/102

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Pant 111 -
Expersmental Performance and Analyucal Swdy of a Siructaral Model,” by M Braa. A M. Reinhorn snd
T BR. Mander. 12/1/92, o+ be published

“Evaluation of Seismic Retrofit of Renforced Concrete Frame Souctures: Pant | - Expenimental Performance
ot Retrofnted Suhassemblages ™ by D Choudhuni ] B Mander and AM. Reinhom. 12/882.

“Evaluauon of Sersmic Retrofn of Rentoreed Concrete Frame Structures: Part 11 - Experunental Performance
and Analyty al Study of a Retrofined Structural Model,” by I.M. Rracci. AM. Reinhom and J.B. Mander.
12RA2

“Eaperimental and Analytical Invesugation of Sewsmic Respoose of Structwes with Supplemental Flud
Viscous Dampers.” by M.C. Constantinou and M.D. Symans. 12/2182.
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