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PREFACE

The National Center for Earthquake Engineering Rescarch (NCEER) was established to expand
and disseminate knowledge about carthquakes, improve earthquake-resistant design, and imple-
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element IIT, 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 I ELEMENT Ul ELEMENT Il
BASIC RESEARCH APPLIED RESEARCH DEMCNSTRATION PROJECTS
« Seismic hazard and + The Building Project Case Studies
ground motion + Active and hybrid control
+ The Nonstructural » Hospital and data processing
. SOI[S and‘geotechnical Components Pro]ect facilities
engineering

+ Short and medium span
+ The Lifelines Project | » bridges

Structures and systems » Water supply systems in

. Risk and reliability - The Bridge Project Re;v:‘ejnm;t;fuz?::an Francisco
» Protective and . Nt_ew YO_rk City
intelligent systems + Mississippi Valley

- San Francisco Bay Area

Societal and economic

studies H I_I

ELEMENT IV
IMPLEMENTATION

» Conferences/Workshops

+ Education/Tralning courses
+ Publications

+ Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infills, The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The structures and systems program constitutes one of the important areas of research in the
Building Project. Current tasks include the following:

1. Continued testing of lightly reinforced concrete external joints.

Continued development of analytical tools, such as system identification, idealization,

and computer programs.

Perform parametric studies of building response.

Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.

5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer
program.

6. Research infilled frames, including the development of an experimental program, devel-
opment of analytical models and response simulation.

7. Investigate the torsional response of symmetrical buildings.
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One of the key accomplishments in the development of evaluation methods for existing buildings
was the design and shake-table testing of three-story gravity-load designed buildings at the
University at Buffalo and at Cornell University. These tests followed extensive preparatory full
and reduced-scale component tests and the development of computer models.

This is the first in a series of three reports summarizing the test program at the University at
Buffalo. It presents the design of a prototype three-story concrete building for gravity loads and
the design of the reduced-scale model. The initial dynamic characteristics of the model are also
described.
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ABSTRACT

This report is Part I of a three-part series prepared for a comprehensive Evaluation of typical
gravity load designed low-rise reinforced concrete frame buildings (lightly reinforced concrete
structures) for seismic adequacy. The study was done at State University of New York at Buffalo
- Earthquake Simulation Laboratory on a 1:3 scale building model designed for gravity loads
only. No considerations were made for seismic resistance and the general non-seismic detailing
provisions of ACI-318-89 were used for the design. The one-third scale three story model,
one-bay by three-bay, of a typical office building was constructed to represent the critical interior

bay of a prototype structure.

Components of structlure, ie., structural subassemblages of columns, column-to- beam joints
and column-beam-slabs models were constructed from the same materials as the structural
model and at same scale. These components were tested with cyclic loading to failure to
determine their structural parameters and ultimate limits. The results of components study are
the subject of Part II of the Evaluation Series.

A series of varying intensity simulated ground motion tests were performed on the one-third
scale building model using scaled accelerograms on the shaking table to represent minor,
moderate, and severe earthquakes. The dynamic characteristics of the model after each seismic
event were identified from white noise shaking table tests. Analytical models were developed
to predict and interpret the seismic response of the building model based on identified member
properties from engineering approximations, component tests, and an experimental response
fit. It is shown in Part III of the Evaluation report scries that the response predictions based on
integrating the behavior from component tests (presented in Part IT of the Evaluation report
series) provide adequate correlation of the seismic structural response behavior, emphasizing
the importance of such component testing. A damage evaluation of the building model is
presented to assess the structural integrity after the induced ground motions in terms of damage
states. A newly modified damage model is proposed to incorporate the additional damage from
P-delta effects in columns.

It is shown in this report series that gravity load designed structures have some inherent strength
for resisting seismic forces. However a weak column - strong beam behavior was evident in
the experimental response and large story drifts, beyond 2% of the story height (exceeding
current code recommended limits), may develop during strong earthquakes (see Part III of this

Evaluation Series).



Part [ of the Evaluation Series (this report) presents the design objectives, gcometric dimensions,
material strengths and initial dynamic properties of the model building, along with the simulated
base motions, so that analytical models can be developed and used to predict the inelastic
response of the model building during more severe earthquakes. The initial vibration tests and
the response from a minor earthquake are presented to enable analytical structural modeling

and verification of elastic response.
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SECTION 1

INTRODUCTION

1.1 Background

The study presented herein is part of a comprehensive research program sponsored by the
National Center for Earthquake Engincering Research (NCEER) on the seismic damage
assessment and performance evaluation of buildings in zones of low seismicity, such as in the
Eastern and Central United States. Buildings in such zones are typically designed only for
gravity loads (U =1.4D + 1.7L, herein referred to as GLD) according to the non-seismic detailing
provisions of the code. These building are also termed lightly reinforced concrete (LRC)
structures throughout this study. Although such structures are designed without consideration
of lateral loads, they still possess an inherent lateral strength which may be capable of resisting
some minor and moderate earthquakes. However the deficient detailing of members can lead

to inadequate structural performance during seismic activity.

Two main parts from the current study (i) a seismic performance Evaluation of gravity load
designed R/C Frame Buildings and (ii) anevaluation of seismic Retrofit of R/C frame structures.

The first part will be mentioned as Evaluation and the second as Retrofit.

A research program on the Evaluation of the seismic performance of gravity load designed

R/C frame buildings was developed and carried out according to the plan outlined in Fig. I-1.

Based on a survey of typical building construction practices in the Eastern and Central United
States (Lao, 1990 and El-Attar et al., 1991a and 1991b), a one-third scale model was constructed
and tested on the shaking table in the State University of New York (SUNY) at Buffalo
Earthquake Simulation Laboratory. The prototype design, model construction and similitude,
initial dynamic characteristics, shaking table testing program along with the simulated ground
motions, and the elastic response of the model from minor base motions are presented in Part
I of the Evaluation Report Series (this report). Based on this report, analytical models can be
developed and used to predict the inelastic response of the model building during more severe
earthquakes.
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EVALUATION

o
Seismic Performance of Gravity Load
Designed R/C Frame Buildings

Construction Practices in Eastern
and Central United States
Loo (1990), El—Allar et ai. {1991}

v

Compenent Tests — Columns and
Subossembloges.  Quasi—Siatic
Reversed Cyclic Testing.

1/8 Scale Three Story Model
Building — Shaking Table Study
El—Aftar et al. (1991)

Aycordi ef al. (1992)

U+

- 7

Analytical Evaluation of Model Structure
Based on Caomponent Properties
Bracci et al. (1992b)

RETROFIT

Evaluation of Seismic Retrofit
of R/C Frame Structures

j

1/3 Scole Three Story Relrofitted
Model Building — Shoking Table Study
Bracci et al. {1992¢)

Retrofit Component Tests — Columns
and Subossemblages Quasi—Static
Reversed Cyclic Testing

Choudhuri el al. {1992)

J,c-l-:J
L J

E

Analytical Evaluagtion of Retrofitted
Model Structure Based on Component
Properties. Bracci el ol. (1992¢)

FIG: 1-1 Research Context - Seismic Performance of Gravity Load Designed Reinforced

Concrete Frame Buildings
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Companion reduced scale slat-beam-column subassemblages were also constructed with the
same materials in conjunction with the construction of the one-third scale model building are
presented in Part IT of the Evaluation Report Series (Aycardi et al., 1992). The components
were tested under quasi-static reversed cyclic loading and conducted prior to the testing of the
model building. The results of the component tests were used to identify the behavior of localized
members and subassemblages of the structure and the member properties for predicting the
overall response of the model building with analytical tools.

The experimental and analytical performance of the model building during moderate and severe
shaking is presented in Part IIT of the Evaluation Report Series (Bracci et al., 1992a). The
analytical predictions of the model building during these earthquakes are presented based on
member behavior developed from engineering approximations and component tests. Some of
the conclusions of the evaluation study are that the response of the model is governed by weak
column - strong beam behavior and large story drifts develop under moderate and severe
earthquakes. A one-eighth scale model of the same prototype building was also constructed
and tested at Cornell University by El-Attar et al. (1991b) as part of a collaborative study with
SUNY/Buffalo. A comparison of the response behavior between the two scale models is also
presented.

A second part of this research program was conducted to cvaluate various seismic retrofit
techniques for R/C frame structures typically constructed in low seismicity zones (see
Fig. 1-1). Bascd on the seismic behavior of the one-third scale model from the previous study,
a series of retrofit schemes were proposed for improved seismic resistance and presented Part
II of the Retrofit Report Series (Bracci et al, 1992b).

In Part I of the Retrofit Report Series (Choudhuri et al., 1992) of this research program, a capacity
analysis and redesign method for seismic retrofitting of R/C structures is developed and tested.
Retrofit using an improved concrete jacketing technique was selected and first performed on
companion components. The retrofitted components were then tested under quasi-static
reversed cyclic loading and used to identify the behavior of the individual members. Retrofit
of the components was also performed to verify the constructability of the retrofit technique for
the model building.

The work done in Part I of the Retrofit Report Series is used as base to evaluate and model the
member properties of the beam column components with the concrete jacketing technique and

is used further for predicting the response of the overall retrofitted model building with analyses
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presented in Part II of the Retrofit Report Series (Bracci et al, 1992b). Based on analytical
estimates, a global seismic retrofit for the one-third scale model building was proposed and
constructed. Anexperimental and analytical shaking table study of the retrofitted model building
was then conducted and the response behavior is presented. The main conclusions from this
study are that seismic retrofit of gravity load designed R/C frame buildings: (i) can be designed
to successfully enforce a strong column - weak beam behavior; and (ii) is a viable economic

and structural alternative as compared to demolition and reconstruction of another.
1.2 Previous Studies Related to Lightly Reinforced Concrete Frame Buildings

In an attempt to determine the behavior of gravity load designed buildings during seismic events,
the following outlines some of the previous work coenducted on non-seismically and seismically
detailed reinforced concrete (R/C) components and frame models under the influence of large
Iateral loads. However, most of the recent research has been focused on appropriate detailing
for the most adverse seismic design scenario. Little work has been done on poorly detailed R/C

elements.
1.2.1 Column Strength and Ductility

Reversed cyclic response of R/C columns have been studied by several investigators to determine
the influence of important variables such as: varying axial loads, confinement, location of lap

splices and construction joints, LRC columns, etc.

Paulay et al. (1981) tested a number of well detailed R/C columns of octagonal and square cross
sections with lap splices in the plastic hinge regions. For the square columns, the longitudinal
bars were cranked inward at the lap. They showed that the columns performed satisfactorily
for displacement ductilities up to 4. There was no evidence of bond slip at the laps and the
lateral pressures from the confining steel in the plastic hinge region improved anchorage.
However, vielding of the longitudinal reinforcement was restricted to a very small length
adjacent to the critical section, which resulted in extremely high longitudinal steel strains. The
spirally confined octagonal column was tested with side-by-side laps of the longitudinal rein-
forcement. It was found that spalling of the cover concrete occurred and created poor local
bond conditions for the lap region. Their conclusions were that lapped splices in potential plastic
hinge regions should only be used when the design level of structural displacement ductility is
less than 3.0 and lapping should be done by cranking the bars into the core concrete rather than
by side-by-side lapping.
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Abrams (1987) studied the effect of varying the axial load in LRC columns. It was shown that
additional axial load on columns increase the stiffness, flexural strength, and shear capacity.
However, Saatciogle and Ozcebe (1989) report that added axial loads also increase stiffness
degradation and energy dissipation of the section.

Priestley and Park (1987) summarized an extensive study on the performance of various well
detailed concrete bridge columns subjected to combined axial load and bending. Their results
indicate that current methods (ACI-318) for predicting flexural strength underpredicts the true
tlexural capacity due to the enhanced concrete strength from confinement and strain hardening
of the longitudinal reinforcement. A new design method was proposed for predicting the flexural

strength and ductility of confined bridge columns.

Mander et al. (1988a) conducted tests on well detailed R/C short columns with circular, square,
and rectangular cross sections. Various arrangements of longitudinal and transverse rein-
forcement wcre investigated to study the effect of confinement on the stress-strain curve in
terms of strength and ductility. The quantity of the confining steel was shown to have been a
significant parameter in member response and strength. In a companion paper, Mander et al.

(1988b) also developed an analytical stress-strain model for confined concrete.

Panahshahi et al. (1992) performed full-scale experimental tests to study the behavior of
compression lap splices in reinforced concrete members subject to high-level repeated cyclic
loads. They concluded that compression lap splices can be designed to sustain a minimum of
12 inelastic cycles, with a maximum bar strain of at least three times the yield strain. A design
splice length of 35 d, was recommended for grade 60 reinforcement with a clear cover of at
least 1.5 d, and a minimum concrete strength of 4 ksi. Closely spaced, uniformly distributed
stirrup-ties were also recommended along the entire splice length and extending an effective
depth d beyond the splice.

Azizinamini et al. (1992) performed full-scale testing of columns with different transverse
reinforcement details. They showed that the flexural capacity of columns increased with axial
load but ductility reduced considerably. With additional transverse reinforcement, the ductility

capacity of the column increased with the limiting strain being well above 0.003.
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1.2.2 Beam Strength and Ductility

Since the design philosophy of strong column - weak beam is desired under seismic excitations,

the following researchers have studied some of the effects of hinge occurrence in beams.

Paulay and Bull (1979) and Park and Milburn (1983) studied the effect of relocating the potential
beam plastic hinges from the face of the columns. Tt was suggested from their studies to move
the potential beam hinge the smaller distance of either the beam height or 500 mm. from the
column face. Buchanan (1979) also constructed spandrel beams by moving the potential beam
hinge toward the center of the span. Paulay and Priestley (1992) also summarized some of this
and other related work.

Nmai and Darwin (1984) quasi-statically tested several lightly reinforced concrete cantilevered
beams of varying reinforcement ratios, nominal stirrup capacities, stirrup spacing, and ratios of
positive to negative reinforcement. They concluded from the cyclic tests that: (i) the low
reinforcementratio reduces the maximum shear and compressive stresses in beams; (i) areduced
stirrup spacing and an increased positive to negative steel ratio increases the total energy dis-
sipation capacity. However the increase positive tonegative steel ratio also increases the induced
shear and the energy demand; (iii) a decrease in maximum shear stress, an increase in concrete

strength, and an increase in nominal stirrup capacity will improve the performance of R/C beams.

Al-Haddad and Wight (1986) performed an analytical study on the feasibility and consequences
of moving the potential beam plastic hinge zones a certain distance from the column face. Their
design guidelines suggest to locate the potential beam hinges one beam depth from the column

face.

Al-Nahlawi and Wight (1989) studied the shear behavior of LRC beams with and without web
reinforcement and with 1% longitudinal reinforcement. The stirrup spacing in the beams were
varied from 0 to d/3 (d = beam depth). An equation was developed for providing minimam
transverse reinforcement in beams. It was shown that the minimum transverse reinforcement

ratio increased with concrete strength, which is in contrast of the ACI-318.

Soroushian and Choi (1989) studied the cyclic bond deterioration of varying diameter beam
reinforcement in confined concrete beam members due to repeated inelastic cycling. They
showed that the bond strength decreases as the bar diameter increases and a slight increase

occurred in the prepeak local bond tangent stiffness as the bar diameter decreases.

1-6



Slab Width Effects

Wallace and Krawinkler (1984) quasi-statically tested small scale beam-column joints and
compared their results to similar full scale tests. They concluded that the slab width from
ACI-318 grossly underestimates the slab contribution to beam moment capacity. However with
full slab width contribution of slab steel, the moment capacity is overestimated.

Durrani and Wight (1987) quasi-statically tested seismically detailed beam-column joints with
transverse beams and a {loor slab. They showed that the slab had a significant contribution in
the moment capacity of the beams. The tlexural strength of the columns were 1.9 times greater
than the beams without the slab and were only 1.3 times greater with the slab. They concluded
that ignoring the slab effects in the beam moment capacity might lead to erroneous evaluation
of the collapse mechanism which may in turn lead to a weak-column-strong-beam failure instead

of a desired strong-column-weak-beam mechanism.

Wolfgram-French and Boroojerdi (1989) quasi-statically tested well-detailed one-half scale R/C
beam-column-slab joints to determine the influence of the torsional stiffness of the transverse
beams on the effective slab width participation. They concluded that the effective width of slab
was greater for models with increased torsional stiffness. At an inter-story drift of 2%, the
measured flexural strengths were within 10% of the strength which considers the slab flange
width from ACI-318. However the maximum measured flexural strengths exceeded the strength
using the ACI-318 slab flange width by about 37% and was about 20% less than the strength
using the full slab flange width. It was found that the moment strength with a slab flange width
of about one-third the span length on each side of the beam was similar to the maximum measured
moments.

The established text by Park and Paulay (1975) provides an overview of beam strength and
ductility capacities in well-detailed R/C structures. A more current text by Paulay and Priestley

(1992) expands on the more recent developments.

1.2.3 Beam-Column Joints

Paulay (1989) showed, through equilibrium, the internal force distributions of seismically loaded
beam-column joints for determining maximum joint shear stresses. He found that the interior
forces rearrange themselves after the tensile strength of the core concrete is lost due to diagonal

cracking. He also showed that beams dilate rather than confine joint cores. Therefore the width
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of the beam relative to the width of the column is irrelevant in terms of joint performance.
However, beams that run transverse to the direction of motion provide some beneficial con-
finement of the joint cores. The performance of interior joints loaded in two orthogonal
directions was consistently found to be deficient as compared to the performance of identically

reinforced joints in one-way loading.

Zerbe and Durrani (1990) indicated that the slab has a significant cffect on the joint stiffness
and strength. For joint shear design, it was recommended that the effective slab of twice the
beam depth on each side be used. Furthermore the slab participation was found to reduce

stiffness degradation and be dependent on the story drift.

Pessiki, Conley, Gergely, and White (1990) tested several LRC beam-column joints with typical
reinforcement details found in the Central and Eastern United States which include: (i) lightly
confined lap splices in columns just above story level; (ii) discontinuous beam reinforcement
in the beam-column joints; (iii) little or no joint confining steel; (iv) construction joints located
above and below beam-column joints. However, the specimens did not include transverse beams
or slabs, the importance of which were previously discussed. Tt was observed that pull-out of
the discontinuous beam reinforcement was the mode of failure in this joint and the column lap
splice (and construction joint) location was not critically damaged. The recorded joint shears
with discontinuous beamreinforcement were about 20% smaller than the shears with continuous

bcam reinforcement.
1.2.4 Frame Model Structures

Although component testing can be uscd to identity various parameters, behaviors, and defi-
ciencies of individualized members and components of structures, full model testing is required
to capture the overall response characterizations of structurcs. The following studies include

some scale model R/C building tests conducted on shaking tables.

Wilby et al. (1973) tested a scismically designed 1/5 scale, one-bay by one-bay six story R/C
model on the shaking table. They observed that a significant reduction (80%) in the model
stiffness occurred from shaking, which was attributed to poor bond of the model reinforcement
(plain wires). The transverse (with respective to the input motion) beams increased the model
stiffness by about 18%. However, these beams suffered severe torsional cracks at the conclusion
of testing. They reported that an accurate prediction of the model stiffness and damping was
essential for the analytical models.
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Blondet et al. (1980) performed shaking table tests on a seismically designed 7/10 scale two
story, one-bay by one-bay office building. However, due to small column loads, the flexural
strength of the beams were 50% stronger than the column. They concluded that: (i) the model
stiffness was much less than predicted using gross section properties and the ACI-318 formula
for elastic modulus; (ii} the response was governed by the first mode; and (iii) most of the

damage resulted in the columns of the first floor with an incipient soft-story collapse mechanism.

Bertero et al. (1984), in a US-Japan cooperative earthquake research program, performed
shaking tablc tests on a scismically designed 1/5 scale seven story, two-bay by three-bay R/C
frame-wall structure. They concluded the importance of the following: (i) the three dimensional
interaction of the wall-frame system due to deformation variations between the walls and the
frames; (11) the significant effects of axial load variations on the lateral stiffness, column strength,
and wall strength; (iii) the importance of controlling the amount of shear at the critical regions
of the main members of the structure; and (iv) the tremendous contributions of the floor slab to

the ultimate strength of the structure.

Shahrooz and Moehle (1987) performed shaking table tests on a seismically designed (ACI-
318-83) 1/4 scale six-story, two-bay by two-bay R/C framed structure with 50% setback at its
midheight. The test structure reached a base shear demand in excess of seven times the design
base shear. Several factors were identified for the overstrength: (i) the contribution of the floor
slab to beam flexural strength; (ii) column and beam overstrength resulting from detailing

requirements; and (iii) actual material properties.

1.3 Concluding Remarks on Previous Studies on R/C Buildings

It should be noted that most of the preceding studies focused on examining the performance of
buildings for the most adverse seismic events and systematically searching for the benefits of
good detailing. It appears that little work has been done on the performance of poorly detailed
structures during seismic events of varying intensity ground motions, which can be repre-
sentative ol minor, moderate, and severe earthquakes. The present study attempts to address
the following for the varying intensity ground excitations: (i) identifying the strengths and
deficiencies of such structures; (ii) identifying the behavior of individual members and com-
ponents; and (iii) identifying the overall behavior of the structure and possible collapse

mechanisms.
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Another shortcoming of the previous studies is that there is no link between the behavior of
individual members (and components) and the behavior of the overall structural system. A
main objective of the current study is to explore the possibility of integrating the behavior and
properties of individual members from component testing to develop analytical tools for pre-

dicting the seismic response of the overall structure.
1.4 Overall Objectives of Research Program

The objectives of the overall research program are summarized below along with the corre-
sponding NCEER publications from Table 1-1:

I. Investigate the performance and principal deficiencies of typical LRC frame
buildings during earthquakes through shaking table testing of a one-third scale
model under minor, moderate, and severe earthquakes. (Seismic Resistance of R/C
Frame Structures Designed only for Gravity Loads: Parts I and III, Evaluation
report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

2. Identify the potential collapse mechanisms for typical LRC frame buildings.
(Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads:
Part 111, Evaluation report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

3. Determine the behavior and material properties of individual members and sub-
assemblages of the structure. (Seismic Resistance of R/C Frame Structures
Designedonlyfor Gravity Loads: Partll,Evaluation report serics, by L.E. Aycardi,
J.B. Mander, and A.M. Reinhorn)

4. Determine the contribution of components in the overall response of the structure
near collapse. (Seismic Resistance of R/C Frame Structures Designed only for
Gravity Loads: Parts 1l and HI, Evaluation report serics, by J.M. Bracci, L.E.
Aycardi, A.M. Reinhorn, and J.B. Mander)

5. Compare the measured response of the model building with that predicted by
analytical models developed from engineering approximations or from component
tests using a non-linear time history dynamic analysis. (Seismic Resistunce of R/C
Frame Structures Designed only for Gravity Loads: Part III, Evaluation report
series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)
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10.

Investigate appropriate local and global retrofit techniques for improving the
scismic performance of LRC buildings. (Evaluation of Seismic Retrofit of R/C
Frame Structures: Part I, Retrofit report series, by J.M. Bracci, A.M. Reinhorn,
and J.B. Mander)

. Investigate the seismic performance of the retrofitted model building and compare

the measured response with the response of the original (unretrofitted) model from
the same earthquakes. (Evaluation of Seismic Retrofit of R/C Frame Structures:
Part 11, Retrofit report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

. Determine the behavior and material properties of the retrofitted members and

subassemblages of the structure. (Evaluation of Seismic Retrofit of R/C Frame
Structures: Part I, Retrofit report serics, by D. Choudhuri, J.B. Mander, and A.M.
Reinhorn)

. Determine the contribution of retrofitted and unretrofitted components in the

overall response of the structure near collapse. (Evaluation of Seismic Retrofit of
R/C Frame Structures: Part I, Retrofit report series, by D. Choudhuri, J.B. Mander,
and A.M. Reinhorn)

Compare the measured response of the retrofitted model building with that pre-
dicted by analytical models developed from engineering approximations or from
component tests using a non-linear time history dynamic analysis. (Evaluation of
Seismic Retrofit of R/C Frame Structures: Part II, Retrofit report series, by J.M.
Bracci, A.M. Reinhorn, and J.B. Mander)

1.5 Collaborative Studies of LRC Frame Structures

El-Attar et al. (1991a and 1991b) performed a study on the seismic behavior of LRC frame
buildings using small scale model testing. Two models were constructed: (1) a one-sixth scale
two story, one-bay by one-bay office building (El-Attar et al., 1991a); and (2) a one-eighth scale
three story, one-bay by three-bays office building (El-Attar et al., 1991b). The latter model was
a smaller scale replica of the model presented in this study and was part of a collaborative study
by Cornell University and SUNY at Buffalo on LRC framed structures typically constructed in
low seismicity zones. The reinforcement details were based on construction practices in the

Eastern and Central United States since the early 1900’s. Shaking table tests were performed
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TABLE 1-1 NCEER Publications Summarizing Current Study

EVALUATION SERIES:

Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads

Part I: Design and Properties of a One-Third Scale Model Structure
(by J.M. Bracci, A.M. Reinhorn, and I.B. Mander), NCEER-92-0027

(1) Identification of deficiencies of current engineering practice.
(it} Scale modcling.
{11y Experimental identification of structural characteristics.
(iv) Ground motions for structural evaluation and experimental program.
Note: This report serves as bare material for evaluation of analytical tools.

Part II: Experimental Performance of Subassemblages
(by L.E. Aycardi, J.B. Mander, and A.M. Reinhorn), NCEER-92-0028

(1) ldentify behavior and deficiencies of various components in structures.
(1) Identify member characteristics for developing analytical models to predict the seismic response
of the one-third scale model structure.
Note: This report serves as evaluation of structural characteristics to be incorporated in the evaluation
of the entire structural system.

Part 111: Experimental Performance and Analytical Study of Structural Model
(by J.M. Bracci, A.M. Reinhorn, and J.B. Mander),NCEER-92-0029

(1) Investigate the performance and principal deficiencies of typical gravity load designed frame
buildings during earthquakes through shaking table testing of a onc-third scale model under
minor, moderate and severe earthquakes.

{ii) Identify the potential collapse mechanisms for such typical frame buildings.

(i1i) Compare the measured response of the model building with that predicted by analytical models
developed from (1) engineering approximations, (2} component tests, and (3) an experimental
fit using a non-linear time history dynamic analysis.

Note: This report emphasizes the structural behavior, collapsc margins via damage, and efficiency of
predictions using component properties evaluated from tests.

RETROFIT SERIES:

Evaluation of Seismic Retrofit of R/C Frame Structures

Part I: Experimental Performance of Retrofitted Subassemblages
(by D. Choudhuri, J.B. Mander, and A.M. Reinhorn), NCEER-92-0030

(i) Presentation of retrofit techniques.
(iiy Identify constructability and behavior of retrofitted components.
(1i1) Identify retrofitted member characteristics for developing analytical models to predict seismic
response of the retrofitted model building.

Part II: Experimental Performance and Analytical Study of Retrofitted Structural Model
(by J.M. Bracci, A.M. Reinhom, and J.B. Mander), NCEER-92-0031

(i) An analytical seismic evaluation of retrofitted gravity load designed frame buildings using
various local and global retrofit techniques.

(i) Shaking table testing of one of the proposed retrofit techniques on the 1/3 scale model under
minor, moderate, and severe earthquakes.

(iii) Verify a change in formation of the potential collapse mechanism under ultimate load from an
undesirable column-sidesway/soft-story mechanism to a more desirable beam-sidesway
mechanism.

(iv) Comparethe measured response of the retrofitted model building with that predicted by analytical
models developed from engineering approximations and component tests using a non-linear
time history dynamic analysis.
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using the scaled Taft S69E accelerogram at various levels of peak ground acceleration. The
behavior of the two story model was summarized as follows: (i) The response was dominated
by the first mode of vibration; (ii) Very large deformations occurred with severe stiffness
degradation; (i11) Plastic hinges and flexural cracks formed in the columns outside the joint
panel above and below the slab. No hinging was observed in the beams; (iv) Column lap splices
were not critical; (v) Damage was primarily concentrated to the first story; and (vi) Pull-out of

the discontinuous rebars was observed at a severe PGA.

The behavior of the three story model was summarized as: (i) The response was dominated by
the first mode of vibration; (i) Similar mode shapes were identified throughout the seismic
tests; (iil) Very large deformations occurred with severe stiffness degradation; (iv) Significant
P-delta effects for the severe earthquakes; (v) The column shears were dependent on axial load
and the shear in the interior columns were twice the exterior; (vi) Deformations, damage, and
energy dissipation primarily occurred to the first story; (vii) Plastic hinges and flexural cracks
formed in the columns outside the joint panel above and below the slab. No hinging was observed
in the beams; (viii) Column lap splices were not critical; and (ix) Pull-out of the discontinuous

rebars was not observed.

Various references to El-Attar et al (1991a and b) are made throughout this study as a direct

comparison of seismic response for the different scale models.

1.6 Scope of this Report

This report presents the design objectives, geometric dimensions, material strengths, and initial
dynamic properties of the model building, along with the simulated base motions, so that
analytical models can be developed and used to predict the inelastic response of the model
building during more severe carthquakes. The initial vibration tests and the response from a
minor earthquake are presented to enable analytical structural modeling and verification of

elastic response. The following outlines the contents in each section:

Section 2 details the gravity load design of a prototype three-story moment resisting R/C frame
building. No considerations are made for seismic resistance and the general non-seismic
detailing provisions of ACI-318 are used for this design. The LRC building is considered to
be representative of low-rise building construction in the Eastern and Central United States.
Finally some of the expected deficiencies and resulting member actions from seismic motions

are summarized.
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Section 3 firstly presents the design, construction, similitude, and instrumentation of a one-third
scale model. Next, the relevant base motions and peak magnitudes of base motion for an
experimental study using shaking table excitations are discussed and presented. Finally, the
testing program for the model, which includes the structural dynamic identification and

earthquake simulation tests, is outlined.

Scction 4 outlines a procedure for identifying the dynamic characteristics of a structure from
the experimental time history response and the frequency domain story transfer functions. The
initial dynamic characteristics of the model and comparisons among identification tests arc
presented and summarized. Finally, the response of the model during a minor earthquake (elastic

response) is presented, along with the subsequent dynamic characteristics.

Section 5 presents a summary and conclusions of the first phasc of the research program.



SECTION 2

PROTOTYPE R/C FRAME STRUCTURE

2.1 Introduction

The design of a typical three-story moment resisting reinforced concrete framed structure
typically used for offices is presented in this section. The structure is considered to be repre-
sentative of low-rise buildings constructed in the Eastern and Central United States. Such
structures are designed primarily to carry only gravity loads, since wind loads seldom govern
for low-rise buildings. Thus no considerations are made for scismic resistance and the general
non-seismic detailing provisions of the ACI 318-89 code are used for this design, herein after

referred to as the Code.

The prototype structure is selected such that an experimental shaking table test could be per-
formed on a scaled model structure in the State University of New York (SUNY) at Buffalo
Earthquake Simulation Laboratory. The limitations of the model structure are based on
geometric lengths, height, and weight capacity of the shaking table. Dectails of the model

structure are presented in Section 3.

The relative dimensions adapted for the frame members of the idealized prototype structure
were based on a survey of typical construction practices in the eastern United States conducted
by El-Attar et al. (1991a and 1991b) at Cornell University and Lao (1990) at SUNY at Buffalo.
The survey showed that the relative story heights are typically 12 ft. and the bay widths vary
from 16 to 30 ft. The basic material strengths assumed for the design of the structure are ASTM
615 Grade 40 steel (f, = 40 ksi) and ordinary Portland cement concrete with a specified 28 day
strength (f.) of 3,500 psi. The structure is assumed to be built on stiff soil/rock conditions such
that no soil-interaction or differential settlements needed to be considered.

2.2 Structural Layout

The general layout of the idealized three-story prototype office building is shown in Fig. 2-1.
Due to the shaking table geometric constraints, three 12 ft. story heights with 18 ft. bay widths
are adopted herein to enable a one-third scale model to be constructed and tested in the Earth-
quake Simulation Laboratory. The model structure is representative of the critical interior bay
section of the prototype structure.
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2.3 Design Loads

The design loads for the typical office building are shown in Table 2-1. The gravity load
combination of 1.4 D+ 1.7 L is the only design loading used to achicve the most adverse stresses
in the members of the structure.

TABLE 2-1 Design Loads for the Building

Dead Loads
Floors and Roof (6 in, slab) 75 pst
Ceilings 9 psf
Interior Partitions 20 psf
Electric and Water 5 psf
Total Slab Dead Load 109 psf
Live Loads
1%, 2" and Roof” 50 psf
14D +1.7L 0.238 ksf
Additional Dead Loads
Beam Self-Weight 0.113 plf
Column Self-Weight 0.15 plf
Exterior Walls (Curtain Walls) | 0.562 plf

™ The roof loading, based on snow loads, varies
from geographic locations within the United
States. For simplicily, the design roof loading is
the same as the office loads of the floors below.
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2.4 Slab Design

The direct design method from Section 13.6 of the Code is used to design the floor slab. Then

the ultimate load capacity of the designed slab is verified using yield line theory, Park and

Gamble (1980).

Table 2-2 lists the design and provided moments along with the respective provided rein-

forcement for an design slab loading of 0.238 ksf (1.4 D + 1.7 L) from Table 2-1 using the dircct
design method. According to Section 7.12 of the Code, the minimum temperature and shrinkage
reinforcement ratio, p, for a slab is 0.002 (#3 @ 9"). Based on the design moments and for
ease in construction, a doubly reinforced slab is adapted with #3 bars at 6 in. centers (p = 0.003)

in both directions, top and bottom as shown in Fig. 2-2, Curtailment of the slab reinforcement

is in accordance with the Code.

The slab reinforcement details are shown in Fig. 2-2.

TABLE 2-2 Slab Design

Exterior Span

Interior Span

Exterior | Mid-Span | Interior Support Mid-span
Support Support
Column Strip (6''x75")
Design Moment (k-in/in) | -0.892 +1.767 -2.158 -2.017 +1.092
Middle Strip
(6'"x108")
Design Moment (k-in/in) | -0.592 +2.733 -3.350" -3.108 +1.683
Provided Bars #3 @ 6" #3 @ 06" #3 @ 6" #3 @ 6" #3 @ 6"
Provided Moment (k- -3.258 3.258 -3.258 -3.258 3,258
in/in)

*k

2-4

Moments may be redistributed by up to 10% in accordance with Clause 13.6.7 of the Code.




11 :‘]1’ 1 :’
#3e12" L=111__ #3@12" L=8

\ M
. e
43 @6" #3@12" L=8’ #3@12" L=11"
@ |15 <D g #3012" L=6 430127 L=8
r e | “~
I\!j
N f AL
W/\, #3@12" L=11 #3@12" L=8'
e 18" 18
< = = >
a) Bottom Reinforcement b) Top Reinforcement
#3@12 L=8" and #3@12 L=11" and
#3@12 L=¢" #3@12 L=8§
8] e ST .
J 43 @5 L=18" u
r k=l |

C) Section 1-1

FIG. 2-2 Slab Reinforcement Details

2-5



It was considered of interest to determine the ultimate strength of the slab by yield line theory.
Table 2-3 shows a series of possible collapse mechanisms for the designed slab that are used
to determine the ultimate loading capacity. For the interior slab panels, it is assumed that all
sides are fully fixed. For the exterior slab panels, it is assumed for the most adverse case that
two sides are simply supported and the others are fixed (comer slab panel). For the final collapse
mechanism, it is assumed that the negative yield lines start at the end of the top reinforcement
with a simply supported end condition (no moment capacity) such that a 10 ft. square yielding
panel mechanism would form. It can be observed that the governing ultimate load distribution
capacity for the slab1s .36 ksf for a corner slab, which is 51 % above the required design strength
of 14D+ 1.7L.

2.5 Beam Analysis and Design

The design moments of the beams are determined in accordance with the strength provisions
of Section 8.9 of the Code under the factored load combinations of 1.4 D + 1.7 L. The factored
live load is placed on two adjacent spans to obtain the most adverse negative bending moments
adjacent to the column faces and placed on alternate spans to obtain the maximum mid-span
positive bending moments for the beam. Slab loads, placed in the respective beams locations,
are composed of two 9 ft. x 18 ft. triangular load distributions from the tributary areas of the
beams. Moment distribution is used for the elastic analysis of the frame subassemblage under

gravity loads as shown in Fig. 2-3.
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FIG. 2-3 Frame Subassemblage and Loading
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Table 2-3 Yield Line Theory Analysis

Location Mechanism Fixity Panel Type | w, (ksf)
Interior All Sides
Negative
Yieid Line Pasitive . .
Slab (fyp) ‘({;'_eld) Line Fixed Interior 0.48
yP
Comer % Two Sides
o
Slab :: Fixed and Exterior 0.36
%
3 Simply
Supported
Simply All Sides
Supported
Any Simply Any 0.78
Supported
Note: ———— = positive (sagging) yield line

negative (bowing) yield line

%

fixed end condition
LLL L = simply supported condition
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It was also of interest to compare the design moments based on the moment coefficient methods
given in Section 8.3 of the Code. This approach can essentially be regarded as an implicit lower
bound plastic design solution provided the following conditions are met:

a) There are two or more spans;

b} Span lengths are approximately equal;

c) Loads are uniformly distributed,

d) Unit live load does not exceed three times the unit dead load;
e) Members are prismatic.

For compatibility with condition "¢" from above, it is assumed that the total beam load is
uniformly distributed in contrast to the two triangular distributions.

Table 2-4 shows the design bending moments from the elastic analysis moment distribution
method and ACT approximate method of continuous beam analysis. It can be observed that the
methods of analysis result in distinctly different mid-span positive design moment in the beams.
Itisevident that the uniformly distributed load assumption could be unconservative under certain
conditions. This can be corrected by noting that the mid-span moments for a simply supported
beam increase by 33% for a triangular load distribution in contrast to a uniform load distribution,
shown in parenthesis in Table 2-4. Therefore itis concluded that the moment coefficient method

provides a satisfactory solution and compares well with the more rigorous elastic analysis.

TABLE 2-4 Design Beam Bending Moments

Exterior Interior
Direction {| Ext. Column | Mid-span [ Int. Column [[Column Face{ Mid-span
Face (Kip-in) (Kip-in) | Face (Kip-in) (Kip-in) (Kip-in)
Frame -390 +860 -920™ -880 +570
Analysis
Moment -516 +590 (787) -826 -750 +516 (686)
Coefficient (wL/16) (wL/14) (wL/10) (wL/11) (wL/16)

Section 8.4 of the Code allows for redistribution of negative moments of 13% in accordance
with the steel reinforcement ratios.
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The nominal bending moment capacities of the beams are shown in Fig. 2-4 along with the
different design load cases for each floor from moment distribution and the design moments
from the moment coefficient method. Since the positive reinforcement is discontinuous in the
beam-column joints, the full moment capacity is achieved a full development length from the
end of the rebars. However, for positive moment capacitics near the ends, the cffective rebar
areas are assumed to be reduced by the ratio of the provided and required embedment lengths.

Therefore a linear variation in moment capacity exists.

The beam shear force design envelop, shown in Fig. 2-5a, is determined from the triangular
gravity loads distributions on the beams from Fig. 2-3. The beam shear strength is composed
of contributions from the concrete and reinforcing steel according Section 11.1 of the Code and
also shown in Fig. 2-5a. It will be noted that if the required shear force was less than 50% of
the dependable concrete shear capacity, V., then no transverse steel would be required according

to the Code. The steel layout for the beams is shown in Figs. 2-5b and 2-5c.

2.6 Column Design

Table 2-5 summarizes the axial loads and design bending moments with moment magnification

due to slenderness cffects for the columns in accordance with Section 8.8 of the Code.

TABLE 2-5 Design Actions of the Columns

Location Floor # Label M, P,
(kip-in) (kips)
3 E3 300.7 544 |
Exterior 2 E2 257.2 1194
i El 3153 185.1
3 I3 147.0 101.6
Interior 2 12 153.5 203.3
1 Il 242.6 304.9
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The interaction diagrams for the interior and exterior columns with the design actions for each
floor (labeled as E# and I#) are shown in Fig. 2-6 for a 12 in. square column. Tt will be noted
from Fig. 2-6 that a lower bound curve is shown for the required minimum steel volume of 1%.
An upper bound curve for a steel volume of 3% is also shown. This curve is considered to be
a practical upper limit for construction purposes. If design loadings had fallen outside this
curve, then the column size would have been increased rather than providing additional steel.
But it is evident that the minimum longitudinal reinforcing steel would suffice. Thus, four #6

rebars are adapted to reinforce the column.

The maximum shear force developed from the factored gravity loads in the columns is 4.9 kips.
From Section 11.3.1.2 of the Code, the concrele shear strength of the column, V,, is 16.4 kips.
Therefore the maximum tie spacing permitted by the code (ACI 318-89 Section 7.10.5) is used.
Thus, #3 ties at 12 in. spacing are used throughout the column length except in the lap splice
locations near the footing and slab levels where the tie spacing was 6 1n. in accordance with the
Code.

The required lap splice lengths of deformed bars in compression according to the Code is 12
in. But based on the survey of typical construction practices in the eastern United States, the
splice length was observed to be 18 in. Also, the lap splices were typically located just above

the foundation and slab levels.
The column reinforcement details are shown in Fig. 2-7.
2.7 Joint Design

For the design of the exterior beam-column joints for non-seismic detailing provisions, ACI
318-89 Section 11.12.1.2 requires a minimum shear reinforcement (A, = 50*b, *s/f, ) be provided
in the joint area. Thus #3 ties at 6 in. spacing are needed in the exterior joint zones. No joint

reinforcement is required by the code in the interior joints.
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2.8 Summary Discussions

The design of a prototype three-story moment resisting reinforced concrete framed structure is
presented in this section for the design loads of 1.4 D + 1.7 L (gravity load design). Since
earthquake loads are neglecied and the wind loads on a three story structure are relatively small
after the design loading combinations, no lateral loads are considered for the design. The
detailing for the structure was in accordance with the general non-seismic provisions of the ACI
Code.

Under large seismic or lateral loads, some of the expected deficiencies and resulting member
actions of a gravity load designed building with non-seismic detailing provisions are the fol-

lowing:

L. The moment capacity of the columns do not exceed the moment capacity of the
beams. Therefore under large lateral loads, hinging would develop in the columns

and result in an undesirable column-sidesway failurc mechanism.

2. Lack of adequate transverse (shear reinforcement) and confining steel in members
and joints. The large shear forces in the column members from seismic loads can
lead to hoop fracture, which in turn can lead to buckling of the longitudinal
reinforcement or shear failure. Therefore an undesirable column failure or hinging
would develop and possibly result in an undesirable column-sidesway or soft-story

collapse mechanism.

3. Discontinuity of the longitudinal beam reinforcement in the beam-column joints.
Under seismic loads, large positive moments can develop in the beams; thus
introducing the possibility of pull-out of the longitudinal positive beam rein-
forcement from the joint due to the lack of proper development length. However,
this reduced beam moment capacity can be beneficial in the case of weak column

- strong beam behavior.

4. Construction joints are located at the slab levels. During seismic activity, the upper
and lower portions of the columns experience the most adverse stress actions.
Therefore, the construction joints at the slab levels create the increased possibility
of hinging to form in the columns and the development of a column sidesway or

soft story failure mechanism.

5. Lap splices of column reinforcement at slab levels. The deficiencies are the same

as #3 from above.
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SECTION 3

ONE-THIRD SCALE R/C FRAME MODEL

3.1 Introduction

Recent earthquakes, starting with the San Fernando earthquake in 1971, caused an increase in
earthquake awareness in the United States. This awareness is no longer concentrated only in
zones of high seismicity, but also in zones of low to medium seismicity as well. Although the
probability of a damaging earthquake occurring within low to medium seismic zones may be
small, the potential risk for catastrophic structural collapses and large losses of life in heavily
populated cities initiated the need to develop reliable methodologies for evaluating the seismic
damage potential of existing and new structures.

The study presented herein focuses on an experimental and analytical investigation of the seismic
response of a one-third scale model of a lightly R/C frame building. The model is representative
of an interior bay section of the prototype structure presented in Section 2. This structure is
considered to be representative of low-rise buildings typically constructed in the Eastern and
Central United States, which are designed primarily to carry only gravity loads with no con-
siderations for seismic resistance. A cooperative study was also conducted at Cornell University
by El-Attar et al. (1991b) on a one-eighth scale model replica of the same prototype structure.
Various references to the above work are made throughout this study as a direct comparison

between the different scale models.

The design of the prototype three-story moment resisting reinforced concrete frame structure
with typical office loads was presented in Section 2 for non-seismic detailing code requirements
(ACI 318-89). In order for the model to fit within the geometric constraints and load capacity
of the State University of New York at Buffalo shaking table, a one-third (1/3) scale model was
designed and constructed. Appendix A shows a table of the scale factors for various parameters
for modeling dynamic behavior of structures with constant accelerations, since gravitational
accelerations can not be varied. Reference to Appendix A is made throughout this section in

regard to parameter scaling factors.
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This section details: (i) the design, construction, and instrumentation of the one-third scale
model; (ii) the selected base motion and peak magnitudes of base motion for the shaking table
excitations; and (iii) the testing program for the model, which includes the structural dynamic
identification and shaking table tests.

3.2 Model Geometry

The general layout of the 3-story prototype office building is again shown in Fig. 3-1. The
geometric layout of the one-third scale model structure, shown in Fig. 3-2, is achieved using a
geomedric length scale factor of 3 (scc Appendix A). The modcl represents the critical interior
bay of the prototype building with two overhanging sides of one-third bay width. The one-third
bay width is chosen due to the results of Wolfgram-French et al. (1989) in the testing of one-halt
scale models of interior beam-column-siab components under cyclic loading. Their results
concluded that the flange width for the slab contribution of flexural strength in the beams was
approximately one-third the bay width on each side of the beam. Fig. 3-3 shows the model on
the shaking table in the SUNY at Buffalo Earthquake Simulation Laboratory.
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FIG. 3-3 Model Structure on the Shaking Table



3.3 Model Materials

Materials used in the construction of the model arc identical to the materials in the prototype
structure. Therefore, the scale factors are appropriately developed based on the principles of

modeling the same acceleration and material and arc shown in Appendix A.
3.3.1 Concrete Properties

The concrete mix analysis and design was formulated on a computer program supplied by a
local concrete batching plant. Based on trial mixes from various recipes, a design mix was
established for a 28 day target strength of 3500 psi, slump of 4 in., and maximum aggregate
size of 1/2 in (#1 crushed stone). Table 3-1 shows the mix formula for a one cubic yard batch

of concrete.

TABLE 3-1 Mix Design Formula for the Model Concrete

Ingredient Weight
Type I Cement 490 Ib

Concrete Sand 1487 1b
#1 Crushed Stone [7851b
Water 242 1b
Superplasticizer 392 0z

Micro-Air 290z

The mix formulation is based on a saturated, surface dry concrete sand. The water : cement (:
sand : stone) ratio 1s 0.5 : 1.0 (: 3.0 : 3.6). The full gradation analysis of the aggregates in the

concrete mix is shown in Fig. 3-4.
Fig. 3-5 shows the sequence of concrete pouring for the model. The small volume batches used

in the columns (pours #1, #2, #4, #5, and #7) were mixed in the SUNY at Buffalo Laboratory

with the materials from a local concrete batching plant in proportions with Table 3-1. The large

3-8



volumes required for the beams and slabs (pours #3, #6, and #8) were mixed at the local concrete
batching plant with the same materials and trucked to the laboratory. Fig. 3-6 shows several

stages in construction of the model which include the story level formwork layout.

Cylinder specimens, 4 in. diameter by 8 in. height, were moist cured in the laboratory near the
model to associate the achieved cylinder strengths with the actual concrete strengths of the
modcl. Fig. 3-7 shows the specimen strength gain with age of each pour along with an empirical

equation for concrete strength as a function of age, Nilson (1987), as shown in Eq. (3.1).

fa t
fae  4+0.85¢

which t = cylinder age in days
f .5 = 28 day strength of the 4 in. x 8 in. cylinders
f, = cylinder strength at age t.

Concrete stress-strain relationships are presented in Fig. 3-8 for the column and beam-slab
components in the structure according to the pour numbers from Fig. 3-5. These curves were
taken from a representative test cylinder specimen for each pour. The strain value at maximum
stress is found to be 0.002, which is typical for prototype concrete in actual construction. A
substantial variation can be observed in the mix strengths for the different components, even
though all mixes had the same target strength. The final strengths were very sensitive to moisture
variations in the materials and the widely varying ambient temperatures at the time of con-

struction. The results of the concrete specimen tests are presented in Table 3-2.
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3.3.2 Reinforcing Steel Properties

The reinforcing steel used in the design of the prototype building are #3, #5, and #6 deformed
rebars with yield strength (f,) of 40 ksi and cross-sectional rebar areas (A,) of 0.11, 0.31, and
0.441in* respectively. Yield force (Ay*f,) similitude of the model reinforcement is accomplished
with a scale factor of 9 (see Appendix A). Therefore based on the tensile testing of selected
reinforcement and yield force similitude, the reinforcing slab steel used in the 3-story model is
a gauge 12 (A, = 0.0093 in® and d, = 0.109 in.) galvanized, 2 in. square wire mesh with an
average measured yield strength of 58 ksi. The transverse reinforcing steel (hoop steel) is a
gauge 11 black wire with a cross-sectional area of 0.0113 in”, diameter of 0.12 in., and an average
measured yield strength of 56 ksi. The longitudinal reinforcing steel consists of annealed D4
and D35 rebars of cross-sectional areas of 0.04 and 0.05 in. and diameters of 0.225 and 0.252
in., respectively (annealing of the rebars is described in the next sub-section). Representative

stress-strain relationships of the reinforcing steel used in the model are shown in Fig. 3-9.

Table 3-3 summarizes the average measured properties of the reinforcing steel used in the model

structure.
TABLE 3-3 Reinforcing Steel Properties of the Model Structure
Bar d, A, f, E, f €,
(in.) (in) (ksi) (ksi) (ksi)

#12 ga. 0.109 0.0093 58 29900 64 0.13

#11 ga. 0.120 0.0113 56 29800 70 -
D4 0.225 0.0400 68 31050 73 0.15
D5 0.252 0.0500 38 31050 54 -
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3.3.2.1 Heat Treatment of Steel Reinforcement

D4 and D5 rebars are used to satisfy the yield force (A, *f,) similitude of #5 and #6 rebars. From
Appendix A, the scale factors for stress and area similitude are 1.00 and 9.00, respectively.
Therefore yield force similitude can be satisfied by scaling the area of reinforcement with the
same yield stress as the prototype. The D35 rebar satisfies cross-sectional area (A,) similitude
with a #6 rebar. However the D35 rebar originally has a high yield strength, no yield plateau,
and low ductility. Therefore, heat treatment (annealing) was used to lower the original yield
strength (f,) of 82 ksi to between 40 and 60 ksi for yield force similitude and also to improve
the properties of the rebar by relieving some of the internal stresses. The rebars were annealed
in a large electric oven at different temperatures ranging between 900°F and 1140°F for a total
of 3 hours (1 hour to heat the oven, 1 hour of annealing, and 1 hour to cool). The resulting yield
strength of the D5 rebar after annealing drastically varied between 35 and 70 ksi with a very
slight change in oven temperature. Therefore it is concluded that annealing the D3 rebar to
produce a yield strength between 40 and 60 ksi could not confidently be reached and similitude
with a #6 rebar is not satisficd. But at high temperatures (1140°F), the average yield strength
of the D5 rebar is about 38 ksi, which satisfies yield force similitude with a #5 rebar.
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The D4 rebar was also annealed at different temperatures between 900°F and 1 140°F to produce
ayield strength between 49 and 73 ksi for yield force similitude with a #6 rebar. Atatemperature
of 1140°F, the average yield strength consistently reached was 68 ksi. Based on yield force
stmilitude, the D4 rebar represented a #6 rebar with a yield strength of 55.6 ksi. Since a grade
40 steel has yield strengths between 40 and 60 ksi, the D4 rebar satisfied similitude with a #6

rebar.

Both the original and annealed stress-strain relationships for the D4 and D35 rebars are shown
in Fig. 3-9.

3.4 Reinforcement Details

The following provides dctails of the reinforcing steel used in the model based on scale factor
of 3 for geometric length similitude (see Appendix A).

The slab steel in the prototype structure was designed in Section 2.4 by the direct design method
of the ACI 318-83. The design required #3 rebars at 6 in. spacing in different sections of the
slab. To avoid excess labor in the construction of the 3-story model, a2 in. square mesh composed
of gauge 12 galvanized wires was chosen for acceptable similitudes of strength and geometric
spacing length. Since the slab strength was not the main emphasis for this study, the slight
disparities of slab steel placement due to the mesh was considered satisfactory for the experiment.

Fig. 3-10 shows the layout details for the top and bottom reinforcing steel mesh in the slab.

The longitudinal (direction of motion) and transverse (perpendicular to the direction of motion)
beam reinforcement details for the model are shown in Fig. 3-11 based on the prototype design
from Section 2.5. The beam cage reinforcement along with the slab steel reinforcement in the

formwork of a typical story slab is shown in Fig. 3-12.

Fig. 3-13 shows the reinforcement details for the columns in the model based on the prototype
design from Section 2.6.
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FIG. 3-12 Typical Beam and Slab Reinforcements
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3.5 Mass Similitude

For proper modeling of dynamic behavior, mass similitude of the model must be satisfied. Using
the constant acceleration scaling and same material for the model, an additional mass must be
applied to the model to compensate for the difference in the required and provided material
densities. From Appendix A for constant acceleration, constant material stiffness, and appro-
priate geometric length scaling, the required scaling factor for material density, AJ“, is:

A =11, (3.2)

where A, = scale factor for geometric length

But the material in the model consists of the same material as in the prototype. Therefore the

provided material density is the same as in the prototype such that:

A = 1 (3.3)

If no correction is applied in the model structure, then the mass, gravitational force, frequency,
and impulse would not be scaled in the proper fashion, since the required and provided material
densities arc different (see Appendix A). Therefore an adjustment of the material density is

provided by adding masses to the model structure.

The mass, m, is defined as the product of the material density, p, and material volume, V, as

follows:

m=pYV 3.4)

Since the scaling factor for material volume is A} (see Appendix A), the required and provided

masses of the model are defined below:

myd = m, - VA (3.5a)

mn

mh™ = m, - 1/A) (3.5b)
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where m,? = required mass of the modetl

m

prov

mP™ = provided mass of the model

m, = mass of the prototype
Therefore from the difference in matcrial density properties, the provided mass is less than
required for similitude. To correct this difference, an additional mass, Am, is provided in the

model as follows:

Am =m, - (I = UN) (= 227 m)) (3.6a)

Since the scaling factor for required gravitation acceleration is 1.00 from Appendix A, the

additional weight required in the model is:

AW, =227 W, =2/27 W2 =2 Wi (3.6b)

Therefore the additional required mass is twice the weight of the model.

A more convenient determination of the required mass of the model to satisfy similitude is
through the gravitational force (dead plus live loads). The required gravitational force (weight)
of the model, W, is defined in terms of the gravitational force of the prototype and the

appropriate scale factor from Appendix A as follows:

re 2
WA =W, Uk =19W, (3.7)
where W, = gravitational force of the prototype structure
A, = geometric length scale factor

In some codes, 25% of the live load can be considered as inertial mass for design earthquake
loading. But based on weight limitations in the actuators of the shaking table, the live load is
not considered for mass similitude. The mass similitude for the model is determined only from
the dead loads of the prototype building which act within the floor area of the model. The

prototype structural dead weight per floor within the floor area of the model is shown as follows:
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Beams: = 25.6 k/floor (0.11 k/ft) (3.8)
Columns: = 12.6 k/floor (0.15 k/ft)

Slab: = 130.5 k/floor (75 psf)

Ceiling: = 15.6 k/floor (9 psh)

Electric: = 8.7 k/tloor (5 pst)

Partitions: = 34.8 k/floor (20 psf)

Total: W, = 228.0 k/floor

Therefore the required weight of the model per floor (W) is determined from Eq. (3-7) as 25.3
k/floor (W /9).

The self weight of the model per floor is shown below:

Beams: = (.95 kffloor (0.0125 k/ft) (3.9)
Columns;: = 0.47 K/floor (0.0167 k/ft)

Slab: = 4.83 k/floor (0.025 psf)

Total: W, = 6.25 k/floor

Therefore the additional weight required per floor is AW, = 19.05 k/floor. To make up for

the weight deficiency for mass similitude, additional weights in the form of concrete blocks and
lead bricks were used. Six 2 Kip concrete blocks attached to the slab of the interior bays for
each floor in four locations as shown in Fig. 3-14. Below the slab is a half-moon steel plate in
which two 1-1/2 in. diameter threaded rods connect to the reinforced concrete block. The 3/4
in. plywood and 2 in. x 4 in. wood beneath the slab provide enough filler so that the concrete
blocks have about 3/4 in. clearance from the longitudinal beams to prevent stiffening. A 1/2
in. diameter high strength threaded rod was used to connect the half-moon to the top of the slab.
The nut was tightened on top of another half-moon steel plate above the slab, which rests on a
3/4in.x 4 in. x 8 in. piece of plywood. The piece of plywood distributes the load of the concrete

block on the slab and provides a cushion to prevent the stiffening of the slab.

In addition to the concrete blocks, 2 in. x 4 in. x 8 in. lead bricks, each weighing 26.5 lbs., were
positioned in two layers in groups of 16 bricks near cut holes in each overhanging slab. Fig.
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3-15a shows 9 groups of such bricks along each overhanging side of the structure. The steel
rod, tightened with a nut on top of the unistrut, attach the lead bricks to the slab as shown in
Fig. 3-15b. Rubber strips were placed beneath the lead bricks to provide a gap between the slab
and the lead bricks to prevent the stiffening of the slab.

The weight of the connectors for the altachment of the additional weights to the slab was
approximated to be 0.6 kips per floor.

Wood safety frames, shown in Fig. 3-3, were installed at the base, first, and second floors to
guard against possible collapse of the model during the shaking table tests. To prevent dis-
turbance in the response of the structure, the wood frames were constructed to act independently
of the structural system except at very large story drifts. The approximate weight of the frames

was 0.5 kips per floor.

Therefore including the self weight of the model (6.25 kips/floor), concrete blocks (12.0
kips/floor), lead bricks (7.63 kips/floor), connectors (0.6 kips/floor), and wood bracing (0.5
kips/floor), the total provided model weight, W, is 27.0 kips per floor with a margin of error
of £0.3 kips per floor. The total weight of the model is 6.7% heavier based on proper scaling
of the dead mass similitude of the prototype structure. But the excess weight may be regarded

as a partial live load contribution.

Note that the required mass in the model is determined based on the total mass of the prototype
structure [Eq. (3.5a) or Eq. (3.7)], which includes the mass of the columns, beams, slabs, and
supcrimposed dead and live loads. However, the additional weights required are only attached
at the story level slabs for convenience and not distributed to all the members of the model. But
since the mass of the story slabs, beams, and superimposed loads are substantially greater than

the mass of the columns, the errors introduced are insignificant for mass similitude,
3.6 Instrumentation
The following sub-sections detail the instrumentation used in recording the structural response

of the one-third scale mode! for dynamic excitations along the longitudinal axis of the model
(North-South direction).
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3.6.1 Load Cells

Special force transducers (Ioad cells) to measure the internal force response of the model, which
included axial loads, shear forces, and bending moments, have been fabricated of mild steel and
installed in the mid-story heights of the first and second story columns, shown in Figs. 3-1 and
3-16. The shear forces and bending moments were recorded in both the direction of motion
and transverse to the direction of motion. The load cells were designed such that the stiffness
was similar to the concrete column. Appendix B outlines the geometric layout, strain gaging,
signal conditioning, and calibration of the load cells.

Four actively wired load cells were installed on the east side of the first and second story columns
of the model. While four inactive ("dummy") load cells were installed on the west side to
maintain symmetrical column stiffness in the model. Load cells were located in the first and
second stories to complete the bending moment diagram for the critical first story beams. Due
to the large cost of manufacturing and wiring, load cells were not installed in the third story

columns and wired only along the east side of the model.

The mtd-story height of the column was chosen hecause: it is normally close to the point of
contraflexure resulting in small bending moments for lateral loads and hence the development
of minimal steel stresses; and the disruption of regular column stiffness would not greatly affect

the column deflection patterns.

Based on the yield strength of the steel, the axial, shear, and bending moment capacity ratings

of the load cells are £40 kips, £5 kips, and £40 kip-in, respectively.
3.6.2 Displacement Transducers

Lincar displacement sonic transducers (Temposonics™) were used to measure the absolute
response displacements in the longitudinal (horizontal) direction of the base and each story level
of the model during the shaking table tests. Fig. 3-16 shows the location of the displacement
transducers (designated by tag name D#) mounted on the east and west base and column-siab
intersections on the north side of the model. The displacement transducers: have global dis-
placement ranges of 26 in., £8 in., and £10 in.; accuracies of +0.05% of the full scale dis-
placements, 0.003, 0.004 and 0.005 in., respectively; were conditioned by a generic power
supply and manufacturer amplifier-decoders; and were calibrated for the respective full scale

displacement per 10 volts.
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3.6.3 Accelerometers

Resistive accelerometers (Endevco™, 25g) were used to measure the absolute story level
accelerations of the model. Fig. 3-16 shows the position of each accelerometer with the
respective tag name at the base, first, second, and third stories of the model in the direction of
motion (designated by tag name AH#), transverse to motion (designated by tag name AT#),
and for vertical motion (designated by tag name AV#). In the direction of motion, accelerometers
were mounted on the cast and west sides of the structure to detect any torsional response or
out-of-phase motions. The accelerometers were conditioned with 2310 Vishay Signal Condi-
tioning Amplifiers, which filtered frequencics above 25 Hz., calibrated for an acceleration range

of £2 g per 10 volts, and have nonlinearities of £1.0% of the recorded acceleration.
3.6.4 Linear Potentiometers

Linear potentiometers were installed at the north-east interior (designated by tag name PI#) and
exterior (designated by tag name PE#) beam-column joints to measure displacements occurring
on each side of the members of the joint. The readings of the potentiometers were used to find
the average curvatures in each member of the instrumented interior and exterior joint. Fig. 3-16
shows the positioning of the potentiometers on the beams, columns, and slab. High strength
epoxy was used to secure the aluminurm square tube to the concrete members. The potentiometers
used in the model have global displacement ranges of £0.25 and £0.50 in., linear accuracies of
+1.0% of the full scale displacement, 0.0025 and 0.0050 in., respectively, and conditioned with
2310 Vishay Signal Conditioning Amplifiers with calibration factors for the full scale dis-

placement per 10 volts and again filtering frequencies above 25 Hz.
3.6.5 Data Acquisition System
The analog output readings from the instrumentation were recorded digitally using an Optim

Megadac 5533 A Data Acquisition System. The output recordings were stored on a laser disk

and local personal computer at a frequency of 0.01 seconds.
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3.7 Testing Program

The testing program was divided in two parts: (i) identification of dynamic properties; and (ii)

identification of inelastic behavior from strong base motion (simulated earthquakes).

3.7.1 Identification of Structural Dynamic Properties

The important structural dynamic properties are: (i) the natural frequencies (periods); (ii) the

modal shapes; (iii) the equivalent viscous damping ratios; and (iv) the stiffness matrix of the

model. Several tests were performed to determine these properties. Some of the tests were

performed to determine the adequacy of testing technique for the identification process. These

tests are:

I.

Impact Hammer Test (HAMMER) - An impact hammer was used to excite the
unloaded (bare) model for identification of the initial dynamic characteristics from
the transfer functions of the story level acceleration time histories. Since the
magnitude of excitation from an impact hammer was small, excitation of the higher
modes of the model was nominal. Therefore the results achieved from the

HAMMER test were expected to be accurate only for the first mode.

. Pull-Back Test (PULL) - Each floor of the model was statically loaded with a

prescribed tensile force in the pre-cracked range for identification of the flexibility
and stiffness matrix of the loaded model. Then were from an eigenvalue analysis,

the initial natura! frequencics and modal shapes were identified.

. Snap Test (SNAP) - Each floor of the model was statically loaded and quickly

released (snapped) to generate {ree vibrations for the loaded model. The initial
dynamic characteristics were identified from the Fourier Transforms of the story

level acceleration time histories.

White Noise Test (WHN_B) - A wide banded (0 to 50 Hz.) white noise base
displacement applied by the shaking table was used to determine the initial dynamic
characteristics of the model. The peak base acceleration was scaled to 0.024 g to

provide enough excitation such that the modes of vibration could be identified.
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Analysis of the test results for identification of the dynamic characteristics of the model are

discussed in Section 4.
3.7.2 Selection of the Ground (Shaking Table) Excitation

Since the model structure is representative of low-rise R/C framed buildings typically con-
structed in the Eastern and Central United States, the basec motion chosen for excitation was to
reflect a probable type earthquake that would occur in these regions. An important point to
note about ground motions is that they general vary in magnitude and frequency content. Also
the local soil conditions and location of typical structures with respect to the epicenter of the
earthquake are generally different for each structure. Therefore, this creates unrelated ground
motion characteristics in the various structures. Furthermore, since predictions of magnitude
and frequency content characteristics of earthquakes in these regions can not accurately be
assessed primarily due to soil conditions, an earthquake to be chosen should be such that large
magnitudes of base motion occur over a wide range of frequencies. This will dynamically excite
a larger number of such typical buildings of varying natural frequencies and geographic loca-

tions.

In view of the previous discussion, the N21E ground acceleration component (accelerogram)
of the July 21, 1952 Taft Earthquake at the Lincoln School Tunnel site in California was selected
for the shaking table motion to excite the model structure. The original accelerogram, shown
in Fig. 3-17a, has a total ground excitation time history of 54.4 seconds with a peak ground
acceleration (PGA) of 0.156 g at 9.1 seconds. To satisfy time similitude requirements of the
actual earthquake for the one-third scale model (see Appendix A), a scale factor of 1743 is used
to compress the time history of the accelerogram. Fig. 3-17b shows the scaled ground motion

of the Taft N21E earthquake used in testing the one-third scale model.
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Fig. 3-18 shows the clastic response spectra (acceleration amplifications) for a single degree of
freedom system (SDOF) excited by the Taft N21E component ground motion for 2%, 5%, 10%,
and 20% damping ratios. The period range for elastic amplification of a single degree of freedom
system with a 2% damping ratio (typical in R/C structures) is found to be from 0.0 seconds to
about 0.8 seconds. Since this amplification occurs over a wide range of periods, a large class
of structurcs would theorctically undergo semec amplifications. Thercfore the Taft N21E
component is considered acceptable for the experiment. Shown in Fig. 3-18, the model has an
initial first mode natural period of about 0.57 seconds and a damping ratio of about 2%. This
corresponded to a 33% amplification in story level acceleration according to the response spectra
for an elastic SDOF with a 2% damping ratio. It should be noted that El-Attar et al. (1991b)
used the Taft S69E component for their simulated base motions. However, the response spectra
for the Taft N21E and S69E components are similar.

§ 2%

I 5%
P L 10 %

Initial Period | o
of the Model 20%

ACCELERATION AMPLIFICATION

FIG. 3-18 Elastic Response Amplifications for the Scaled Taft N21E Component
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3.7.3 Selection of Peak Ground Accelerations

One of the objectives for the shaking table experiments is to observe the structural response,
including damage to the model from different intensity (damaging) ground motions. To
accomplish these goals with the earthquake chosen, the amplitude of the ground motion, Taft
N21E, was scaled such that the peak acceleration for the earthquakes are 0.05 g, 0.20 g, and
0.30 g. These three earthquakes are representative of minor-moderate, moderate-severe, and
severe ground motions, respectively in terms of ensuing structural damage. The following

outlines each damaging earthquake ground motion:

(a) Minor Base Motion

The minor base motion excitation (PGA 0.05 g) is used to investigate the pre-yield behavior of
the model structure. Minor ground motions occur periodically in the Eastern and Central United
States as well as around the world. In the Eastern and Central United States where the ground
conditions tend to be more stiff and rigid, earth tremors can also be expecled to travel great
distances before being fully damped out. Therefore many areas would experience minor ground
motions from a moderate or severe earthquake that may have occurred many miles away.
Therefore structures must be capable of withstanding a minor ground motion with very little

structural damage, if any at all.

Since the model response is expected to be primarily governed by elastic deformations for the
minor ground motion excitation, this ground motion is alse very important for comparing the
experimental response with analytical response from any linear or non-linear dynamic analysis
program. The comparisons between the experimental and analytical response are expected to
be very similar under these levels of loading and would therefore validate further testing.

Another reason for a low level base motion is to verify the proper functioning of the instru-
mentation on the model. If malfunctions exist, the instrumentation could be fixed or replaced
without a drastic change in the characteristics of the model, since elastic response has no

permanent deformations or energy dissipation,
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(b) Moderate Base Motion

The moderate earthquake (PGA 0.20 g) was used to investigate the inelastic behavior of the
model structure. Jacobs (1990) mentions that the return period {or such an earthquake in the
Eastern and Central United States, magnitude 5.0 or less on the Ritcher Scale, is about 3 years.
NEHRP (1991) locally quantifics the peak acceleration magnitude of earthquakes with return
periods of 500 years and 2500 years throughout the United States. The 500 year return period
earthquake for typical cities in the Eastern United States, such as New York City and Buffalo,
have peak acceleration magnitudes of about 0.15 g and 0.10 g, respectively. If earthquake
effects are to be factored by conventional load factors for design (1.4) and for torsional effect
considerations for non-symmetric striking direction (1.1), the peak design accelerations for a
500 year return period earthquake are about 0.22 g and 0.15 g, respectively. Therefore this
motion can be considered as representative of a design type carthquake with a 500 year return

period for typical cities in the Eastern and Central United States.

In some codes for earthquake resistance in seismic zones, a structure should remain serviceable
with only minor repairs being required in cracked members upon a thorough damage inspection
of the structure. But since the model structure was not designed for lateral loads, the potential
for heavy damage was probable. With analytical predictions from an inelastic dynamic analysis
[using IDARC, Kunnath et al. (1990)], the Taft N21E component with a PGA of .20 g created
moderate damage to the model structure in the form of some inelastic cracking and yielding in

meimbers.
(c) Severe Base Motion

The severe earthquake (PGA 0.30 g) was used to investigate the near collapse (plastic) mech-
anism for the model structure. The return period for an earthquake of Ritcher magnitude of 6.0
or greater in the Eastern and Central United States is about 22 years, [Jacobs (1990)]. NEHRP
(1991) recommends peak ground accelerations for a 2500 year return period carthquake of about
0.3 gand 0.2 g, respectively for New York City and Buffalo. For factored load design including
torsional effects, this corresponds to peak accelerations of about 0.45 g and 0.30 g, respectively.
Therefore this motion can be considered as representative of a design type earthquake with a

2500 year return period for typical cities in the Eastern and Central United Stales.
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Most seismic design codes recommend design in which a structure is expected to develop
moderate damage from a severe ground motion, with collapse prohibited. The resulting damage
would also be such that with repair or retrofit, the structure could regain its serviceability
condition. However, since the model structure considered in this study is notdesigned for lateral
loads, the potential for collapse is prominent. Cracking, yielding, plastification of the members
and joints, and possible structural collapsc are the cxpected damage in the model. The peak
magnitude of ground acceleration to be selected for the experimental study has to be such that
the probability for collapsc of the model would be small, but the expected damage would be
high. A replica one-eighth scale model structure was tested with a PGA of 0.35 g with damage,
but not collapse, El-Attar et al. (1991b). However, the same model was then tested to collapse
with a PGA of 0.80 g for identification of the resulting collapsc mechanism. Aycardi et al.
(1992) had tested quasi-statically the critical components of the one-third scale model in a cyclic
behavior to ultimate capacity (presented in Part IT of this evaluation report series). Based on
close observations of these component tests and analytical predictions (from TDARC) for the
model structure after the superposition of the 0.05 g and 0.20 g ground motions (Taft N21E), a
normalized PGA of 0.30 g was selected for the severe base motion. A PGA of 0.35-0.40 g

would be near complete collapse as shown in Part III of this evaluation report series.

3.7.4 Shaking Table Testing Program

Table 3-4 shows a summary of the shaking table testing program. For proper calibration of the
shaking table, an uncompensated white noise excitation, WHN_A, was used for table motion
to analyze the table efficiency. Following some adjustments in amplification of the table, a
compensated white noise excitation, WHN_B, was derived and used to identify the initial
dynamic properties of the model. Note that a compensated white noise shaking (test iabel -
WHN-#) was used after cvery earthquake test for identification of the prevailing dynamic

characteristics of the model.
The response during minor earthquake is presented in Section 4 of this study. The response

during the moderate and severe earthquakes is presented in Part III of the evaluation report
series (see Section I).
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TABLE 3-4 Shaking Table Testing Sequence for the Model

Test # Date Test Test Description Purpose
Label

I 2/21/91 |WHN_A} Uncompensated White Noise, Table Calibration
PGA 0.024 ¢

2 2/21/91 | WHN_B Compensated White Noise, Tdentificalion
PGA(0.024 g

3 2/21/91 | TFT_05 Taft N2I1E, Minor Earthquake,
PGAOOSg Elastic Response

4 2121/91 |WHN_C Compensated White Noise, Identification
PGA 0.024 g

5 2/22/91 |WHN_D Compensated White Noise, Identification
PGA 0.024 g

6 2/22/91 | TFT_20 Taft N21E, Moderate Earthquake,
PGA020¢g Inelastic Response

7 2/22/91 | WHN_E|  Compensated White Noise, Identification
PGA 0.024 g

3 2/22/91 | TFT_30 Taft N21E, Severe Earthquake,
PGA030¢g Inelastic Response

9 2/22/91 | WHN_F Compensated White Noise, Identification

PGA 0.024 g
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SECTION 4

IDENTIFICATION OF DYNAMIC CHARACTERISTICS - ELASTIC
RESPONSE

4.1 Introduction

The identification of the initial dynamic characteristics of the undamaged model structure are
presented first. The characteristics of importance include the following: natural frequencies;
modal shapes; equivalent viscous damping ratios; stiffness matrix; and modal participation
factors. These characteristics are found through a series of different tests described in Section
3.7.1 using the story displacement and acceleration time history response and frequency domain
response of the story transfer functions. Table 4-1 show the testing program for identification

of the dynamic characteristics of the undamaged model.

Table 4-1 Identification Testing Program of Model

Test # Description Test Label
1 Impact Hammer Test HAMMER
2 Pull-Back Test PULL
3 Snap-Back Test SNAP
4 Compensated White Noise WHN B

The theoretical background for determining the dynamic characteristics of a structure from both
the experimental time history response and frequency domain story transfer functions is
presented. The experimental test results are compared to analytical predictions from STAAD™
(1989). The comparisons and discrepancies among the various tests and analytical predictions

are also discussed.
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Following the identification of the initial dynamic characteristics of the model, the minor
earthquake motion is used to excite the model. This level of excitation is used to identify the
elastic (pre-yield) concrele structural properties of the model. The global and local response

of the model from this superimposed base motion are presented.
4.2 Identification Procedures

The following derivations show that the natural frequencies, modal shapes, and elastic equivalent
viscous damping characteristics of a structure can be determined from the transfer functions of
the story acceleration response of the structure and the base motion. Herein, a transfer function
is defined as an output structural responsc normalized by a superimposed input base motion in
the frequency domain, (i.e. the Fourier Transform of a story level acceleration time history

normalized by the Fourier Transform of the base acceleration time history).
For sake of completeness, the logarithmic-decrement and half-power (bandwidth) methods are
also presented for determining the equivalent viscous damping characteristics from the response

in the time and {requency domains, respectively.

Next, the stiffness and damping matrices are derived in terms of the mass and orthogonal modal

shape matrices.
4.2.1 Frequency Domain Identifications

Modal identifications can be developed from frequency domain analysis procedures. The

following describes the identification technique.
4.2.1.1 Modal Shapes

Eg. (4.1) shows the general equation of motion for a multi-degree-of-freedom (MDOF) system

excited by a horizontal base acceleration motion, X, (f).

Mix(f) + Cx(¢) + Kx(r) = —mx (1) 4.1
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wherc M = Mass matrix of the structurc
C = Viscous damping matrix of the structure
K = Stiffness matrix of the structure
X (¢) = Ground (base) acceleration time history
m = M-+ I = Mass vector of the structure
I-= Identity vector
X(f) = Relative story displacement vector time history
X(t) = Relative story velocity vector time history

X(t) = Relative story acceleration vector time history

The relative story displacement vector, x(t), can be expressed in modal form by the product of

the modal shape matrix, @, and modal story displacement vector, 1(¢), of the structure as follows:

X(t) = @ -n() (4.2)

Therefore Eq. (4.1) can be expressed in modal form by inserting Eq. (4.2) and the displacement

time derivatives as follows;
thﬁ(t)+ CCDf](t) +Kdn(t) = «nlfg(r) (4.3)

Multiplying Eq. (4.3) by the transpose of the k-th mode shape, ¢}, and using modal shape

orthogonality properties (discussed in Section 4.2.2), the resulting uncoupled equation of motion
for the k-th mode of vibration becomes:

MM+ CM ) + KM, () = —gym, (1) (4.4)
where M, = 6;M¢, = k-th modal mass
C;, = $!Cd, = k-th modal viscous damping

K. = ¢;K¢, = k-th modal stiffness

For convenience, thc mode shapes are normalized by the mass matrix such that M, = 1 (in

Section 4.2.2, it is discussed how this can be accomplished). The results imply that ®;M = &'
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The modal story displacements and displacement time derivatives (velocities and accelerations)
for the k-th mode can be transformed into the frequency domain by using the Fourier Transform.
The base acceleration can also be converted to the frequency domain in a similar [ashion. The

resulting equation of motion for the k-th mode in the frequency domain becomes:

—0'N, (©) + 2i 5N L(©) + Win,(©) = -T}% () (4.5)

where ® = frequency (rad/sec)
&, = damping ratio for the k-th mode
®, = k-th natural frequency (rad/sec)

T, = ¢;m = k-th modal participation factor

Solving Eq. (4.5) for the k-th modal displacement in the frequency domain results in the

following:

N,(0) = L £y (@) (4.6)
¢ o2 — o + 20k, '
The absolute story accelerations, d(¢), can be represented as follows:
a@) = X(@0) + x,(0 (4.7)

Using Eq. (4.2) and converting to the frequency domain, Eq. (4.7) results in the following:

i(0) = —'dNn(w) + £ (0) (4.8)

Premultipling Eq. (4.8) by ®;M results in:

O Mi(0) = —0'M(®) + &M (0) (4.9)

Define the absolute k-th modal acceleration, {,(®), for each floor as:

£ (0) = B;Mi(0) = ~0M,(0) + %, (0) (4.10)
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Therefore Eq. (4.5) can be represented as:

L (@) +2i €, 0,1, (0) + @n,(0) = 0 (4.11)

Solving for the absolute modal story accelerations for the k-th mode in terms of the modal story
displacement in Eq. (4.11) results in the following:

L (w) = 2k, + o)) * 1, (®) (4.12)

Substituting Eq. (4.6) into Eq. (4.12), the absolute modal story accelerations for the k-th mode
can be obtained in terms of the base acceleration as follows:

T, * Qiw,w, + 0}

L) = £,(0) (4.13)

Wy — o + 2i05,m,

Since ®;M = @' in Eq. (4.10) and considering the superposition of the modes of vibration,

the absolute j-th floor acceleration can be expressed as follows:
d(w) = El[q)jk L ()] 4.14)

where d(w) = j-th floor absolute acceleration

n = modes of vibration

¢, = k-th mass normalized mode shape for the j-th floor (DOF)

Substituting Eq. (4.13) into (4.14), the absolute floor accelerations can be represented as follows:

—T * (2i0&, + ;) .
| o — '+ 2iwfm,

aw)= X %%m> (4.15)
The transfer function is defined as the ratio of a output structural response to a superimposed
input base motion in the frequency domain. Therefore, the transfer function for the j-th floor,
H (), can be represented by dividing Eq. (4.15) by the input base acceleration, X, (®). Eq.
(4.16) shows the resulting transfer function.
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n T, » 2i0f o, + ©°
H((D) — k ( gk k k).

J

-1 o —0° +2i 0k, O = 2 (@) 0y (4.16)
However when a structure is lightly damped, the k-th peak magnitude of the j-th floor transfer
function occurs very close to the k-th mode natural frequency, thus ® = w,. Also for small
damping and well separated modes (narrowbanded systems), the i-th transfer function peak at
the k-th natural frequency, h,(w,), with resonance at a distant frequency from ,, approaches a
small value, €, and can be neglected. Only h,(®,), with resonance at ®,, has a significant value.
Therefore the sum in Eq. (4.16) simplifies to the product h,(;) - ¢,. Hence the peak of the j-th

transfer function at the k-th natural frequency can be represented as follows:

N1 +48

| H(w)] = %,

¢y 4.17)
Therefore the peak of the j-th transfer function at the k-th natural frequency is proportional to
the magnitude of the mass normalized mode shape for the k-th mode and the j-th degree of
freedom. The constant of proportionality is a function of the damping ratio and modal partic-
ipation factor for the k-th mode. Since the constant of proportionality is the same for all degrees
of freedom for the k-th mode, the ratio of the peaks in the transfer functions for the different
degrees of freedom at the k-th natural frequency are equal to the ratio of the mode shapes for
the k-th mode.

The phase angles for the mode shapes are also determined experimentally from the Fourier

Transform of the story accelerations as a function of the natural frequencies as follows:

B(m,) = tan' L) (4.18)
. R(w) '
where O(w,) = phase angle for the j-th floor at ®,

®; = i-th natural frequency
1{®,) = imaginary part of the Fourier Ampl. of the j-th story acceleration at o,

R{w,) = real part of the Fourier Ampl. of the j-th story acceleration at w,

Therefore by comparing the phase angles for each story at the natural frequencies, the mode

shape phascs can be determined.
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4.2.1.2 Damping Characteristics

From Eq. (4.17), the elastic equivalent viscous damping factor for the k-th mode, &, can be

estimated from the experimentally determined j-th story transfer function magnitude, k-th mass
normalized mode shape at the j-th DOF, and the k-th modal participation factor as follows:

_ 2 H@) ¥ T
&, = ‘\/ I:(———W ) 4} {4.19)

The equivalent viscous damping characteristics of an elastic structure can also be determined

from a frequency domain response analysis using the well known half-power (bandwidth)
method, Clough and Penzien (1975). The k-th mode damping factor is determined from the
frequencies at which the response at the k-th natural frequency, p;, is reduced by (1A2) or
frequencies for which the power input is half the input at resonance as shown in Fig. 4-1. Hence

the k-th mode viscous damping factor, &,, can be determined by the following:

&

where fi, [, = frequencies when p, , p;, = (lfxff)pfk (See Fig. 4-1)
Jx = k-th natural frequency

T.F. AMP,

k B FREQUENCY, HZ.

FIG. 4-1 Typical Frequency Response for Determining Damping Characteristics
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The equivalent viscous damping characteristics of an elastic SDOF system can also be deter-
mined from the decay of a frce vibration time history response of the system. From the well
known logarithmic decrement method, Craig (1981) and many others, the damping factor, &,

is estimated by considering peak response which are several cycles apart as follows:

In(vn’/vn ¥ m)

= (4.21)

2nm

where = Starting cycle

n

m = arbitrary number of cycles from starting cycle
v, = Response at cycle n

v

L+m = Response at cycle n+m

The free vibration decay method can also be used on the response signals from MDOF systems

which are primarily governed by a single mode of vibration, as in a SDOF.
4.2.2 Identification of Structural Stiffness and Damping

A diagonal generalized (modal) mass matrix, M,, is obtained from the mass and orthogonal

modal shape matrices as follows:

M, = ®'M® (4.22)

where ® = Modal shape matrix

M = Mass matrix
The mass normalized modal shape vectors arc found by normalizing the i-th mode shape vector

by the root of the i-th modal mass, ¢, = ¢, < M,/*. The normalized modal shape matrix, ®,,

can then be constructed from the superposition of the normalized modal shape vectors as follows:

D, =[0,,,0,--0,,] (4.23)

The new generalized mass matrix, developed from the normalized modal shape matrix, has the

orthonormal relationship of:
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OMP, =1 (4.24)

where I = Identity matrix

Using these orthonormal properties, the stiffness matrix, K, can be represented as follows:

O'K®, = Q (4.25)

where @, = Normalized modal shape matrix

Q) = Diagonal natural frequency matrix [(of, 0)5, ...(0,2,]

; = i-th natural frequency (rad/sec)
Therefore the stiffness matrix can be identified as:

K=ao/Qb' (4.26)

From the orthonormal conditions from Eq. (4.24), the following can be derived:

o =M, (4.27a)
&' =d'M (4.27h)

Therefore substituting Eqs. (4.27a) and (4.27b) into Eq. (4.26) results in the following:

K = M® Qd'M (4.28)

Therefore Eq. (4.28) is used to identify the stiffness matrix of a structure from the known mass

matrix, experimentally determined natural frequencies, and orthonormal modal shape matrix.

For a typical shear-type building with lumped story level masses and rigid floors, the stiffness

matrix can be described as follows:
ky -k, 0

K=| -k k+k ~k (4.29)
0 -~k k+k,
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where k; = i-th story stiffness

A comparison of these story stiffnesses is observed throughout the testing of the model structure

for delerioration.

The damping matrix can be developed by assuming proportional damping with the same theory
as the stiffness matrix determination as follows:

C = M® [®M (4.30)

where { = Diagonal matrix [2&,w,,28,w,,...28,0,]
&, = i-th mode damping ratio
;

= i-th natural frequency (rad/sec)
4.2.3 Internal Energy Quantification

The encrgy equation for a N-story building subjected to a base motion was derived by Uang
and Bertero (1990) as follows:

1 N
EVTMV, + ff;"dv + ffi’dv = HE m,.fi”jdvg (4.31)

where M = diagonal mass matrix
v, = absolute velocity vector

v = relative displacement vector

f, = damping force vector

f = restoring force vector

m, = lumped mass of the i-th floor

v, = absolute acceleration at the i-th floor

v, = ground displacement

The kinetic energy, Eg, of a N-story building is calculated from the summation of the kinetic

energy at each floor level as follows:
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1, ) 1% .
Ee = S¥My, = 5 % m(,)’ (4.32)

where v, = absolute velocity at the i-th floor

The input energy, E,, to the N-story building is calculated from the summation of the work done

by the inertia forces (m;Vv;) at each floor for the superimposed ground displacement as follows:
N

E = ﬂ X mf-ff,i]dvg (4.33)
i=1

Note that the summation of the inertia forces at each floor is the induced base shear force on

the structure,

The energy absorbed by the restoring forces, E,, can be resolved into the irrecoverable hysteretic

(dissipated) energy, Ej,, and recoverable clastic strain energy, E;, as follows:

E, = Jffdv = E, + E, (4.34)
where N Vf
Es = E'x 2K,
N N V'_2
B = 2V 2o
V, = undamped story shear force history
K; = unloading stiffness of the story shear versus inter-story drift history

O, = inter-story drift history

i

Therefore the viscous damped energy, E,,, can be determined as follows:

E, = ffﬁjdv = E -E, -E,-E (4.35)



However note that the expertmentally recorded story shear forces include the effects of the
equivalent viscous damping present. Therefore the absorbed/dissipated hysteretic and viscous

damped energies will be lumped together in the experimental study.

4.3 Experimental Results

The order of the test response results for identification of the initial dynamic characteristics of
the model are in accordance with Table 4-1.

4.3.1 Impact Hammer Test

After the unloaded three story model was lifted and secured to the shaking table, an impact
hammer (test label - HAMMER) was used to excite the model for identification of the dynamic
characteristics of the unloaded (bare) model. Since an impact hammer can only provide a low
magnitude of excitation with each strike, an average of five hammer strikes on the third story
of the model was used for determination of the story transfer functions. Fig. 4-2 shows the
average transfer functions from a spectrum analyzer for the first (4.2c), second (4.2b), and third
(4.2a) stories in the frequency domain from hammer strikes to the third floor. The definition

and application of transfer functions are discussed in the identification procedures (Section 4.2).
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FIG. 4-2 Story Transfer Functions from an Impact Hammer Test
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4.3.2 Pull-Back Tests

Once the additional balast weights were loaded on the model for mass similitude, a measured
flexibility matrix (F;) of the loaded model, Eq. (4.36), was obtained by statically loading the
center of the bay for each floor with horizontal tensile loads of about 0.5 and 1.0 kips (test label
- PULL) and recording story displacements at the east and west floor-slab levels with the dis-
placement transducers (D3 - D8). Fig. 4-3 shows a detail of the horizontal tensile loading and
displacement measurement locations on the model. The coefficients of the flexibility matrix
arc then determined based on an average of four displacement readings for each story loading,

two displacement readings for each horizontal story load.

718 4977 2.33 fm,m St fm,l
F,=|464 436 218 |x 107 inkip = | fum Jfuu Jfu (4.36)
220 2.13 195 f[,m fm f”
where 1 = floor displacement location

j = floor pull location
LILIII = first, second, and third floors, respectively

02,04, D1,D3, N
DE,08 DS,D7
e 2_ TN —
“‘T’ “_T_ N oI D7.08
| |
e e ] B9y II D5,06
[ (
[ [
| | o 1 D3,D4
R
| |
A _J 77T 77777777 77777777777
*‘TT‘*
P1,P2,P3 Section 1—1
Pian @

FIG. 4-3 Pull-Back Loading and Displacement Measurement Locations



4.3.3 Snap-Back Tests

Quick release (snap-back) tests were next performed on the loaded model (test label - SNAP).
Each floor of the model is statically loaded with a horizontal tensile force of about 1.0 kip (same
locations as test PULL, see Fig. 4-3) and quickly released (snapped) permitting the model to
vibrate freely. Fig. 4-4 shows the third story displacement time history response (displacement
transducer D7) from a third floor snap. It can be observed thal a static displacement of 0.083
in. is produced from a horizontal tensile load of about 1.1 kips. The story level horizontal
acceleration response are recorded through the accelerometers (AH3 - AHS). Fig. 4-5 shows

the acceleration response time history for each floor of the model when that floor is snapped.

0.10 ' . ‘
e e !
0.064F oo R .
CYOAN & 8 K — :
0.021-
0.007-
0.021-
0.041H
0.067 . ! '
Q.08 gt e o T
0.10% % '

5 10 15 20 o5
TIME, SEC

DISPLACEMENT, IN

FIG. 4-4 Third Story Displacement Response from a Third Floor Snap
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FIG. 4-5 Acceleration Story Response from that Story Snap
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4.3.4 White Noise Test

The first motion of the shaking table that was used to excite the loaded model, including the
wood safety frames, was a wide banded frequency response (0 - 50 Hz.) white noise excitation,
test label WHN_A. This white noise test was used for proper calibration of the shaking table.
Atter the shaking table was recalibrated, a compensated white noise excitation, WHN_B, was
derived and used for the identification of the initial dynamic characteristics of the model. Fig.
4-6 shows the base acceleration motion of the shaking table for the white noise excitation
WHN_B. The peak acceleration of the base can be observed as about 0.024 g. The story level

acceleration response from WHN_B are shown in Fig. 4-7.

ACCELERATION, g

TIME, SEC

FIG. 4-6 Base Acceleration Motion of the White Noise Excitation, WHN B
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FIG. 4-7 Story Level Acceleration Response from WHN_B
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4.4 Dynamic Characteristics of Model

A complete list of the identified natural frequencies and equivalent viscous damping charac-
teristics of the unloaded and loaded medel from the following tests are presented in Tables 4-2
and 4-3, respectively. The identified modal shapes, stiffness, and viscous damping matrices

are presented in Tables 4-4 through 4-8, respectively.
4.4.1 Properties of Unloaded Model - Impact Hammer Test
Since the story transfer functions have small damping and well separated modes (sce Fig. 4-2),

the assumptions made in the development of the previous section are justified. Therefore, the

peaks occur precisely at the natural frequencies of the unloaded model, f, and are identified as

follows:
3.40
t‘; =1 11.00 { Hz. (4.37)
17.60
where 1 = mode of vibration

Since the story transfer functions have small damping and well separated modes, the ratio of
the story transfer function magnitudes at the k-th natural frequency is equal to the ratio of the
k-th mode shape. From the phase angles of the story transfer functions at each natural frequency,

73

the modal shape matrix, @, for the unloaded model is identified as shown below:

1.00 -0.67 -0.62 Oy Qw2 Oma

(I)f.:. =082 0.18 100 | = ®y, 045 44 (4.38)
047 1.00 -0.63 o M
where i = degree of freedom, where i = III being the third floor

j = mode of vibration



The equivalent viscous damping factors of the unloaded model are estimated using the half-
power (bandwidth) method, Eq. (4.20), from the story transfer functions as 2.7%, 1.5%, and
1.0%, respectively.

Based on an estimated quantities presented in Section 3.5, the mass matrix for the unloaded for

i

;i» 1s shown below:

mass similitude model, M
0.0162 0.0000 0.0000

M; =|0.0000 0.0162 0.0000 | kip/in/sec’ (4.39)
0.0000 0.0000 0.0162

i

The stiffness matrix of the unloaded model, KJ, is identified using Eq. (4.28) and shown below:

701  —-72.1 103
Ki=|-721 1155 -59.2|kip/in (4.40)
103 =592 973

The story stiffnesses of the unloaded model, defined in Eq. (4.29), are identified using Eq. (4.40)

and shown below:

72.1
ki =] 59.2 | kip/in (4.41)
38.1

Similarly, the damping matrix of the unloaded model was identified using Eq. (4.30) and shown

below:

0.028 -0.007 -0.003
C, =| -0.007 0.028 -0.005| kip-sec/in (4.42)
-0.003 -0.005 0.033
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4.4.2 Properties of Loaded Model - Pull-Back Tests

Pull-back tests were performed on the loaded model to obtain the flexibility matrix and indirectly
the stiffness matrix. The minor lack of symmetry in the off-diagonal terms of the measured
flexibility matrix, Eq. (4.36), is primarily due to the averaging in determining the matrix and
experimental errors in the instrumentation for small loadings and displacements. The moduius
of elasticity of a R/C member is also nonlinearly a function of the magnitude of the displacement
(strain). Therefore deviations in the flexibility matrix are also expected from the low amplitude
story displacements for the pull-back tests. For analytical evaluations, a symmetric flexibility
and an "error" matrix, E;

ij» ij

Eq. (4.36) and are shown in Eq. (4.43a) and (4.43b).

matrix, F, are determined by averaging the off-diagonal terms from

F,=F,+E, (4.43a)

g U

7.18 470 2.27) (000 -0.07 -0.07
F,=|470 436 2.16|+[0.07 000 -003] x107 inkip  (4.43b)
227 216 195) 007 003  0.00

Inverting the symmetric flexibility matrix for the model, ﬁ-j, from Eq. (4.43b) results in a
measured stiffness matrix, Kj;, as shown below:

474 =527 3.2
K, =] -527 1093 -59.8| kip/in (4.44)
32 -598 1139

The story stiffnesses of the loaded model, defined in Eq. (4.29), are identitied from Eq. (4.44)

and shown below:
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52.7
k, =|59.8 | kip/in (4.45)
54.1

Based on an estimated quantities presented in Section 3.5, the mass matrix for the loaded model,

M., is shown below:

ijs

0.070  0.000 0.000
M, =|0.000 0.070 0.000 | kip/in/sec’ (4.46)
0.000 0.000 0.070

From an eigenvalue (free vibration) analysis for a lightly damped system, the circular natural
frequencies, @, , are determined by equating the determinant of [K,j—MUo)f] to zero. The

natural frequencies, f;, are thus identified as:

1.76
f =|534| Hz (4.47)
8.15

The mode shapes of the model are also determined from the eigenvalue analysis by equating
(K, -—M,jmf]q)j to zero for each mode 1, where ¢; 1s the i-th vector mode shape. By assembling
these mode shapes, the modal shape matrix is identified as follows:

.00 -0.82 =041
@, =076 055 1.00 (4.48)
040 100 -0.8

4.4.3 Properties of Loaded Model - Quick Release (Snap-Back) Free Vibration Tests

Each floor of the model was statically loaded and then quickly released (snapped) to create free
vibrations of the model. Based on the floor snapped, the Fourier Transform of the acceleration
response of that story from Fig. 4-5 are shown in Fig. 4-8. Again for small damping and well
separated modes (see Fig. 4-8), the peaks in the Fourier Transform occur precisely at the natural
frequencies of the model, just as in a transfer function. Thus the natural frequencies of the

model are identified as:
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1.86
f =|5.66| Hz (4.49)
8.40

Fig. 4-8a shows that the third floor acceleration frequency response from a third floor snap is
primarily governed by the first mode of vibration (since the peak response amplitude at the first
mode natural frequency is much greater than the peak response amplitudes at the second and
third mode natural frequencies). Hence from the third floor free vibration acceleration response
time history, shown in Fig. 4-5a, the first mode equivalent viscous damping factor is determined

to be 2.5% using the logarithmic decrement method, Eq. (4.21).

The second and third mode damping factors are determined from the logarithmic decrement
method for cach mode after the time functions are filtered in the frequency domain. The filtered
Fourier Transforms are determined by the product of the Fourier Amplitudes and the step

functions, u,(f), shown in Eq. (4.50a) and (4.50b), respectively.

1.0 when 293Hz. £ f £ 7.23Hz. }
- 4.50
“Af) {o.o when f < 2.93Hz.or f > 7.23Hz. (4.50a)
1.0 when 7.28Hz. < f < 11.04Hz. }
- 4.50b
ui/) {0.0 when f < 7.28Hz. or f > 11.04Hz. (4-506)

where f = frequency (Hz.)

Then these filtered Fourier Transforms for the second and third modes are multiplied by a
normalized Gaussian window or function g(f), shown in Eq. (4.51), to Iessen the effect of the
frequencies away from the natural frequency of that mode and thereby reduce the noise in the

signal and leakage in the transform.

g = —— eV < f < e (4.51)
\2no
where f = resonant natural frequency, 5.56 Hz. and 8.30 Hz., respectively
6 = variable standard deviations of 18.6% and 13.3% of the frequency range,

respectively
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FIG. 4-8 Fourier Transform of the Story Level Accelerations from the Snap-Back Tests
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The inverse Fourier Transforms (time domain response) for the second and third modes of
vibration are shown in Fig. 4-9a and 4.9b, respectively. The damping factors for these modes
are then determined from Eq. (4.21) as 4.8% and 4.0%, respectively.

4.4.4 Properties of Loaded Model - Initial White Noise Excitation on Shaking Table

A white noise shaking table excitation was also used to determine the dynamic characteristics
of the model. Fig. 4-10a shows the Fourier Transform of the input white noise base acceleration
motion from Fig. 4-6 and Fig. 4-10b shows the smoothed signal using a moving average of 7

digital points to reduce the noise. A wide banded excitation in the frequency domain is observed.

The story transfer functions, comprised of the Fourier Amplitudes of the story lcvel accelerations
from Fig. 4-7 normalized by the Fourier Amplitudes of the input base motion in Fig. 4-10, are
shown in Fig. 4-11. It can be observed that the transter functions near the second and third
mode natural frequencies have several sharp peaks or dominant frequencies. This phenomenon
developed due to the non-linear behavior of the cracked reinforced concrete members from the
white noise excitation. The cracking creates a stick-slip type condition causing excitation of
several frequencies near the second and third natural frequencies. The transfer functions near
the first natural frequency shows only one clear dominant frequency. Therefore, the influence
of cracking does not appear to affect the structural responsc in this mode during this input

excitation.

Since transfer functions for inelastic (non-linear) behavior in R/C members have many peaks
near a mode of vibration as opposed to an elastic system with only one clear dominant frequency,
the modal natural frequencies are identified through an average procedure for that mode. This
is accomplished by smoocthing the transfer function using a moving average of every 3 digital
points in the signal. Fig. 4-12 shows the resulting smoothed transfer functions for WHN_B.
Therefore the average modal natural frequencies are thus identified as:

1.78

f=532| Hz (4.52)
7.89
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Since the transfer functions again have small damping and well separated modes (see Figs. 4-11
and 4-12), the modal shape matrix, Eq. (4.53), is thus determined from the ratio of the transfer
function magnitudes for each floor at each natural frequency and the comparison of phase angles

at each natural frequency for each degrec-of-freedom.

1.00 -0.82 -046
D, =080 046 1.00 (4.53)
042 1.00 -0.83

Some smoothing techniques result in considerable drops in the response amplitudes of the
transfer functions. And since the half-power method considers the response amplitude at a
certain frequency, equivalent viscous damping identifications could be distorted. But it can be
observed in Fig. 4-12 that the smoothing technique presented results in minor drops in the peak
magnitudes of the transfer functions. Therefore the equivalent viscous modal damping factors
are determined through the half-power (bandwidth) method from the smoothed transfer func-
tions for each story (Fig. 4-12) as 2.0%, 2.4%, and 2.0%, respectively and are shown in Table
4-3. By considering the wide range of dominant frequencies (near the second natural frequency),
the sccond mode damping factor is observed to be slightly higher than for the other modes.
Some contributions of hysteretic damping may have occurred for this mode due to the cracking

in the members of the model, accompanied by slight shifts of frequencies (stiffness changes).

The estimated viscous damping factors are also found from the transfer functions using Eq.
(4.19) as 1.7%, 1.6%, and 1.4% for the first, second, and third modes, respectively. Take note
that the damping factors were calculated based on the smoothed story transfer functions to

account for the high frequency noise in the signal.

From the orthogonal modal shape matrix in Eq. (4.53), the stiffness matrix is derived using Eq.
(4.28) and is shown below:

519 -—534 25
K, =| -534 1024 —544kip/in (4.54)
2.5  —544 104.7

The story stiffnesses of the loaded model, defined in Eq. (4.29), are identified from Eq. (4.54)
and shown below:
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534
k, =|54.4 | kip/in (4.55)
50.3

Similarly, the damping matrix is derived from Eq. (4.30) and is shown below:

0072 -0.042 -0.012
C,=1-0042 0.097 -0.029 | kip-sec/in (4.56)
-0.012 -0029 0.112

The initial modal participation factors, I',, are determined from the results of the white noise

test using the derivations in Section 4.2.1.1 as:

0.44
r,=| 012 (4.57)
~0.06

Fig. 4-13 shows the story shear versus inter-story drift histories for WHN_B. The initial
stiffnesses from these histories are identified as 51.2 kip/in, 42.2 kip/in, and 40.0 kip/in,
respectively. It can also be observed that Ioops occurred in these histories. Although it is
important to note that these loops are not a result of inelastic hysteresis but from the equivalent
viscous damping from the cracked R/C members of the structure. Therefore the story shears
and drifts recorded through the instrumentation includes the effects of viscous damping as stated
previously. For the following experimental white noise excitations, a comparison of these initial

stiffnesses are examined for correlating the stiffncss degradation in the structure.
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4.5 Analytical Identification of Dynamic Characteristics

The natural frequencies, the modal shapes, and the stiffness matrix were calculated using a
dynamic analysis model (STAAD™) based on the structural member properties and their
geometry. Using "full” theoretical properties for the members, a mismatch of the first mode of
vibration was obtained. Therefore, the moments of inertia are modified in the computational

model to fit the first mode frequency as follows:

(EI)COI = 0.565 (EIcol)g (45861)

(EI)beam = 0.565 (Elbcum)g (458b)
where (EL), is the column stiffness based on the gross column area.

(ElL..), is the beam stiffncss based on the gross T-beam arca with full slab con-

tribution.

This reduction of elastic stiffness properties is required due to the micro-cracking of the model
members, even in their "undamaged" state. Note that the reduction of the gross member stiffness
inthe beam and column members were chosen to be identical for simplicity. Although in reality,
constant member stiffness reductions may not be the case since cracking or damage can be

concentrated in either the beam or column members or in only certain locations of a structure.

For comparative purposes, the "fully cracked" stiffnesses of the beams and columns, determined
from transformed sections, are: (EI)., = 0.23 (EL,)),; and (El}ye, = 0.13 (El,em),, respectively.
Therefore the initial stiffnesses of the "undamaged"” members from Eqs. (4.58a) and (4.58b) lie
between the fully cracked and uncracked (gross) section properties. Similar observations were
reported by El-Attar et al. (1991b) in the smaller scale test.

The natural frequencies of the unloaded model are thus calculated using the mass matrix from

Eq. (4.39) and the input section properties in Eq. (4.58):

3.70
f =|10.81| Hz. (4.59)
16.50

The modal shape matrix of the unloaded model is determined as follows:
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100 -081 -043
=078 053 100 (4.60)
040 1.00 -0.88

The stiffness matrix of the unloaded model is calculated by using Eq. (4.28) with the calculated
modal shapes, Eq. (4.60), and natural frequencics, Eq. (4.59), as:

467 =509 44
K;=|-509 1027 -56.2|kip/in (4.61)
4.4 -56.2 108.2

The story stiffnesses of the unloaded model, defined in Eq. (4.29), are calculated from Eq. (4.61)

and shown below:

50.9
k' =156.2 | kip/in (4.62)
52.0

Likewise the natural frequencies of the loaded model are calculated from the story masses, Eq.

(4.46), and the same input section properties as:

1.78
f =|520| Hz (4.63)
7.94

The modal shape matrix of the loaded model 1s obtained:

1.00 -081 =043
@, =078 053 1.00 (4.64)
040 100 -0.88

The stiffness matrix of the loaded model is obtained from Eq. (4.28) with the calculated modal
shapes, Eq. (4.64), and natural frequencies, Eq. (4.63), as:
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46,7  —509 4.4
K, =| —-50.9 1028 -56.3kip/in (4.65)
44 =563 1082

The story stiffnesses of the loaded model, defined in Eq. (4.29), are calculated from Eq. (4.65)
and shown below:

50.9
k. = 56.3 | kip/in (4.66)
51.9

For representation of these analytical dynamic characteristics in the comparison, the test label
of STAAD is used.

4.5.1 Comparison of Analytical and Experimental Dynamic Characteristics

Tables 4-2 and 4-3 summatize the identified natural frequencies, modal shapes, stiffness matrix,
story stiffnesses, equivalent viscous damping ratios, and damping matrix of the unloaded and
loaded model, respectively from the experimental identification tests and the analytical eval-
uation from STAAD.

(a) Unloaded Model Identification Tests

For the unloaded model, it can be ohserved that the identified natural frequencies from STAAD
and the HAMMER test are slightly different, primarily due to the estimated quantities for the
story masses, input member stiffnesses, and the small level of excitation of the higher modes
from the impact hammer. Large variations in the modal shapes and stiffness matrix can be
detected between the identifications of the impact hammer test and STAAD. This is again
primarily attributed to the small level excitation in the higher modes with third floor strikes
from the impact hammer. Only the characteristics associated with the first mode of vibration
are comparable. Therefore it is concluded that the identification of the modal shapes (with
exception of the first mode), stiffness matrix, story stiffnesses, and damping matrix from the

impact hammer test are not reliable.
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(b) Loaded Model Identification Tests

For the loaded model, comparable natural frequencies and modal shape matrices have resulted
in all tests, both experimentally and analytically. It can be observed from Tables 4-2 and 4-3
that a 47.6% reduction in the first mode natural frequency (from 3.40 Hz. (HAMMER) to 1.78
Hz. (WHN_B)) occurs due to attaching the additional weights for mass similitude on the model.

Similar reductions are also found in the second and third modes of vibration for the model.

Comparable stiffness matrices and story stiffnesses are observed in thec PULL, WHN_B, and
STAAD tests, in which the story stiffnesses are approximately equivalent for each floor. An
mmportant point to note is that the sum of the diagonal terms of the stiffness matrix of the loaded
model developed analytically using STAAD corresponded to a 0.5% error compared to the
results from the experimental WHN_B test for the undamaged model. Recall that the input
member properties in STAAD used a reduced gross member stiffness to mateh the first mode
natural frequency from WHN_B. Since excellent correlation exists between STAAD™ and the
experimental characteristics, STAAD™ is used in the following tests to evaluate the stiffness
matrix and story stiffnesses based on the correlation of the experimentally observed first mode
natural frequency from the previous white noise excitation.

The identification of the first mode equivalent viscous damping factor is also comparablc for
each test performed. But variations of the second and third mode damping factors are observed
among the various tests. Since a smoothing technique was required for both the SNAP and
WHN_B tests, deviations of the higher-order damping factors are expected. Also the damping
factor identification from Eq. (4.19) is based on an elastic system, which may be invalid since

cracking may have developed in some of the members.

Theidentified viscous damping matrices of the unloaded and loaded models from the HAMMER
and WHN_B tests, respectively are also shown to have large variations. But again since the
damping matrix is developed from the modal shapes [see Eq. (4.30)], the determination of the

damping matrix from the impact hammer test can be regarded as inaccurate.

Therefore from the above comparisons, it is concluded that the white noise identification test
provides an accurate evaluation of the dynamic characteristics of the model. Thus herein only
white noisc excitations are used to update the dynamic characteristics of the model after an

induced base motion. Itis also concluded that accurate predictions of the dynamic characteristics
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and stiffness matrix of the undamaged model are achieved with STAAD™ using a 56.5%

reduction in the gross member stiffness properties for correlating the first mode natural fre-

quency.
Table 4-2 Dynamic Characteristics of the Unloaded Model
Test f P! K! k & c
(Hz) (kip/in} (kipfiny | (%)
340 \1 (100 -067 -062 0.0 -721 103 721 27 0028 0007 -0.003
HAMMER |[|1100({{082 018 100 -721 1155 592 | | 592 15| || 0007 0028 0005
1760) [ l047 100  -063 103 -592 973 38.1 10) [\ -0003 -0005 0.033
STAAD 370|100 -081 -043 467 509 44 509
(0565EL) |[1081]]]{078 053 100 -509 1027 -562]| |562 .
1650) [ (040 100 -088 44 =562 1082) | \520
Table 4-3 Dynamic Characteristics of the Loaded Model
Test f @, K; k, & Cij
(Hz.) (kip/in) (kipfin) { (%)
176) | {100 -0.82 -041 474 -527 32 527
PULL 534| ||076 055 100 -527 1093 -598|| |598 - -
815) | 040 100 -088 32 -598 1139) | (541
1.86 2.5
SNAP 5.66 - . _ 48
8.40 40
WHN_B 1.78 LO0 -082 -046 519 -534 25 534 20 0072 -0042 -0012
(Bq420) | 532 [|080 046 100 -534 1024 544|544 24| || -0042 0097 -0029
7.89 .42 1.00 —-0.83 2.5 -544 1047 503 2.0 -0.012 -0.020 0112
WHN_B 1.7
(Eq.(4.19) - - - - 1.6 -
14
STAAD 178) [ {100 -081 -043 467  -509 44 50.9
(0565EL) | s20] ||o7s 053 100 -509 1028 -563| | [563 - -
794) | 040 100 -088; || 44 -563 1082) | \519
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4.6 Response to Minor Earthquake

After the identifications of the initial dynamic properties for the fully loaded three story model
were completed, the Taft N21E accelerogram component, normalized for a peak ground
acceleration (PGA) of 0.05 G, was used to excite the model (test label TFT_05). This level of
ground acceleration motion is representative of a minor earthquake excitation. Fig. 4-14a and
4-14b show the desired and achieved base acceleration motion of the shaking table. Fig. 4-14¢
shows a short segment of the desired and achieved base motions, from which a high degree of

similarity can be detccted.
4.6.1 Global Response

Figs. 4-15 and 4-16 show the story displacement and shear force time historics for the Taft
N21E, PGA 0.05 G, base motions. It should be noted that the first and second story shear forces
(Figs. 4-16¢ and 4-16b) were directly recorded through the load cells. Since load cells were
not installed in the third story columns, the third story shear forces (Fig. 4-16a) were determined
from the third story accelerations (accelerometers AH7 and AH8) multiplicd by the incrtial
story mass. It was observed that the first and second story shear forces recorded from the
accelerometers were slightly less than that of the load cells, but the deviation was considered
tolerable for the experiment. Figs. 4-17a and 4-17b show a magnitied overlayed portion of the
story displacements and shear forces, respectively. It can be observed that the story displace-
ments and shears for each floor are moving in phase (peak story response occurring at the same
time). Figs. 4-18a and 4-18b show the story displacement, shear forces, and story loads when
the maximum first story drift occurred. Again at this point in time, the shape of the story
displacements and shear forces resembles the shape of the first mode of vibration. Therefore
it i1s concluded that the response of the model was primarily governed by the first mode of

vibration throughout the time history of the minor earthquake.

Table 4-4 summarizes the maximum story displacements, inter-story drifts, shear forces, story
loads, and peak accelerations for each floor of the model for TFT_05. It was observed that
small levels of story displacements and inter-story drifis (0.28% for the first {loor) occur. The
induced base shear (5.3 kips) was 6.5% of the total structural weight from TFT_05. The
maximum story loads occurred near the peaks of the story drifts, but not at the same time. Also
the observed amplifications of the story level accelerations were 86%, 72%, and 148%,

respectively for the first, second, and third stories in comparison with the base acceleration.
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El-Attar et al. (1991b) observed a maximum first story drift of 0.18% and a base shear demand
of 2.3% of the total structural weight during the Taft S69E PGA 0.05 g shaking table motion.
However, the prototype structural weight that El-Attar et al. (1991b) used for mass similitude,
was slightly greater than what is used in this study due to considerations of non-structural walls
and full dead weight contributions (neglected in this study due to weight limitations of the
shaking table). Therefore for comparison with this study, the equivalent base shear is determined
from the measured demand multiplied by 1.2882 (ratio of prototype weights). Therefore the
equivalent base shear is 3.0% of the proportioned weight. It can be observed that differences
exist between the tests. Some explanations are due to: (i) the different inertial mass and natural
frequencies; (ii) the different Taft component of base motion; and (iii) the different material

properties.
TABLE 4-4 Maximum Response for Minor Earthquake TFT_05
Story Max. Story Max. Inter- Max. Story Max. Story Peak Story
Displacements | Story Drifts Shears Loads Accelerations
(in.) (%) (Kips) (Kips) ()
Third 0.30 0.23 34 9.1 0.12
Second 0.22 0.24 4.2 8.0 0.09
First 0.14 0.28 5.3(6.5%W) 53 0.09

Fig. 4-19 shows the shear force versus inter-story drift history for each story of the model. As
expected, a linear-clastic behavior is observed for all stories. It can be observed that the histories
are primarily governed by elastic deformations with loops occurring due to the equivalent
viscous damping present in the structure. Fig. 4-20 shows the energy time history for TFT_05.
The total input energy to the structural system is 1.7 kip-in. Since the dissipated energies are
small and governed by viscous damped energy, the structure is again classified as being governed
primarily by elastic deformations.

4.6.2 Local Response

Fig. 4-21 details the qualitative descriptions for the beams and columns of the model for reference

in the following and future discussions.
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Fig. 4-22 shows the induced shear forces on an interior and exterior first story column (base
shear) for ground motion TFT_05 monitored with the load cells. It can be observed that the
shears in the interior columns are approximately twice that of the exterior columns. Also note
that both the interior and exterior columns have a greater shear force demand for greater axial

force. The same observations were made by El-Attar et al. (1991b).

Fig. 4-23 shows the moment versus axial load interaction history for the columns of the first
and second stories supcrimposed on damage state interaction surfaces. The cracking and nominal
ultimate surfaces are developed based on the geometric dimensions of the column, a concrete
compressive strength of 4.0 ksi, a rebar yield strength of 68.0 ksi, and a concrete crushing strain
of 0.003. The projected dynamic ultimate surface, due to strain hardening of the reinforcement
and dynamic strain rate effects, is determined based on a concrete crushing strain of 0.010 and
a 30% increase in the concrete compressive and rebar vield strengths. It can be observed that
the moment versus axial load history in most of the first and second story columns partially
extend beyond the cracking surface, but were well within the nominal ultimatc bounds. The
variations of axial load in the exterior columns can be observed by the slope of the loading on
the interaction diagrams. In contrast, little axial load variation can be observed in the interior
columns.

Fig. 4-24a and 4-24b show the first story beam bending moment time histories in the south and
north sides of the model at the column face along with the ultimate moment surfaces. The
devclopment of the ultimate surfaces for the beams considered strength contributions from the
slab reinforcement within the flange width from the ACI-318 (18 in.) and also within the full
slab width (60 in.). Firstly the positive ultimate moments (plotted on the bottom of the beams)
considered tensile contributions of the slab steel and top reinforcement within the ACI-318 and
full slab widths since the compression depth is small in the T-bcam member. Partially unbonded
reinforcement is used to consider the effect of pull-out of the discontinuous bottom longitudinal
reinforcement. The rebar area at a section is reduced by the ratio of the provided development
length at the section and the required development length of the bar, Hoffmann (1992). Therefore
for the moment capacity at the column face, a 50% reduction in beam rebar area is considered
bascd on the prototype section. The negative moments (plotted on the top of the beams) also
considers slab steel contributions from the ACI-318 and full slab widths. The projected dynamic
ultimate surface assumed a 30% increase in strength from strain hardening of the reinforcement
and dynamic strain rate effects. It can be observed that the moment demands in the interior and

exterior beams were well below the nominal ultimate bounds in both directions.
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The member curvatures of the first story north-east exterior and interior subassemblages were
measured using the potentiometers as outlined in Section 3.6.4. Since the measured poten-
tiometer readings of the members include the adjacent member rotations, a first-order correction
factor was applied to the potentiometer readings. Fig. 4-25 shows the bending moment versus
corrected curvatures for the instrumented members of the first floor north-east exterior and
interior joints along with the member moment capacities. Again, an elastic behavior for the
members exists. It can also be observed that the moment history for the members were well

below their nominal strengths.

The bending moment diagrams for the model when the first story drift was maximum for each
direction, along with the corresponding story displacements, are shown in Fig. 4-26. Again it
is to be noted that the moment demands were within the nominal ultimate bounds during the

minor shaking.

The observed (visual) structural damage to the scaled model due to TFT_05 was primarily
located in the lower first story exterior columns as shown in Fig. 4-27. This damage was
identified in the form of some slight cracking in the splice zone ncar the locations of the transverse
hoop reinforcement. The remaining structure had no visible signs of damage or cracking of
members. Fig. 4-28 shows the damaged state of the model after TFT_05. It can be observed
that cracking in some column members has occurred, but yielding has not transpired. The beams

remained primarily elastic throughout this low level base motion.
4.6.3 Dynamic Properties after Minor Shaking

After the superimposed minor base motion, the identification of the ensuing dynamic properties
of the model are determined from the white noise excitation tabeled WHN_C . Figs. 4-29 and
4-30 show the transfer functions and smoothed transfer functions for each floor of the model,
respectively. Since small damping and well separated modes can be observed, the averaged

natural frequencies are identified as follows and tabulated in Table 4-5:

1.71
f =|5.08| Hz 4.67)
7.42
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Note from Egs. (4.67) and (4.52) that the first mode natural {requency shifted (softened) from
1.78 Hz. to 1.71 Hz. (3.9% reduction). Therefore there was some deterioration of the model
from the TFT_05 basc motion. This can be attributed to the cracking in some members of the
model. Also cracking is evident in Fig. 4-29 where it can be observed that scveral excited
frequencies occurred near the modes of vibration, including the f{irst mode. Similarly for the
same reasoning, reductions of 4.5% and 6.0% can be observed for the second and third modes

of vibration, respectively.

The modal shape matrix and participation factors were also identified from the transfer functions
and arc tabulated in Table 4-5. It can be observed that the modal shapes and participation factors

remained relatively the same before and after the TFT _05 base motion.

From the smoothed transfer functions in Fig. 4-30, the equivalent viscous damping factors were
determined by the half-power (bandwidth) method as 4.3%, 4.2%, 3.0% and were tabulated in
Table 4-5. It can be observed that increases in the modal damping factors of about 100% have
occurred due to the wider transfer function magnitude near the natural frequencies. Again note

that contributions from hysteretic damping may have taken place.

The updated stiffness matrix of the model was developed from Eq. (4.28) with the dynamic
characteristics of WHN_C and shown in Table 4-5 along with the corresponding story stiff-
nesses. It canbe observed that the sum of the diagonal terms of the stiffness matrix after TFT_05
is reduced by 10.6% as compared to WHN_B. Story stiffness reductions of 10.7%, 13.1%, and

12.4%, respectively for the first, second, and third storics have resulted.

Fig. 4-31 shows the story shear versus inter-story drift histories for WHN_C. Again it can be
observed that equivalent viscous damping was present in the structural system. The initial
stiffnesses after TFT_05 (WHN_C) were tabulated in Table 4-6 along with the results of
WHN_B. It can be observed that the stiffnesses from the shear-drift histories were reduced by
4.3%, 7.1%, and 15.5%, respectively for the first, second, and third floors.

To complement the identified first mode natural frequency from WHN_C after the TFT_05

base motion (1.71 Hz.), an analysis is done using STAAD™ with the modified stiffness prop-

erties;

(EDemper = 0.520 (EI), (4.68)
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where

The analytical prediction of the natural frequencies, modal shapes, and stiffness matrix of the
model after TFT_05, based on input member properties in STAAD from Eq. (4.68), are shown
in Table 4-7 along with the results from WHN_C. It can be observed that the natural frequencies
and modal shape matrices from STAAD are comparable with the identified results from

WHN_C. Also note that a 2.7% deviation is observed in the sum of the diagonal terms of the

member area reduction.

(ED) ember 18 the beam or column member stiffness based on the respective gross

identified stiffness matrix, which is well within the expected experimental variations.

TABLE 4-5 Dynamic Properties and Stiffncss Matrix before and after TFT_05

WHN_B (before)

WHN_C (after)

Natural

1.78 1.71
Frequencies f =532 f =|5.08
(Hz.) 7.89 7.42
Modal 1.00 -0.82 -046 1.00 —084 -042
Shapes 0.80 046 1.00 $, =1079 052 1.00
042 100 -0.83 040 1.00 -0.82
Modal 0.44 0.43
Participation [ =| 0.2 = 0.13
Factors —0.06 —0.05
Damping 2.0 4.3
Factors g =124 E =42
(%) 2.0 3.0
Stiffness 519 -534 25 445 —46.8 —-0.2
Matrix -534 1024 -544 K;,=|-468 949 -473
(kip/in) 2.5 -54.4 1047 -02 -473 922
Story 534 46.8 (12.4%)
Stiffnesses k,=|544 k, =473 (13.1%)
(kip/in) 50.3 449 (10.7%)
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TABLE 4-6 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories
Story WHN_B WHN_C
(kip/in) (kip/in)
Third 40.0 33.8 (15.5%)
Second 42.4 394 (7.1%)
First 51.2 49.0 (4.3%)

TABLE 4-7 Analytical and Experimental Comparison of the Dynamic Properties

Experimental (WHN_C) Analytical [STAAD (0.520 (EI),)]
Natural 1.71 1.71
Frequencies f =[508 f =499
(Hz.) 7.42 7.62
Modal 1.00 —-0.84 -042 1.00 -0.81 -043
Shapes ®, =079 052 1.00 @, =078 053 1.00
040 1.00 -0.82 0.40 1.00 —0.88
Stiffness 44.5 -468 -0.2 43.0 —46.9 4.0
Matrix K, =| —468 949 —473 K, =| ~469 947 —518
(kip/in) -02 -473 922 4.0 -51.8 997
Story 46.8 46.9
Stiffnesses k, =473 k. =|51.8
(kip/in) 449 47.9

After the conclusion of shaking table test WHN_C, the tests were interrupted and continued the
following day. The testing sequence started with another white noise shaking table test, labeled
WHN_D. This test was used to verify the current dynamic characteristics of the model and to
note any variations from WHN_C due to the lowering and lifting of the shaking table. Figs.

4-32 and 4-33 show the story transfer functions and smoothed transfer functions for the model

from base excitation WHN_D, respectively. Since small damping and well separated modes
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can be observed, the natural frequencies were tabulated in Table 4-8. It can be observed that
the natural frequencies from the white noise excitations WHN_C and WHN_D were identical

for the first mode and have small deviations in the second and third modes.

The modal shapes and participation factors were also identified from the story transfer functions
of test WHN_D and are shown in Table 4-8. Tt can be observed that the modal shapes and
participation factors were similar for tests WHN_C and WHN_D.

From the smoothed transfer functions, the equivalent viscous damping factors were determined
using the half-power (bandwidth) method [Eq. (4.20)] as 4.0%, 2.9%, and 1.3%, for the first,
second, and third modes, respectively. Table 4-8 shows comparable damping factors for the
first mede of vibration. It can also be observed that deviations occurred in the second and third
mode damping factors. This is attributed to the varying amplifications of this mode between
the different tests and from the smoothing of the transfer functions. However, this variation is
considered satisfactory for such experimental tests.

The stiftness matrix of the model, developed from Eq. (4.28) using the dynamic characteristics
determined {rom white noise excitation WHN_D, is shown in Table 4-8 along with the corre-
sponding story stiffnesses. It can be observed that the stiffness matrices and story stiffnesses
determined from tests WHN_C and WHN_D were slightly varied. But the deviations appear
to be well within the expected experimental variations, cspecially since the sum of the diagonal

terms are equivalent for both tests.

Fig. 4-34 shows the story shear versus inter-story drift histories for WHN_D. It can be observed
that the initial stiffnesses from WHN_D were identical to that from WHN_C.,

Since the calculated natural frequencies, modal shapes, modal participation factors, damping
factors, stiffness matrix, and initial stiffnesses from the shear-drift histories of the model show
no appreciable changes in white noise tests WHN_C and WHN_D, it is concluded that no
damage occurred due to the vibrations induced during the lowering and lifting process of the
shaking table. It is also worth noting that no damage had resulted to the model from the white
noise shaking table excitation.
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TABLE 4-8 Dynamic Properties and Stiffness Matrix after TFT_05 from WHN_C and

WHN_D
WHN_C WHN_D
Natural 1.71 1.71
Frequencies f. =508 f =¢5.22
(Hz.) 7.42 7.32
Modal 1.00 -0.84 -042 .00 —0.88 —040
Shapes ¢, =079 052 1.00 ®,=1079 058 1.00
040 100 -0.82 041 100 -0.86
Modal 0.43 0.43
Participation I =| 0.13 =< 0.13
Factors —-0.05 —0.05
Damping 4.3 4.0
Factors E =42 § =429
(%) 3.0 1.3
Stiffness 445 -468 ~02 446 —458 27
Matrix K, =|-468 949 -473 K,=|-458 928 -449
(kip/in) -02 -473 922 -27 —-449 94.1
Story 46.8 45.8
Stiffnesses k, =473 k, = 449
(kip/in) 459 49.2

TABLE 4-9 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories
Story WHN_C WHN_D
(kip/in) (kip/in)
Third 338 33.8
Second 394 394
First 49.0 49.0
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(a) Story Displacements (Time= 7.50 sec)

(b) Story Shear Forces (Time = 7.50 sec)

FIG. 4-18 Story Displacements and Shears at Maximum First Story Drift for TFT_05
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4.7 Summary Discussions

The identification of the initial dynamic characteristics of the undamaged model was presented
according to the testing program outlined in Section 3. Tables 4-2 and 4-3 summarize the initial
characteristics of the unloaded and loaded model, respectively. It was shown that the white
noise excitations provide good correlation with the other tests and will be used throughout the

testing for updating the dynamic characteristics.

The global and local response of the model excited by the minor earthquake (Taft N21E, PGA
0.05 g) was presented. It was shown that the behavior of the model was governed by elastic
deformations. However cracking was observed in some of the columns. The concluding white
noise identification test showed that only slight deterioration in natural frequencies and story
stiffnesses resulted from the minor base motion. Therefore it can be concluded that the inherent
lateral strength of the LRC model was sufficient to resist the seismic forces of the minor

earthquake.
The analytical identifications show that the model has microcracks and that the member stiff-

nesses arc smaller than calculated by assuming uncracked sections, The initial "undamaged”

stiffness reduction is almost 45.0% and additional deterioration occurs during minor shaking.
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SECTION §

CONCLUSIONS

The preliminary identifications of dynamic response of a model of a typical lightly reinforced

concrete structure was presented.

The design of a prototype three-story moment resisting reinforced concrete frame building
typically constructed in low seismicity zones was presented here in and was based on the design
load combination of 1.4D + 1.7L (gravity load design). Since earthquake loads are neglected
in such zones and wind loads on a three-story structure are relatively small after design loading
combinations, no lateral loads were considered for the design. The detailing of the structure

was in accordance with the general non-seismic provisions of the ACI-318-89 code.

Based on this prototype building, a one-third scale model was designed as shown in this report
and constructed at the State University of New York at Buffalo Earthquake Simulation Labo-
ratory. The similitude conditions to model the dynamic behavior of the prototype building were
satisfied. The location and purpose of the instrumentation to measure the critical response of
the model building during shaking table testing was also identified.

The testing program for identification of the initial dynamic characteristics of the model building
was presented. In compliance with this program, a comparison of the achieved dynamic
characteristics from different identification tests was also presented. It was shown that the white
noise shaking table tests provided a justifiable correlation with the other identification tests and
will be used throughout the testing of the model building for updating the dynamic characteristics

before and after each simulated earthquake motion.

The analytical identifications showed that the model has microcracks and that the member
stiffnesses are smaller than calculated by assuming gross section properties and greater than the
fully cracked section properties. The initial "undamaged"” stiffnesses were identified to be
between 50% and 60% of the uncracked section.
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The complete shaking table testing program for the model building was presented along with
the ground motions and intensities used for the earthquake simulations. The varying intensities
of the ground motions were used to simulate minor, moderate, and severe earthquakes. The
global and local response of the model building during the minor earthquake was presented in
this report. It was shown that the response of the model was primarily governed by elastic
deformations. However some slight cracking was observed in some of the columns. The
concluding white noise identification test showed that only slight deteriorations in natural
frequencies and story stiffnesses resulted from the minor base motion. Therefore it was con-
cluded that although the gravity load designed buildings are not designed for lateral forces, the
inherent lateral strength and flexibility of such buildings are sufficient to resist the forces of
minor earthquakes without visible damage. The response of the model building during the
moderate and scvere earthquakes is preseated in Part 111 of the Evaluation report series (Bracci
et al., 1992a).
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APPENDIX A
SCALING FACTORS FOR MODELING OF DYNAMIC BEHAVIOR

Quantity General Case Same Material and Acceleration (Model)
Required Provided
Geometric Length, 1 A=? A, =3.00 A, =3.00
Elastic Modulus, E Ag=" Az =1.00 A =1.00
Acceleration, a =7 = Uk AgAy) A, =1.00 A, =1.00
Density, p A =Ad(NA,) =7) A, =033 A, =1.00
Velocity, v A=A A A, =173 A, =173
Forces, f Ap=Aph A,=9.00 A,=9.00
Stress, G Ae =g As=1.00 A, =1.00
Strain, € A.=1.00 A.=1.00 A.=1.00
Area, A A=A A, =9.00 As =9.00
Volumn, V A=A A, =27.00 A,y =27.00
Second Moment of Area, A=A A, =81.00 A, =81.00
1
Mass, m Am =AM A, =9.00 A, =27.00
Impulse, i A=A VA A A, =15.59 A =27.00
Energy, e A =NeA) A, =27.00 A, =27.00
Frequency, @ Ap=1/A,- \/m Ap=0.58 A,=0.33
Time (Period), t A =VA/A, A =173 A =173
Gravitational ~ Accelera- A, =1.00 A, =1.00 A, =100
tion, g
Gravitational Force, fg Ay = AN, A =9.00 A, =27.00
Critical Damping, & A =1.00 A= 1.00 A =1.00
ok Note for modeling with constant acceleration, A, becomes the independent variable

(= 1.00) and A, becomes the dependent variable (= Ag/A,).
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APPENDIX B

GEOMETRIC LAYOUT, STRAIN GAGING, AND CALIBRATION
CHARTS OF LOAD CELLS

Special force transducers (load cells) are used to measure the internal force response of the
model as specified in section 3. The geometric layout of the a typical load cell is shown in Fig.
B-la. They are fabricated from a thick wall cylindrical steel tube. The turned down wall
thickness, height, and radius of the tube are determined based on the expected maximum stresses
in the load cells during testing and on the matching the flexural stiftness with that of the column
to minimize disturbance in that member. The attachment plates, shown in Fig. B-1b, ensure a
uniform stress distribution over the entire load cell and provide anchorage into the columns.
Based on the yield strength of the steel tube, the axial, shear, and moment capacity ratings for
the load cells are +40 kips, 5 kips, and +40 kip-in, respectively, to ensure linearity and
repeatability.

The strain gages used in the load cells are types EA-06-125UR-120 (rosettes) and EA-06-
125UW-120 (single gages) from Measurement Group, Inc. The gages have a maximum strain
range of £0.00375 in. and an overall length and width of 0.30 in. and 0.56 in., respectively. The
maximum strain range of the gage is well beyond the elastic range of the cylindrical steel tube,
which the load cells are designed. Fig. B-2a shows the strain gage location (A-D) and orientation
(1-5) on the steel tube wall. Note that gages 1, 2, and 3 are from a rosette. M-Bond 200 adhesive
is used for attaching the gages.

Axial, shear, and moment stresses arc measured from Wheatstone bridge circuits wired
according to Fig. B-2b. The axial circuits use gages #2 and #6, where gage #6 is a compensating
("dummy") gage used for variations in temperature in the circuit. The shear circuits use gages
#1 and #3, which are orientated 45° from the horizontal, and the moment circuits use gages #4

and #5, which are orientated in the vertical direction.

Based on the load capacity ratings of the load cells, calibration factors for the axial, shear, and
moment circuits are determined as 4 kips/volt, 0.5 kips/volt, and 4 kip-in./volt, respectively.
For calibration, the load cells are bolted together in groups of two and loaded according to Fig.

B-3. The pivoting head in Fig. B-3a for axial load calibration helps distribute the axial com-
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pressive load evenly across the load cells. The shear setup results in a constant shear force and
a linearly varying moment across the load cells. The moments recorded are correlated with a
known moment arm to the strain gages for the moment circuits. The moment sctup is a two

point loading which creates a constant bending moment with no shear force.

The circuits are connected to 2310 Vishay Signal Conditioning Amplifiers from the Measure-
ment Group, Inc. which filters frequencies above 25 Hz. and varies the amplification (gain) of
the incoming signal from the wheatstone bridge circuit. Calibration charts are developed,
typically shown for a particular load cell in Fig. B-4, based on scveral scries of loading and
unloading for each setup and adjustments in amplification from the conditioners to acquire the
appropriate calibration factors. Note, that a loop in the unloading statcs of testing develops in
the moment calibrations. However the initial loading is perfectly linear and returns to zero
when the load is fully removed, which implies that the load ccll behaves elastically. Therefore
the loops were created by some errors in the setup, possibly due to some concentrated yielding

or friction which develops in the components of the setup.
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"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W. Dotson
and A.S. Veletsos, 12/87, (PB88-187786/AS).

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

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by I
Pantelic and A. Reinhormn, 11/87, (PB8B-187752/AS). This report is available only through NTIS (see address

given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and I.F. Abel, 12/30/87, (PB88-187950/AS).

"Second-Year Program in Research, Education and Technology Transfer,” 3/8/88, (PB88-219480/A8).
"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics,” by W.
McGuire, I.LF. Abel and C.H. Conley, 1/18/88, (PBBB-187760/AS).

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

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

"lterative Seismic Analysis of Primary-Secondary Systems," by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798/A8).

"Stochastic Finite Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88, (PB88-
213806/AS).
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NCEER-88-0006

NCEER-88-0007

NCEER-88-0008

NCEER-88-0009

NCEER-88-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-88-0014

NCEER-88-0015

NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-0019

NCEER-88-0020

NCEER-88-0021

NCEER-88-(022

NCEER-88-0023

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

"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, I-W. Jaw and H-J. Shau,
3/20/88, (PBEB-219423/A8).

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

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

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

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

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

"A Study of Radiation Damping and Soil-Structure Interaction Effects mn  the Centrifuge,”

by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703/AS).

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

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

“Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A.M. Reinhorn, M.J.
Seidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220/AS).

“Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,” by §.
Ahmad and A.SM. Israil, 6/17/88, (PB89-102891/AS).

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

"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and A M.
Reinhorn, 5/27/88, (PB§9-122204/A8).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by I.N. Yang, S.
Sarkanmi and F.X. Long, 4/22/88, (PB89-102909/A8).

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196/A8).

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

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H. Vanmarcke,
7/21/88, (PB89-145213/A8).
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NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0035

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-(X}41

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

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

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

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348/A8).

"Seismic Fragility Analysis of Plane Frame Structures,” by HH-M. Hwang and Y.K. Low, 7/31/88, (PB89-
131445/A8).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB&9-
174429/A8).

"Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes, 9/19/88,
{PB89-131437/AS).

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

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

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

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

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

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88, (PB§9-
207146/A8).

"Optimal Placement of Actuators for Structural Control,” by E.Y. Cheng and C.P. Pantelides, 8/15/88, (PB89-
162846/A8).

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

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681/A8).

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

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

NCEER-88-0043

NCEER-88-0044

NCEER-88-0045

NCEER-88-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0005

NCEER-89-0006

NCEER-89-0007

NCEER-89-0008

NCEER-89-0009

NCEER-85-R010

NCEER-89-0011

NCEER-89-0012

NCEER-89-0013

"Modeling Strong Ground Molion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445/A8).

"Nonstationary Models of Seismic Ground Acceleration," by M. Grigoriu, S.E. Ruiz and E. Rosenblucth,
7/15/88, (PRRY-189617/AS).

"SARCF User’s Guide: Scismic Analysis of Reinforced Concrete Frames,” by Y.8. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PBBS-174452/AS).

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

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames,” by C.7Z. Chrysostomou, P. Gergely and I.F. Abel, 12/19/88, (PB89-208383/AS).

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

Excited Building," by I.A. HoLung, 2/16/89, (PB89-207179/AS).

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

“Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB893-196513/AS).

"Experimental Study of ‘Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and R.L.
Ketter, 2/22/89, (PB89-207195/A8).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault,” by J. Isenberg, E. Richardson
and T.D. O’Rourke, 3/10/89, (PB89-218440/AS8).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and A H. Zaghw, 1/15/89, (PB89-218465/A8).

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

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PR89-207211/AS).

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

"NCEER Bibliography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, 9/1/89, (PB90-
125352/AS).

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part I - Modeling,” by S.K. Kunnath and AM. Reinhorn, 4/17/89, (PB90-
114612/A8).

"Recommended Modifications to ATC-14," by C.D. Poland and J1.0O. Malley, 4/12/89, (PBS0-108648/AS).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading,” by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885/AS5).
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NCEER-85-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-PO17

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-85-0024

NCEER-89-0025

NCEER-89-0026

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. Shinozuka, 5/19/89, (PB90-109877/AS).

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

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

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

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

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB30-164146/AS).

"Nonlinear Dynamic Analysis of Three-Dimensional Base [solated Structures (3D-BASIS)," by S. Nagarajaiah,
A.M. Reimnhorn and M.C. Constantinou, 8/3/89, (PB90-161936/AS). This report 15 available only through
NTIS (see address given above).

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

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

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J. O’Rourke,
8/24/89, (PB90-162322/AS).

"Workshop on Serviceability Analysis of Water Delivery Systems,” edited by M. Grigoriu, 3/6/89, (PBSO-
127424/A8).

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

of Tapered Members,”

"DYNAILD: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/A8). This report is available only through NTIS (see address
given above).

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

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PBG0-145699/AS).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete 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 to Large New Madrid Earthquakes,” by HH.M. Hwang, CH.S.
Chen and G. Yu, 11/7/89, (PBS0-162330/A8).
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NCEER-89-0031

NCEER-§9-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-8%-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

NCEER-90-0002

NCEER-%0-0003
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,
10/23/89, (PB90-164658/A8).

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

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and Their
Effects on Lifelines, September 26-29, 1989," Edited by T.D. O’Rourke and M. Hamada, 12/1/89, (PB90-
209388/A8S).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by .M. Bracci,
A.M. Reinhorn, J.B. Mander and 8.K. Kunnath, 9/27/89.

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

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518/AS8).

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

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294/A8).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923/A8).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino, C.A.
Miller and E. Heymsfield, 12/26/89, (PBS0-207887/AS).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by .H. Prevost,
5/10/89, (PB90-207879/AS).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,” by I-K. Ho and
A.E. 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, (PB90-208596/AS).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976/A8).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-113415/AS).
"Catalog of Strong Motion Stations in Eastern North America,” by R.W. Busby, 4/3/90, (PB90-251984)/AS.

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),”
by P. Friberg and K. Jacob, 3/31/90 (PBS0-258062/AS).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,”
by H.H.M. Hwang and C-H.S. Chen, 4/16/90(PB90-258034).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811/A85).
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NCEER-50-0019

NCEER-50-0020

NCEER-90-0021

NCEER-%0-0022

NCEER-90-0023

NCEER-%0-0024

NCEER-90-0025

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dabry, M.
Grigonu, F. Kozin, M. O’Rourke, T. O’'Rourke and M. Shinozuka, 5/25/90, (PB91-108837/AS).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PBI1-108829/AS).

"Active Isolation for Seismic Protection of Operating Rooms,” by M.E. Talbott, Supervised by M, Shinozuka,
6/8/9, (PB91-110205/A8).

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312/A8).

"Two-Dimensional Two-Phase Elasto-Plastic  Seisrmic  Response  of Earth Dams,” by AN

Yiagos, Supervised by J.H. Prevost, 6/20/90, (PR91-110197/AS).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Scnsitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A M. Reinhorn, 7/1/90, (PB91-
110320/A8).

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

"Two Hybnd Control Systems for Building Structures Under Strong Earthquakes,” by JN. Yang and A.
Danielians, 6/29/90, (PB91-125393/AS).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by J.N. Yang and Z. L1, 6/29/90,
(PB91-125401/AS).

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

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

"Experimental and Analytical Study of a Combined Shiding Disc Bearing and Helical Steel Spring Isolation
System,"” by M.C. Constantinou, A.S. Mokha and A M. Reinhormn, 10/4/90, (PB91-125385/AS).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface,” by A.S. Mokha, M.C, Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419/A8S).

“Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381/A8).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S, Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322/A83).

"Study of Site Response at 2 Selected Memphis Site,” by H. Desai, §. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857/AS).

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

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions,” by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399/AS}.
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NCEER-91-0008

NCEER-91-000%

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

"MUMOID User's Guide - A Program for the Identification of Modal Paramelters,” by S. Rodri gucz-Gomez
and E. DiPasquale, 9/30/90, (PBY1-171298/AS).

"SARCEF-II User’s Guide - Seismic Analysis of Reinforced Concrete Frames,"” by S. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280/AS).
“Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris and

M.C. Constantinoun, 12/20/90 (PB91-190561/AS).

"Soil Effects on Earthquake Ground Motions in the Memphis Area,” by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/950, (PB91-190751/AS).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M. Hamada,
2/1/91, (PB91-179259/A8).

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

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PR92-174994/AS).

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91, (PB92-
197235/A8).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part I1," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553/AS).

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364/A8).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PBS1-210930/AS).

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

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142/AS).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile,” by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356/A8).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model,” by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hac and Y.C. Yeh," 7/2/91.

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

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

"3D-BASIS-M: Nenlinear Dynamic Analysis of Multipie Building Base Isolated Structures,” by P.C. Tsopelas,
S. Nagarajaiah, M.C. Constantinon and A.M. Reinhom, 5/28/91, (PB32-113885/AS).
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Constantinou, 6/10/91, (PB92-114602/A8).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building,” by HR.
Somaprasad, T. Toksoy, H. Yoshiyukt and A.E. Aktan, 7/15/91, (PB92-129980/A8).

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

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

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. W,

“731/51.

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

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

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

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings,” by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PBY2-140235/AS).

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

"Probabilistic Evaluation of Liquefaction Potential,” by HH.M. Hwang and C.S. Lec," 1172591, (PB92-
143429/A8).

"Instantancous Optimal Conirol for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by J.N.
Yang and Z. Li, 11/15/91, (PB92-163807/AS).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou, A,
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973/AS).
"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case

Studies,” Edited by M. Hamada and T. O’Rourke, 2/17/92, (PB92-197243/A8).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies,” Edited hy T. O’Rourke and M. Hamada, 2/17/92, (PB92-19725(0/AS).

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

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

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

"Proceedings from the Site Effects Workshop,” Edited by R. Whitman, 2/29/92, (PBY2-197201/AS).
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"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liguefaction,” 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.0O. Malley, 4/2/92, (PB92-222439/AS5).

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

"Seismic Resistance of Slab-Column Connections in Existing Non-Buctile Flat-Plate Buildings,” by A.J.
Durrani and Y. Du, 5/18/92.

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

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

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

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

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

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, §.K. Kunnath, J.B. Mander and
A M. Reinhorn, 7/15/92, to 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 Materials 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 Facilities and
Countermeasures for Soil Liquefaction,” Edited by M. Hamada and T.D. O’Rowtke, 8/12/92, (PB93-
163939/AS).

"Active Bracing System: A Full Scale Implementation of Active Control,” by A.M. Remhom, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512/A8).

“Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral Spreads,”
by S.F. Bartlett and T.L. Youd, 8/17/92.

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S K. Kunnath, A M.
Reinhorn and R.F. Lobo, 8/31/92, to be published.

"A Semi-Empirical Analysis of Strong-Motion Peaks 1n Terms of Seismic Source, Propagation Path and Local
Site Conditions, by M. Kamiyama, M.J. O’'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266/AS}.

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

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced Concrete
Frame Buildings,"” by A. Beres, §. El-Borgi, R.N. White and P. Gergely, 10/29/92, to be published.
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NCEER-92-0027 "Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
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