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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

+ Existing and New Structures

» Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning
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This technical report pertains to Program 1, Existing and New Structures, and more specifically
to system response investigations.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and

large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements: Tasks:
Earthquake Hazards Estimates,
Seismicity, Ground Motions Ground Motion Estimates,
and Seismic Hazards Estimates P New Ground Motion Instrumentation,
Earthquake & Ground Motion Data Base.
Y
. . . Site Response Estimates,
GeOte_Chmcal Studies, SO'"S Large Ground Deformation Estimates,
and Soil-Structure Interaction -} Soil-Structure Interaction.
Typical Structures and Critical Structural Components:
System Response: P P

. Testing and Analysis;

Testing and Analysis Modem Analytical Tools.

\ Yy

Vulnerability Analysis,
Reliability Analysis < > Reliability Analysis,
. Risk Assessment,
and Risk Assessment ' Code Upgrading.
Architectural and Structural Design,
Expert Systems Evaluation of Existing Buildings.
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System response investigations constitute one of the important areas of research in Existing and
New Structures. Current research activities include the following:

1. Testing and analysis of lightly reinforced concrete structures, and other structural compo-
nents common in the eastern United States such as semi-rigid connections and flexible
diaphragms.

2. Development of modern, dynamic analysis tools.

3. Investigation of innovative computing techniques that include the use of interactive
computer graphics, advanced engineering workstations and supercomputing.

The ultimate goal of projects in this area is to provide an estimate of the seismic hazard of
existing buildings which were not designed for earthquakes and to provide information on typical
weak structural systems, such as lightly reinforced concrete elements and steel frames with
semi-rigid connections. An additional goal of these projects is the development of modern
analytical tools for the nonlinear dynamic analysis of complex structures.

The greatest effort in the Existing and New Structures area concentrated on the evaluation and
response-prediction of existing "weak” buildings that are common in regions of low seismicity.
Most of these lightly reinforced concrete buildings and steel buildings with semi-rigid connec-
tions were not designed for seismic forces and many not even for wind loading. The coordinated
research program on concrete buildings has included full-scale tests of frame joint regions,
flat-plate structures, and shake-table tests of frames at various scales. These tests were done at
Cornell University, University at Buffalo, and Rice University. One of the main goals of this
effort has been the development of analytical tools for the complete nonlinear analysis of such
structures so that realistic estimates of their expected response can be made to aid practicing
engineers and researchers in the riskireliability research area.

This report summarizes a series of shaking-table tests on a three-story concrete frame structure.
The structure is very flexible and reached 2.63% story drifts during the Taft earthquake scaled to
0.35g maximum ground acceleration. The P-delta effect increased column shears by as much as
27%. The column axial forces had a strong effect on the relative column shear forces. The
structure collapsed during ground motion scaled to 0.8¢ acceleration.
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ABSTRACT

A 1/8 scale 3-story one bay by three-bay office building was tested on the Cornell University
shake table. The structure was designed solely for gravity loads without regard to any kind of
lateral loads (wind or earthquakes). The reinforcement details were based on typical reinforced
concrete frame structures constructed in the Central and Eastern United States since the early
1900's, and characterized by (a) low reinforcement ratio in the columns, (b) discontinuous
positive moment beam reinforcement at the columns, (c) little or no joint confinement, and (d) lap
splices located immediately above the floor level. The model was tested using the time-
compressed Taft 1952 S69E at different amplitudes. Auxiliary tests such as static loading test
and free-vibration test were performed before and after each seismic test to study the changes in
the model building properties.

Test results indicated that this type of building will experience very large deformations associated
with a considerable stiffness degradation during a moderate earthquake. A significant P-A effect
was recorded during all seismic tests due to the high flexibility of lightly reinforced concrete
structures. Although the non-seismic reinforcement details may form a potential source of
damage for lightly reinforced concrete buildings, it was found experimentally that they are not
enough to cause a complete failure mechanism. The model failure occurred outside the joint
region, indicating that the lack of joint confinement was the primary source of damage. Also, the

location and details of the column lap splices did not cause a serious problem in the model test.

Both experimental and analytical results indicated that the inclusion of the slab contributions to
the beam flexural strength is a vital step in the assessment of the performance of lightly
reinforced concrete structures during earthquakes since it has the potential of altering the
relatively ductile strong column-weak beam mechanism to the more brittle soft-story mechanism.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Recent seismic studies and the historical records indicate that damaging earth-
quakes can occur in the Central and Eastern United States where thousands of
reinforced concrete buildings constructed since early 1900’s were designed and de-
tailed to resist primarily gravity loads. This fact was addressed in the 1982 NRC
report [13] stating that, ”In future earthquakes, the major causes of injury and
loss of life will almost certainly be the collapse of older structures that were de-
signed and built before building codes were developed”. Experimental evidence is
indeed required for a better understanding of the behavior of this type of building
detail and for the development of more reliable analytical tools to predict their
damage potential. Based on both experimental and analytical information, risk
assessment can be conducted for lightly reinforced concrete buildings existing in

different seismic zones.

The study presented here is part of a comprehensive research effort conducted
by the National Center of Earthquake Engineering (NCEER) on the damage as-
sessment and performance evaluation of non-seismically detailed buildings during

earthquakes. The current work presents results of a 1/8 scale lightly reinforced
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concrete 3-story office building tested on the shake table of Cornell University .
The building was designed and detailed to reflect the common design and practice
features of the Central and Eastern United States during the period of 1950 to
1970. Test results are evaluated and compared to the numerical results to inves-
tigate the reliability of available analytical tools in predicting the response of this
kind of building.

1.2 Objectives and scope

1.2.1 Objectives

The major objectives of the current research work include:

1. Identify typical reinforcement details of lightly reinforced concrete buildings

constructed in the Central and Eastern United States prior to the 1970’s.

2. Investigate the performance of lightly reinforced concrete buildings during
earthquakes through a program of testing small-scale structures on the shake

table of Cornell University .

3. Evaluate the reliability of one of the recently developed analytical modeling

techniques to predict the response of these buildings.
1.2.2 Scope

The overall plan of the current research is presented in figure 1.1. This report
focuses only on the last two phases of the research work, where a 1/8 scale 3-story
buildings was tested on the shake table, and numerical analysis was performed to

compare the experimental and the analytical results.
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Chapter 2 describes the experimental program. A full description of the test
structure is given in section 2.1 including design, material properties, reinforcement
details, and fabrication techniques. The testing procedures, including the static

test, free vibration test, and the simulated seismic test are presented in section 2.2.

Chapter 3 includes a summary of the 3-story building test results. The discus-
sion of the test results includes many topics regarding both the overall building

response and specific member performance during seismic tests.

In Chapter 4, a summary of the analytical model used in the program IDARC
is introduced, followed by a summary of the numerical analysis results of the model
building. Comparison between the experimental and the analytical results is also

provided in this chapter.

Chapter 5 includes an evaluation of lightly reinforced concrete building perfor-
mance during earthquakes. Special attention is paid to the impact of the design
philosophy of those structures on their seismic behavior. Experimenté.l evidence is

provided when appropriate to support the evaluation.

Chapter 6 contains a summary, the conclusions of the present work, and rec-

ommendations for future research.

Appendix A introduces the design of the 3-story office building modeled in the
current study. Appendix B describes the load-cells used for the 3-story model
column instrumentation. This includes mechanical and electronic design, and fab-

rication and installation of the load cells.
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CHAPTER 2

EXPERIMENTAL PROGRAM

The first part of this chapter describes the test structure, its design and fabrica-
tion, mechanical properties, materials, and the load set-up and instrumentation.
The second part deals with the test procedure including static, free-vibration, and

simulated-seismic tests.

2.1 Test structure

The test structure was a 1/8 scale, 3-story, one-bay by three-bay office building.
The building was designed and detailed to resist gravity loads only, with no consid-
eration to any kind of lateral forces due to wind or earthquakes. No walls or infills
were included in the selected building. Details of the prototype building design are

provided in appendix A of this report.
2.1.1 3-Story building model -
Model design

The general layout of the 3-story building is shown in figure 2.1. The model struc-
ture represented only one bay with two side quarter bays of the prototype structure
(an inflection point to inflection point cut). The model was designed according to

the similitude requirements provided in table 2.1. Geometric dimensions of the
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Figure 2.1: General Layout of The 3-Story Building.
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Table 2.1: Similitude Requirements For The 3-Story Model Building

Quantity Symbol | Dimension | Scale Factor | Used Scale
Factor
Linear dimension L L St 8
Displacement ) L St 8
Angular displacement 6 - So 1
Time T T VS 2.83
Frequency f T-1 * 0.35
Velocity 14 Lr-? S 2.83
Acceleration a LT-! % 1
Energy FL S3 512
Area of reinforcement A, L? S% 64
Concrete stress fe FL? Sy 1
Steel stress fs FL™? Sy 1
Concrete strain €cu - Se 1
Steel strain €s - Se 1
Concrete modulus E, FL? Sy 1
Steel modulus E, FL? Sy 1
Mass density p FL-3 Sl—L -
Concentrated load Q F 52 64
Line Load w FL-1 St 8
Pressure q FL™? St 1
Moment M FL S3 512
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model were obtained by directly scaling the prototype dimension by the scale fac-

tor S;= 8.

The model reinforcement areas were obtained according to the similitude re-

quirements (table 2.1) as follows:

A =22 _ Ao _ 01564, (2.1)

Where A,, = tensile stress area of the model reinforcement, 4, = prototype rein-

forcement area, and S; = length scale factor.

After the selection of the model bar sizes, the yield stress of each bar size was
modified to account for any differences between the required and the selected bar
areas in order to correctly scale the bar yield force. The model reinforcement yield

stress then became:

Am'r ired
f'ym = fymcalculated X A e (2'2)
Mcehosen

Where f,,, = yield stress of the model reinforcement.

The heat-treatment process was then carried out separately for each bar size

to achieve the required yield stress according to equation (2.2).

Model Materials

(a) Model concrete:

The microconcrete used in the 3-story building model model was based on the
results of a previous study conducted at Cornell University on improving the mod-

eling techniques of small scale concrete structures [9]. In this study special atten-
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tion was paid to producing a new microconcrete with high stiffness and low tensile
strength. This microconcrete mix was slightly modified to produce a lower com-
pressive strength f; between 3.5 and 4.0 ksi (commonly used prior to the 1970’s),
and to provide a highly workable mix (to suit the small scale model). Only the
main properties of the selected microconcrete will be presented in the following

paragraphs.

The microconcrete mix ratio was ( Water : Cement : Model sand (Sm): Model
aggregates (Am)=0.95: 1: 3.6 : 2.4 ); where model sand was defined as particles
that pass a 8 sieve and were retained on 200 sieve, and model aggregates were
defined as particles that pass {6 sieve and were retained on {8 sieve. Figure 2.2°
illustrates the grading curve for the aggregates. Type III cement was used since
it has more rapid curing than type I cement. Superplastisizer EUCON 537 was
added by the ratio of 1% of the cement weight to increase the mix workability. The

stress-strain curve of the microconcrete is shown in figure 2.3.

(b) Model reinforcement:

It has been shown in reference [9] that the use of threaded rods as model reinforce-
ment provides (a) nearly perfect modeling of low level flexural cycles, (b) correct
ultimate strength even after severe loading, z;nd (c) an acceptable cracking be-
havior through the different stages of loading. It was also reported [9] that cold
forming of the threaded rods significantly increases the yield strength, and a heat-
treatment process was essential to reduce the yield strength to the required level
(around 40 ksi in the present case), and to produce an adequate yield plateau. A

full account of the heat-treatment technique adopted in the current work can be
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found in references [7] and [9]. A typical model reinforcement stress-strain curves

before and after the heat-treatment is shown in figure 2.4.

Details and fabrication of the model structure.

Realistic reinforcement details that reﬂected construction practices during the 1950
to 1970 period were adopted. Special attention was paid to critical details such as
the beam-column joints and column lap splices. Figure 2.5 shows an interior and
an exterior non-seismically detailed joints. The non-seismically detailed joints are
characterized by (a) discontinuous bottom beam reinforcement with a very short
embedment length (6”), (b) no beam or joint confinement except for several stirrups
at a spacing of 3” (usually) located at 3” below the beam bottom face, (¢) no joint
reinforcement (column stirrups do not continue through the joint length), (d) lap
splice is designed as a compression splice (short splice) and located immediately
above the beam top face, and (e) no special confinement was required for the lap
splice. The reinforcement details of the main frame in the direction of motion are

shown in figure 2.6.

As a result of reviewing several designs and reinforcement details performed
prior to 1970, an empirical splice length of 24 bar diameter was used. The fab-
rication procedure of the model building was designed to resémble as closely as
possible the construction steps of full scale buildings. The adopted technique is

summarized in reference [5].

Load set-up and model instrumentation

(a) Load set-up
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Additional masses were used to simulate the dead weight of the prototype building
according to the similitude requirements in table 2.1. For each story, the added
masses were computed as follows:

M,

M, ==L
St

- Mmo.w (2-3)

Where M, = additional mass to be added on the model first story, M, = prototype

single story dead load, and M,,, ,, = own weight of the model floor.

4” x 4”7 x 2" lead blocks with an average weight of 12.6 lbs. were used to
simulate the prototype building dead loads. These masses were mounted directly
on the floor slab for more realistic representation of the load transfer from the slab
to the beams and finally to the columns. The mounting technique was designed
so that (a) the center of mass of the added blocks coincided with the slab mid-
thickness, and (b) the increase in the slab stiffness due to the presence of the lead
blocks is minimum. This was done by mounting an equal number of blocks above
and below the floor slab as shown in figure 2.7. The blocks were connected together
using 0.5” diameter steel bolts running through 0.75” holes in the slabs. A set of
1.5” diameter, 0.125” thick steel washers were installed between the lead blocks
and the slab to avoid direct contact and consequently minimize the slab stiffening.

More masses were used near the floor beams for better simulation of wall loads.
(b) Model instrumentation

The model displacements were measured using linear displacement transducer
(MTS Temposonic [12]) at two points 25” apart at each floor level (figure 2.7).

This set-up also captures any rotational motion of the model during vibration.
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(b) Loads on the model structure

inued)

7 (cont

2.

Fig
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More information about these devices can be found in [12]. The table acceleration
along with the floor accelerations were measured using ENDEVECO piezoresistive
accelerometers model 7265. A full account of the theory of operation, performance

characteristics, and electronics of these accelerometers can be found in [6].

The model columns were instrumented with specially manufactured load cells
at their mid heights as shown in figure 2.6. Active load cells were installed at
the mid heights of the first and second story columns of one frame. Dummy cells
were used for the other frame to maintain symmetry of the model stiffness. The
load cells, being capable of sensing axial force, bending moments, and shearing
force, reduced the first story of the model structure to a statically determinate
sub-assemblage. The time-history of the straining actions on critical sections in
the first story beams and columns could be measured due to the presence of these
cells. A full account on the mechanical and electronic design of the load cells along

with their calibration and installation schemes are provided in details in appendix

B.

2.2 Test procedure

2.2.1 Introduction

The model structure was subjected to a series of tests to evaluate its performance
before, during, and after earthquakes of different magnitudes. The general behav-
ior of the models was studied through the following parameters: (a) base shear,
(b) inter-story shear, (c) inter-story drift (time history), (d) flexibility matrix co-
efficients, (e) natural frequencies, (f) damping ratios (assuming viscous damping

model), and (g) cracking behavior and visual damage.
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Since the 3-story building model was instrumented with load cells in the first
and the second story columns, it was possible to examine the response time-history
of particular members in the structure and evaluate their performance. The fol-
lowing additional parameters were investigated: (a) column axial force, (b) top

and bottom column moments, (¢) column shearing force, (d) beam moments (for

the first story only).

Three types of tests were conducted to study these parameters: (a) flexibil-
ity matrix determination test (static test), (b) free vibration test, (c) simulated

earthquake tests (seismic test).

The first two tests were carried out before and after each seismic test to eval-
uate the changes in structural properties from the seismic test. The third test
consisted of applying the time scaled Taft S69E 1952 earthquake component to
the model structure at different amplitudes until significant damage was observed.
The techniques used to perform these tests are discussed in detail in the following

sections.

2.2.2 Static flexibility matrix determination

Figure 2.8 shows the load set-up used to determine the static flexibility matrix
coeflicients of the 3-story building . A static concentrated load was applied at each
floor level using a 1000 1b capacity manual jack. The applied load was measured
using a 1000 1b capacity load cell, and the model displacements were measured using
4 Temposonics (2 at each floor level). The load was applied in four increments of 50
lbs each. The flexibility matrix coefficients were computed at each load increment

and finally all four values were averaged to obtain a 3 X 3 symmetric matrix. A
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similar procedure was used for the 2-story model to obtain a 2 x 2 flexibility matrix.

The obtained flexibility matrix along with the mass matrix were used to com-
pute the eigenvalues (natural frequencies) of the system using equation 2.4. These
frequencies were compared with those obtained from the free vibration test to check

the validity of the two tests.

(M) x {g} = =5 x [F] x {a} (24)

Where [M] = measured mass matrix, [F] = measured flexibility matrix, {q} =

eigen vector(s), and w = circular frequency.
2.2.3 Free vibration test

Figure 2.9 shows the load set-up used for the free vibration test of the 3-story
model. The model structure was pulled back (displaced) by 0.05 inches at the
second floor level using a steel wire. The wire was then suddenly released (cut)
and the structure was allowed to vibrate freely. Accelerations and displacements
were measured at each floor level until the structure motion damped out. A typical

data gathering time was about 20 seconds.

The gathered data (figure 2.10.a) was used to compute the natural frequen-
cies of the model using a Fast Fourier Transform algorithm (FFT) (figure 2.10.b).
Knowing the natural frequencies of the model, the same data was band-pass fil-
tered to isolate the response corresponding to each vibration mode (figures 2.10.c
through 2.10.e). These separated motions were again used to obtain the damping
ratios of each mode using the well known ”"Logarithmic Decrement” technique,

assuming a viscous damping model.
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Figure 2.10: Sample Results of The 3-Story Building Free Vibration Test.
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The third story acceleration data was used to evaluate both the natural fre-
quencies and the damping ratios of the 3-story model structure after every seismic
test. A curve fitting algorithm was then used to obtain the logarithmic curve that
best fits the envelope of the acceleration trace within the concerned range. The
viscous damping ratio for both modes were directly obtained from the fitted curve

equation (figures 2.10.c, d, e).
2.2.4 Simulated earthquake tests

The first 25 seconds of the Taft S69E 1952 earthquake (figure 2.11) were applied
to the model structure at different amplitudes to evaluate its performance under
seismic excitation. The used record was time-compressed by a factor of S; = /5;
to satisfy the similitude requirements. This resulted in the shift of the response
spectrum curve shown in figure 2.12. Although the active seismic excitation time
was about 10 seconds (after time compression), the model responses were recorded

for 30 seconds to capture the free vibration response after the earthquake.

The magnitude of the earthquake was defined as the maximum ground acceler-
ation applied to the model building. Although the shake table was ”prequalified”
using similar loading conditions to those of the reinforced concrete model, it was
still difficult to reproduce a certain earthquake with specific maximum amphtude
during the actual test. This was due to the fact that the transfer function of
the shake table was determined using a linear elastic structure while the actual

reinforced concrete model was highly non-linear.

All seismic tests were video taped for later, slow motion display. This was found

to be useful in reviewing and visually comparing different tests.
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Figure 2.11: Original Versus Time-Compressed Taft 1952 S69E Earthquake.
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Figure 2.12: Effect of Time-Compression on Response Spectrum.
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CHAPTER 3

TEST RESULTS

3.1 Introduction

Results of the 3-story building test including static, free-vibration, and simulated
earthquake tests are presented and discussed in this chapter. For each seismic test,
the global response of the model (in terms of story displacements, story shears,
etc.) will be introduced first, followed by an evaluation of the performance of spe-
cific elements (beams, columns, and joints) during the test. Experimental results

presented in this chapter will be compared with the analytical results in chapter 4.

3.2 Test program

The model structure was subjected to four simulated earthquake tests using the
time-compressed Taft S69E 1952 accelerogram at increasing amplitudes. Each
seismic test was preceded and followed by a static test and a free-vibration test to
evaluate the changes of the model properties. The intensity of the seismic tests
were based on the approximate damage indices of different members provided by
program IDARC in addition to the experience gained from the 2-story building

test. The four seismic runs were as follows:

o The first run represented a low amplitude earthquake with a peak table

acceleration of 0.05 g (where g is the ground acceleration). This run was
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intended to study the elastic behavior of the model and to verify that the data

acquisition system and the table control devices were functioning properly.

The second run represented a moderate earthquake with a peak table accel-
eration of 0.18 g (the peak ground acceleration of the original Taft S69E 1952
earthquake was 0.16 g). Clearly the objective of this run was to evaluate the
response of a non-seismically detailed building subjected to a realistic ground

motion that might occur in the Central or Eastern United States.

The third run simulated a strong earthquake with a peak table acceleration
of 0.35 g. The purpose of this run was to evaluate the response of the al-
ready damaged structure to a high amplitude earthquake (maximum ground

acceleration of El-Centro 1940 earthquake was 0.35 g).

The final run applied to the model was of a very high intensity (0.8 g), and
was intended to investigate the failure mechanism of the structure rather

than to investigate the model performance.

Results of each of these runs will be presented in detail in the following sections.

3.3 Initial properties of the model

Static reactions of the first and the second story columns were obtained from the

changes in the load cell readings due to the addition of the lead blocks. It can

be seen from table 3.1 that the measured reactions were in good agreement with

those obtained using linear elastic analysis. The additional straining actions on
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Table 3.1: Computed Versus Measured Static Reactions Due to Lead Blocks Load.

Column | Axial Force (kips) Shear Force (kips)
Calculated | Measured | Calculated | Measured
1-A 1.01 _ 0.02 —
1-B 2.51 2.53 0.00 —_
1-C 2.51 2.48 0.00 0.00
1-D 1.01 1.01 0.02 0.02
2-A 0.67 0.67 0.04 0.05
2-B 1.67 1.78 0.01 0.00
2-C 1.67 — 0.01 0.00
2-D 0.67 0.80 0.04 0.06

Table 3.2: Variation of The 3-Story Model Natural Frequencies and Damping

Ratios

Natural Frequencies Damping Ratios

Test (Hertz) (% of Critical Damping)

f fa f2 G 2 (3
Unloaded Model | 6.60 19.80 | 31.60 - — —

Loaded Model 2.20 6.10 9.55 1.30 1.20 1.20
Taft 0.05 g 2.20 6.00 9.50 1.30 1.20 1.20
Taft 0.18 g 1.80 4.90 7.65 2.74 2.25 1.52

Taft 0.35 g 1.65 4.50 6.95 | 2.76 2.25 —_—
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the columns due to the floor’s own weight (which formed only 4.2 % of the total

load) were estimated using elastic analysis.

Both free-vibration and static tests were performed before and after the addi-
tion of the lead blocks. It can be observed from table 3.2 that the fundamental
frequency of the model corresponding to its first mode of vibration decreased from
6.6 Hz to 2.2 Hz (67% decease) due to the existence of the additional masses. Sim-
ilar reductions were observed for the second and the third modes (69% and 70%

respectively).

Damping ratios obtained assuming a viscous damping model and using the
logarithmic decrement technique (explained in chapter 2) are presented in table
3.2 for all three modes of vibration. The low damping ratios recorded for the
loaded structure indicates that few cracks were developed in the model at this

stage. For later runs these figures increased significantly.

The flexibility matrix coefficients were significantly reduced due to the addition
of the lead blocks indicating an increase in the model stiffness. This stiffening
‘could be attributed to (a) the stiffening of the floor slab due to mounting the
lead blocks, and (b) the closing of shrinkage and construction joints cracks in
columns. Inspéction of the flexibility coefficients provided in table 3.3 indicates that
reductions of 57%, 55%, and 44% were recorded for f11, f22, and f33 respectively.
The trend of the reduction suggests that lower columns which were subjected
to higher axial forces showed higher increase in their stiffness than upper ones,

emphasizing the role of the second factor cited above.
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Table 3.3: Variation of Flexibility Matrix Coeflicients

Test Flexibility Coefficient in/Ib x 10~°

fu fi2 fi3 S22 f23 f33
Unloaded Model | 18.06 | 18.62 | 19.54 | 34.82 | 34.90 | 52.39

Loaded Model | 7.80 | 8.39 | 9.40 | 18.14 | 19.44 | 29.28
Taft 0.18 g —_ e e | — | — ] —

Taft 0.35 g 13.98 | 14.41 | 15.27 | 29.64 | 30.68 | 48.49

3.4 Run Taft 0.05 g

3.4.1 Global response

The time-history of the story displacements and story shears during run Taft 0.05
g are shown in figures 3.1 and 3.2 respectively. It can be observed from both figures
that all 3 stories were moving in phase, indicating the domination of the first mode
of vibration. Damping ratios recorded during this run were low compared to those
obtained in subsequent runs (table 3.2). As the free-vibration test was conducted
after this run, no significant changes in the natural frequencies of the model were
detected. It was concluded that the model was acting as an under-damped, elastic,

single degree of freedom system during this run.

Mode shapes and story shears at the time of maximum base shear are shown
in figure 3.3 for all seismic tests. The maximum top-story drift during the present
run was only 0.13% of the total height, while the maximum base shear represented

2.3% of the total vertical loads. Second and third story shears were 63% and 32%
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of the maximum base shear respectively.

Story shears are plotted against the inter-story drift in figures 3.4.a through
3.4.c corresponding to the first, the second, and the third stories respectively.
These curves provide a general idea of the hysteretic response of individual stories
along with their average stiffness during the seismic run. Integration of these
curves provides an approximate means of comparing the energy dissipated by each
story. It can be seen that for all three stories the behavior was nearly linear, with
relatively close stiffness of the top and bottom stories and a slightly higher stiffness
of the middle story (as expected from the elastic analysis). Negligible energy was
dissipated by all stories during this run as would be expected from a linear elastic

system.
3.4.2 Local response

The time-histories of the column shears are shown in figures 3.5 and 3.6 for the
bottom and the second stories respectively. It can be observed from both figures
that identical columns (exterior or interior) experienced nearly equal shearing forces
during this run. However, the story shears was not equally shared between exterior
and interior columns as shown in table 3.4. For the first story, the average interior
columns shear was about 1.92 times that of the exterior columns. This figure
was reduced to 1.54 times the exterior column shears for the second story interior

columns.

Story shears obtained from the acceleration measurements were in good agree-
ment with those obtained from the load cell measurements for both the bottom and

the second stories (figure 3.7). The good correlation between both measurements
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Table 3.4: Ratio of Internal to External Column Shear

Average Internal Column Shear
Test Average Ezternal Column Shkear

First Story | Second Story
Taft 0.05 g 1.919 1.537
Taft 0.18 g |  1.780 1.574
Taft 0.35 g 1.920 1.510

indicates that the two devices were functioning properly, and the load cells were
accurately aligned with the direction of motion. It will be shown in subsequent
runs that, as the model deformations increase, the P-A effect will disturb this

agreement between the load-cells and the acceleration based story shears.

All structural components (columns, beams, and joints) were well below their
yield point during this run. Although a few hair cracks were observed in the joint
region, no significant changes in the model natural frequencies were detected after
this run indicating that the model was still in the elastic range. In discussing
the subsequent rums, more attention will be given to the local response of the

aforementioned structural components as they approach higher stages of loading.

3.5 Run Taft 0.18-G

3.5.1 Global response
Model deformation

Story displacements during this run are presented in figures 3.8.a through 3.8.c

for the first, second, and third stories respectively. It can be seen that the model
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Table 3.5: Maximum Deformations During Seismic Tests

Maximum Story Displacement Maximum Inter-Story
Test (inches) _ Drift %
1%t Story | 2@ Story | 3™ Story |{ 1** Story | 2™¢ Story | 3™ Story
Taft 0.05g | 0.033 0.055 0.070 0.18 0.13 0.10
Taft 0.18 g | 0.336 0.571 0.728 1.87 1.35 1.02
Taft 0.35g | 0.474 0.824 1.024 2.63 1.96 1.55

deformations during this run were much higher than those recorded during the
previous run for all stories, with a maximum top story displacement of 0.728”
(1.3% drift) which is about 10 times that of run Taft 0.05 g. Similar figures are
found for the first and the second stories (table 3.5). Despite the much higher
model flexibility, the mode shape at the moment of maximum base shear was very
close to that of run Taft 0.05 g (figure 3.3), indicating that the model response was
still dominated by its first mode of vibration. The same conclusion can be reached
by inspecting the story displacements time-history, where it can be observed that

all stories were moving in phase, with their peak values occurring at the same time.

Most of the model deformation occurred during the first 4 seconds of the seismic
test as shown in figure 3.8. This observation suggests a significant change in the
model properties during that period, especially its damping ratios. As the free-
vibration test was carried out after this run (table 3.2), it was found that the

damping ratio corresponding to the first mode of vibration increased from 1.3% to



Table 3.6: Maximum Story Shears During Seismic Tests

Test Maximum Story Shear (kips)

1%t Story | 2" Story | 3™ Story

Taft 0.05g | 0.338 0.273 0.185

Taft 0.18 g | 1.252 1.110 0.816

Taft 0.35 g 1.384 1.297 1.063

2.74%, and the fundamental frequency of the model decreased from 2.2 Hz to 1.8

Hz during this run.

Story shears

Figure 3.9 shows the time history of the story shears recorded during this run. The
base shear showed a maximum value of 1.252 kips (8.34% of the model weight),
while the second and the third stories showed maximum values of 1.134 kips and
0.816 kips respectively (table 3.6). It was observed during this run that, relative
to the base shear, the second and third stories were subjected to a higher shearing
force than that of the previous run. Figure 3.3 indicates that at the moment of
maximum base shear, the second and the third stories were subjected to 86% and
46% of the vmaximum base shear, in contrast to 63% and 32% recorded for run Taft
0.05 g. Since the mode shape at the maximum base shear was almost the same for
both runs (figure 3.3), it was concluded that the relative increase in the top two

stories shear results from the softening (stiffness degradation) of the first story.

As previously observed for the story displacements, most of the story shears
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Figure 3.9: Story Shears (Run Taft 0.18-G).



occurred during the first 4 seconds of the seismic test. The low shear force lev-
els recorded for the rest of the test reflect the fact that both the model natural

frequencies and damping ratios changed significantly.
Story Stiffness and energy dissipation

Story shears are plotted against inter-story drifts in figures 3.10.a through 3.10.c
for the first, second and third stories respectively. Initial and average story stiffness
were obtained by performing a linear regression of the first 150 points and all points
of the hysteresis loop respectively. The large differences between the initial and the
average story stiffness indicate the strong non-linear effects produced by the 0.18
g run. Despite the differences in their initial stiffness, all three stories had almost
the same average stiffness during this run, as stiffness values of 4.83, 5.16, and 4.95
kips/in were recorded for the first, second and third stories respectively (table 3.7).
These values represented stiffness reductions of 50%, 55%, and 50% for the first,

second and third stories respectively, as compared to those of the previous run.

Integration of the hysteresis loops of figure 3.10 can provide a rough estimation
of the energy dissipated by each story. The integration results are shown in figure
3.11.a and 3.11.b, where it can be seen that most of the energy (85%) was dissipated
during the first five seconds of the seismic test. The first, second, and third stories
dissipated 54%, 33%, and 13% of the total energy respectively, emphasizing the
fact that the first story was subjected to the most structural damage during this

ruan.
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Table 3.7: Average Story Stiffness During Seismic Tests

Test Average Story Stiffness (kips/inch)

1%t Story | 2™ Story | 3¢ Story
Taft 0.05 ¢ 9.68 11.57 10.01
Taft 0.18 g 4.83 5.16 4.95
Taft 0.35 g | 4.12 3.91 4.11

3.5.2 Local response

Columns

The shear force time-histories of the first and the second story columns are shown
in figures 3.12 and 3.13 respectively. Both figures indicate that symmetric columns
displayed essentially the same shearing forces during the seismic test. For the first
story, the ratio of internal to external columns maximum shearing force was reduced
from 1.92 (recorded for run Taft 0.05 g) to 1.78 for the present run, indicating a
relative reduction in interior column stiffness. No change in this ratio was detected

for the second story during this run.

Unlike the previous run, the maximum base shear obtained by summing the
column shears was 27% larger than that derived from the acceleration measure-
ments. The difference was mainly attributed to the large P-A effect associated
with testing the bare frame without infill walls. The maximu\m first story column
shear force estimated by calculating the component of the building weight acting in

the perpendicular direction to the columns axes and adding it to the story shears
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obtained from the acceleration measurements (figure 3.14). The discrepancy be-
tween the load cell and the story acceleration shears was reduced to 4% according

to these calculations.

Column shears are plotted against inter-story drifts in figures 3.15 and 3.16 for
the first and the second story columns respectively. It can be seen that the response
of all columns showed significant non-linearities. The first story columns hysteresis
loops were not symmetric due to the non-symmetric table excitation, and to the
continuously changing model properties. However, symmetric hysteresis curves
were obtained for fhe second story columns as they were subjected to a nearly
harmonic motion. Relatively flat portions of the hysteretic curves corresponding

to onset of yielding were detected for all first and sec. . story columns except

columns 1-B, 2-B, and 2-C.

The average slopes of the hysteresis loops indicate the large difference in stiffness
between interior and exterior columns, emphasizing the contribution of the column
axial force to its shear capacity (more discussion on this issue is provided in section
5.3.2). It was also observed that exterior column hysteresis loops have different
slopes for positive and negative drifts, reflecting the fact that their axial forces were
highly affected by the over-turning moments. This phenomenon was not observed
for the interior columns, since the change in their axial forces due to over-turning

moment effects was insignificant.

The moment-normal force interaction curves for two first story columns are
shown in figures 3.17 and 3.18. Cracking and yield surfaces based on static prop-

erties of concrete and steel are also presented on the same plot for each column.
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All columns were cracked during this run as their interaction curves exceeded
their cracking envelopes. Also, the first story columns yielded at least in one direc-
tion as shown in figures 3.17 and 3.18. It was noticed that the interaction curves
exceeded the yield surface in columns 1-B and 1-C, indicating an overstrength of
these columns. Overstrength of concrete components during cyclic tests has been
reported by other investigators [10] where it was attributed to factors such as (a)
the increase in the concrete strength and its maximum strain capacity due to the
strain gradient and confinement of concrete, (b) the fact that steel reinforcement
is likely to reach higher stresses in a column than in a tensile coupon because the
smaller length under maximum tension in a column is not likely to have a weak
"link” that limits the strength in a coupon tension test, (c) the increase in the con-
crete and steel strengths due to the strain rate effects, especially for smaller scale
models where the loading rate is increased due to the time compression, and (d)
the strain hardening of model reinforcement, especially for a highly flexible model
like the present one. The failure surface of the model columns is approximated by
the dashed curves in figures 3.17 and 3.18. In those curves, the ultimate steel stress
of 55 ksi was used instead of the yield stress of 42 ksi, and the concrete compressive

strength fc' was also increased by 25% {16] to account for the loading rate effects.

The second story columns barely reached yield during this run, with a dam-
age level less than that of the first story columns. Visual inspection of these
columns supported this observation as less cracking was observed at the second

story columns.
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Beams

The bending moments at the critical sections of the first story longitudinal beam
were obtained using both the static reactions on the columns measured before the
seismic test and the changes in those reactions recorded during the table excitation.
The time-histories of these moments are presented in figures 3.19.a through 3.19.f
for sections Bl to B6 respectively (figure 2.1a). Cracking and yielding moments

are also shown on the same plot for each section.

Inspection of the moment traces of sections Bl and B6 indicates that the two
sections showed close response during this run, with the beam cracked in both the
positive and the negative directions in both sections. It can be observed that the
discontinuous bottom beam reinforcement reached its yield point once during the
entire run for each section. The negative reinforcement over the support remained
well below its yield point through this run. No sign of discontinuous steel pullout

was detected at these two sections.

Sections B2 and B5 were already cracked under the floor’s own weight. As the
seismic test excitation was applied, the change in the bending moments at section
B2 was not enough to yield the beam reinforcement in either direction, or even to
crack it in the positive direction. The response of section B5 was quite different,
where it cracked and yielded in both directions. Again for these two sections, the
discontinuous positive beam reinforcement did not pullout of the columns during
this run. This result was also confirmed by the visual inspection of the two sections
after the seismic test. Among the reasons that could have contributed to the

difference in the response of sections B2 and B5 are (a) the accidental overstrength |
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Figure 3.19: Bending Moments of The First Story Longitudinal Beams (Run Taft 0.18-G).
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of section B5 due to the difficulty associated with controlling the slab thickness,
and (b) the dependence of the bending moments at both sections (B2 and B5) on

the change in the exterior columns axial force which might contain some errors.

The response of sections B3 and B4 was very similar to that of section B2,
where both sections were cracked under static loads, and were subjected to a
relatively small change in their moments due to the seismic tests. Figures 3.19.c
and 3.19.d show that both sections were not subjected to any positive moment
during the entire run and did not yield in the negative direction either. As would
be expected, no pull-out of the discontinuous positive beam reinforcement occurred

at these two sections.

The longitudinal frame bending moment diagrams are shown in figures 3.20.a
and 3.20.b for the maximum positive and the maximum negative base shears re-
spectively. These moments were obtained by superposing the static bending mo-
ment diagram recorded before the seismic test and the bending moments measured
during the test. It can be seen that external column moments were highly affected
by the over-turning moments. In the case of maximum positive base shear for ex-
ample, the over-turning moments increased the axial force on axis A columns (1-A
and 2-A), and decreased it on line D columns (1-D and 2-D). This was directly
reflected in the high bending moments in line A columns compared to those of line
D columns. This phenomenon was less pronounced in interior columns as shown
in figure 3.20.a. The same observation was true for maximum negative base shear

as shown in figure 3.20.b.
The bending moments on sections B3 and B4 of the first story interior beam
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were always negative, eliminating the possibility of discontinuous bottom reinforce-
ment pull-out. In exterior beams, positive moments were developed at sections B6,
B1, and B5, with only B5 exceeding its static yield point (figure 3.20.e). It was
also important to notice that post-test inspection showed that all three sections

were not subjected to any significant damage.

3.6 Run Taft 0.35 g

3.6.1 Global response

Model deformation

The model structure displayed large deformations during this run as the top story
drift recorded a maximum value of 1.024” corresponding to 1.93% of the model
height. The maximum story displacements were 41%, 44%, and 40% higher than
those of the previous run for the first, second and third stories respectively (table
3.3). Despite the large deformations, the three stories were still moving in phase,
with their peak values occurring at the same time, indicating the domination of the
first mode of vibration. The mode shape at the moment of maximum base shear
was similar to that of the previous run, suggesting that the model was deforming

in the same manner despite its strong non-linearities (figure 3.3).

Unlike the previous test, the model experienced significant deformation during
the entire seismic excitation time (20 seconds) as shown in figures 3.21.a, b, and c.
This observation is attributed to smaller changes in the model properties during
this run than during the previous run. Table 3.2 indicates that (a) the reduction in

the fundamental frequency due to the current run was 8.8% versus 18.2% recorded

3-30



2 4 s [ 10 12 14 18 18 20 22 24
1.8 T T | LA S T T T T T T T T T T 1 T 8
CERER S 12
& 08 - max = 0.474 Inch ~{0.8
g 2 N Aaan WA WIS A WA 0
£ 00 [ WA 2 O VA hiaa oo (@) First Story.
g -04 - min = -0.237 Inch - -0.4
2 -o08 |- —1-08
812+ —-t2
S e [V WA YN SN NS NN VUV UNNON UNURNY SUNS NN R T NN SUUNE DU VRN N0 S SN W 18
o 2 4 8 8 10 12 14 16 18 20 22 24
Tima (seconds)
2 ‘ [ [ 10 12 14 18 18 20 22 24
L A S N S L S A AL B B
S 12~ max = 0824 Inch (‘J':
£ 08 - 19
- 04 |~ l\ - o4
5 oo Av/\ [\VA D;m mA /\ A /\ A, K\V/\VA\T[\\JI XV{\V \., 00 (b) Second Stow.
5 o4 b V V v —1-0.4
8 -08 min = ~0.522 inch — -08
212 ~-12
<] 1 | o1 \ 1 1 i v 1 L { L 1 i ) I SN S S | P i 16
AR 4 ] a 10 12 14 16 18 20 22 24
Time (seconds)
0 4 [ 8 10 12 14 18 18 20 22 24
1.6 —r [ SN S Sy En M S B EE E RN S S SRS S S R St T
’Jg 1.2 t max = \042 inch 112
—o8
L o8
= — 0.4
- 0.4 A A .
S 0.0 et [\{\ AAVM AAVA A [\ A%[\th/\ /\V/\VAVAA Fal=N 0.0 (c) Th"-d Stofy.
£ V — ~0.4
8 -0.4 on
3 o8- min = -0.718 lnch d.12
o | .
-2 b v ey T
~18y 2 s 6 8 1 12 14 1€ T 20 22 24

Time (asconds)

Figure 3.21: Story Displacements (Run Taft 0.35-G).

Shear (Kipe)

(a) Base Shear.

(b) Second Story.

Sheor (Kips)

(c) Third Story.

Sheor (Kips)

2 4 8 8 10 12 14 18 18 20 22 24

(c) Third Story.

Figure 3.22: Story Shears (Run Taft 0.35-G).
3-31



during run Taft 0.18 g, and (b) the change in the damping ratios due to the present
run were very minor as compared to that of the previous run. Further discussion

of this point will be presented in the following section.

Story shears

The time-histories of the story shears are shown in figure 3.22 for all three stories.
It can be seen that the base shear recorded a maximum value of 1.384 kips corre-
sponding to 9.4% of the total weight of the building. Compared to the previous
run, the maximum story shears were 10.5%, 16.8%, and 30.3% higher than the
maximum values recorded during the previous run for the first, second and third
stories respectively. The non-uniform increase in the maximum story shears is di-
rectly related to the softening of the first story with respect to the second and the
third stories. This point is emphasized even more as the story shears at the instant
of maximum base shear presented in figure 3.3 are inspected. It can be seen that
although the mode shape of the structure was almost the same for all three seismic
tests, the percentage of the second and third story shears (with respect to the base

shear) increased as the model deformation increased.

It can be observed from figure 3.22 that all three stories experienced large shear
forces during most of the entire seismic excitation (20 seconds). This may be due
to the relatively smaller changes in the model properties (particularly in damping
ratios) during this run as compared to the changes recorded during the previous

run (table 3.2).

Story stiffness and energy dissipation

The two measures used to investigate the change in the story stiffness during the
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seismic test were (a) the flexibility matrix coeflicients obtained from the static test,
and (b) the average slope of the (story shear)-(inter-story drift) hysteresis loops.
It is believed that the second measure provides a more realistic estimation of the
story stiffness since it covers a larger range of story forces and inherently includes
the loading rate effects. On the other hand, in the static test, a static force of
a maximum value of 150 1b is used (in increments of 50 1b) at each floor level to

determine the flexibility matrix coefficients.

It can be seen from table 3.7 that the average slopes of the first, second and
third story hysteretic curves were less than those obtained for run Taft 0.05 g
by 64.4%, 59.6%, and 58.9% respectively, indicating that model was significantly
damaged, especially at the first story. It can also be observed from table 3.7
that the stiffness reduction due to the current run was significantly less than that
caused by the previous run, indicating that most cracks were developed during
the previous run. This observation was reflected in the way the model dissipated

energy during this run.

The total eﬁergy dissipated by the model during this run was 2.55 times that
of the previous run. As shown in figure 3.24.a, the first story dissipated a large
proportion of this energy (45.2%), while the second and the third stories dissipated
31.7%, and 23.1% of the total energy respectively. Comparing these figures to those
of the previous run (table 3.8), it can be observed that the contribution of the upper
two stories to the total energy increased during this run as they showed a high
degree of plasticity manifested in their broader hysteresis loops (figures 3.23.b and

¢). Comparing figures 3.11.b and 3.24.b, it can be seen that the energy dissipation
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Table 3.8: Approximate Energy Dissipation During Seismic Tests

Test Energy Dissipated (kips X inch)
1%t Story | 2™¢ Story | 37 Story | Total Energy
Taft 0.05 g —_ — —_ —
Taft 0.18 g 0.636 0.397 0.156 1.189
Taft 0.35 g 1.372 0.962 0.702 3.036

occurred more uniformly over the test duration for the current run, as the energy
dissipated during the first five seconds represented only 61% of the total energy
(in contrast to 85% recorded for the previous run). In fact, it took the model
12.43 seconds to dissipate 85% of the total energy dissipated during this run. This
observation suggests that the change in the model properties during this run was
of a more gradual nature, associated with phenomena such as crack propagation,
steel yielding, and bond deterioration. On the other hand, the generation of new
cracks was the major reason for the sudden change in the model properties during

the previous run.

3.6.2 Local response

Columns

The shear forces in the first and the second story columns are shown in figures 3.25,
and 3.26 respectively. It can be seen from both figures that symmetric columns
were subjected to nearly similar shearing forces during the entire run. The ratio

of internal to external column shears was 1.92 for the first story and 1.54 for the
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second story as shown in figure 3.4. As previously observed for run Taft 0.18 g,
the maximum base shear obtained from the load cell readings was 27% higher than
that obtained from the acceleration measurements. The difference is referred to

the large P-A effect resulting from testing the bare frame.

The shear force-inter-story drift hysteresis curves are shown in figures 3.27 and
3.28 for the first and the second stories respectively. It can be seen from all curves
that larger areas were enclosed by the hysteretic curves than those recorded during
the previous run, indicating higher energy dissipation. Large flat portions of the
hysteresis curves corresponding to steel yielding were observed in most columns. In-
spection of the average slopes of the hysteresis loops indicates that interior columns
were much stiffer than exterior columns, especially for the first story. This obser-
vation is related directly to the higher axial force on interior columns. As these
slopes are compared to those of the previous run, it can be seen that all columns

experienced an average stiffness reduction of about 23%.

Figures 3.29 through 3.32 show the moment-normal force interaction curves for
two columns on each of the first and second stories. It can be seen that all interior
columns yielded in the two directions for both stories. The figures also indicate
that exterior columns yielded only in the high axial force direction, and did not
yield in the other direction. This observation suggests the column stiffness, and
correspondingly its ability to attract more shear, is directly related to its axial

force. This point will be discussed further in the following sections.

Beams

The bending moments at the critical sections of the first story longitudinal beam
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are shown in figures 3.33.a through 3.33.f for sections Bl through B6 respectively.
The total moment at each section was obtained following the same steps explained
for run Taft 0.18 g. It can be seen from figures 3.33.a and 3.33.f that sections
B1 and B6 were subjected to very similar bending moment histories during this
run. Both sections reached the positive yield point once, and did not yield at all
in the negative direction during the entire run. The discontinuous beam positive
reinforcement did not pullout during this run as indicated by-visual inspection of

the two sections after the seismic test. _

The response of sections B3 and B4 during this run was generally similar to
that of the previous run, where both beams did not yield in the negative direction.
Section B4 cracked and yielded once in the positive direction, but the discontinuous

positive beam reinforcement still did not pullout during this run.

Section B2 cracked during this run in the positive direction as shown in figure
3.33.b, but it still did not yield in either direction. On the other hand, section B5
was subjected to a relatively high bending moment and exceeded both its positive
and negative yield points during this run. As these two sections were checked
after the seismic test, there was no indication of a positive reinforcement pullout

in either of them.

The bending moments of the longitudinal frame are shown in figures 3.34.a
and 3.34.b at the time of maximum positive and maximum negative base shear
respectively. It can be seen from both figures that the increase in the exterior
column axial force resulting from the over-turning moment effect caused an increase

in their bending moments. This phenomenon was observed to a less degree for
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the interior columns as shown in the figures. The beam moments at the interior
joints were always on the negative side (except for section B2), consequently no
discontinuous beam positive reinforcement pull-out was detected. Although the
situation was different for the exterior joint sections where positive moments were
developed, it is believed that the positive beam reinforcement yielded at those
sections without pulling out. These conclusions are in agreement with test results

obtained from prototype beam-column joints [20] as will be discussed in chapter 5.

3.7 Run Taft 0.80 g

The purpose of this run was to examine the ultimate shear capacity of the model
building and to study its failure mechanism. The model collapsed at the seventh
second of the test after it experienced very large deformations and significant dam-
age, especially at the first story. The maximum base shear based on the acceleration
readings was 1.43 kips (3.3% higher than the previous run) which forms 9.7% of
the total vertical loads on the building. The failure was caused by a soft story
mechanism at the first story. Inspection of the video taped test at slow motion
indicated that interior column column 1-B was the first column to fail, followed
by the rest of the building in a progressive failure mode. This observation is in
agreement with Paulay’s [19] suggestion that soft story mechanisms imposes very
high ductility demand on the columns, which the highly stressed interior columns
could not deliver in the current case. No other reliable data was recorded during

this run.
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CHAPTER 4

ANALYTICAL RESULTS

4.1 Introduction

Results of the numerical analyses performed for the 3-story model structure using
program IDARC (Inelastic Damage Analysis of Reinforced Concrete structures)
[14], [17], [18] are presented, discussed, and compared with the experimental results
in this chapter. A full description of the program organization, model idealization,

and input data can be found in reference {18].
4.2 3-Story model analysis
4.2.1 Input data

The input information of program IDARC used to perform the Taft 0.18-G test

simulation are summarized in the following data sets:

1. Structure configuration

The model structure (figure 4.1) is composed of two 3-bay by 3-story identical
frames with a centerline to centerline span of 27”7, and a story height of 18”.

A total weight of 4.89 kips was assigned to each floor for the dynamic analysis.

2. Material information
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One type of concrete was used for all members, where the measured mi-
croconcrete properties were directly used (figure 4.2). A reduced modulus of
elasticity of 0.7E . o= 1400 ksi was used to account for the effect of concrete
cracking due to the static loads and shrinkage. For the steel reinforcement,
a yield stress of f,= 40 ksi and a Young’s modulus E,= 29,000 ksi were
adopted. The strain hardening portion of the steel stress-strain curve was

assumed to start at a 3% strain and a strain hardening modulus of E,;= 500

ksi was used beyond that point (figure 4.3).

. Element information

All columns had the same cross section of 1.5” x 1.5” and a clear span of
16.875” for the first story and 15.75” for the second and the third stories.
The column reinforcement and confinement ratios were directly obtained from
figure 2.5. Beams had a common cross section of 1.125” x 2.25” and a 25.5”

clear span. Tee sections had a slab thickness of 0.75” and an effective width

of $EE™_ 6.757.

Since program IDARC requires the static reactions on each member, an elas-
tic analysis was conducted using program STRAND-2D [22] to obtain the

axial forces on the columns and the bending moments at each beam end
(figure 4.4).
Dynamic analysis information

The measured table acceleration during the actual test was used as the input
ground motion to eliminate any error in the calculated response due to the

differences between the required and the measured acceleration traces. The
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first mode damping ratio obtained from the free-vibration test performed

prior to the seismic tests was used in the analysis.

Based on the values recommended in references [14] and [17], the three pa-
rameters a, 3, and vy were taken equal to 2.0, 0.05, and 1.0 respectively. It
should be kept in mind that these parameters were based on prototype tests,
and not on small scale models that have properties resembling those of the

present model.

The same data was used for run Taft 0.35-G, but with the exception that the
concrete modulus of elasticity was modified to 0.5E . 7= 1000 ksi to account

for the stiffness reduction caused by run Taft 0.18-G, and the ground acceleration

trace was that measured at the shake table surface during that run.

4.2.2 Run Taft 0.18-G results

Global response

The predicted global response of the model was generally in good agreement with
the experimental results. It can be seen from figures 4.5.a through 4.5.c that the
story shears were reasonably predicted during this run. The maximum shear, and
second story shears were over-estimated by 7.7% and 0.7% respectively. Both the
computed and the measured responses were in the same phase during the entire
run, indicating that the controlling parameters of the hysteresis loops a, 3, and
~ were properly chosen. Some drift in the base shear was detected at the end of
the run due to the accumulation of numerical error. It was found that this kind of
error can be minimized by decreasing the integration time step from 0.002 seconds

to 0.001 seconds.
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The computed story displacements are plotted against the measured displace-
ments in figures 4.6.a through 4.6.c for the first, second and third stories respec-
tively. It can be seen that the third story displacement was reasonably predicted
during this run. Although the maximum displacement was under-estimated by
about 10%, and the computed displacements were slightly out of phase during the
first few seconds, both the computed and the measured traces were generally in
good agreement. On the other hand, the computed first and second story displace-
ment time histories did not correlate well with the measured values, indicating
that the mode shape of the structure was not accurately predicted. The maxi-
mum first and second story displacements were under-estimated by 31% and 16%

respectively.

The program predicted an overall structural damage index of 1.0 correspond-
ing to a complete collapse of the structure. This was a highly conservative esti-
mation of the structural damage, since there was no experimental evidence that
supports this prediction. The predicted yield mechanism at the end of this run
is shown in figure 4.7.b, where it can be seen that the analytical mechanism was
fundamentally different than the experimental one. The program predicted a weak
beam-strong column mechanism while the experimental evidence indicated a weak
column-strong beam mechanism that might lead to soft story failure type. Many

factors could have contributed to this major discrepancy, among them:

e Analytical column shears are highly under-estimated from neglecting the P-
A effect which was found experimentally to contribute up to 27% of the

measured column shears for the current case.
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(s) Experimental Mechanism.

(b) Analytical Mechanism.

Figure 4.7: Yield Mechanism at Run Taft 0.18-G.
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¢ Overturning moment effects were not included in the current analysis, while
the axial load cell readings indicated the significant effect of the change of

the column axial force on its stiffness and moment carrying capacity.

e The effective slab width of ﬂ’fﬁ may be overly conservative, and a larger

portion of the slab may have contributed to the beam strength.

It is believed that until these factors are taken into consideration, an acceptable

prediction of the model failure mechanism is not possible.

Local response

Figures 4.8.a and 4.8.d show the computed shear time-histories for the first story
columns. It can be seen that the computed shear forces were generally less than
the measured values. This is directly attributed to overlooking the P-A effect in
the analysis. As a result of ignoring the over-turning moment effects, symmetric
columns (with respect to the building principal axis) showed nearly identical shear
time-histories in contradiction to the experimental results. The predicted ratio of
interior to exterior column shears at the moment of maximum base shear was 1.29
in contrast to measured value of 1.78. This observation suggests that the column
stiffening due to the axial load was not accurately represented using the current
model in program IDARC. A significant drift in column 1-A computed response

was observed at the end of this run.

The damage indices for all first story columns were equal to 1.0, corresponding
to a total collapse of the structure during this run. This was found to be a very

conservative prediction where the model survived this run and even the next run
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Figure 4.8: Computed Versus Measured Column Shears (Run Taft 0.18-G).

4-11



with 0.35 G amplitude.

The computed first story beam bending moments are plotted against the mea-
sured moments in figures 4.9.a through 4.9.d for sections Bl, B2, B3, and B4
respectively. It can be seen from all figures that there were appreciable differences
between the measured and the computed moments; This could be referred to the
large under-estimation of the column shears due to (a) neglecting the P-A effect,
and (b) overlooking the change in the column axial force caused by the over-turning
moments. The damage indices for the two considered beams were also very conser-
vative (1.0) as compared to the visual damage observed at the end of the seismic

test.

4.2.3 Run Taft 0.35-G

The same input data used for the previous run were used for this higher level run
except that (a) the measured table acceleration during this run was used as the
ground motion, and (b) the concrete modulus was reduced to 0.5E ,, s= 1000 ksi

to account for the reduction in the model stiffness due to cracking.

Global response

The computed story shears are plotted against the measured shears in figures 4.10.a
through 4.10.c for the first, second, and third stories respectively. It can be seen
all three story shears were reasonably predicted during this run. The differences
between the computed maximum shear forces and the measured values were -3.2%,
3.2%, and 9% for the first, second and third stories respectively. It was also ob-
served that both the computed and the measured shears were in phase during the

entire run, indicating that the change in the model period due to stiffness degra-
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dation and other factors was reasonably reflected in the analysis. As previously
observed for run Taft 0.18-G, some base shear drift was observed near the end of

the run due to numerical errors.

The story displacements shown in figure 4.11 did not correlate as well with the
measured displacements. It can be seen from figure 4.11.c that the third story
displacement was accurately predicted until the maximum positive value, then the
computed displacements started to deviate from the measured ones. The same
observation was valid to a lesser degree at the first and the second stories where
the computed maximum displacements were 37% and 15% less than the measured
value. This suggests that the mode shape was poorly estimated despite the good

prediction of the story shears.

The estimated damage index for the whole building was equal to 1.0, indicating
a total failure of the model. Again, this was in contradiction with the experimental
results where no severe damage was detected after this run. More plastic hinges
were developed at this run (figure 4.12), and the tendency of the model to fail in

a soft-story mechanism was becoming more obvious.

Local response

The computed first story column shears are plotted against the measured shears in
figure 4.13. As previously observed for run Taft 0.18-G, the predicted shears were
significantly less than the measured values. This was again referred to ignoring
the P-A effect. The ratio of internal to external maximum column shears was 1.15
in contrast to the experimental value of 1.92 recorded during this run. The large

difference indicates the inaccurate calculation of the column shears due to ignoring
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Figure 4.11: Computed Versus Measured Story Displacements (Run Taft 0.35-G).
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(a) Experimental Mechanism.

(b) Analytical Mechanism.

Figure 4.12: Yield Mechanism at Run Taft 0.35-G.
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Figure 4.13: Computed Versus Measured Column Shears (Run Taft 0.35-G).
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the overturning moment effects. The program predicted a common damage index
of 1.0 for all the first story columns, which has proven to be very conservative as

compared to the visual damage of the model columns after this run.

The computed first story longitudinal beam moments are plotted against the
measured moments in figures 4.14.a through 4.14.d for sections B1, B2, B3, and B4
respectively. The same observations made for the previous can be extended to the
current run where the computed moments were significantly less than the measured
ones, especially at the beam sections that are most affected by the column axial
force changes like section B2 (figure 4.14.b). It was important to notice that the
program indicated beam yielding in the negative moments at sections that did not
yield experimentally. This questions the use of the ACI (2] effective slab width in
the analysis, as the experimental evidence indicated that a larger portion of the

slab contributed to the beam strength.

Summary

The analytical results of the 3-story model building using program IDARC can be

summarized in the following points:

1. The global response of the 3-story model, in terms of story displacements and
story shears can be reasonably predicted, given that the initial properties of
the model such as stiffness reduction due to initial cracking and damping ratio
can be rationally estimated. However, the first mode shape was inaccurately

predicted by the analysis.

2. The predicted failure mechanism did not agree with the observed experi-

mental behavior, suggesting that the portion of the slab contributing to the
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beam strength was larger than the ACI [2] recommended effective slab width

of 5%0‘2.

. Column shear forces were highly under-estimated due to neglecting both the

P-A and the over-turning moment effects.

. Beam moments were also affected by neglecting the over-turning moment

effects, as the computed values were always smaller than the measured ones.

. Finally, the damage indices provided by the program were highly conserva-

tive, as the model structure always showed much less damage than predicted.
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CHAPTER 5

PERFORMANCE EVALUATION OF LIGHTLY REINFORCED
CONCRETE BUILDINGS DURING EARTHQUAKES

5.1 Introduction

The design philosophy of lightly reinforced concrete (LRC) buildings and its impact
on the response of such buildings during earthquakes will be discussed in this
chapter. The discussion will also extend to the implementation of the experimental
evidence of the current research in addition to previous lightly reinforced concrete
component tests conducted at Cornell University (5], [20] in the evaluation of the

seismic performance of LRC structures.

5.2 Design philosophy of LRC buildings versus
modern seismic design

The terminology ”lightly reinforced concrete structures” is usually referred to those
buildings that are designed and detailed to resist primarily gravity loads. The
design of such buildings aims at producing a structure that behaves satisfactorily
under service loads in terms of cracking and deflection limits, and provides an ample
margin of safety at ultimate. Such structures are not expected either to undergo

large deformations, or to dissipate energy during this action (if it occurs). This
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design approach had been adopted since early 1800’s in the Central and Eastern
U.S. region and has resulted in economically sound structures that have shown

excellent performance over the years.

In contrast to the previous design approach, modern seismic design aims at
producing a structure that can withstand mild earthquakes with no structural
damage, moderate (frequent) earthquakes with repairable damage, and does not
collapse during strong (rare) earthquakes. Recognizing the fact that designing
a structure that remains elastic during strong ground motions would be neither
practical nor economic, the design codes [2] assumes non-linear (ductile) structure
response that can dissipate a considerable amount of energy during the earthquake.
In fact the recommended design lateral forces of a ductile structure are about only
25% of the forces the same structure would experience assuming elastic behavior.
Special attention has been given to member proportions and reinforcement details
that will guarantee ductile performance and will avoid the formation of local failure

mechanisms (such as the soft story mechanism).

In the light of this introduction to the two design philosophies, a LRC struc-
ture will most likely carry certain characteristics that can be summarized in the

following points:

1. Interior columns are subjected to high axial forces and relatively low bending
moments, resulting in slender columns under high normal stresses and with
low reinforcement ratios (p of 1.0% is common, older buildings in New York

city may have p as low as 0.5%).

2. Columns have minimum confinement to prevent local buckling of the re-bars
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and to hold the longitudinal reinforcement in place during casting. These

hoops or spirals are not expected to add much to the column ductility.

3. The sum of column flexural strength at a joint might be equal or even less
than that of the beams, especially for low rise buildings or the top 3 or 4

stories of a tall building.

4. Column lap splices are located immediately above the floor slab in the max-

imum bending moment region with no special confinement (figure 2.5).
5. Construction joints are located above and below the beam levels.

6. As in the case of columns, beams will have low reinforcement ratios. In
addition, negative reinforcement is usually provided only over the support

and its length is controlled by the development length (figures 2.5).

7. Beam positive (bottom) reinforcement is discontinuous and extends for only

6 inches inside the column (figure 2.5).

8. Shear reinforcement will be provided only when required by the design, and
if provided, it may be in the form of open stirrups that have limited confining

capacity (figure 2.6).

9. Joints will not be designed and their size will be governed by the intersecting
beam and column sizes. Also little or no joint reinforcement will be provided

at the joints (figure 2.5).

In addition to the previous characteristics, the common material design strengths

during the period 1900 to 1970 were (a) a nominal steel yield stress f, of 40 ksi,
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and (b) a concrete compressive strength no greater than 3,500 psi. The significance

of these stresses will be discussed in section 5.3.2.

5.3 Implication of the design philosophy and
the experimental evidence in performance
evaluation

The aforementioned structural characteristics will create a certain mode of behav-
ior of LRC structures during seismic excitation. In the following discussion, the
anticipated LRC building performance will be introduced and criticized. Experi-

mental evidence that supports the discussion will be provided when appropriate.
5.3.1 General performance evaluation

Stiffness degradation

Experimental results indicate that the stiffness of a LRC structure will be subjected
to a significant reduction after the first few cycles of a moderate earthquake due
to (a) the lack of ductility caused by the poor member confinement, especially at
the joint region, and (b) the possible pullout of the discontinuous positive beam
reinforcement, especially those with large diameter bars (}8 or larger [20]). These
two factors were observed in previous tests conducted at Cornell (2-story building
test [5]), where the model showed a high degree of flexibility even during a mild
seismic run. Only the first factor contributed to the failure of the current 3-story

model as will be discussed later.

Model deformation

LRC structures are most likely to experience large displacements during earth-
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quakes. In Cornell tests [5], the relatively high degree of stiffness degradation of
LRC buildings was associated with large inelastic deformations. This phenomena
was observed for both model buildings. At run Taft 0.36-G, the 1/6 scale 2-story
model [5], recorded a first story drift of 1.93%. Also, at an equally strong table
motion (run Taft 0.35-G), the current 3-story model showed a 2.63% drift. Al-
though these figures depend heavily on the loading history and the damage level
of each structure, they provide an idea of the degree of flexibility of this type of
building. It is important to emphasize that in these two seismic tests, no signifi-
cant damage was observed (in terms of excessive cracking or positive reinforcement
pullout) in the beams of either buildings. It was concluded that the column slen-
derness (resulting from gravity load design) was responsible for the high degree of

flexibility.
5.3.2 Member performance

Columns

The current model test provided a good opportunity of investigating the response
of both interior and exterior columns. The ratio P/( A, f;) was equal to 0.13 for
exterior column and 0.32 for interior columns, indicating that the ACI 318-89 code
requirements for column strength and transverse reinforcement do apply. Table
5.1 shows the column-beam flexural strength ratios for the first story joints in the
current model building. It can be seen that the code requirements are strongly
violated (especially for interior columns) and a soft-story mechanism is to be ex-

pected.
Test results supported the previous speculation, where the 3-story model failure

5-5



Table 5.1: Ratio of Columns Flexural Strength to Beams Flexural Strengths for

The First Story Beam-Column Joints

Test Exterior Joint Interior Joint

+ve Moment | —ve Moment | +ve Moment | —ve Moment

3-Story Model 1.76 0.54 0.54 0.54

was finally caused by a soft-story mechanism.

Column shear forces in LRC buildings seem to be highly influenced by the
P-A effect. In the current 3-story model building case, an increase of 27% in
the column shears due to the P-A effect was detected. The share of the total
story shear force carried by each column was found to strongly depend on its
axial force. This can be attributed to the fact that for columns supporting axial
forces less than Pj, an increase in the axial force will result in an increase of their
moment carrying capacity and consequently their shear capacity (figure 5.1). This
will result in column shear distribution dictated by the axial force distribution.
Although this argument deals with the column behavior at ultimate, experimental
evidence observed by Abrams {1], Pessiki [20], and the current model tests indicated
that the axial force effect starts at an earlier stage due to the delaying of cracking

and consequently maintaining a relatively large column stiffness.

It was suggested by Abrams [1] that in addition to other structural connectivity
factors, column axial forces should be recognized in assigning each column share

of the total story shear force. He argued that the column stiffening effects do
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not appear in any elastic structural analysis. It is the author’s opinion that this
should be coupled with that fact that column axial forces are continuously changing
during an earthquake, especially for exterior columns where a fluctuation of £40%
was observed due to the over-turning moment effects. The change in column axial
force, and consequently the shear force, is expected to be more severe for slender

buildings with aspect ratios larger than 2.

Beams

Beam behavior observed during the model test was consistent with the observed
behavior for full-scale component tests, where pullout stresses of 53 ksi and 30 ksi
were recorded for 6 bars and }8 bars respectively [20]. This indicates that for the
currently used grade 40 steel, small diameter bars might yield before they pullout.
However, the discontinuous bars pullout stresses are expected to be less in exterior |
joints due to the reduction of the column axial compressive force (which may even
turn to tension in slender buildings) when the joint is subjected to opening moments
(figure 5.2). This prediction is in good agreement with the test results where the
positive beam reinforcement pullout did not occur in the 3-story model test. The
reflection of positive beam reinforcement pullout on the structure response will be

discussed in more detail in the following section.

The slab contribution was found to be significant as it added extra strength
to the beams with respect to the columns, especially when beam sections were
subjected to negative moments. This resulted in developing the plastic hinges in

the columns instead of the beams, creating a soft-story mechanism.
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Figure 5.2: Re-bars Pullout at Exterior Beam-Column Joints.
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5.3.3 Failure mechanism

Small-scale model test

The 3-story model collapsed in a soft-story faillure mechanism during the Taft 0.8-
G seismic test (figure 5.3). At failure, columns which were much weaker than the
beams (table 5.1) experienced very large deformations associated with a significant
increase in bending moments and shear forces caused by the P-A effect. Playback
of the video tape recorded during the test indicated that failure started at one of
the interior columns followed by the other columns in a progressive failure mode.
This was in agreement with that fact that the high axial forces in interior columns

significantly limited their ductility as compared with external columns.

Large-scale LRC beam-column tests

The failure of the four large-scale LRC beam-column specimens tested previously at
Cornell [20] was always caused by beam failure due to the positive reinforcement
pullout. This was associated with a significant damage in the joint region and
the top and bottom columns. This mechanism was different than the observed
mechanisms for the two small-scale model tests, where failure was caused by a
soft-story mechanism. Both the beams and the joint region were not subjected to
severe damage, even when beam positive reinforcement pullout took place. The
discrepancy is mainly attributed to eliminating both the slab and the transverse
beams in the full-scale specimens. This significantly reduced the strength of the
beams with respect to the columns, especially in the negative moment side of
the specimen. An approximate estimation of the slab contribution to the relative

column-beam flexural strengths is provided in table 5.2. It can be seen that when
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Table 5.2: Ratio of Column to Beam Flexural Strengths for The Full-scale

Beam-Column Joints Tested at Cornell (Pessiki 1990)

Sum of Columns Sum of Beams

Specimen }| | Flexural Strength | Flexural Strength | R1* | R2! | R3?

> M, (kips.in) > M, (kips.in)

7 5967 5651 1.06 { 1.39 | 0.87
8 6006 4713 1.27 | 1.40 | 0.87
9 5091 5022 1.01 | 1.29 { 0.82
10 5149 5495 1.12 | 1.47 | 0.93
* Rl = &4
T R2 = %; considering only discontinuous steel pullout.

i R3 = %% considering both the discontinuous steel pullout and the

slab contribution to the beam strength.

the slab is assumed to increase the beam negative moment flexural capacity by
only 75% [4], [23], the sum of the beams flexural strength Y~ M, exceeds that
of the columns ) M, even when the discontinuous steel pullout is considered (last
column of table 5.2). This points out the high probability of a soft-story mechanism

in LRC buildings, and the importance of including the slab in this kind of tests.
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5.4 General comments

The aforementioned discussion of the response of LRC buildings to seismic hazards
indicates that due to the adoption of an inadequate design philosophy for the de-
sign (from a seismic point of view), the resulting buildings suffer from two major
flaws. First, the relative member strengths are not appropriate for seismic resistant
buildings, especially when the actual member capacities are considered. Secondly,
the member reinforcement is not detailed to ensure ductility and energy dissipa-
tion. It seems from the current complete buildings tests that the first factor will
dominate the respdnse of low to medium rise LRC buildings during earthquakes.
Although the non-seismic reinforcement detailing seems to be a severe disadvan-
tage to these buildings, it has been proven experimentally that the detailing may
result in unfavorable structure behavior (such as the development of excessive de-
formations), but not in a total collapse of the building (2-story model test [5]). On
the other hand, when the relative member strength ratios allowed by the design
codes [2], [3] were severely violated in the 3-story model, total building collapse

due to a soft-story mechanism took place.

It was interesting to notice that while the current design codes (ACI 318-89 [2]
and ACI-ASCE committee 352 [3]) are being criticized by many investigators [19],
[16] for allowing an unconservative column to beam strength ratio of 1.2 [2] or 1.4
[3], many of the existing LRC buildings highly violate these requirements. This
fact should be taken into account when considering a retrofit for such buildings.
It may not be sufficient to overcome the inadequate detailing problem. Instead,

the whole building should be re-designed for earthquake resistance according to
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the given seismic zone requirement; then specific member strengthening can be

performed with special attention paid to the reinforcement details.



CHAPTER 6

SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH

6.1 Introduction

Since the early 1900’s, thousands of buildings in the Central and Eastern United
States were designed and detailed to resist primarily gravity loads with little or no
consideration to any lateral forces due to wind or earthquakes. However, seismic
activities are possible in these areas where this kind of building may experience
significant damage. The study reported here is a part of a comprehensive research
effort at Cornell University on the performance of lightly reinforced concrete struc-

tures subjected to earthquakes.

In the first phase of this study, started in 1987, improved small-scale modeling
techniques for reinforced concrete structures under dynamic loading were developed
[9]. In the second phase, two lightly reinforced concrete small-scale buildings were
constructed and tested on the Cornell University shake table to evaluate their
seismic performance. The final phase included an assessment of the adequacy of
program IDARC for predicting the response of this type of building. Only the
last two phases of the investigation are summarized in Section 6.2 of this chapter.
Section 6.3 includes the conclusions of both the experimental and the analytical

work. This chapter ends with recommendations for future research in this area.



6.2 Summary

6.2.1 Experimental work

The lightly reinforced concrete building tested during this research was a % scale
3-story one-bay by three-bay story office building. The model designed for gravity
loads and detailed in such a way that it reflects as close as possible typical design
practice. It contained no walls or partitions. Test results will be summarized in

the following sections.

3-Story model test results

The 3-story model was tested on the Cornell University shake table using the Taft
1952 S69E earthquake. The test amplitudes were 0.05 g, 0.18 g, 0.35 g, and 0.80
g- The model collapsed after the first 7 seconds of the last run. Test results can

be summarized in the following points:

1. The model response was dominated by the first mode of vibration during the

seismic tests.

2. The same mode shape was detected during all seismic tests, even when the

model response was highly non-linear.

3. The model showed a high degree of flexibility, where maximum inter-story
drifts of 1.87% and 2.63% were recorded in the first story during run Taft

0.18 g and Taft 0.35 g, respectively.

4. Except for run Taft 0.05 g, the large model deformation resulted in a signif-

icant P-A effect that increased the column shears by as much as 27%.
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10.

. The share of the total story shear force carried by each column was found

to be heavily dependent on the axial force acting on the column. Interior
columns in the 3-story model resisted about twice the shear force acting on

the exterior columns.

. Most of the deformation, damage, and energy dissipation occurred in the first

story column. No significant damage was observed in the beams or the joint

panels.

Columns lap splices did not appear to be a controlling factor in the model

columns response.

Discontinuous positive beam reinforcement did not pullout during the seismic

tests.

. Plastic hinging developed only in the columns and not in the beams or the

joint panel.

The model failed in a soft-story mechanism in the first story columns.

6.3 Analytical results

The non-linear dynamic analysis for reinforced concrete program IDARC [18] was

used to predict the response of the model building. The input data included

geometric information, material properties, hysteretic rules parameters, and the

ground motion (measured table acceleration). The findings of the analysis can be

summarized in the following points:

1.

The global response of lightly reinforced concrete buildings (story shears

and story displacements) can be reasonably predicted using program IDARC
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given that the initial dynamic properties (including the initial fundamental

period T) of the structure are based on rational assumptions.

. Good correlation between the experimental and the analytical global re-
sponses was obtained for the 3-story model. This was attributed to the

fact that the discontinuous positive beam reinforcement did not pull-out in

this building.

. Program IDARC did not reflect the P-A effect, which was found to increase

the first story column shears by about 27% in the 3-story model.

. The effect of the continuously changing axial forces in the columns was not
taken into account when evaluating the yield status of the columns. IDARC
recognizes only the initial static axial forces in the analysis. This was found

to misrepresent the exterior columns behavior where an axial force change of

the order of +£40% was detected.

. The damage indices provided by the analysis highly overestimate the actual

observed structural damage.

. The effective slab width was found to be of vital importance in the analysis
since it can directly affect the structure failure mechanism by increasing beam

flexural strength to the point that column behavior governs.

6.4 Conclusions

The experimental work presented in this report is the first to address the perfor-

mance of lightly reinforced concrete buildings tested under realistic seismic loading

conditions. Test results of the model building revealed many important aspects of
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the behavior of buildings during earthquakes. Based on the current experimental

results and the analytical study, the following conclusions may be drawn:

1. Although the inadequate reinforcement details of lightly reinforced concrete
structures may form a potential source of damage, they are probably not
sufficient to develop a local failure mechanism. In fact, a large increase in
the structure period might shift it to a descending part on the response
spectrum of the given ground motion, resulting in a reduction in the level of

lateral forces.

2. The currently existing lightly reinforced concrete (LRC) buildings may be
subjected to very large deformations associated with a significant reduction

in stiffness during a moderate earthquake.

3. Due to their high flexibility, the P-A effect is significant in LRC structures

and should be considered in the analysis.

4. Lateral stiffness of columns is a strong function of their axial force level. This
observation imposes a limitation on the use of most available elastic dynamic

analysis programs where such effects do not appear.

5. The inclusion of the slab contribution to the beam flexural strength under
negative moment is a vital step in the assessment of the performance of
LRC structures during earthquakes since it has the potential of altering the
relatively ductile strong column-weak beam mechanism to a soft-story mech-
anism. This will be true even when some reduction factors are applied to

account for the discontinuous positive beam reinforcement pullout.



6. Low and medium height LRC buildings will collapse in a soft-story mech-
anism due to the higher flexural strengths of beams with respect to the
columns. The situation is aggravated by the the very low ductility of these
columns caused by their high axial forces and poor confinement of primary

longitudinal reinforcement.

7. Small-scale reinforced concrete models can be used as a,powerful tool to study

the performance of complete buildings or large subassemblies.

6.5 Future Research

The current experimental effort has served as a preliminary investigation on the
response of lightly reinforced concrete structures to seismic loads. The following
topics still need to be addressed for a more thorough understanding of the behavior

of this class of buildings during earthquakes.

Effect of slab and transverse beams

Lightly reinforced concrete beam-column joint details tested so far at Cornell Uni-
versity did not include a slab or transverse beams [20]. The observed failure mech-
anism consistently started in the beams, a favorable situation for seismic loading.
However, it has been indicated by other investigators that the presence of the slab
and the transverse beams significantly increases the beam strength in the negative
moment direction [4], [21]. The transverse beams can also provide some confine-
ment to the discontinuous positive beam reinforcement, especially when they are
subjected to negative moments. The contribution of the slab and the transverse

beams act together in favor of the beam, resulting in a high possibility of devel-
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oping the plastic hinges in the columns instead of the beams. More experimental
evidence is required to clarify these issues, along with additicnal analyses to de-
fine the strength and ductility demands imposed on beams and columns during

earthquakes.

Effect of axial force variation in exterior joints.

In slender buildings, exterior columns will be subjected to large changes in their
axial forces during an earthquake and they may even be subjected to tension force
instead of compression in extreme cases. Unfortunately, when these columns are
subjected to their minimum axial force, the beam-column joint will be under an
opening moment, and the discontinuous positive beam reinforcement will be in ten-
sion. It is believed that this situation may result in a pullout of the discontinuous
beam reinforcement at a substantially smaller force than that when the columns

were under large compressive force. More data in this area are in need.

Effect of infill walls.

The presence of infill walls parallel to the direction of motion will significantly
reduce the large deformations, and the consequent P-A effect generally observed
in lightly reinforced concrete structures. The interaction between the lightly rein-
forced concrete frame and the wall is certainly a major issue that needs to be ad-
dressed both experimentally and analytically. LRC buildings typically have rather
brittle unreinforced masonary walls that may function well for low levels of accel-
eration, but will be subjected to very sudden loss of strength with equally sudden
transfer of lateral loads to the building columns. LRC columns will not respond

well to this type of loading.
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Risk assessment of existing structures.

Results of both large-scale component tests and small-scale complete structure tests
can be incorporated in enhancing the capabilities of program IDARC to accurately
predict the response of lightly reinforced concrete structures during earthquakes.
The program can then be used to study a wide range of buildings with various
configurations and for different ground motions. This study will be very useful in
the performance evaluation and risk assessment of building cases other than those

tested experimentally.
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Appendix A

3-Story Building Design

A.1 Prototype design

A.1.1 Design Loads

The prototype 3-story building was designed for gravity loads of self weight, and
live load of 50 psf for the first and the second floors and 55 psf for the roof. The

slab thickness was estimated according to the ACI 318-83 code (section 9.5) as

follows:

Assume h = 6”, and a 9” x 18” beam (figure A.l.a).

7 = 11.82"
Iy = 3%5% 1 6 x 33 x (15 — 11.82)% + £ + 9 x 12 x (11.82 — 6)?

= 7573 int )

s 33
I, =18><l2><§—2=3888in4 ]
Eo - |1 | g}‘
e X 7 ” N s »
am =T = %: 1.95 8 \\U'/ l 12
B = 0.5 9"
8 =1.0 . .
Figure A.1: Beam Cross Sections Used

= 207" for Slab Thickness Calculation.
f, = 40,000 ksi
3 > 1 (8004-0.005x fy)

< 36,000+5000xA(am—0.5(1—F1))(1+3)

207(800+-0.005 x 40,000) »

2 36,000+50(00x1(1.95-0.5(1—0.5))x2 2 4.79
B S _[n(800-+0.005x fy)

< 36,000+5000xB(1+5,)



207(800-+0.005x40,000) "
2 36,00045000x15(1405) = 476

h > [n(800+0.005% fy)
- 36,000

207(800+40.005x 40,000
> 207( 36-000 ) > 5.757 (governs).

Use a slab thickness h equal to 6”. The design loads for the 3-story building are

summarized in table A.l.

Table A.1: Loads on Prototype 3-Story Building

Item First and Second stories | Top story
Dead load

Slab (6 inches thick) 0.075 k/ ft* 0.075 k/ ft?
Ceiling 0.008 k/ ft? 0.008 k/ ft?
Exterior Wall on transverse

girders (8” block + 4” brick)) 0.562 k/ ft —_
Partitions 0.020 k/ ft2 —_
Asphalt tile 0.001 k/ ft* 0.001 &/ ft?
Live Load 0.050 k/ ft? 0.055 k/ft?

A.1.2 Equivalent frame method

The "Equivalent frame method” (ACI 318-89 section 13.7) was adopted for the

floor design. Design details are introduced in the following paragraphs.

Relative member stiffnesses

Beams:

For a 9” x 18" beam, and 6” slab, the inertia of an interior beam-slab section



(figure A.1.b) becomes:

™ T
[{V])
o

LJ__ ¥

216 x6x1549x12x6 __ = 14.31”

Y = S xs19xi? 5" u [ 12"

(b) Interior Beam Cross Section.

I

$interior

= 22 L g 12 x 8.3082 + Z1XE° 1 216 x 6 x 0.692% = 13259 in

And for an exterior beam (figure A.l.c),

7 = 13.75”

—
x
—t
—]
—
N
o —
EVE

(¢) Exterior Beam Cross Section.

Iy rrion = 9"” +9 x 12 x 7.754% 4 112x6° “2"“ +112 x 6 x 1.246% = 10849 in?

Distribution and carry-over factors are computed using the column analogy method.

For the analogous beam shown in figure A.2.a, the following properties are ob-

tained:

Area (A) = %5, + %%2_= 17.892

Inertia (I) = —2%;%7-4-2x [0-392 X %ﬁ+2§§2 x 0.5 x 8.75%] = 477.73

Kooy = 2L 9.0 x 9.0 x pEhy=4.058 £
Ky o = 7y — 9.0 x 9.0 x pFhy=2.046 ZL

COF  =308_ 0504

Torsional stiffness of beams:

Torsional stiffness of an interior beam K is computed as follows (figure A.2.b):
3
C=5(1-063x 352

Cr=(1-0.63x )28 4 2(1 - 0.63 x £)E312 = 4180 in* (governs)
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o |
0.892 o
B_T[ 7 X
_ L —
i ]
H +H
0.5 17 0.5
(a) Beam Analogous Section.
e 2!
51 [ - [T —1Is
18" 18‘[ |
|
- -
(b) Interior Beam Section Used For (c) Exterior Beam Section Used for
Torsional Stiffness Calculation. Torsional Stiffness Calculations.

Figure A.2: Different Beam Sections Used for Stiffness Calculations.

Ca=(1—0.63 x 3)LX12 L 9(1 - 0.63 x £)8%32 = 3642 in*

For C= 4180 in*, K, will be equal to:

_. 9E.xC I, _ 9E.x4180 13259 __
Ktiniomer = G500 X B4 = Tia(io gy ¥ w888 = 705 Ee

For an exterior beam (figure A.2.c):
Co=(1-0.63x%)5X8 1 (1-0.63 x £)EX12 — 3588 int

K, _ _9F.x3588
tezterior 216(1_1}!23)3

13259
X 3ga5 = 605 E.
Columns:

For the analogous column shown in figure A.3, the following properties can be

obtained:
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, |
| |
o e W '
e e — > L 1 5 +—& — - Top joint
i ’/ | i T ]
| |
Beam J z
| 6.75° |
| | El
] L e —- ¥
l 10.5° |
Column ‘ [ \— Centrotd
(12'x 12") : 5.25' :
! l
! ~ - —& — - Bottom
4 i joint
|

Area (A) =147

Inertia (I) = 112°~53 _ %.TS_

My = (s + 51%) x 12 x EI = 6.81E]
My = (Tﬁl—s' - i-%‘-g—gé) X 12x EI =3.26E1
My = (i + 325) x 12 x EI = 4.57E]

The carry over factors will then be given by:

COFy =228 =0479
CO.Fyy =328 =0.714

Column top and bottom stiffness also become:

3
Ktop = G.SIE(EI - 6.31;(4142 ) = 81.72 E

3
Kbo = 4.57LXEI - 4.57;(4]4.2 E = 54.84 E

Equivalent Frame:

The relative member stiffnesses for an equivalent longitudinal frame (in the direc-

tion of shaking) can be obtained as follows:



Floor:

I, = 13259 int

K, =4.06x1328 x F.=249 E,
C.O.F =0.504

Columns:

For an interior column;

L =122 1798 int

K. = 81.72 E,

- 1 4+l = 1 + 1
X, [Ktop+Kpottom] & 2%xK: — [54.84+81.72|xE. ' 3x7T05xEe
Kg = 125 Ec

And for an exterior column;

1 _ 1 1
X, = [B434F81.T2[x E¢ + Tx605%EL -
Kg = 123 Ec

The relative member stiffnesses, along with the distribution and carry-over
factors are shown in figure A.4.a and b, respectively. The bending moments due to
the factored dead and live loads on all the spans are shown in figure A.5. Lateral
distribution of bending moments is computed according to section 13.6.4 of the

ACI-318 code [2], and results are shown in figure A.6.

A.1.3 Design of beams

Longitudinal beam

The bending moments acting on the first story longitudinal beam are shown in

figure A.7.a. The beam cross section dimensions are as follows:
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(a) Relative Member Stiffnesses. (b) Distribution and Carry-Over Factors.

Figure A.4: Distribution and Carry-Over Factors for The Moment Distribution.
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1.4 x DL + 1.7{x LL ! 41.5 / \
;er|y11|||11ra;\:ll"[TLL \ it;
] R
[
! )

84.8

(a) Design Load Case. (b) Total Floor Moments.

Figure A.5: Floor Design Moments.

Thickness (h) = 18"
Depth (d) =18 -2 = 16"
Breadth (b) =9g”

Slab thickness (t,)= 6"

Section (1):

I

M, = B8 81.94 k.ft = 983 kin

I
[

.9

0.85 x 3500 X 9 x @ x (16 — %) — a= 2.489”

I



137.5 1272

41.5
AN (a) Total Floor

AN VAN \; Moments.
47.0 |
]

84.8
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AN i /AN | Percentage.
75% 75%
4.67% 257%
| | (¢) Middle Str
P
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257 257%
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ArRl?.‘? s \_' (a) Beam Moments.

\l/ 24.2

42.2
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| ‘/ T (b) Critical Sections.
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Figure A.7: Beam Design Moments.



= A, x40 x 16 — 248 4 = 1.67 in? — 29

Section (2):

M,

%‘-: %%-: 59 kft = 708 k.in

0.85 x 3500 x 54 x a x (16 — &) — a= 0.279”

A, x40 x 16 - 318, 4,= 1,12 in? — 2§7

Section (3):

My =M B0 978 16 = 333.6 kin

{l
o

0.85 x 3500 x 9 x a x (16 — §) — a= 0.797”
= A, x40 x 16 - 2B - 4,= 0.53 in? — 245
For shear reinforcement, use 348 @ 8” spacing. Edge beams were designed in a

similar fashion to that of the longitudinal beams.

A.1.4 Design of columns

Column design loads

According to figure A.7, the area carried by each column is given by:

Area carried by column C1 = 18 x (0.6 +0.5) x (18 x 0.4 +2.0) = 182 ft

Area carried by column C2 = 18 x (0.6 +0.5) x 18 x (0.6 + 0.5) = 392 f¢?

Column own weight = 1.6 k/floor
Beam load = 0.113 k/ft
Wall load = 0.562 k/ft

First story columns:

Interior column Cs:

P, = 300 kips
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Table A.2: Column Loads

Column C1 C2

Story 3rd gnd 19t 3rd ond 15t
Area carried (ft?) 182 392

Live load (k/ft?) 55 50 50 55 50 50
Dead load (k/ ft?) 94 109 109 94 109 109
Reduction factor R% 1 14 27 14 40 60
(1-R)% 99 86 73 86 60 40
Live load x(1 - R)%

x Area (kips) 9.98 7.83 6.65 | 20.46 | 11.76 7.84
Deal load x Area (kips) 17.12 | 19.86 | 19.86 | 36.85 | 42.73 | 42.73
Column own weight (kips) | 1.57 | 1.57 | 1.57 | 1.57 | 1.57 1.57
Beam load (kips) 3.04 3.04 3.04 4.46 4.46 4.46
Wall Load (kips) — | 1111 } 1111 | — —_ —_
Pr.r. (kips) 10.02 | 9.11 9.11 |21.56{ 19.60 | 19.60
Pp 1. (kips) 21.74 | 32.55 | 32.55 | 42.89 | 48.77 | 48.77
P, (kips) 47.40 | 108.46 | 169.51 | 96.70 { 198.30 | 299.89

Mp — Mg = 137.5 — 127.2 = 10.3 k.ft

This moment will be distributed according to the relative stiffness of the

first and second story columns (figure A.5) as follows:

81.72

Mu = 10.3 x 3TT3+543% k.ft

Ba

— Mp_.ﬁ L
= Mp.r.+Mp.y, = 0.64

Column stiffness can be estimated as follows:

For 4, = A, = 0.01 A, = 1.44” — 2 |8, and

E.

= 57,000,/ f. = 57,000+/3500 = 3,372 ksi

A-10




I, = 1827 in?
I = 1.57 x 3.52 x 2 = 34.47 in?, the column stiffness EI would be given by:

EI = w"—é’:—&l’— = 1.391 x 108 [b.in? or;

_ 04E.I

< = 1.421 x 108 1b.in? (governs)

Slenderness effect:

Iq = 1728 int

Team = 0.5 x 13259 = 6629.5 in* (figure A.8)
ly =12 x 12 - 18 = 126”

Ybottom= 0.0 (fixed support)

al
«
18' | 3 7/ l’ T ¢
: fice l
. %)
[ | .
92 198 | )
18’ I
I I _

18’ 18’ 18’

Plan of The 3-Story Building.

Figure A.8: Area Carried by Columns C1 and C2.
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2% 1728x216 __
‘/’wp = Tx6629.5x126 0.447

= Dostom¥¥eer _ (923

e - 20;:m x VIF pm = 22:2570-_2& x 1+ 0.223 = 1.094
K xl,=137.8"

<.
3
8
3

I

_ xEI _ 1"le.421><10‘_ :
For = [Rly®= T istat- = 139 kips

For an exterior column, the critical load P can be computed as follows:

Ybottom= 0.0 (fixed support)

2x1728x216
bor = Tmswize = 0-894
Ymean = Dattemtitee _ 0 447
K = 20;2%-4-51 X v/1+ 0447 = 1.176

K x l,= 148.2

_ x3xEI _ x3x1.421x10% _ .
P = (Ruit= “rasal = 639 kips

The magnification factor § will be equal to:

§ = 1 = ,1_,_ = 1.95
1—(o.u P?cr) 1_(%)

M, =195x6.146 = 12 kips.ft

Eccentricity (e) = 1%3012:: 0.48 inch

Assume a column reinforcement of 446, then P, can be computed as follows:

/ !
P, = { 3—‘,:,;{-:1.13 + (%{_’:_0.5 (Whitney equation [8])
4 -
. 12x12x35 0.884x40 __ _ .
P, = (1_7%;@—);?18 + EFyros = 367.5 + 62.2 = 430 kips

> 3 > 428 kips

A minimum shear reinforcement of §3 bars at 12” spacing is used for column C2.
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Exterior column Cy:

P, = 170 kips

My, = 41.46 X gridesy= 24.8 kips.ft

M, = 1.95x 24.81= 48.4 kips.ft

e = $84x12 3415 inch

Assume 2 column reinforcement of 446, then P, will be given by:

_ __bAf A, f
B = mmyiin T s

d

— 12x12%3.5 0.884x40 __ . o 10_ .
F T s I;"’,‘s 351118 + EEres 234 kips ~ 7= 242 kips

For the shear reinforcement, also use §3 bars at 12” spacing.

The same dimensions and steel reinforcement were used for all the three story
columns. Lap splices were located immediately above the floor level and with a
common length of 24 times the bar diameter (18” in the present case). Reinforce-
ment details of the 3-story model are presented in figures 3.14 and 3.15 in chapter
3.
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Appendix B

Load Cell Design, Fabrication,

and Calibration

B.1 Cell Design

B.1.1 Introduction

Since the 3-story model structure was shaken in only one direction, it was decided
that the internal-force transducers (load cells) should be capable of measuring the
axial force, bending moment and shearing force in the direction of motion, and the
shearing force normal to the direction of motion. The first step in the design of load
cells was to establish their location in the structure. These locations were selected
so that they (a) provide the desired information about the structure subassembalge,
(b) develop minimum disturbance to the host member mass and stiffness, and (c)
allow an easy and economic installation of the transducer. Once the locations of the
transducers in the structure were determined, their design loads could be evaluated
using approximate analytical methods along with the calculated capadities of the
host structural members. Other important design considerations of the load cells
were: (d) linearity and repeatability of the strain measurements, (e) independent
measurements of strains induced by forces in different directions, and finally (f)

ease and economy of fabrication.

For the present case of the 3-story office building, the mid-heights of the first

and the second story columns were selected as the load cell positions. It can be seen



from figure B.1 that the selected locations for the load cells will reduce the first
floor of the structure to a statically determinate subassemblage where all straining

actions in the beams, columns, and joints can be obtained.

B.1.2 Mechanical Design and Fabrication

The load cell was designed for (1) an axial force of 3.0 kips, (2) a bending moment
of 0.5 kips.inch, (3) a shearing force in the direction of motion of 2.0 kips, and (4)
a shearing force normal to the direction of motion of 2.0 kips. The cell dimensions

were selected so that they satisfy the following requirements:

e Stressesin the load cell should be well below the yield stress to ensure linearity

and repeatability of the cell readings.

e Buckling load of the cell walls must be far above the service load to ensure

linearity of the cell readings.

¢ Contribution of the load cell to the column stiffness should be minimal (less

than 10%).

The cell body was composed of a 1.5” x 1.5” x 0.125” structural steel tube,
with a total height of 1.5” (figure B.2). Based on the cell design, the thickness
of the middle 1” of the cell walls was machined down to 0.0625” to increase the
cell sensitivity, leaving the upper and lower 0.25” of the tube walls at the original
thickness. This provided more uniform heat transfer between the cell walls and
the base plates so that satisfactory weld pendtration can be achieved. The welding

throat was about 0.125” all around the tube edges.

Two relatively thick base plates (3” x 3” x 0.5”) were welded to the top and
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Figure B.1: Forces Acting on The First Story During Seismic Tests.

bottom bases of the steel tube to ensure uniform distribution of stresses over the

cell cross section and to fadlitate its installation. Each plate had a 1 inch central

hole to provide access to the inside face of the tube.

The load cell was heat treated at 600 degrees C for 8 hours to relieve all residual
stresses resulting from the welding process. The cell was then sand blasted to clean
its surface and to roughen the cell walls for mounting the strain gages. The cell

body (except for the strain gages locations) was plated with bright Nickel to protect

it against corrosion.




Straining actions on the cell

Properties of area of the cell cross section were calculated as follows;

a =4 x0.0625 x 1.3125 = 0.328 inch?
I =2x 1.3125 x 0.0625 x 1312527 4 9 50,0625 x 1:3125°

= 0.0421 inch?

where:
a = cross sectional area of the cell.

I = second moment of area of the cell cross section.

N
M
| meh, 1 |
RN 7 T
! Iy l ! l ! 0.5 N al t
T orm rce
Shear Q1 Y } | N2 gquo
gagos i i
0.0626" —$~ | 1.6°
0.125" throught ! !
| Shear Q2 gages
wold l\ \ l | 1
T I Ll Tl [} 5
ll{ !I! 1 0. Face (2)
I - oy |
' u
N
0.5" z 0.5

Shear Q1 geges

Normal force
N1 gages

Shear Q2 goges

Face (4)

Figure B.2: Load Cell Dimensions and Strain Gaging.

B-4



The maximum stresses acting on the infinitsimal element shown in figure B.3

are then given by;

Shea:ing stresses 7 = m = 12.19 ksi

Bending stresses o = %‘0—1.%42—251 = 13.94 ksi.
Normal stresses op = ngtzj_s' = 9.146 ksi.

The maximum principal stresses on the element were computed as follows;

x40 Oz 40
Imaz,min 22_! x Y 22 L+ szz

= —11.54 £ 16.79 = +5.25 , —28.33 ksi

It can be seen that both stresses are well below the nominal yield stress ( f, = 60ks?)

of the cell walls.

Stability of the cell walls

The stability of the cell walls against local buckling was checked assuming (con-
servatively) that each of the cell walls will act as a plate simply supported on four
sides (figure B.4). The critical normal stresses and shear stresses were computed
as follows [15];

Shear stresses;

%:1.0:»1{:7.75

Ter = k X 75 x (})? = 416 ksi.

Normal stresses;

%:1.0:1{:7.75

T =k x 723 x (§) = 177 ksi.

It can be seen that both stresses are much higher than those acting on the cell
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walls due to the design shearing force and axial force.

Cell contribution to the column stiffness

The column analogy method was used to estimate the effect of the presence of the
load cell on the column stiffness in the elastic range. The properties of both the

column and the cell cross sections were evaluated as follows;

El.y. =2,400x 1-]—2-5%2—2-51 = 2,363 kips.inch®
El..u —29000x(00625x x2+00625x15x0752x2

= 4,078 kips.inch?)

L =16

The properties of the analogous section shown in figure B.5 then become:

Area (A) =0.858
Inertia (I) = 4 x (0.625 x 2983° | (0405 403° L 0,403 x 1 x 0.29852] x 2)

LS

= 12.084xZL

The stiffness matrix coefficients of the instrumented column were computed as

follows;

o For a unit displacement at node (1) (figure B.5.a), the straining actions on
the analogous section are N = 0, and M = 1.0 Resulting in the following

stiffness coefficients;

K= Ku=Y%¥= L x12.0845=6.042 £

Kn= -Ki3=2x6.0428 x } =12.084 £
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Figure B.5: Stiffness Matrix Coefficients of The Instrumented Column Using The
Column Analogy Method.

¢ For a unit rotation at node (1) (figure B.5.b), the straining action on the
analogous section become N = 1.0, and M = -}2‘3 resulting in the following

stiffness coefficients;

K= §+MX- Bl LxLlx120848 =487 E
Kp= -§ + MX o _EL L Ly L 12,0848 =1.856 &L
Ky= —Kns =4 x 4.187ZL 1 1.856EL = 6.042 £]

The stiffness matrix of the column then becomes;



-

k11

k21

k31

[K}4><4 =

kg1

It can be seen that the maximum difference between the instrumented column
and the non-instrumnented column stiffness matrix coefficients does not exceed
8% (for ky4 case). Since previous experience at Cornell [2] with similar structures

indicated that most of the nonlinear column response takes place near the joint

k12

k22

k32

ka2

k13
k23

k33

k43

region, it was decided that these differences are not significant.

B.1.3 Electronic Design

The electronic design of the load cell was carried out in conjunction with the se-
lected material and mechanical design of the cell. It included the selection of strain
gages, bonding agent, configuration of the gages, and the crcuity for each internal

force channel. Each of these items will be discussed in the following paragraphs.
The selection of the strain gages was based on the following guide-lines;

¢ The size of the strain gages should be small enough to average the strains

over a uniform strain field, and away from the strain turbulence at the wall

edges.

12.084  6.042 —12.084  6.042
L* L L3 A
808 4187 =502 1356
—~12.084 —6.042 12.084  —6.042
L3 L L3 L
6.042 1856 —-6.042 4.187

¢ The size of the strain gages should also be large enough to fadlitate

accurate alignment and easy wiring.

o Fatigue life of the strain gages should be sufficient to resist the expected

dynamic loading. This is of particular importance for small scale models,
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where the model frequency will be much higher than that of the prototype

structure.

e The strain gages should be self temperature compensating (STC) to match

the test material expansion coefficient.

e Finally, the selected gages should be rugged and tough, especially when the

load cell is designed for long term use.

The selected gages were Polyimide-encapsulated Constantan gages, with a grid

size of 0.125” x 0.125” for the normal and bending gages , and 0.062” x 0.063"

for the shear gages. More information about the strain gages can be found in
reference [11] (catalog names are CEA-06-062UV-500, and CEA-06-125UT-350 for
the normal/bending gages and the shear gages respectively). The bonding material

was M-Bond 200 from the strain gages manufacturer.

The configuration of the strain gages for each channel is shown in figure B.2.
The vertical strains in the two cell faces perpendicular to the direction of motion
(defined as ¢, and ¢;) were measured separately using four identical strain gages
in Poisson’s configuration. The normal strains and the bending strains were then
obtained by averaging and subtracting ¢, and ¢, respectively. The shearing strains

were sensed using four 45° oriented strain gages as shown in figure B.6.a.

Calibration factors and cell sensitivity

The calibration factor and the cell sensitivity calculations for the case of shearing
force only will be presented in this section. The computation of these parameters

for the axial force and bending moment cases was conducted in a similar fashion.
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For the full bridge shown in figure B.6.b, the bridge output §R can be obtained

using the expression;
SE _ Sg o4
v = ‘741 Zi:l €&

where;

V = bridge exdtation in volts.

Sy = gage factor.

€& = shear strains = E&

6 Volts ™S

Strain
Gage #2

(a) Strain Gages Orientation.

R1

L—o
‘o

(b) Wiring Scheme.

Figure B.6: Shear Cell Strain Gaging and Wiring Scheme.
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For an excitation of 5 Volts, a gage factor of 2.06, and an amplification of 1000,

the bridge output will be equal to;

8F =5 x2.06 x 1000 x ¢
= 10,300 X sxrsrresoremsmsn = 2165 Q
Q = 0462 46F
where;
Q = shearing force in kips.

8E = bridge output in Volts.

The average measured calibration factor in shear was 0.315, indicating that the
calculated factor was about 1.47 times the measured one. This discrepancy arose
due to the error in the analytical calculation of strains as opposed to the actual
strain distribution measured by the strain gages [4]. Similar discrepancies were

also observed in the cases of axial force and flexure.

The load cell sensitivity in shear was controlled by the resolution of the data
aquisition card. For the current case, the cell could sense shearing fores as low as

1.54 lbs, which was considered satisfactory for the present purpose.

B.2 Cell Calibration

Prior to calibration in a certain direction, the load cell was exposed to 30 full
range reversible loading cycles in that direction. The calibration tests were then

conducted at least twice to check the repeatability of the calibration results.
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The load cell was calibrated under axial force by loading it in axial compression
using the load set-up shown in figure B.7.a. This also provided a check for the
cross-channel interference between axial force and shear and flexure. The same
set-up was used for calibration under uniaxial bending at different eccentricties.

Calibration under shear was conducted using the load set-up shown in figure B.7.b.

Results of cell #2 calibration tests are provided in figures B.8.a through B.8.d
for the cases of axial force, bending moment, shearing force Q;, and shearing
force @3, respectively. It can be seen that the cell indicated very good linearity
espedially for the cases of flexure and shear. Cross channel interactions are shown
in figures B.9.a through B.9.d, where it can be observed that some interaction
between flexure and axial force channels was detected. This was also true for the
shear and axial force channels. The major sources of these interactions were errors
in the alignment of the strain gages and the non-uniformity of the wall thickness of
the square section tube. Since these interferences were within 2 maximum value of
5%, it was decided that the cell response was satisfactory, and no further attempts

to improve its performace were made.

B.3 Cell Installation

The installation scheme of the load cell is illustrated in figure B.10, indicating that
the column reinforcing bars were mechanically connected to the steel installation
plates using two steel nuts for each bar. The spacing between the installation
plates was maintained during construction using dummy load cells with the same

dimensions of the actual instrumented cells.
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Figure B.8: Load Cell Calibration (Continued).
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After the model was constructed, the columns were braced and the installation
of the load cells was carried out for one column at a time in the following manner.
First, the bolts connecting the dummy cell to the installation plates were loosened,
then the top plate was raised using a manual jack for a small distance (about
.002”). The dummy cell was slid out and at the same time, the instrumented cell
was slid in. The load cell was then aligned with the installation plates edges and
the top plate was lowered. Four aluminum shear stops were used as washers to
bolt the load cell to the installation plates. The spacing between the shear stops
and the washers was filled with Hydrostone later. The same process was repeated
for all eight columns. Only one frame was instrumented with active load cells.
Dummy cells were used for the other frame to maintain symmetry of the model

stiffness.
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"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants,” by Howard
H.M. Hwang, 6/15/87, (PB88-134267/AS).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration Excitations,"
by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309/AS).

"Frequency Response of Secondary Systems Under Seismic Excitation," by J.A. HoLung, J. Cai and Y.K. Lin,
7/31/87, (PB88-134317/AS).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283/AS).

"Detection and Assessment of Seismic Structural Damage,” by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712/AS).
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"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720/AS).
This report is available only through NTIS (see address given above).

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

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation of
Small Control Forces,” I.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738/AS).

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

"A Nonstationary Solution in Random Vibration Theory,” by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746/A8).

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

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

"Active Structural Control in Civil Engineering,"” by T.T. Soong, 11/11/87, (PB88-187778/AS).

"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, Soil-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 L
Pantelic and A. Reinhorn, 11/87, (PB88-187752/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 J.F. Abel, 12/30/87, (PB88-187950/AS).

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

"Optimal Control of Nonlinear Flexible Structures,” by I.N, Yang, F.X. Long and D. Wong, 1/22/88, (PB88-
213772/A8).

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

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

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88, (PB88-
213806/AS).
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"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, J-W. Jaw and H-J. Shau,
3/20/88, (PB88-219423/AS).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards,” by H.H-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/A8).

"Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of Performances
of Various Systems,” by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh, 5/18/88, (PB89-122238/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 in
by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703/AS).

the Centrifuge,”

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

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V. Griffiths
and I.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 S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891/AS).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212/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, (PB89-122204/A8).

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

"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/AS).
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"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 J.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/AS).

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

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
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 Approaches for Soil-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. Tallin, 11/7/88,
(PB89-145221/A8).

"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, (PB89-
207146/AS).

"Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, 8/15/88, (PB8%-
162846/AS).

"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/AS).

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

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

"SARCEF User’s Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PB89-174452/AS).

"First Experf 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.Z. Chuysostomou, P. Gergely and J.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 Response of Equipment Within a Seismically

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

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by HH-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, (PB89-196513/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/AS).

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

"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/AS).

"Liquefaction 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, (PB89-207211/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/A8).

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part I - Modeling,” by S.K. Kunnath and AM. Reinhom, 4/17/89, (PB90O-
114612/A8).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648/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/AS).
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"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 Bolted 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 Carlo 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, (PB90-164146/AS).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S. Nagarajaiah,
A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936/AS). This report is 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. Pantelides, 8/3/89, (PB90-120445/AS).

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

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Ethmadi 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, (PB90-
1277424/AS).

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

"DYNA1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/AS). This report is available only through NTIS (see address
given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,” by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PBS0-
173246/A8).

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

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

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H-H.M. Hwang, C.H.S.
Chen and G. Yu, 11/7/89, (PB90-162330/AS).
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NCEER-90-0006

NCEER-90-0007

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

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu 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/AS).

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

"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/AS).

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

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

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

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

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.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, H.E. Stewart, F.T. Blackbumn 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/AS).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-113415/A8).
"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 Manuel for the GeoBase Release (Version 1.0 for the Sun3),”
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062/AS).

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

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by HH.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811/AS).
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"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O’'Rourke and M. Shinozuka, 5/25/90, (PB91-108837/AS).

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

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

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

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

Yiagos, Supervised by J.H. Prevost, 6/20/90, (PB91-110197/AS).

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

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P. Pessiki,
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