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CHAPTER 1

INTRODUCTION

1.1 Object and Scope

The primary objective of this test was to study the nonlinear dynamic

behavior of a small-scale ten-story three-bay reinforced concrete structure

with a tall first story. Actually both the first story and the tenth

story were 20% longer than each of the other stories of the structure.

The test procedure included a series of strong base motions simulating

a scaled version of the north-south component of the El Centro earthquake

of 1940. Reinforcement was selected with guidance from a linear dynamic

analysis using a specific design spectrum.

This report documents the experimental work and presents the accelera

tion and displacement data obtained in three earthquake-simulation tests.

Changes in the dynamic properties of the test structure, such as apparent

frequencies and equivalent damping, are discussed. Observed maximum

lateral displacements are compared with those obtained from modal spectral

analysis.

1.2 Acknowledgment

This investigation is part of a continuing study of the effects of

earthquake motions on reinforced concrete systems being carried out at

the Structural Research Laboratory of the Department of Civil Engineering

of the University of Illinois. The work was sponsored by the National

Science Foundation under Grant NSF-ENV-74-22962

The writers wish to thank D. Abrams, B. Algan, H. Cecen, J. Moehle,

D. Schipper, and B. Volkert, research assistants in the Department of

Civil Engineering for their generous advice and assistance. Acknowledgment
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is also due to R. Fernandes for his help in constructing the test struc

ture.

Appreciation is due to Professor V. J. MacDonald and Mr. G. Lafenhagen

for their able management of the earthquake simulation and data-acquisition

systems, and to Mr. O. Ray and his staff for fabrication of the hardware

and assistance in casting the specimen. Thanks to Mrs. P. Lane for typing

this report, and to Mr. R. Winburn and his staff for drafting the figures.

The writers are indebted to the members of the panel of consultants

for their advice and criticism. The panel included M. H. Eligator,

Weiskopf and Pickworth; A. E. Fiorato, Portland Cement Association; W. D.

Holmes, Rutherford and Chekene; R. G. Johnston, Brandow and Johnston;

J. Lefter, Vetrans Administration; W. P. Moore, Jr., Walter P. Moore and

Associates; and A. Walser, Sargent and Lundy.

The IBM 360/75 and CYBER 175 computer systems of the Digital Computation

Laboratory of the University of Illinois were used for the computations and

data reduction in this report.

This report was prepared in connection with T. J. Healey1s graduate

program toward an M.S. degree in Civil Engineering in the Graduate School

of the University of Illinois, Urbana.
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CHAPTER 2

TEST STRUCTURE

2.1 Description of Test Structure and Test Setup

The test structure was a small scale ten-story building comprising

two frames working in parallel to carry a total mass of 4540 kg distributed

equally to each level (Fig. 2.1). The frames were cast horizontally out

of the same batch of concrete. The compressive strength of the concrete was

40 MPa at time of test. The yield stress for the longitudinal reinforce

ment was 350 MPa.

(a) Dimensions

The overall nominal dimensions of the frames are shown in Fig. 2.2.

The measured dimensions are summarized in Table A.3.

The story heights from center line to center line of the beams were

229 mm for the second level through the ninth level, and 279 mm for the

tenth level. The first level height from the top of the base girder to

the centerline of the first level beam was 279 mm. The columns were 58 mm

deep by 38 mm wide.

Each of the three spans from center line of column to center line

of column was 305 mm. The cross section of the beams was 38 by 38 mm.

(b) Test Setup

The test structure was tested using the University of Illinois

Earthquake Simulator (Figures 2.3 and 2.4. A detailed discussion of the

simulator is given by Sozen and Otani (1970).

Before the frames were placed on the test platform, the masses were

stacked on the platform with adjustable wooden blocks in between each mass.

In this way, as the masses were stacked, their positions could be adjusted

so that the center of gravity of a mass was at each of the story levels.
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The frames were then placed on the test platform parallel to each

other on opposite sides of the masses. They were positioned so that the

major axis of the test structure was parallel to the direction of the input

motion (Figures 2.3 and 2.4). The frames were bolted to the platform

through vertical holes in the base girder.

The masses were then connected to the frame. The process began at

the tenth level and continued in descending order, one level at a time,

to the first level. The wooden blocks were not removed during this pro

cedure and were kept in place until the day of the test. The structure

did not carry dead load until then. The connection of the masses to the

frame was designed so that the reactions at the joints were determinate.

Each story mass was supported by two steel channel cross beams. The

cross beams were positioned so that the weight of the mass would be

carried to the centerline of the exterior bay of each frame. Pinned to

each end of the cross beams were a pair of channels which distributed the

reaction equally to an exterior and an interior column (Figures 2.1 and

2.3). Thus, each joint in the frame was designed to carry one eighth

of the weight of the story mass transferred to the joint through a pin

connection.

To provide stability of the test structure about its weak axis and

to provide torsional stiffness about its vertical axis, steel plate

hinges were provided between masses at each level (Fig. 2.1). The light

hinges were well lubricated to minimize restraint in the direction parallel

to the input motion.
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2.2 Reinforcing Arrangement

(a) Design Process

The test structure was designed using the substitute-structure method

(Shibata, 1976). The objective of this design method is to establish the

minimum strengths which the members of the structure must have so that a

tolerable response is not likely to be exceeded.

The test structure was reinforced to resist lateral loads based

on a design response spectrum. The design concrete strength was 30 MPa

at a strain of .003 with a Young1s Modulus (Ec) of 21,000 MPa. The yield

stress of the reinforcing steel, based on the average value obtained from

coupon tests, was taken as 350 MPa (Table A.2).

Response spectrum A (Figure 2.5) (Shibata, 1976) modified to a time

scale 1/2.5 was used for the dynamic analysis of the substitute structure.

The maximum base acceleration for the design earthquake was 0.4g. A

comparison of the assumed and obtained spectra is given in Chapter 5.

The flexural stiffnesses of the substitute frame elements are related

to the stiffnesses of the actual frame elements by the relation

(E1) . = (E1) 1'/
Sl a jJ

(2-1)

where (E1) , and (E1) . are flexural stiffnesses of member i for the
Sl a1

substitute and actual structure, respectively, and jJ is the selected

tolerable "damage ratio" for'element i.

The cracked section stiffnesses of each member in the frame, modified

by the appropriate damage ratio, jJ, was used in the analysis of the

substitute structure. Since the amount of reinforcement was not known at
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the initial stage of design, it was assumed that the ratio of cracked-to

gross-section moment-of-inertia was 1/3 for beams and columns.

The damage ratio was taken as four for beams (~ = 4) and one for

columns (~ = 1) in the substitute-structure. These damage ratios were

chosen with the intent that energy be dissipated primarily in the beams

during the design earthquake.

A linear dynamic response analysis was made to obtain modal periods,

shapes, and forces for the first three modes of the substitute structure.

For this preliminary analysis, the modal damping was taken as 10% for all

three modes. Motion was considered only in one horizontal direction.

Trial design moments at critical sections were obtained as the square

root of the sum of the squares RSS moments for the beams and 1.2 * RSS

moments for the columns. The column RSS moments were amplified by 1.2

to reduce the risk of inelastic action in the columns.

A steel reinforcement arrangement was selected, and another linear

dynamic response analysis was made. Shapes of the first three modes of

the substitute structure for this final trial are shown in Fig. 2.6.

The substitute modal damping factors were obtained from the following

expressions (Shibata) 1976

B =m
EP·*S .

1 51

EP.
1

(2.2)

where L (M .2 + 2
Pi = Mbi - M .Mb·)

6(E1)si
a1 al 1

Ssi = 0.2 (1 - (1/~i)1/2) + 0.02

(2.3)

(2.4)
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where

13 = "smeared" damping factor for mode mm

P. = strain energy of member i
1

Ssi = substitute viscous damping factor for member i

~. = damage ratio for member i
1

L = length of structural member

Mai &Mbi = end moments of substitute-structure element i for

mode m

It was assumed that the design response acceleration for any damping

factor,S, was related to the response for 13= 0.02 by the equation (Shibata,

1976)

Response Acceleration for 13
Response Acceleration fors= .02 = 8

6+10013
(2.5)

The modal forces for the first three modes were then modified using

equation (2.5) according to their respective "smeared" damping ratio from

equation (2.2).

The RSS of the modal beam moments were used for design. The

design beam moment per level along with the yield strength provided is

shown in Fig. 2.7.

The RSS of the column shear forces were used for design of the spiral

shear reinforcement. The distribution of those forces are shown in Figure

2.8. All beams and columns had more transverse shear reinforcement than

required by the design forces to minimize the risk of primary failure in

shear.

The design axial forces on columns were taken as the dead weight of

the masses + RSS axial forces. The design column moments were taken as
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the RSSmoments amplified by 1.2, except at the base where the RSS moments

were used. The first story RSS moments were not amplified by 1.2 with the

notion that inelastic action is difficult to avoid at the base. The distri

bution of the design axial forces and design moments are shown in Figures

2.9 and 2.10.

An interaction diagram for the columns is shown in Fig. 2.11. The

position of the columns are also plotted on the interaction diagram. All

columns fall within the diagram except the exterior column at the base on

the tension side of the frame.

To investigate the effects of an exterior column yielding, a second

linear dynamic response analysis was made with the same assumed section

stiffnesses as before, with the exception that a damage ratio of two

(~ = 2) was assumed for one exterior column at the first level. For the

most part, the results of this analysis were not different from those of

the original analysis. As would be expected, the moments at the base

shifted from the soft column to the other three columns which had reserve

capacity. The new positions for the base moments for this analysis are

shown by arrows in Fig. 2.11. The distribution of moments from this analysis

is shown in Fig. 2.12.

(b) Reinforcing Steel Distribution

The arrangement of the longitudinal reinforcement is schematically

shown in Figures 2.2 and 2.13 and is given by the schedule in Table 2.1.

The columns at the base and the second level interior columns were

reinforced with three No. 13 gage wires per face for a reinforcement ratio

of 1.32%. All other columns in the frame contained two No. 13 gage wires

per face for a reinforcement ratio of 0.88%.
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The beams at the first through the seventh levels were reinforced with

three No. 13 gage wires per face for a flexural reinforcement ratio of

1.10%. The beams at the eighth trhough the tenth levels had two No. 13

gage wires per face for a flexural reinforcement ratio of 0.74%.

All beams and columns were reinforced to resist shear forces with

No. 16 gage wire "sp irals" (Fig. 2.2 and 2.13). The spirals were continuous

and had a pitch of 3 mm. The joint details are described in Appendix A.
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CHAPTER 3

TEST PROCEDURE

On the day of the test, the adjustable wooden blocks were removed

from between the masses. At this time all cracks observed on the specimen

were recorded. To locate the cracks, the specimen was coated with IIPartek ll

Pl-A Fluorescent and black light was applied.

The tightness of all bolts on the test setup was then checked. This

included the connections of the masses to the frames, the specimen base

to the test platform, the instrumentation fixtures, and the A-frame to the

test platform (Fig. 2.3).

Hydrocal was then placed at various locations along the connection of

the base of the frame to the test platform. The hydrocal was used as a

check for slip between the test specimen and the platform during the testing.

The following sequence of operations was performed for each test run:

(1) The tightness of bolts fixing the specimen to the platform was

checked.

(2) The tenth level of the structure was given a small initial displace

ment to induce a low-amplitude free vibration. This displacement was

obtained by hanging a small weight from the tenth level over a pulley (Fig.

3.1). Free vibration was initiated by cutting the wire supporting the

weight.

(3) The specimen was subjected to the desired earthquake base motion at

the specified acceleration level.

(4) The specimen was coated with IIPartek ll P-l A Fl uorescent and the new

cracks were marked and recorded.
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(5) A low-amplitude free-vibration test was made as described in

(2).

(6) The structure was subjected to a sinusoidal base motion

IIsweepll of the form

(3-1)

where Xb is the input base motion, Xo is a constant amplitude of the input

base motion, and w is the IIsweepingll driving frequency. These tests will

be referred to as II steady-state tests ll throughout this report.

This sequence was followed three times throughout the entire testing

procedure. Table 3.1 summarizes the events of the experiment in chronological

order.

The input motion for the three earthquake simulation tests was the

recorded north-south component of the earthquake motion measured at E1 Centro,

California (1940). The acceleration level was magnified for each test run.

The maximum recorded base acceleration for the first through the third test

was 0.4 g, 0.95 g and 1.42 g, respectively.

The displacement amplitude, X (Eq. 3.1) was chosen so that ideallyo
no damage would occur during the steady $tate tests. The driving frequency

was varied throughout each individual run. The value of the driving frequency

was taken as .8 Hz below the estimated first natural frequency initially, and

gradually increased in increments of .2 Hz up to .8 Hz above the frequency at

which maximum response amplitude was observed.
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CHAPTER 4

OBSERVED RESPONSE

4.1 Introductory Remarks

(a) General Comments

The results of the earthquake simulation tests previously described

in Chapter 3 are presented in this chapter. The presentation is based

on instrument signals which were recorded during each earthquake test,

and on observed crack patterns of the structureo For a complete descrip

tion of the data recording procedure, see Appendix A. The process for

marking and recording the crack pattern of the structure is described in

Chapter 3.

(b) Terminology

Certain terms are used throughout this chapter and are defined here

for clarity. Throughout this chapter "test run" \'/ill refer to one of

the earthquake simulation tests.

A response spectrum refers to the response of a linear single-degree

of-freedom system subjected to a given base motion for a given level of

damping. In this chapter the base motion is the base acceleration recorded

during a test run. For each test run a response spectrum is presented for

various damping levels.

In describing the base motion, it is sometimes advantageous to use

the spectrum intensity as well as the maximum base acceleration. The

spectrum intensity, as defined by Housner, is the area under the velocity

response spectrum from periods of 0.1 to 2.5. The maximum base accelera

tion and the spectrum intensity for various damping levels are given for
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each test run. To fit the time scale (2.5) of the earthquake motions used

in the tests, Housner's Intensity is redefined to include the area under

the velocity-response curve over the period range 0.04 to 1.0 sec.

Reference is made to response in a given mode. The mode of vibration

refers to the phase relationship of the responses of the ten floor levels.

For instance, by IIfirst mode ll it is meant that the responses of all ten

levels are oscillating in the same phase. By "second mode" it is meant

that some of the levels are oscillating in one phase while the remaining levels

are oscillating in another phase.

The histories of the displacements and accelerations at each story

level for each test run are presented. From these records the story level

shear and base overturning moment waveforms were obtained. The story level

shears and base overturning moments are also presented.

It should be mentioned that a frequency-filtered portion of each

waveform is superimposed on the true waveform of all time histories

presented in this chapter. The filtered waveform is shown as a solid

line, while the total record is shown as a broken line. The filtered

waveforms will be discussed in Chapter 5 and are of no consequence in this

chapter.

In all three test runs, the responses of the north frame and the

south frame at each level were almost identical. Therefore in this chapter,

only the responses associated with the north frame are reported. The north

side was chosen arbitrarily.

4.2 Earthguake Simulation Tests

(a) Condition of the Specimen Prior to Testing

Small cracks in the structure due to shrinkage and handling were

observed prior to test run one. The crack pattern is depicted in Fig. 4.26.
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As shown in the figure, cracking was negligible with all crack widths

being much less than 0.05 mm.

(b) Base Motion

The maximum observed base acceleration for runs one, two and three

was 0.40 g, 0.98 g and 1.42 g, respectively. The measured base accelera

tions are shown in Fig. 4.8 for run one, Fig. 4.10 for run two, and

Fig. 4.12 for run 3. Response spectra for the base motions for each run

are shown in Fig. 4.1 through 4.6. Spectrum intensities are given in

Table 4.1. Fig. 4.25 shows maximum observed base acceleration versus

spectrum intensity (SI 20 ). As seen in the figure, the relationship is

linear. Thus, the base motion can be described equally well using either

parameter.

(c) Accelerations

The response histories for horiiontal accelerations at each level

are shown in Fig..• 4.7 through 4.12 for each of the three test runs.

The maximum observed horizontal accelerations at each level are summarized

in Table 4.2.

As shown in the figures, the horizontal accelerations seem to have

very little high-frequency components. The acceleration histories were

almost completely in phase consistent with the first mode, for each of the

three test runs.

(d) Displacements

The horizontal displacement records for the three test runs are

presented in Fig. 4.13 through 4.18. The single-amplitude displacement

maxima are listed in Table 4.3.

As would be expected, the horizontal displacement records exhibited

little or no high-frequency components. For each test run, all ten levels

were in phase consistent with the first-mode.
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(e) Story Shears and Base Overturning Moments

Histories of story shears for each test run are given in Fig. 4.19

through 4.24. The single-amplitude maximum observed story shears are

summarized in Table 4.4.

Not unlike the acceleration records, the story shear records are

first-mode dominated for each of the three test runs.

The base overturning moment records are shown in Fig. 4.13 for run

one, Fig. 4.15 for run two and Fig. 4.17 for run three. The maximum base

moments are summarized in Table 4.4.

The base overturning moment records are shown along with the horizontal

displacement records. As seen in the figures, the base overturning moment

time histories are in phase with the displacement records for each of the

test runs.

(f) Crack Patterns

Figure 4.27 depicts the crack pattern after test run one. The

structure incurred little additional cracking during run one with all

observed crack widths being less than or equal to 0.10 mm.

Figure 4.28 shows the crack pattern after test run two. Cracking

observed after run two was extensive. Crack widths at the first level

were measured to be as high as 0.25 mm. Spalling occurred at the base

on the outside of one of the exterior columns. Figure 4.30 shows a

photograph taken of the spalling after run two.

Figure 4.29 depicts the crack pattern of the structure after test

run three. The structure suffered additional cracking with crack widths

at the second level measuring 0.38 mm. Spalling occurred at the base of
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the outside of both exterior columns. A photograph of the spalling is

shown in Fig. 4.31.
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CHAPTER 5

DISCUSSION OF OBSERVED RESPONSE

5.1 Introductory Remarks

The presentation in this chapter is based on the observed response

of the structure during the earthquake simulation tests and on the results

of the free-vibration and steady-state tests. The testing procedure is

described in Chapter 3. The response histories, response maxima, and

response spectra for the earthquake si~ulation tests are presented in

Chapter 4. In this chapter an earthquake simulation test will be referred

to as a "run ".

5.2 Apparent Frequencies of the Test Structure

(a) Frequency-Domain Response

To investigate the apparent frequency of the response of the test

structure, the response histories were transformed into the frequency

domain. The transformation into the frequency domain was accomplished

by means of the Fourier transform. Fourier amplitude spectra for the

horizontal displacement and acceleration histories for each test run are

given in Fig. 5.1 through 5.6. From these spectra it is seen that the

displacement and, to some extent, acceleration records are dominated by

components in the 0.0 to 3.0 Hz range. The apparent first-mode frequency

co! responds to the spike in the Fourier amplitude within this range. The

measured first-mode frequencies were 2.0 Hz, 1.4 Hz and 1.0 Hz for run

one, two and three, respectively.
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To investigate the contribution of the apparent first mode to the

response of the test structure during the earthquake simulation tests,

the response histories were filtered of components with frequencies

greater than 3.0 Hz. The filtered response histories are presented in

Chapter 4 in Fig. 4.7 through 4.24. As previously described in Chapter

4, the filtered record is shown as a solid line superimposed over the

total record which is shown as a broken line. As might be expected, the

filtered records match the total records well. However, as seen in Fig.

4.9 through 4.12, the contribution of higher modes is detected in the

acceleration histories for both the second and third runs.

The contribution of higher modes on the response of the structure

can be seen in the Fourier amplitude spectra for the acceleration records

only. As shown in Fig. 5.2, the second through fourth level acceleration

records for run one have perceptible contributions at frequencies 7.7 Hz

and 15.0 Hz, which are the apparent second and third-mode frequencies,

respectively. The motion at the first level is strongly influenced by

the base motion.

In run two the second through fourth level acceleration histories

have a high second mode contribution with an apparent frequency of 6.2 Hz

(Fig. 5.4). The acceleration records at levels two, six and seven show a

moderate third-mode contribution at 12.3 Hz.

In run three (Fig. 5.6) levels two through six and ten had an apparent

second-mode component at 5.4 Hz. A third-mode contribution at 9.6 Hz

can be seen at levels two, three, six and ten. Table 5.1 summarizes the

apparent frequencies of the test structure obtained from the Fourier

amplitude spectra.
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(b) Free-Vibration Tests

As previously described in Chapter 3, before and after each test

run, the structure was given an initial-displacement free vibration. The

tenth level acceleration response and the Fourier amplitude spectrum for

each free-vibration test are provided in Fig. 5.7 and 5.8. The response

histories were filtered of components with frequencies greater than 4 Hz

so that the first-mode frequency of the structure could be measured.

As shown in Fig. 5.7, prior to run one, the response of the structure

in the free-vibration test exhibits contributions from several modes.

From the Fourier spectrum, the apparent first-mode frequency is 3.2 Hz.

However, another strong modal contribution is seen at 6.7 Hz, which is

much too low to represent a second-mode frequency. This frequency is

attributable to a IItorsiona1 11 mode in which the two parallel frames were

vibrating out of phase. Torsional vibration could have arisen as a result

of either a difference in the initial stiffness of the two frames comprising

the test structure,or a difference in the initial displacements of the

two frames at the start of the test. However, since the apparent torsional

mode was not present in the other free vibration tests as evidenced by

the Fourier amplitude spectra, it may be assumed that the two frames had

initial stiffnesses sUfficiently different to cause torsional vibrations.

From Fig. 5.7 and 5.8 the measured first-mode frequencies are 3.2 Hz,

2.9 Hz, 2.3 Hz and 1.9 Hz for tests prior to run one, after run one, after

run two and after run three, respectively. In the same order, the apparent

second-mode frequencies are 15.6 Hz, 10.6 Hz, 8.7 Hz and 7.5 Hz. The

apparent third-mode frequencies are 26.5 Hz, 19.0 Hz, 15.4 Hz and 12.9 Hz.

The measured frequencies obtained from the free vibration tests are summarized

in Tab1e 5. 1.
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(c) Steady State Tests

After each test run, the structure was given a steady-state test as

described in Chapter 3. The structure was subjected to low-amplitude

sinusoidal base excitation. The base excitation was swept through various

frequencies near the expected apparent frequency of the structure. The

results of the tests in the form of amplication ratio versus input

frequency of the base motion, are shown in Fig. 5.9.

The amplification ratio was calculated by normalizing the observed

tenth level amplitude with respect to the input base amplitude and the

first-mode participation. The participation of the first mode was cal

culated from the observed displaced shape of the structure at apparent

resonance. Thus it was assumed that the contribution of higher modes on

the response of the structure within this low frequency range was negligible.

From Fig. 5.9, apparent resonance occurred at 2.1 Hz, 1.7 Hz and 1.4 Hz

during the steady state tests after run one, two and three, respectively.

The results of the steady-state test are summarized in Table 5.2.

Figure 5.10 is a plot of the measured first-mode frequency of the

test structure versus one-half the maximum double amplitude displacement

of the test structure during the earthquake sinulation tests. That is,

the frequencies measured after the run are correlated with the maximum

displacement of that particular run. As shown in the figure, the measured

frequencies associated with the free vibration tests were consistently

higher while the measurements from the earthquake simulation tests were

consistently lower.

It should be pointed out that the free-vibration and steady state

tests were conducted at low amplitudes. The maximum tenth-level dis

placements during the free-vibration and steady-state tests were approxi

mately lmm and 7 mm, respectively. Given that the effective stiffness of
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a nonlinear structural system is higher at low amplitudes of vibration,

the observed difference in the apparent frequencies for the different

types of tests would be expected. From Table 5.1, a similar trend may

be seen to have occurred for the measured second and third-mode frequencies.

5.3 Measured Energy Dissipation Indices

The response histories for the free-vibration tests were used as an

indication of the capacity of the test structure to dissipate energy

under dynamic loading. Log-decrement measurements were taken of the

filtered portion of each record to obtain equivalent viscous damping

ratios. Following in the chronological order at which the free-vibration

tests were administered (Table 3.1), the measured damping factors

expressed as a percentage of critical damping, are summarized in Table

5.3.

The equivalent damping ratio increased as the test procedure progressed.

As the test structure was subjected to more severe base motions and thus

pushed farther into the inelastic range, apparently the capacity of the

structure to absorb energy at low amplitude was also enhanced. Assuming

that the measurements are not reliabile for differentiating between

fractions of a percent, it would appear that the change in damping from

before and after the steady-state tests was negligible. However, an

appreciable increase in equivalent damping for low amplitude displace

ments occurred after each earthquake simulation test.

The trend of an increase in the apparent equivalent damping of the

test structure after each run is also seen in the results from the steady

state tests. As shown in Fig. 5.9, the maximum amplification ratios for

the steady-state tests are 5.7 after run one, 4.1 after run two and 3.8
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after run three. As described in Chapter 3, the base motion in each

steady-state test was the same within the limitations of the earthquake

simulation system. From these results, there appears to have been a

large increase in the energy dissipation capacity of the structure at

moderate amplitudes from one to run two. Results of the steady-state tests

are not interpreted in terms of damping factors because, especially in runs

two and three, the response of the system was perceptibly nonlinear.

5.4 Response During the Design Earthquake

As previously described in Chapter 2, the test structure was designed

for an idealized response spectrum at an effective peak acceleration of

0.4 g. Fig. 5.11 compares the obtained response spectra from the measured

base acceleration of run one with the assumed response spectra used for the

design. The assumed acceleration response was less than the obtained

response in the low frequency region. For comparison, a linear dynamic

response analysis was made of the substitute-structure (Chapter 2) using

the obtained response spectrum. Another analysis was made of the test

structure assuming gross-section stiffnesses for the components of the

structure and using the obtained response spectrum.

(a) Displacements

The maximum single-amplitude displacements and one-half the maximum

double-amplitude displacements observed in run one are provided in Fig.

5.12. These maximum displacements occurred simultaneously during run one.

The calculated displacements given by the various linear dynamic response

analyses described above, are also shown in Fig. 5.12.

The calculated displacements given by the gross-section analysis

result in a low estimate of both the single-amplitude and one-half
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double amplitude maximum observed displacements. The substitute

structure analysis based on the assumed design spectrum leads to dis

placements that were exceeded at all levels by the observed single

amplitude displacements and at the first six levels by one-half the

observed dOUble-amplitude displacements. The substitute-structure

analysis based on the response spectrum fron run one indicates displace

ments which were not exceeded in the top five levels by either single

amplitude or one-half double-amplitude observed displacements. However,

the single-amplitude displacements observed at levels one through four

and one-half the double-amplitude displacements observed at levels one

and two were greater than those indicated by this analysis.

The gross-section analysis would be expected to five a poor estimate

of the observed maximum displacements. Although the substitute-structure

analysis indicates displacements that are comparable to those observed,

the displacements indicated were exceeded at the lower stories. Since

the primary objective of the substitute-structure method was to produce

a structure to stay within tolerable displacement limits, these results

suggest that some modifications need to be made to the procedure used for

the selection of reinforcement in the lower-story columns and beams. It

is quite likely that another base motion having the same intensity might

excite the structure into larger displacements.

(b) Forces

As mentioned earlier in this chapter, the response of the structure

seems to have been dominated by the first-mode, especially during the

design earthquake. This is demonstrated in Fig. 5.13 which shows the

displacements, lateral forces, shears and overturning moments at each

level at time 1.42 seconds into run one. The maximum displacements, base

shear and overturning moment occurred simultaneously.
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Fig. 5.14 shows the observed and the calculated maximum story shears

and overturning moments. Both the substitute-structure analyses resulted

in forces less than the maximum observed. On the other hand, the gross

section analysis indicates forces that are much larger than those observed.

It should be noted that the forces developed in the structure are a

function of the actual strength of the structure. Because of the general

trend of the decisions made in going from design requirements to reinforce

ment, the design forces are likely to be exceeded.

(c) Frequencies

A comparison of the calculated frequencies of the structure with the

observed frequencies, previously discussed in section 5.2, provides insight

into the apparent discrepancy between the observed and calculated forces

in the structure. Table 5.4 summarizes the calculated first-mode fre

quencies. The apparent first-mode frequency was 2.0 Hz in run 1. The

calculated first mode frequencies are 1.8 Hz and 3.6 Hz for the substitute

s tructure and :gross-secti on ana lyses, respecti ve ly. The substitute

structure model was evidently more flexible than the actual test structure

was observed to be. However, the gross-section model is far too stiff,

thus leading to low deflections and very high forces.

5.5 General Features of Response

(a) Displacements

The maximum observed single-amplitude tenth level displacement versus

spectrum intensity (51 20 ) is shown in Fig. 5.15. As seen in the figure

there is a linear relation between the two.
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In run one the maximum tenth-level displacement was 23.6 mm or 1%

of the total height of the structure. The maximum inter-story displacement

occurred between the base and the first level, measuring 4.8 mm, or 1.7%

of the story height. During run blO the maximum tenth level displacement

was 51.2 mm, or 2.2% of the height of the structure. The maximum inter

story displacement was 9 mm, or 3.9% of the story height, occurring between

the second and third level. The maximum tenth level displacement in run

three was 68.1, or 2.9% of the height crf the structure. The maximum

inter-story displacement occurred between levels two and three and measured

9.9 mm, or 4.3% of the story height.

(b) Forces

Unlike the response of the test structure during run one, for runs

two and three the maximum base shear and overturning moment occurred at

slightly different times. This is attributed to the contribution of higher

modes to the response of the structure. Figures 5.16 and 5.17 show the

displacements, lateral force distribution, story shears and overturning

moments for run two at the instances of maximum base shear and overturning

moment, respectively. Similarly, Fig. 5.18 and 5.19 shows the same

sequences of distribution for run three. Notice that although the maximum

base shear and overturning moment occur at different time instances, in

both run two and three they are less than O. 1 second apart.

As presented in Chapter 4, the maximum base shear and overturning

moment during run two was measured at 31.4 kN-m and 16.5 kN, respectively.

During run three the observed maximums were 30.0 ktl-m and 16.2 kN. The

test structure apparently developed slightly less force in the third run

than in the second, even though the maximum base acceleration and spectrum

intensity of run three were approximately 1.5 times as great as those of run

two.
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(c) Force-Displacement Relation

The maximum base shear versus the maximum tenth-level displacement

observed during the earthquake simulation tests is provided in Fig. 5.20.

The points along the initial slope were obtained from the observed tenth

level displacement and base-shear "peak" at the beginning of run one. As seen

in the figure, the maximum base shear starts to level off at 15 kN with a

displacement of 23.6 mm which occurred early in run one. The data in the

figure suggest that general yielding of the structure was reached in run

one, the "design earthquake."

(d) Limit Strengths of the Test Structure

For the purpose of comparison with the observed maximum base shear,

a limit analysis was made of the test structure. In this analysis it was

assumed that the structure was subjected to a first-mode (triangular)

loading. The beam ultimate moments used in the analysis were obtained

from static tests performed on models of beam-column joints (Kreger, 1978:).

The column ultimate moments were calculated assuming an ultimate stress

in the steel of 410 MPa. Assuming various collapse mechanisms, the

ultimate base shear was calculated. Figure 5.21 shows a plot of ultimate

base shear versus collapse mechanism.

From the figure, the observed maximum base shear is 16.5 kN, and the

maximum ultimate base shear corresponding to a first-story mechanism is

18.5 kN. The minimum base shear, corresponding to a mechanism with

yielded fifth level columns and first through fourth level beams, is 12.3 kN.

However, observing the crack pattern of the structure after run two and

three (Fig. 4.28 and 4.29) suggests that all or most of the beams had

yielded in the structure. Thus, the last mechanism shown in Fig. 5.21

with all beams yielding is probably the most reasonable one for the test

structure. The base shear corresponding to this mechanism is 14.4 kN.
t Not published
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It should be remembered that several simplifying assumptions were made

in the limit analysis. For example, in the analysis it was assumed that

the loading was triangular and constant with time. In fact, during the

earthquake simulation tests the magnitude and distribution of the lateral

loading is constantly changing with time. Also no account was made for

strain rate or strain hardening in the components of the structure.
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CHAPTER 6

SUHMARY

6.1 Object and Scope

The purpose of this study was to investigate the dynamic behavior of

a ten-story reinforced concrete structure with a tall first story. As

part of the testing procedure, the structure was subjected to strong base

motions simulating the north-south component of the earthquake recorded

at El Centro, California (1940).

The structure was designed on the basis of a linear dynamic analysis

using a smooth design spectrum for the input motion (Shibata, 1976). A

"substitute-structurell model for the analysis incorporated the expected

change in strength of the structure.

6.2 Test Structure

The test structure comprised two small scale ten-story three-bay

frames working in parallel to carry a 454 kg mass at each level (Fig. 2.1).

The frames were cast horizontally out of the same batch of concrete. The

compre~sive strength of the concrete on the day of the test was 40 MPa.

The yield stress for the longitudinal reinforcement was 350 MPa.

The story heights from beam centerline-to-centerline were 279 mm for

levels one and ten and 229 mm for levels two through eight. Each of the

three bay widths were 305 mm from column centerline-to-centerline (Fig.

2.2).
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The reinforcement was proportioned in relation to an effective peak

acceleration of 0.4 g. The first-level columns and the interior second

level columns had a reinforcement ratio of 1.32%. All other columns in the

structure had a reinforcement ratio of 0.88%. The flexural reinforcement

ratios for the beams were 1.10% at levels one through seven and .74% at

levels eight through ten (Fig. 2.2 and 2.13). The design base shear coefficient

was 0.24.

6.3 Test Procedure

The test structure was subjected to three earthquake simulation tests.

The input motion for the three tests was a scaled version of the north-south

component of the earthquake recorded at E1 Centro, California (1940). The

acceleration level was magnified for each test run. The maximum recorded

base acceleration for runs one, two and three were 0.4 g, 0.95 g, and 1.42 g,

respectively.

Before and after each earthquake simulation test, the structure was

given a low-amplitude free vibration. Also after each earthquake simula

tion test, the structure was subjected to a steady-state test by means of a

sweeping sinusoidal base motion. Table 3.1 summarizes the testing sequence.

6.4 Behavior of the Test Structure

One of the striking features of the observed response of the test

structure was the apparent domination of the first mode. As seen in

Fig. 4.7 through 4.24 the response histories for each particular test run

were in phase, especially in run one. However, the influence of higher

modes can be seen in the acceleration histories of both runs two and three.
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In general, the apparent natural frequency decreased with the maximum

amplitude of motion previously experienced by the test structure as shown

in Fig. 5.10. However, frequency measurements differ as a function of the

amplitude of motion of the particular test to measure the frequency. The

measured frequencies from the free-vibration tests were consistently higher

while those from the earthquake simulation tests were consistently lower.

A similar trend may be seen to have occurred for the measured second and

third-mode frequencies. Table 5.1 summarizes the measured frequencies of

the structure.

Damping factors obtained from the free-vibration tests using the

logarithmic decrement method, were found to have increased after each

earthquake simulation test. The measured equivalent damping factors are

given in Table 5.3. A similar trend can be seen in the results of the

steady state tests (Fig. 5.9). The amplification ratio at apparent resonance

decreased from test to test, especially from the first to the second test.

The response maxima of the earthquake simulation tests are summarized

in Tables 4.2, 4.3 and 4.4. The maximum tenth-story displacement in the

design earthquake test was 23.6 mm, or 1% of the height of the structure.

The maximum inter-story displacement was 4.8 mm, or 1.7% of the story height,

occurring between the base and the first level.

The maximum observed displacements in the design earthquake test

along with maximum displacements indicated by various linear dynamic

response analyses are shown in Fig. 5.12. The linear analyses included

a substitute-structure model based on both the assumed and obtained response

spectra. An "elas tic" analysis was made of the structure using the gross

section stiffness for the components of the structure. The displacements
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indicated by the elastic analysis are appreciably lower than those observed.

Although the substitute-structure analysis indicates displacements compar

able to those observed, the calculated displacements at the lower four

stories were exceeded during the design earthquake.

The maximum observed base shear during the first run was 15.6 kN,

or 0.35 W, where Wis the weight of the test structure. The elastic

analysis (based on response to measured base motion at a damping factor

of 0.1) described above indicates a maximum base shear of 24 kN, or 0.54 W.

As might be expected, the elastic analysis indicated displacements much

lower and forces much higher than those observed.

The maximum observed base shear versus the maximum tenth-level

displacement in the earthquake simulation test is presented in Fig. 5.20.

The plot suggests that general yielding of the structure was reached

during the IIdesign earthquake. II However, the crack pattern in the structure

after run one (Fig. 4.27) showed little visible damage to the structure.

In fact, most residual crack widths were too small to measure (less than

0.05 mm). The crack pattern in the structure after runs two and three

(Fig. 4.28 and 4.29) showed spalling at the exterior base columns and

substantial cracking throughout the structure.

Based on the little apparent damage incurred to the structure and

the maximum observed displacements of the structure during run one, the

structure was well behaved during the IIdesign earthquake ll
• However, the

fact that observed displacements at the lower levels of the structure

exceeded the displacements indicated by the substitute-structure analysis

suggests that modifications need to be incorporated into the design process

at the lower levels of the structure.
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Table 2.1 Flexural Reinforcing Schedule

Level Number of No. 13g Wi res Per Face

Beams Interior Exterior
Columns Columns

10 2 2 2

9 2 II II

8 2 II II

7 3 II II

6 II lJ II

5 II II II

4 II II II

3 II 2 II

2 II 3 2

1 3 3 3
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Table 3.1

Sequence of Test Procedure

l. Free Vi bration

2. Earthquake Motion Run 1

3. Free Vibration

4. Steady State Run 1

5. Free Vibration

6. Earthquake Motion Run 2

7. Free Vibration

8. Steady State Run 2

9. Free Vi brati on

10. Earthquake Motion Run 3

1l. Free Vibration

12. Steady State Run 3

13. Free Vibration
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Table 4.1 Spectrum Intensities for Observed Base Motions

Spectrum Intensity, mm * 10-3

Test Run Damping Factor B
0.0 0.02 0.05 0.1 b 0.20

1 0.598 0.378 0.299 0.241 0.199

2 1.061 0.671 0.534 0.433 0.362

3 1. 274 0.799 0.634 0.517 0.435

Note: Housner's Intensity over a period range of 0.04 to 1.0 sec.

Table 4.2 Observed Maximum Single-Amplitude Horizontal Accelerations

Story Acceleration, g
Level Run 1 Run 2 Run 3

10 0.76 1. 24 1.64

9 0.60 0.87 1.06

8 0.51 0.67 0.73

7 0.49 0.59 0.72

6 0.41 0.54 0.78

5 0.40 0.68 0.74

4 0.43 0.81 0.78

3 0.46 0.77 0.77

2 0.50 0.66 1.09

0.40 0.59 1. 21

Base 0.40 0.93 1.42
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Table 4.3 Observed Maximum Single-Amplitude Horizontal Displacements

Story Displacement, mm
Level Run 1 Run 2 Run 3

10 23.6 51.2 68.1
9 22.8 48.6 66.3
8 21.3 46.3 60.9
7 20.7 44.5 57.4
6 18.6 40.6 52.2
5 16.7 33.0 40.0
4 14.4 31.0 38.3
3 12.3 25.7 30.0
2 8.3 16.7 20. 1
1 4.8 9.9 11.9

Table 4.4 Observed Maximum Single-Amplitude Story Shears and Base
Overturning Moment

Story Shear, kN
Level Run 1 Run 2 Run 3

10 4.0 506 7.4
9 5.9 9.4 11.0
8 8.1 11.8 13.2
7 9.6 13.0 14. 1
6 10.9 13.7 14.3
5 12.3 14.0 14.8
4 13.3 14.9 14.9
3 14.2 15.8 15.4
2 15. 1 15.6 15.2
1 15.6 16.5 16.2

Overturning Moment, kN-M
Base 25.3 31.4 30.0
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Table 5.1

Measured Frequencies of the Test Structure

Test Run Frequency (Hz)

t~ode 1 r~ode 2 Mode 3

Earthquake 1 2.0 7.7 15.0
simulation 2 1.4 6.2 12.3

3 1.1 5.4 9.6

Free Vi brati on before run 1 3.2 15.6 26.5
after run 1 2.9 10.6 19.0
after run 2 2.3 8.7 15.4
after run 3 1.9 7.5 12.9

Steady State after run 1 2. 1
after run 2 1.7
after run 3 1.4

Table 5.2

Maximum Amplification Ratio and Apparent
Resonance from the Steady-State Tests

Test
Sequence

After run 1

After run 2

After run 3

Maximum Amplification
Ratio

5.7

4.1

3.8

Apparent
Resonance (Hz)

2. 1

1.7

1.4
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Table 5.3

Measur~dEquivalent Damping Factor
from the Free-Vibration Tests

Tes t Sequence Damping Factor

Before run 1 1.9

After run 1 5.6

Before run 2 5.8

After run 2 7.8

Before run 3 8.4

After run 3 10.2

Table 5.4

Calculated First-Mode Frequencies
of the Test Structure

Analysis Type First Mode Frequency (Hz)

Substitute-structure

Gross-section
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Fig. 4.26 Crack Patterns Observed Before Testing
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APPENDIX A

DESCRIPTION OF EXPERmENTAL HORK

A.l Material Properties

(a) Concrete

Small-aggregate concrete was used to cast the test frame. The mix

proportions by dry weight were 1:0.90:3.61 (cement:fine aggregate:course

aggregate). The water-cement ratio was 0.80. The cement was high early

strength (Type III), the fine aggregate was fine lake sand and the course

aggregate was Wabash River sand.

Mechanical properties were determined from tests on samples which

were cast simultaneously with the frame specimen. These tests were

performed on the same day that the frame specimen was tested.

Compressive properties were determined by testing cylinders using a

1120-ki p" universal testing machine. Strains were measured using a O.025-mm

mechanical dial gage with a 127-mm gage length up to maximum stress. A

representative stress-strain relation is shown in Fig. A.l. Young's

modulus of the concrete was taken as the slope of the secant drawn from

zero to seven MPa.

The tensile properties were determined by splitting tests on l02X204-mm

cylinders. The modulus of rupture was determined by loading51X51-rrm cross

sections at the center of a 152-mm span. The average strength of the

concrete control specimens is summarized in Table A.l.

(b) Steel Reinforcement

(1) Flexural Reinforcement: No. 13 gage plain bright basic

annealed wire was used as flexural reinforcement. The nominal cross

sectional area and diameter are 4.242 mm2 and 2.324 mm, respectively.
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Twenty random samples of no. 13 gage wire were picked from the same lot

that the flexural reinforcement was taken. The average measured diameter

was 2.326 mm with a standard deviation of .002 mm.

Tension tests were performed on bJenty coupons using a "1.5

kip" MTS testing machine. Strains were determined using an electrical

resistance clip gage with a .5-in. gage length.

Ten of the coupons were tested at a strain rate of .001/sec., and

the other ten were tested at a strain rate of .005/sec. The results of

these tests are summarized in Table A.2. A typical stress-strain relation

is shown in Fig. A.2.

(2) Transverse Reinforcement: No. 16 gage plain wire was used

for transverse reinforcement in this experiment. The nominal cross-sectional

area and diameter are 1.981 mm2 and 1.588 mm, respectively. Twenty random

samples of No. 16 gage wire were selected from the same lot that the trans

verse reinforcement was taken. The average measured diameter was 1.584 mm

with a standard deviation of .006 mm.

The wire was deformed by a machine into a rectangular helix of

25 x 38 mm for columns, and a 19 x 25 mm rectangular helix for beams. The

helix had a pitch of 10 mm (Fig. 2.13). The average yield stress was found

to be 760 ~1Pa.

(3) Joint Reinforcement: For confinement of the concrete at the

joints, 32 mm 0.0. spirals made of No. 16 gage vIire \'!ere used for joint

reinforcement. The spiral had a pitch of 10 mm. Metal tubing with a 13.11

mm 0.0. was also provided at each joint to prevent deterioration of the

concrete at the connection of the masses to the frame (Fig. 2.13).

(4) Base Girder Reinforcement: Details of the reinforcement for

the base girder are shown in Fig. 2.2. Two #4 rebars grade 60 per face were

used for flexural reinforcement. Number 8 gage wire stirrups spaced at 51



107

mm were used as shear reinforcement. The reinforcement was provided so that

the base girder could resist the maximum overturning forces. Steel

tubing provided vertical holes in the base girder to bolt the specimen to

the earthquake simulator.

A.2 Construction

(a) Fabrication of Steel Reinforcing Cages

For protection during shipping, the reinforcing steel was covered with

heavy oil by the supplier. To remove the oil, the wire was soaked in a

petroleum-based solvent. The wire was then cleaned with acetone to remove

any residual film.

The reinforcing cages for both frames of the test specimen were fabri

cated by tying the flexural reinforcement to the transverse spiral

reinforcement with a ductile .9l2-mm dia. wire. First the column reinforce

ment was assembled with continuous transverse spiral reinforcement. Then the

beam flexural reinforcement was slipped through the column cages and tied

to the transverse spiral beam reinforcement (Fig. 2.13).

The reinforcing cages were then sprinkled with a 10% solution of

hydrochloric acid and placed in a fog room for 35 hours. This process

induced slight rusting of the steel to improve bond with the concrete in

the test specimen. Upon removal from the fog room, the cages

were brushed and rinsed with water to remove excess rust.

The day before the specimen was cast, the reinforcing cages were placed

in the forms. The spiral reinforcement was then placed at the joints. To

provide imbedment at the base of each frame, a 102 x 51 x 3.2-mm steel

plate was welded to the flexural reinforcing of each column 102 mm below

the top of the base girder.
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(b) Casting and Curing

The two frames and the control specimens were cast using concrete from

the same batch. The frames were cast monolithically. Proper placement of

the concrete was insured by use of a mechanical stud vibrator. Approximately

one half hour after placement, the conc~ete was struck off and finished with

a metal trowel. The frames were then covered with plastic sheet.

Approximately ten hours later, the side forms. were carefully removed.

The frames were then covered with wet burlap, and plastic sheet was placed

over the burlap. The frames were left this way for two weeks and allowed

to cure. The plastic and burlap were then removed, and the frames were

stored in the lab. The cylinders and prisms received the same treatment.

Table A.4. gives the chronology for the test frame.

(c) Measured Dimensions

Before the specimen was tested, the length; depth and width of all

beams and columns in the test frame were measured. Within the accuracy of

a tape measure, the length of every beam and column in the test frame was

found to match the nominal length.

After the specimen was tested, the concrete cover was chipped off in

30 locations near joints in the structure. The cover thickness was measured

to determine the depth to the flexural steel in the beams and columns in

the test frame. All measurements taken of the test frame are summarized in

Table A.3.

A.3 Instrumentation

Two types of gages were used to measure the response of the specimen.

Twenty-seven accelerometers were installed to measure accelerations, and 21

linear voltage differential transformers (LVDT) were installed to measure

displacements.
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For each frame, one accelerometer was fastened to the longitudinal

connections of the weights along the centerlines of the beams at each level

and at the top of the base girder (Fig. A.3). Also an accelerometer was

installed on the centerline of the tenth level mass between the two frames.

These accelerometers were positioned to measure horizontal acceleration

parallel to the imposed direction of motion.

One accelerometer was installed on the top of each frame and posi

tioned to measure vertical acceleration. Two accelerometers were installed

on the tenth level mass. These accelerometers were situated in such a way

as to measure horizontal acceleration perpendicular to the imposed direction

of motion.

Eighteen of the accelerometers were Endevco Model 2262C Accelerometers

with a range of ~ 50 g. The other nine accelerometers were Endevco Model

AQ-116-15 Accelerometers with a range of ~ 15g. Both models measure

absolute acceleration.

Twenty-one LVOT's were used to measure relative displacements of the

test specimen. Twenty of the gages were mounted on a steel A frame (Fig. A.3)

which had a natural frequency of 48 Hz. These gages were mounted with their

axis parallel to the direction of the imposed motion along the center-line

of the beam of each floor level on both frames. One LVOT was also mounted

on the ram of the earthquake simulator to measure the input motion during

the experiment.

The LVOT's used in this experiment were Schaevitz AC-type differential

transformers. The travel limit for the gages ranged from + 3 in. at the

top floor levels to + 1 in. at the first level.
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A.4 Data Reduction

The voltage output of the LVDT's and accelerometers was continuously

recorded in an analog format on magnetic tape. Four tape recorders were

used, each having the capability to record thirteen voltage signals and one

audio signal. The input earthquake acceleration waveform was recorded on

one channel of each of the four recording units. In this way the data on all

four tapes could be synchronized.

In order to facilitate conversion from voltage units on the tape to

physical units of the actual test specimen response, calibrations were

performed on both the accelerometers and the linear voltage differential

transformers prior to this experiment. The accelerometers were calibrated

to the earth's gravity (~g) by changing the direction of the axis of the

gage from horizontal to vertical. The LVDT's were calibrated using metal

blocks machined to specific dimensions. The voltage outputs corresponding

to these known physical response levels were recorded on the analog

magnetic tape.

The analog records of the tests were converted into digital records

using the Spiras-65 computer of the Department of Civil Engineering. The

digitization rate was 1000 points per second, and these records were also

placed on magnetic tape. These tapes were then copied on the Burroughs

6700 computer of the Department of Civil Engineering to make them compa

tible with the reading device on the IBM 360-75 computer of the Digital Com

puter Laboratory at the University of Illinois.

A computer program was used to read the calibration factors and zero

levels recorded on the tapes in voltage units. The approximate calibration

factors could then be computed by comparing the known physical response

level to the voltage output for each gage. By reading a portion of the
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tape immediately prior to the onset of a test, the same computer program

obtained zero levels for each gage.

Another computer program was used to process the data into its final

form for permanent storage on magnetic tape. The previously obtained

calibration factors and zero levels were applied to the data, and the data

was processed into the form of a series of response-time relations.

Various other computer programs were used to plot the response-time

relations, shear force and overturning moment records, Fourier Sepctra,

and Response Spectra for the recorded base accelerations. The overturning

effect of gravity load acting through the lateral displacements of the

specimen was included in calculating the overturning moment relations.

Also, a computer program was utilized to separate certain harmonic components

of the wave forms.
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Table A.4

Chronology For Test Structure

Date
Reinforcement fabricatibn 23 t1ay 1977

Casting 26 r-tay 1977

Si de forms struck 26 May 1977

Wet burl ap cover removed 9 June 1977

Lifted off 9 June 1977

Mounted on the earthquake simulator 15 June 1977

Tested 29 June 1977
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Tenth Level Mass

Typical Accelerometer
Measures Minor Direction
Horizontal Acceleration

Typical Accelerometer
Measures Major Direction
Horizontal Accelerat ion

Typical LVDT
Measures Major Direct ion
Horizontal Displacement

Typical Accelerometer
Measures Vertica I
Accelerat ion

Fig. A.3 Instrumentation Layout for the Test Structure
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APPENDIX B

NOTATION

b = width of a cross section

d' = edge distance from the top of concrete to the top of steel

of a cross section

Ec = initial moduls of elasticity of concrete

Es = modulus of elasticity of steel

(E1) .= actual stiffness of member i
al

(E1)s;= substitute stiffness of member i

f' = compressive strength of concretec
f = ultimate stress of steelsu
f = yield stress of steely
g = acce1era ti on of gravi ty

h = total depth of a column cross section

L = 1ength of a structural member

f·1 • ,f1b. = end bendi ng moments of member i
al 1

Pi = strain energy of member i

51 = spectrum intensity

t = time

W = weight of the test structure

Xb = base motion of the steady-state tests

Xo = amplitude of the base motion of the steady-state tests.

8 = damping factor

8n = damping factor for mode n

8si = substitute damping factor for member i
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~ =damage ratio

~i = damage ratio for member i

w = driving frequency of the base motion of the steady-state tests


