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SUMMARY

The earthquake simulator testing and analytical correlation of the

second reinforced concrete frame studied as part of the NSF project

"Energy Absorption Characteristics of Structural Systems Subjected to

Earthquake Excitation" is described. This frame differed from the

first only in avoiding a significant construction error, and in the

sequence of earthquake tests to which it was subjected. Except for

local damage attributed to the construction error of the first frame,

the behavior of this frame was similar to that of the first. Damage

apparently is a cumulative result of the total cyclic strain history

to which the structure is subjected, and is not sensitive to the testing

sequence. Adequate analytical correlation with the observed results was

obtained using the same mathematical modeling concepts as were employed

with Frame l, based on a bilinear fr,:l.me analysis program with a super­

posed first mode stiffness degradati,:m and determination mechanism.
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1. INTRODUCTION

1.1 BACKGROUND

The investigation described in thj.s report is part of the research

program "Energy Absorption Characteris1:ics of Structural Systems

Subjected to Earthquake Excitation," which has been in progress at the

Earthquake Engineering Research Center since the organization of that

research unit. The specific objective of the research described herein

was to continue the study of reinforced concrete frames subjected to

simulated earthquake motions by the EEHC shaking table.

The first stage of this study which involved the design, construc­

tion and testing of a two-story concrei:e frame structure was described

completely by Pedro Hidalgo (l). That ":est served as a pilot model for

the earthquake simulator testing of re:Lnforced concrete frames, and it

demonstrated conclusively

(1) that typical structures could be subjected to base motions

intense enough to cause significant d~nage, and

(2) that dynamic response data cO'lld be obtained which would serve

to verify the validity of assumed math<~matical models and analytical

procedures.

However, two features of that test were not typical of expected

field conditions, as follows:

(1) The most prominent damage obs,,~rved in the first test structure

was a crack in the first floor slab ab:>ve the transverse girder, extending

the full width of the structure; subsequent examination revealed that the

crack resulted from a construction err:>r--the wire mesh in the slab

having been terminated at this section.

1



2

(2) The testing sequence which had been adopted for the first structure

provided a gradual increase of earthquake intensity, requiring five tests

to proceed from the weakest to the strongest level of excitation. Thus

the strongest shake was applied to a structure which already had been

significantly damaged by the preceding tests and it is believed that

this damage had an important effect on the resulting response behavior.

These deviations from normal conditions suggested that a second

test should be performed on another frame built in accordance with the

design plans and specifications of the first test structure. In this

second frame, the construction would be inspected continuously, and the

testing sequence would be planned to apply a maximum intensity earth-

quake to an essentially undamaged structure. This present report describes

the construction and testing of Frame 2. It is an independent report,

giving complete experimental results and a full account of the correlation

of analysis with experiment. However, because of the great similarity

between Frames land 2, extensive reference is made here to the report

h t t ' f F 1(1), d t "d . d l' t'on tees 1ng 0 rame 1n or er 0 aV01 exceSS1ve up 1ca 10n.

In general only specific differences between the construction and tests

of Frames 1 and 2 are discussed in detail here. The organization of

this report follows its predecessor in order to emphasize and take

advantage of the similarities between the two studies.

1.2 REVIEW OF OTHER RESEARCH

An extensive list of references to research work related to the

seismic response of concrete frames was given by Hidalgo (1) , together

with brief descriptive comments on each entry. Similar references and

comments on work which has appeared since that report was written (1973)

are presented here.
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1.2.1 Dynamic Tests

K. Muto, T. Hisada, M. Yamamoto, 'r. Tsugawa, S. Bessho of the

Kajima Corporation in Japan (1973) , carried out experimental studies

to improve reinforcement procedures fo:: concrete structures. The

reinforcing method was intended to be applicable to field construction.

From the point of view of damage control, they established necessary

seismic criteria for structural design.

R. Shepherd and D. A. Ross (1973) tested a full scale reinforced

concrete frame, subjected to lateral loading into the inelastic range.

The inelastic structural behavior was induced dynamically using an

exciter mounted on a frame. The dynamic lateral load at which signifi­

cant inelastic behavior was induced was found to be significantly less

than the equivalent static load on whi,::h the elastic seismic design

was based. The frame also exhibited ma.rked torsional response despite

the fact that the excitation was appli.~d along the plan center line of

the slabs.

1.2.2 Dynamic Analysis

R. D. Sharpe and A. J. Carr (1974) describe the problems encoun­

tered in writing a comprehensive computer program with which the defor­

mation sensitivity of a two dimensional inelastic frame can be measured.

These difficulties arise from the fact that there is a need to simplify

computer input data, as well as the selection of an economic and accu­

rate numerical integration technique which can remain stable over a

reasonable and realistic frequency range. The difficulties met in

designing a beam model for the moment-curvature relationship are also

described and a recommendation made as to the method that can best be

used. The sensitivity of the frames to modelling is also discussed.





2. THE TEST STRUCTURE

2.1 SELECTION AND DESIGN OF TEST STRUCTURE

The basis for selection and desiq1 of the test structure was that

(1)
described for Frame 1 , except that the defect in the slab reinforce-

ment would be avoided for Frame 2 by a1equate inspection during construc-

tion. However, for convenience, the principal features of the test

structure will be described again here.

Figures 2.1 and 2.2 show the dimensions, reinforcing, and general

arrangement of the test structure, which was intended to represent a

two-bay segment of a long narrow building subjected to an earthquake in

the short axis direction. For economy and convenience in testing, it

was built to a length scale of 0.7; ir. addition, the span in the direc-

tion perpendicular to the excitation a.xis was reduced drastically.

Other deviations of the test structurE: from the prototype configuration

were the introduction of force transducers at mid-height in each column,

and the addition of heavy concrete we3.ghts on each floor. The force

transducers were intended to provide direct measurements of the dynamic

axial force, shear, and moment developed in the columns during the test;

their location at mid-height insured that they would not influence the

dynamic response behavior. The weighl:s served to increase the forces

induced during the test, and also to provide an appropriate frequency

of vibration in the model.

In addition, I" ¢ steel cable br,3.cing (shown in Fig. 2.1) was

provided in the transverse direction to constrain the structure against

transverse or torsional motion. These cables were tightened enough to

prevent out-of-planemotions, but did not induce any significant static

Precedtng page b!a~k 5



6

or dynamic stresses in the columns. Figure 2.3 shows the test

structure mounted on the shaking table ready for testing.

2.2 MATERIAL PROPERTIES

Sample specimens of both the reinforcing steel and the concrete

were tested to determine their structural properties. Average stress­

strain curves were then constructed for each type of material, and

these average properties were used in establishing the mathematical

models formulated to represent the structure in computer analyses.

Test data obtained for each type of material are discussed in the

following paragraphs.

(a) Reinforcing Bars

Figure 2.4 is the stress-strain curve obtained in testing a typical

bar of the ASTM A6l5 grade 40 reinforcing steel used in the test frame.

Also tabulated in the figure are the yield stress, ultimate strength,

and other relevant properties measured in each bar test. All bars were

deformed except the #2 bars which were used for ties and stirrups.

(b) Wire Mesh Reinforcement

Both floor slabs were reinforced with 4"x 4" welded wire mesh.

During tensile tests of the mesh, it was found to be quite brittle,

generally breaking at the welded intersection points. Also it was found

that the strength of the mesh used in Frame 2 was noticeably lower than

that used in Frame 1. A typical stress-strain curve, the corresponding

idealized curve, and average values obtained from the wire mesh tests

are shown in Fig. 2.5.

(c) Concrete

The readyrnix concrete used in the test structure was proportioned

to provide 4000 psi compressive strength. Six 6"x 12" test cylinders



7

were cast during the concreting of the structure, and were stored in

conditions similar to those of the test structure. These were subjected

to compressive stress-strain tests just before the shaking table test

of the frame was performed. Stress and strain properties measured

during these tests are listed in Table 2.1, together with average values

for all the tests.

Stress-strain curves obtained from these cylinder tests are shown

in Fig. 2.6. Also shown on this graph is Hognestad's parabolic curve(2)

which was used in the analysis to approximate the stress-strain behavior.

Note that the ultimate strain assumed Eor analysis was

E = 0.:)05
Cult

2.3 SECTION PROPERTIES

The effective cross-section properties of the test structure column

and girders were evaluated on the basis of three different behavior

hypotheses, as follows:

(a) Transformed Area Section

In this case, the concrete is assumed to function as a linear

elastic material in both tension and compression, with a modulus of

elasticity Ec • The steel in the section is assumed to contribute addi-

tional stiffness in accordance with its transformed area A (n-l), wheres

AS is the actual area of steel and n = Es/Ec in which Es is the modulus

of elasticity of steel.

(b) Gross Section

In this case, the concrete is ass:umed to contribute in tension and

compression but no additional stiffnes:s is attributed to the steel.
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(c) Cracked Area Section

In this case, the concrete is assumed to function in compression,

but not in tension. No additional stiffness in compression is attributed

to the steel, but it is assumed fully effective in tension.

Based on these hypotheses and using the properties measured for

the steel and concrete materials, the effective section properties of

both columns and girders were calculated. The actual locations of the

steel in the sections (as measured before pouring of the concrete)

shown in Fig. 2.7 were used in these calculations. Details of the

calculations are shown in Appendix A; results are listed in Tables 2.2

and 2.3. Cracked section yield moments for the girders were evaluated

taking account of the wire mesh reinforcement in the slab. The mesh

contributed little to the positive moment capacity, but made a signifi­

cant difference in the negative yield moment at which tensile yield

occurs in the top layer of steel. For use in a computer program which

does not distinguish between moment of inertia values cor~esponding to

the positive and negative values of the yield moments, the moment of

inertia of the cracked section was defined to be the average of these

values. Idealized yield surfaces for the columns and bilinear moment­

curvature relations for the girders are shown in Fig. 2.8.

2.4 STRUCTURAL PROPERTIES

The dimensions of the test frame were measured, and its dead weight

as well as the weight of the concrete blocks supported by the floor

slabs were evaluated before the test program was initiated. Results

of these measurements, shown in Fig. 2.9, were used in calculating th.e

stiffness and vibration properties of the structure.

Based on these dimensions and the section properties discussed
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above, the flexibility coefficients of the frame and its vibration

mode shapes and frequencies were calculated. Three sets of results

were obtained corresponding to the three hypotheses used in evaluating

the section properties: gross, transformed area, and cracked sections.

The basic section properties and corresponding frame property results

are listed in Table 2.4. It should be noted that the frequencies

were evaluated for the structure withcut the concrete blocks added;

the column lengths were measured with the force transducers installed.

In addition to the frame's vibration properties, its static load

carrying capacity also was evaluated. For this purpose, a computer

program based on a simple elastic - pe,rfectly plastic moment yield

mechanism was used(3). The plastic mcments assumed for the girder

sections were their ultimate capacitiE!s calculated using an ultimate

strain in the concrete of Ec = 0.005. Contributions of both compres-
ult

sion steel and slab mesh were included in the analyses. The yield

moment capacity of the column section~; was determined including the

effect of axial force. The axial force used for this purpose was that

produced by the dead load, plus the maximum dynamic load achieved during

the test program. Details of the eva:.uation of these yield moment

capacities are presented in .Appendix j~.

Two different analyses of static load capacity were carried out

using these member moment capacities, for the two cases discussed in

the following paragraphs:

Case I

This was intended to approximate the strength of the frame during

its earthquake simulator testing. L03.ds applied to the structure in

the computer program included the gra~ity loads of Fig. 2.9 combined

with a first mode distribution of lateral loads. If an assumed unit
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lateral load was applied at the first floor level, the corresponding

load at the top floor was given by the ratio

(0.0352) (1.000)
(0.0572) (0.553)

= 1.13

in which M is the story mass, ¢l is the first mode shape, and the sub-

cripts T and B refer to the top and bottom stories, respectively. The

initial yield and collapse values of the story shears, moments and

displacements computed by this program are discussed in Chapter 4.

Case 2

After the structure had been tested on the earthquake simulator,

repaired and then tested again, it was subjected to a final static test

to determine its ultimate load carrying capacity. In this final phase

of testing, the concrete blocks were taken off the structure, and also

the force transducers were removed to avoid any possible damage to them.

Accordingly in the second case considered by the elasto-plastic frame

analysis program, the dead load and column lengths of the frame were ad-

justed appropriately. Results of this analysis are presented in Fig. 2.10

which shows both the lateral load capacity and the order of appearance

of plastic hinges as predicted by the computer program. In addition,

the load-deformation behavior calculated for both cases 1 and 2 is

listed in Table 2.5. Correlation of these analytical results with the

observed static test behavior is discussed in Chapter 4.

2.5 CONSTRUCTION AND REPAIR OF TEST STRUCTURE

In most respects, the construction of Frame 2 was similar to that

of Frame 1 as described in Reference 1. A major difference was that

care was taken to ensure that the wire mesh in the floor slabs was
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extended over the top of the transverse girders, to avoid the slab

cracking over the girder which was so prominent in Frame 1. A second

important difference was that special Gare was taken in curing Frame 2

to avoid shrinkage cracks. The model 1~as kept in the laboratory under

controlled temperature conditions and the forms were not stripped before

28 days. Testing was then started witlin three weeks, with the result

that the frame was essentially free of cracks and consequently very

stiff at the beginning of testing. At that time it was decided that

this nearly perfect structure was not typical of normal construction in

the field. A typical structure would have numerous minor cracks due to

shrinkage and variable live loads, which would reduce its stiffness.

Accordingly Frame 2 was subjected to c. small intensity earthquake as

the first step in its testing sequencE'; this caused sufficient cracking

so that its stiffness was then represEmtative of normal field conditions.

After completion of the first ma~lor test sequence, the test frame

was removed from the shaking table and repaired by epoxy injection.

The repair technique was the same as i:hat employed with Frame 1, and

is described in Reference 1.
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TABLE 2.4 VIBRATION PROPERTIES OF THE TEST STRUCTURE
UNDER DIFFERENT STIFF1ESS FORMULATIONS

(STRUCTURE WITHOUT CONCRETE BLOCKS)

E = 264C KSI
c

15

STIFFNESS FORMULATION

GROSS !TRANSFORMED
1

CRACKED

SECTION ~REA SECTION SECTION

TOP COLUMN 294.3 371. 60 159.0

I STORY GIRDER ]440.0 1650.0 446.0
!

(in4 )
BOTTOM COLUMN 294.3 371.6 159.0

STORY GIRDER 1440.0 1749.0 583.5

NATURAL FREQUENCY (Hz) 6.66 7.42 4.63
FIRST

<P T 1.000 1.000 1.000
MODE <p 1

B
1

0.499 0.495 0.476

NATURAL FREQUENCY(Hz) 18.28 20.36 13.09
SECOND <P T LOOO LOOO l.000

MODE <p 2
-1. 826 -1. 842 -1. 920B

2

F
BB

0.0124 0.0099 0.0240
FLEXIBILITY MATRIX

F
BT

0.0145 0.0116 0.0294
COEFFICIENTS

F
TT

0.0347 0.0280 0.0730

(in/kip)
FTT/FBB

2.800 2.820 3.042

FBT/ FBB
1.170 1.172 1.225
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TABLE 2.5 VALUES FOR LOAD-DEFORMATION CURVES FOR

A SINGLE FRAME USING ELASTO-PLASTIC ANALYSIS

BASE SHEAR LOAD FACTOR DISPLACEMENTS PLASTIC HINGE

V Y
(inches)

NUMBER

(kips) (kips) BOTTOM STORY TTOP STORY

CASE 1 (*)

7.045 3.334 0.380 0.744 1

7.588 3.591 0.426 0.819 2

8.346 3.950 0.508 0.940 3

9.000 4.260 0.791 1.266 4

9.061 4.289 0.818 1.300 5

9.276 4.390 0.927 1.450 6

-
CASE 2(*)

7.650 0.452 1.126 1

7.781 0.460 1.154 2

7.961 0.477 1.199 3 I

8.226 0.537 1.303 4

8.502 0.599 1.426 5

I
8.567 0.615 1.480 6

--

(*) Cases 1 and 2 are explained in Fig. 2.10.
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Fig. 2.3 TEST STRUCTURE ON SHAKING TABLE
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3. TEST PROCEDURES AND INSTRUMENTATION

3.1 EARTHQUAKE EXCITATION

The ground motion used for the tE!sting of Frame 1 was the N69W

accelerogram recorded at Taft during ine Arvin-Tehachapi earthquake of

1952. In general, the generated response in the test structure seemed

to be suitable, so it was also selected as the basic excitation of

Frame 2. However as was mentioned ea:::lier (see section 1.1) ,the

extended sequence of shakes with grad'lally increasing intensity which

was adopted for testing of Frame 1 did not seem to be a realistic form

of excitation. Instead for Frame 2 a very high intensity earthquake

was applied directly to the undamaged structure.

The test sequence included a preliminary very low intensity shake

which was intended to induce a normal degree of cracking in the frame,

and thus to reduce its stiffness to a representative level. The change

of stiffness which occurred during this test induced an interesting

response which is discussed in Chapter 5. The intensity of excitation

for the major earthquake input was determined on the basis of experience

gained in testing Frame 1. From those earlier results, it appeared

that the Taft earthquake with a peak acceleration of 50 to 60 percent

of gravity could cause extensive dama.ge; it was predicted that this

intensity would be obtained with a control "span" setting of 850. For

completeness, this first high intensity quake was followed by a second

one of similar intensity simulating Cl severe aftershock in the field.

A comparison of the results of these two tests would demonstrate how

the stiffness of a structure before an earthquake can influence the

behavior of the structure during the earthquake. The control span

27
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settings and the peak input accelerations obtained in the tests of

Frame 2 are listed in Table 3.1. The accelerogram of the actual Taft

earthquake record and of the table motions induced using the Taft record

and a span setting of 850 are shown in Fig. 3.1. The response spectra

for the corresponding accelerogram and the table motions are shown in

figs. 3.2 and 3.3, respectively. Slight differences are apparent in the

shapes of the spectra; also the great increase of the test intensity over

the recorded motion is obvious.

After the second high intensity test, the frame was repaired by

epoxy injection and was then subjected to a second sequence of tests

similar to those applied before repair. The control span settings and

peak input accelerations of these tests are also listed in Table 3.1.

3.2 INSTRUMENTATION

The instrumentation used in testing Frame 2 was basically similar

to that used with the first frame (1). Hence only the various types of

transducers employed, and the changes that were made from the instrumen­

tation of Frame 1 are described.

3.2.1 Accelerometers

Three accelerometers were attached to the floor slabs of the frame

to measure horizontal accelerations developed during the tests. Two

were mounted on the top floor slab--one at each side--so that any deviation

from symmetric translation could be observed; one was mounted at the

centerline of the first floor slab. These measured accelerations when

multiplied by the story masses, provided a direct indication of the

earthquake forces developed at each story.
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3.2.2 Potentiometers

Potentiometers were connected at each side of the two floor slabs

so as to measure the displacements of the floors relative to the refer­

ence frame which is located on the floor of the laboratory outside the

shaking table. Relative displacements measured by the two gages at a

given floor level indicate the torsional response tendencies of the

structure; differences between the shaking table displacements and the

story displacements indicate the relative story displacements due to

the deformation of the frame.

3.2.3 Linear Variable Differential T~ansformers (LVDT)

LVDTs mounted on column frames cemented to the structure were used

to measure the curvature developed at critical sections of the frame

beams and columns. Two frames were used at each section, and two LVDTs

were arranged to measure the relative rotation of the two frames (i.e.

the difference between the LVDT readirgs divided by the distance between

them) . The average curvature of the member section is given by the

relative rotation divided by the dista.nce between the mounting frames.

Details of the LVDT mounting frames for the columns and girders

are shown in Figs. 3.4 and 3.5, respectively, while photographs of typical

installations at column base and colunm girder joint are presented in

Figs. 3.6 and 3.7. The main difference between the installation of

these transducers in Frame 2, as compclred with Frame 1, was in the girder­

column joint region. During the testf: of Frame l, it was apparent that

the principal cracking occurred at thE! plane where the column top met

the bottom surface of the girder. In order to account for this cracking

in the curvature measurement, the collmm target frame was cemented

directly to the bottom of the girder, as shown in Fig. 3.7. Similarly
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the girder target frame was cemented to the face of the transverse girder,

in order to take account of cracking in the plane of the girder end; this

is also shown in Fig. 3.7.

3.2.4 Force Transducers

Force transducers were installed at mid-height of the columns of

Frame 2 to measure the axial force, shear, and moment developed in the

columns, in the same way as was done for Frame 1. Details concerning

these transducers are presented in Reference 1. The only difference in

the present case is that the transducers were recalibrated; results of

the new calibration tests are listed in Table 3.2. The shear forces

indicated by the force transducers provided a direct measure of the

inertial forces developed in the frame during dynamic testing, hence the

consistency of the experimental data could be checked by comparison of

the accelerometer results with the force transducer results, as explained

in Chapter 4.

3.2.5 Strain Gages in Reinforcing Bars

Resistance wire strain gages were cemented to the longitudinal

reinforcing bars at certain critical sections of the columns, specifically

at top and bottom of the bottom story columns and at the bottom of the top

story columns. Post-yield gages were used having a strain capacity of

30 mils per inch so that significant ductile deformations could be recorded.

All columns were gaged, but only those on one side of the frame were con­

nected to the data acquisition system because the number of channels of

data that could be recorded was limited.

At each section that was to be measured, the gages on two bars were

connected in a single circuit for measuring curvature directly, while
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the gages on the remaining two bars weJ:e connected separately so as to

measure their strains independently. 'fue curvature indicated by the

reinforcing bar gages provided a check on the curvature measured by the

LVDTs at the same section.

3.2.6 LVDTs for Static Displacements

LVDT gages having a maximum travel of one inch were mounted between

the reference frame and eac~ floor slab. These were in parallel with

the displacement potentiometers, and were used in static measurements

of the flexibility influence coefficients of the frame, because of

their greater precision.

3.3 FREE VIBRATION PROPERTIES

The free vibration mode shapes and frequencies of the test frame

provide a direct indication of its dynamic properties. They were

measured before and after each simulated earthquake test to monitor

the cumulative damage effects induced by severe shaking. Two different

procedures were employed to determine the free vibration properties,

as described below.

3.3.1 Snap Tests

The most direct measure of the fJ~ee vibration properties was given

by snap tests, which were conducted by loading the structure laterally

at the first floor level and then releasing the load suddenly. The

resulting dynamic response of the structure was measured by accelero­

meters at each floor level; the accell~rometer records were passed through

narrow band filters to separate the first and second mode response

components. Frequencies and damping values could then be obtained from
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the filtered records, treating them as single degree of freedom systems.

Details of the procedure are given in Reference 1; results are presented

in Chapter 4.

3.3.2 Flexibility Matrix Measurements

The free vibration properties also were evaluated by measuring

directly the flexibility of the frame and then using these measurements

together with the known mass properties to formulate the vibration eigen

problem of the structure. The flexibility coefficients of the frame were

obtained by applying a horizontal load first to one story and then to the

other story, and measuring the resulting displacements of both stories.

The load was applied in increments of 200 Ibs, and the corresponding

displacements were recorded during both the increasing and decreasing

sequence. The force-displacement relationship obtained at each story

was plotted as a hysteresis loop; the slope of the increasing load

branch was taken as the flexibility coefficient.

The measurement procedure was essentially the same as described in

Reference 1 except that LVDT gages rather than potentiometers were used

to measure displacements. Results of the tests, which are presented in

Chapter 4 demonstrate the improved accuracy obtained with the LVDTs in

that there is better agreement between the cross-flexibility coefficients;

however, it was still necessary to average these values before formulating

the vibration eigen problem from which mode shapes and frequencies were

calculated.

3.4 STATIC TEST

After the structure had been tested, repaired, and tested again,

it was removed from the earthquake simulator and moved to the Structural
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Research Laboratory to determine its r(~maining static load behavior

and ultimate capacity. The test proced.ure was exactly the same as

employed with Frame I, and only a gene:ral outline of the procedure will

be given here.

Instrumentation used in the stati~ test included LVDTs for measuring

curvature at the column bases, and at the same sections strain gages

on reinforcing bars were connected to measure both curvature and direct

strain. In addition, the horizontal static force applied to the top

story and the displacements produced at both stories were measured. All

static test data were recorded on direct writing oscillographs; hence

the number of channels available was quite limited.

The test was performed by applying the static load in increments,

recording all gage readings at each step. When the displacement capa­

city of the actuator was reached, the structure was unloaded, a spacer

block inserted, and then the loading ~as continued until the displace­

ment capacity was again reached. Stati9 test results are presented in

Chapter 4.
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TABLE 3.2 CALIBRATION VALUES FOR FJRCE TRANSDUCERS
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-

TRANSDUCER FLEXURAL SHEAR AXIAL

NUMBER MOMENT FORCE COMPRESS ION

IDENTIFICATION (in - 1bs) 1bs lbs
E: E E

T1 T2 T3

2 122 26.5 66.4

3 118 26.7 63.0

4 117 25.0 63.0

5 120 29.1 62.4

6 118 21.4 63.2

7 116 22.6 61. 3

8 118 21.8 63.2

9 119 26.7 61. 3

E
T1

= 1/2 [TOP FLANGE STRAIN-BOTTOM FLANGE STRAIN] (10-6 in/in)

E
T2

= (SHEAR BRIDGE STRAIN] (10-6 in/in)

E
T3

= 1/2 [TOP FLANGE STRAIN;' BOTTOM FLANGE STRAIN] (10-6 in/in)
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Fig. 3.6 LVDTs, HaUNTED ON FRAME,

TO r1EASURE COLUMN END ROTATION.
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4 . TEST RESULTS

4.1 DAMAGE OBSERVATIONS

One of the most important indications of the response of structures

to damaging earthquakes is the appearance of the structure after the

event. In the case of real structures subjected to real earthquakes,

generally no instrumentation has been provided to record the response,

so the only available measure of the response characteristics is pro­

vided by the observed damage patterns. For earthquake simulator studies

such as that described herein, extensive instrumentation provides rather

complete quantitative evidence concern:_ng the response, but even in this

case the damage patterns observed in tile structure provide additional

evidence of the response intensity. Accordingly, the structure was

inspected carefully after each test fOl: evidence of damage, and a sum­

mary of these observations is presented here ..

In general, the extent and type 0:: damage induced in Frame 2 by

the three simulated earthquakes applied before its repair were very

similar to those observed in Frame 1 a::ter its much more extensive test

sequence before repair. Of course the peak accelerations applied in two

tests of Frame 2 (0.57g and O. 65g) werl~ significantly greater than the

two largest accelerations achieved in the tests of Frame 1 (0.30g and

0.44g), so this observed equivalence of damage is probably due to the

increased intensity in the one case canpensating for the greater number

of tests in the other.

As was mentioned earlier, the maLl difference between the two

structures was that Frame 2 was essentially uncracked before testing.

Even though some cracks were observed when the concrete blocks were

45
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installed, these dead load cracks were not closely related to the

lateral deformation patterns. The minor earthquake which was applied

to induce a more realistic degree of cracking caused a noticeable

reduction of vibration frequency and some minor increase in visible

cracking in the bottom story members; however, the structure still

appeared to be essentially undamaged after this test.

During the first major earthquake test (accel. = O.57g) the steel

at the first story column bases and tops yielded, and many significant

flexure cracks could be seen in these regions. Also, cracks developed

in the longitudinal girders near the column joints, extending from

the bottom surface to the base of the slab. Some minor cracking occurred

at the top of the first floor slab along the line of the transverse

girder, but no major crack developed equivalent to that observed in

Frame 1 because the slab reinforcing mesh was continued across the top

of the transverse girder. The base of the top story column also cracked

at its junction with the first floor slab. In general, it may be said

that during this ~uake the structure was significantly cracked and

underwent several cycles of plastic deformation in the reinforcing steel,

but that its strength was not reduced.

During the next major test (acce!.= O.65g) the cracking patterns

were extended, but not changed in character. Cracking at the column

bases became somewhat inclined, showing the influence of shear, and

some spalling and crushing of column concrete occurred at T~e juncture

with the footing. The bottom story girders showed some minor shear

cracking, and the slab cracks over the transverse girders were enlarged.

After the structure was repaired, the preliminary low intensity

earthquake caused some minor new cracking. The two high intensity
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earthquakes then produced additional cracking which was generally

similar to that incurred in the tests before repair. However, the

shear cracks in the columns became more prominent, as can be seen in

Fig. 4.1. Also, the cracking and spalling of the concrete at the column

bases again was quite evident, and was accompanied by significant

cracking of the footing, as may be seen in Fig. 4.2. Similar spalling

is shown in column tops at the beam-cclumn joint in Fig. 4.3. Another

interesting crack pattern is shown in Fig. 4.4, starting in the top of

the bottom story slab and continuing vertically into the second story

column. This may be due to some type of torsional deformation, but the

source of the torsion is unclear.

One feature of these final two tE!StS on Frame 2 which should be

discussed is the fact that the overtul:ning moment capacity of the shaking

table was exceeded. The horizontal inertia forces developed at the two

floors of the frame in response to thE! high base accelerations applied

to the repaired structure (peak valueH of O.78g and O.82g) induced very

large overturning moments which exceeded the dynamic capacity of the

vertical actuators. As a result, the overload bypass valves of the

actuators operated, allowing the systE~m to move vertically. Significant

vertical accelerations having a peak 'Talue of O.60g accompanied this

vertical motion, and of course the ob:;erved structural response there-

fore was caused by the combination of vertical and horizontal acceleration.

The vertical direction accelerogram i:3 shown in Fig. 4.5.

An important observation drawn f:rom the test of Frame 2 was that the

structure did not appear to be more s'~nsitive to damage when the high

intensity earthquake was applied to a completely undamaged structure than

was Frame 1 which had been strained eKtensively in low intensity earth­

quake tests before the maximum test was applied. The damage effects are
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cumulative, so that a sequence of tests produce more damage than a single

test of like intensity. Also, the degree of damage during any test is

proportional to the intensity of that test. But there was no evidence

that an undamaged structure is more "brittle" or damage-prone than one

which had been cracked and strained significantly before a major earth­

quake was applied.

4.2 VARIATION OF FREE VIBRATION FREQUENCY AND DAMPING

Free vibration frequencies of the test structure, as determined from

the snap tests and the flexibility matrix measurements are listed in

Table 4.1 and are depicted graphically in Fig. 4.6. It is of interest to

note that the second mode frequency is about three times the first mode

value during all stages of the test; this same ratio was observed in the

test of Frame 1. The fact that Frame 2 was stiffer before testing than

was Frame 1 is apparent from the first mode frequency of Frame 2 (without

blocks) of 6.58 Hz, as compared with 5.01 Hz of Frame 1 (1). This demon­

strates the essentially uncracked condition of Frame 2 before testing.

The fundamental mode frequency of the frame with blocks is shown in

Table 4.1 to have changed during testing from 3.80 to 1.88 Hz, the damaged

structure having only half the frequency of the original frame. Thus it

may be deduced that the stiffness of the frame was reduced by a factor of

4 during the testing before repair. After repair, the frequency was

increased to 2.58 Hz, or 68% of the original value; hence the repaired

stiffness was about 46% of the original value. During subsequent testing,

the frequency was reduced to only one third of the original value; this

corresponds to an ultimate stiffness of only one-ninth of the original.

These changes demonstrate clearly the great stiffness degradation suffered

by concrete frames during severe earthquake loadings. By way of comparison,
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the frequency of Frame 1 just before rE:pair was 58% and just after

repair was 77% of its original value, hence it may be concluded that

Frame 2 suffered more damage during teEiting than did Frame 1. This

fact is a direct consequence of the eSHentially virgin quality of

Frame 2--it had more stiffness to lose, However, it is significant

that the frequencies of the two frames were quite similar after each

had been subjected to the first test which caused yielding of the steel.

Similar correspondence was also observ(~d after completion of testing

before repair of the structures. The qreater loss of stiffness after

repair of Frame 2 is attributable to t'le extremely severe shaking it

was given during these final tests.

Another feature of the vibration :?roperties apparent in Table 4.1

is that the frequencies computed from the flexibility coefficients are

generally lower than the values obtained directly from the snap tests.

The discrepancy averages about 6 per cent implying that the flexibility

coefficients (which are listed in Table 4.2) are about 12 per cent too

high; no explanation can be offered for this deviation.

The damping ratios measured in the snap tests of Frame 2 also are

listed in Table 4.1 and are plotted in Fig. 4.7. These values, which

range from about 2 to 7 per cent in the first mode and from about 1 to

3.5 per cent in the second mode, are generally similar to those observed

in Frame 1. The much greater increase of damping in the first mode shown

during the tests of both structures demonstrates that the damage was pri­

marily concentrated in the first mode deformation pattern. Another aspect

of the damping behavior, which is evident both in Fig. 4.7 and in Table 4.1,

is the decrease of damping ratio which accompanies the addition of the concrete

blocks to the structure. A decreasecf frequency also accompanied the addition

of the blocks, and since the frequency changed proportionately more than the

damping ratio, it may be argued that the stiffness was reduced at the
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same time that the mass was added. (If stiffness and damping are unchanged

while the mass of a single degree of freedom system is changed, both damping

ratio and frequency should be changed by the same percentage.) The argu-

ment is supported by the lateral flexibility coefficients listed in Table

4.2, so it is probable that the cracking, resulting from the gravity load of

the concrete blocks, did actually reduce the lateral frame stiffness.

A similar argument can be applied to the comparison of changes of

frequency and damping that occurred during the epoxy repair of the frame.

The resulting reduction of damping was much greater than the increase of

frequency, hence the material damping factor must have been changed as

well as the stiffness. Of course, it is reasonable to assume that less

energy is lost when the cracks are fully cemented so the test data seem

consistent in this regard.

4.3 LATERAL FLEXIBILITY MATRIX

A main point of interest of the lateral flexibility matrix coeffi-

cients which are presented in Table 4.2 is the relative flexibility indi-

cated for the two stories, i.e. the ratios F IF and F IF . These
TT BB BT BB

ratios remained reasonably constant during the testing of the structure

before repair, even though the flexibility coefficients themselves were

changing by factors of four or more. Similar behavior is also apparent

during testing after the epoxy repair of the frame, although the ratios

are slightly higher during this sequence than before the repair. The

significance of this observation is that the damage done during the

testing sequence can be represented reasonably by a single stiffness

degradation parameter (such as a change of modulus of elasticity): it is

not necessary to completely reformulate the flexibility matrix. Advantage

is taken of this fact in the analytical prediction of dynamic response,
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as is described in Chapter 5.

4.4 GLOBAL RESPONSE BEHAVIOR

The general nature of the dynamic response of this frame to the

earthquake simulator inputs is depicted effectively by time history plots

of the story displacements relative to the base. A series of such plots

is presented in Figs. 4.8 through 4.16; in each figure graph "a" shows

the bottom story response and graph "b' the top story motion. A general

conclusion which may be drawn from all of these figures is that the dis­

placement response of the frame is ess:mtial1y a first mode motion; very

Iittle contribution is seen at the sec:md mode frequency. Another basic

fact is that the type of response depends strongly on the fundamental

frequency of the frame at the time of the test. A direct demonstration

of this phenomenon is shown in Fig. 4.8 which compares the responses

during runs W2 and W3i the change of frequency resulting from the damage

done during run W2 leads to a significantly different response history in

run W3. A similar plot for runs R2 ard R3 after the structure was repaired

is shown in Fig. 4.16.

The fact that the response is sinlilar for two structures having simi­

lar periods is demonstrated by Fig. 4.9 which compares the response of

Frame 2 during test WI with the respom;e of Frame 1 during its test, W2.

The earthquake intensity was small in both cases, so the response was

essentially linear, and the "beating" phenomenon which is characteristic

of a high frequency linear response, is evident in both structures. A

second comparison of similar structurl~s, but demonstrating nonlinear

response, is shown in Fig. 4.10. Fig"lre 4.10 shows the response of

Frame 2 during test W3 and the response of Frame 1 to its test W6. The

frequencies of the two structures wer= very nearly the same before these
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two similar tests, and the responses are seen to be very similar, even

though yielding of the steel occurred in both cases. A similar comparison

of the behavior of the first and second frames after repair is given by

Figs. 4.11, 4.12 and 4.13 which show the responses during tests Rl, R2

and R3 of each structure, respectively. A comparison of response of the

structure before and after repair to similar simulated earthquakes is

shown in Figs. 4.14 and 4.15, which show comparisons for runs W2, R2 and

runs W3, R3, respectively.

A summary of the response behavior during the entire test sequence

of Frame 2 is presented in Figs. 4.17, 4.18 and 4.19, which show, respec-

tively, the peak story displacements, story shears, and story overturning

moments developed during each test. Also shown with the peak story dis-

placements in Fig. 4.17 are values of displacement calculated by an

1 t 1 t " t t" 1" (3) d" t f" t "ld d f 11e as op as lC s a lC ana YSls correspon lng 0 lrs Yle an u

collapse mechanisms. The fact that the structure survived peak dynamic

displacements which far exceed the so-called "collapse" value is evident

in this figure. Clearly this simple analysis did not properly model the

actual frame behavior, probably both because the yield capacity of both

concrete and steel were under-estimated, and also because the frame does

not develop true elasto-plastic hinges. Moreover, the dynamic resistance

of the frame undoubtedly exceeds its static capacity. Similar comments

apply to Figs. 4.18 and 4.19 which show the elasto-plastic predicted yield

and collapse values as well as the observed peak story shears and story

overturning moments, respectively. All observed peak response data also

are summarized in Table 4.3.
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4.5 MEASURED COLUMN SHEAR FORCES

A comparison of the column story Bhear forces measured by the force

transducers in the bottom story column:3 and the average column shear

force computed from the accelerometer :readings is presented in Fig. 4.20.

It is seen in this plot of data from r~n WI that there is a slight dis­

crepancy in the results given by the original transducer calibration

factors. Accordingly, correction factJrs were derived from this data

to obtain agreement between the two types of measurement during test WI.

These same correction factors were then applied to transducer data from

runs W2 and W3, and plotted against the accelerometer derived results

for those runs, as shown in Figs. 4.21 and 4.22. The agreement is

considered to be adequate, but is not as good as was found in the test

of Frame 1. It appears that the tranEducers may have been damaged

slightly at some time in the testing I,rocedure.

The plots of the average north side column shears and average south

side column shears, which are shown in Figs. 4.23 and 4.24, demonstrate

that the columns develop increased shear resistance on the side of the

structure toward which it has moved. In other words, the columns sub­

jected to compression due to dynamic overturning moments consistently

carry the larger part of the shear fo:rce, as though the increased com­

pression caused an increase of stiffness. This same type of behavior

was observed in the analysis of resul'ts from Frame 1.

4.6 STATIC TEST RESULTS

The static test was performed on Frame 2 after the frame was

repaired and tested for dynamic tests, i.e. after run R3. The results

will be presented in two parts:

(1) the actual test load-defoImation results compared to the
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load-deformation relationship predicted by the elasto-plastic analysis,

and

(2) damage after the test.

The actual test load-deformation relationship is shown in Fig. 4.25.

The unloading branches during the test are due to the fact that the dis-

placement capacity of the actuator was reached at these points; hence

the frame had to be unloaded and spacers introduced before the frame

could be loaded again. Comparing this result with the load-deformation

relationship of Fig. 2.10, it can be seen that the actual capacity of

th f " h h' h th d" d b 1 . (3)e rame 1S muc 19 er an pre 1cte y computer ana YS1S. This

increase in capacity is due to the reasons mentioned in section 4.4.

to reiterate, the increased capacity is a result of the moment capacities

being underestimated and the gross assumption that elasto-plastic hinges

are formed. The important point to note is the significant displacement

capacity of the frame. The maximum top story displacement reached

during the test was 24" before "functional" failure of the frame occurred,

due to failure of transverse girder reinforcement. This displacement

capacity is due to good detailing of the sections, which provides a large

amount of ductility.

The damage that occurred during various stages of testing is shown

in Figs. 4.26 through 4.33. The deformation of the frame midway during

the test is shown in Fig. 4.26 as 16 inches. The crushing and cracking

at the ends of the columns was quite significant. Figure 4.27 shows the

damage at the bottom story girder-column juncture, whereas a general

view of the frame in the transverse direction is shown in Fig. 4.28.

The crack that had developed in the slab and extended vertically into

the column during the dynamic test (Fig. 4.4) was the key factor that pro-

moted the failure of the frame. The widening of this crack and the extent
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of the damage to the transverse girder can be seen in Fig. 4.29. Another

view of the damage of the same girder-column juncture is shown in Fig.

4.30. As the deformation increased, the cracks widened and crushing of

concrete continued until the steel in 1±e transverse girder was fractured.

The failure was due to the torsion de~~loped in the transverse girder.

The damage of the frame after "functional" collapse is shown in Figs. 4.31

through 4.33. The damage of the columns on the opposite side of the

transverse girder in which the fractur(~ of the bar occurred is shown in

Fig. 4.31. Views of the extent of the damage to the slab and the trans­

verse girder after "failure" are shown in Figs. 4.32 and 4.33.

Thus it is evident from this static test that the frame had signi­

ficant deformation and load capacity beyond that estimated by the

elasto-plastic analysis. Also the frame finally failed because of trans­

verse girder torsion; if this could have been avoided, the ultimate capa­

city of the frame would have been still higher.
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SH.El\R :RAClZS DEVELOPED IN TH.E

coLUMN AFTER TEST RUN Vl3.
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Fig. 4.2 CRACKING AND SPALLING OF CONCRETE AT

THE COLUMN-FOOTING JUNCTURE~



Fig. 4.3

61

CRACKING AND SPALLING AT THE

BOTTOM STORZ COLUMN-GIRDER JUNCTION
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Fig. 4.26 DEFORMATION OF S~mUCTURE MIDWAY THROUGH

THE STATIC TEST.
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Fig. 4.27 DAMAGE PATTERN AT BOTTOM

STORY GIRDER-COLUMN JOINT.
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Fig. 4.28 TRANSVERSE VIEW OF FRAME SHOWING

PATTERN AND EXTENT OF CRACKING OF

COLUMNS.
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Fig. 4.30 GIRDER-COLU~W JOINT.

EXTENT OF Dl~GE.
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Fig. 4.31 DAMAGE OF COLUMNS TOWARDS LOADING ACTUATOR,

AFTER "FUNCTIONAL" FAILURE.
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5. ANALYTICAL PREDICTION OF STRUCTURAL RESPONSE

5.1 GENERAL COMMENTS

In this chapter are described the analytical methods used to

calculate the dynamic response of Frame 2, and the correlation of the

analytical results with the observed structural behavior. The methods

of analysis employed here are essentially the same as those described

in the report on the testing of Frame] (1); however, in this case the

physical parameters used in the analysis were adjusted to give the best

possible fit with the new test data. Fo,r the purpose of these correla­

tion studies, the story displacements were considered to be the most

significant measure of structural response. Only the tests performed

before repair of the structure are discussed. The first test, WI, was

only a light intensity earthquake, not strong enough to cause any

yielding of the reinforcing steel. HowE:ver, the large reduction of

frequency which occurred during that tE:St provided a difficult problem

in analytical correlation which is discussed briefly. The tests of

greatest interest were W2 and W3, the t~o runs of nonlinear intensity

performed before repair. The structure was essentially undamaged

(although slightly cracked) at the start of test W2, so this test

demonstrated the performance of a building in good condition when sub­

jected to a ground motion severe enough to cause significant concrete

cracking and yielding of the column steel. Test W3 showed how a

damaged structure might perform when slIDjected to a strong aftershock-~

the initial damaged condition having an important effect on the response

behavior.

Specific topics dealt with in thin chapter include evaluation of

103
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the linear elastic stiffness properties of the frame, and the use of

four different mathematical models in attempting to correlate analytical

results with the performance observed during the three tests. In all

cases, the basic model was a plane frame with bilinear hysteretic joints

at each end of each member. The four versions of this model were Model

B, the basic system; Model D, which included a stiffness degradation

mechanism; and Modem Eand F which combined two different deterioration

mechanisms with the degradation mechanism. All of these models were

. . 11 d . d b d' d 1 (1) d h' d' .or~g~na y ev~se y Dr. Pe ro H~ a go , an ~s es~gnat~ons are

used here for consistency.

5.2 EVALUATION OF LINEAR STIFFNESS PROPERTIES

(1)
As was noted in the report on Frame 1 , calculation of even the

simple linear elastic stiffness of a concrete frame before any testing

is not an easy task because the effective member section properties

depend on the extent to which microcracking has taken place. Table 5.1

lists the periods of vibration of Frame 2 computed on the basis of three

assumptions often used in evaluating member moment-of-inertia (and

assuming Ec = 2640 ksi, as measured in laboratory tests); also shown

are the measured periods of vibration. Clearly none of the standard

assumptions gives excellent agreement with the observed behavior.

In order that the mathematical model might reproduce the dynamic

response of the frame, it was necessary to determine member properties

which would provide the observed free vibration period. For this

purpose, the cracked section moment of inertia values were adjusted

following a two step procedure. First, two adjustment factors were

derived.: one for the top story columns and girder, the other for the
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bottom story members. These two factors were determined such that the

two story flexibility coefficients, FT~ and FBB , of the mathematical

model were identical to the measured values. The adjusted moments

of inertia obtained in this way were aE follows:

GIRDER

COLUMN

TOP STOEY

1456 in4,

BOTTOM STORY

617 in4

168 in4

Assuming that Ec = 2640 ksi, the struc1:ure flexibility matrix provided

by these section properties is

F =
r 0.0228

l 0.0278 ::::::: ] in/'k'l.p

in which.the coefficient ratios are

= 2.127 , FBT/F
BB = 1.219

These are very close to the ratios maintained during the test series.

Having an appropriate set of flexiliility coefficients, it was then

possible to obtain any desired fundame'ltal frequency of vibration merely

by adjusting the modulus of elasticity. For example, the fundamental

frequency given by the above flexibility matrix is 3.02 Hz, using the

measured value of E c = 2640 ksi. Thus to obtain the 3.13 Hz frequency

observed just before test W2, it was necessary merely to use a modulus

of

E = 2836 ksi

During subsequent stages of testing, as the frequency of vibration

diminished because of structural damage, the flexibility was adjusted

by making similar modifications to the modulus of elasticity.
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5.3 "LINEAR" RESPONSE CORRELATION - MODEL B

The bilinear hinge mechanism which is assumed at the ends of each

column and girder is depicted in Fig. 5.1. Thus each member remains

fully elastic until the end moment exceeds the yield moment defined

for that member, which depends on the axial force as well as the member

section properties. For a test like WI, which induced no moments

approaching the yield level, the Model B computer program behaves as

a simple linear elastic response program.

The response of the frame to the table accelerations recorded

during test WI was calculated by this Model B program, using a first

mode damping ratio of 2 per cent and adjusting the modulus of elasticity

to provide the fundamental frequency observed before run WI (3.80 Hz).

The computed response history is shown together with the observed results

in Fig. 5.2, where it can be seen that the correlation is good at first.

However, the period of the observed response then begins to lengthen,

as cracking of the sections causes loss of stiffness, and this change

of period induces a nearly resonant condition with the earthquake input.

The consequent resonant amplification of the observed response is not

contained in the analytical solution.

As a second test of the linear program capability, the modulus of

elasticity was adjusted to provide the frequency observed at the end of

run WI (3.13 Hz) and the analysis was repeated, with results shown in

Fig. 5.3. In general, this is a much better correlation than was found

in Fig. 5.2, but it is clear that a significant loss of stiffness occurred

during the test and the unchanging mathematical model cannot simulate

this effect adequately. On the other hand, no yielding of steel occurred

and the stiffness degradation mechanism of Model D is not applicable to

this situation.
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Accordingly, it was decided to modify Model B to account for stiff-

ness loss with less than yield moment dl:formations. Two different dete-

rioration mechanisms were tried, both c<>ntrolled by the amplitude of the

first mode response, Yl(t). This quantity, which was used by Hidalgo in

defining the stiffness degradation mech3.nism of Model D(l), is given by

= A v (t)

where A is the top row of the inverse mode shape matrix,

i. e.
-1

<P

and ~(t) is the story displacement vector evaluated at time t. It

should be noted that the mode shape matrix was assumed to remain constant

during the response, even though yielding was taking place.

The first type of deterioration mechanism was assumed to come into

operation each time Y
l

reached 35 per cent of its yield value (the first

mode deflection at which yield would occur). For each such displacement

swing (either positive or negative), the modulus of elasticity was

reduced by 1 per cent (0.01). Results obtained with this deterioration

mechanism are shown in Fig. 5.4. As CCLn be seen from this figure, the

correlation is fairly good for the fin;t 15 seconds of response.

However, during the latter part of the time history the stiffness

deterioration rate of the actual test Btructure decreases, a phenomenon

not accounted for by the model which allsumes a constant rate of deteri-

oration. The result is that the mathelnatieal model becomes excessively

flexible.

The second type of deterioration lnechanism was similar to the

first except that it operated only if '[1 exceeded its previous maximum

value as well as 30 per cent of the yi,=ld value. Thus deterioration

only occurs during increasing amplitud= phases of the response.
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Results provided by this modified deterioration mechanism are shown in

Fig. 5.5. This modification of the deterioration mechanism appears to

have led to improvement of the correlation in the final stage of the

response, but is not as good as the first version (Fig. 5.4) during

the phase after first reaching the peak response. Hence it is not a

reliable improvement.

5.4 DEGRADING STIFFNESS ANALYSES - MODEL D

Because significant yield occurred in the frame during tests W2

and W3, it was clear that the resulting damage should be represented

directly in the mathematical model and the stiffness degradation

mechanism of Model D was considered appropriate for this purpose. As

d . db' d 1 (1) . . f d . . thescr1be y H1 a go ,th1s st1f ness degra at10n operates 1n e

first mode component of the dynamic response, and is based on the

(4)
Clough concept . The basic mechanism is depicted in Fig. 5.6, in

which the yield value of Yl is that value which existed when the first

yield hinge developed in the frame. It should be noted that the basic

bilinear hinge mechanism continues to function in the frame analysis,

in addition to this stiffness degradation which is superimposed on a

global basis.

Response of the frame to test W2 was carried out using Model D,

assuming a stiffness degradation parameter (second slope) n = 0.05,

adjusting the modulus of elasticity to provide the frequency measured

before test W2 (3.13 Hz) and introducing a damping ratio of 4 per cent.

Results of the analysis, shown in Fig. 5.7, are seen to be in good

agreement with the actual behavior for about 10 seconds, but then they

begin to drift.

The correlation obtained in the analysis of test W3 is shown in
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Fig. 5.8. In this calculation, the strain hardening parameter was set

at n= 0.05; the damping ratio was increased to 5 per cent because it was

assumed that the damaged condition of t:he frame would cause a greater

energy loss. Also, the modulus of elaHticity was adjusted to provide

the frequency observed just before thi~: test (2.03 Hz). The predicted

response given by this mechanism is reasonably good for Test W3 as

compared to run W2; in particular, no <trift is observed in the analyti­

cal results. However during the lattel~ phases, the effect of higher

modes begins to cause significant variation between the predicted

and measured responses.

5. 5 DEGRADING AND DETERIORATING STIFFJiJESS - MODELS E & F

The degrading stiffness model des:::ribed above is effective in

reducing stiffness of the structure during the stage of response when

displacement amplitudes are increasing. This is consistent with the

concept that damage and loss of stiffness should correlate with increased

deformations. However, when the displacements no longer increase, the

average stiffness (average of loading and unloading swings) remains

constant, and this does not agree with the observed fact that the con­

crete continues to deteriorate as long as significant deformations are

taking place. For this reason, Hidalgo developed the two stiffness

deteriorating models (E and F) mentior.ed earlier. These stiffness

deterioration mechanisms were similar in concept to those described

above in connection with the linear rE~sponse analysis; the essential

feature is that the stiffness is reduced by a fixed percentage each time

the first mode displacement amplitude exceeds a specified value. Fig. 5.9

describes the deterioration mechanism1l used with Models E and F; it should

be noted that the reference value of '~e first mode displacement which is
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mentioned refers to its value when first yield occurs.

The two parameters controlling the response behavior during the

stiffness degrading and deteriorating analyses are the strain hardening

factor n (second slope) of the degradation mechanism and the deteriora­

tion ratio (DTR) representing the loss of stiffness during each cycle

of deterioration. An analysis of the response during test W2, using

Model E with n = 0.50 and DTR = 0.01 is shown in Fig. 5.10. Other

parameters in the analysis were the same as for the case plotted in

Fig. 5.7 (~= 4%, f l = 3.13 Hz), so a comparison of Figs. 5.7 and 5.10

shows the influence of stiffness deterioration on the response. It is

clear that the deterioration has further increased the drift which

starts after the first 10 seconds; it has not achieved any improvement

in correlation. Figure 5.11 shows the result of another analysis, using

increased strain hardening (n = 0.80) and a reduced deterioration rate

DTR = 0.005). Again the drift behavior is changed, this time with

drift in the opposite direction, but without any real improvement.

Finally, the strain hardening ratio was reduced to n = 0.60 and the

damping ratio was reduced to ~ = 2%, with results as shown in Fig. 5.12.

This time the computed result shows reasonably good correlation with

the observed response, with slightly less drift than was seen in Fig. 5.7

which did not include deterioration.

After this experience with Model E in correlation of the response

during test W2, Model E was applied to testW3 to see if this test would

function as well with a structure already damaged when the test began.

Parameters used in the first attempt were n = 0.80 and DTR = 0.01 to­

gether with ~ = 4% and f l = 2.03 Hz. A slight drift resulted toward

the end of the calculated response, as shown in Fig. 5.13; accordingly

the deterioration rate was reduced to DTR = 0.005 and the analysis was
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repeated with results as shown in Fig. 5.14. This is probably the best

correlation achieved in any of the nonlinear analyses to date.

With Model E deterioration, the st~iffness reductions are applied

only to the loading branch of the first: mode hysteresis loop (Fig. 5.10).

Model F differs in that the reduction (~plies to both loading and

unloading branches of the loop. FigurE 5.15 shows the response of test

W2 calculated with Model F using param(~ters n = 0.50, DTR = 0.01,

€; = 4% and f l = 3.13. These are the same as were used with Model E in

Fig. 5.11, hence a comparison of Figs. 5.11 and 5.15 shows the relative

behavior of Models E and F. It is evident that the response prediction

of Model F is much better than that of Model E. However, in this case,

instead of the drift being towards the end of the response time history,

there is a slight sag during the middle portion of the earthquake. The

reasons for this drift and subsequent recovery are not presently under­

stood.

The computed response during test: W3 using Model F is plotted in

Fig. 5.16. Analysis parameters used in this case were the same as were

used with Model E in Fig. 5.14, (except that the deterioration rate,

DTR = 0.01), and comparison of these i:WO figures demonstrates the superi­

ority of Model E in this analysis eve:l though the Model F results are

quite good.

One aspect of the analyses described above, which should be empha­

sized, is that in all cases the initi~l period of vibration of the

mathematical model was adjusted to correspond with that measured before

the start of the test. Because the period of vibration has a dominant

influence on the dynamic response behavior, it is apparent that this

empirical adjustment was a big step t~oward obtaining satisfactory corre­

lation. In practice, however, such E:xperimental data would not be
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available and an analysis intended to test the adequacy of a given

design would have to be based on an estimated value of the structure

frequency.

The difficulties involved in estimating the stiffness of a rein-

forced concrete structure for purposes of dynamic response analysis

were discussed earlier in this chapter. It was pointed out that both

the distribution as well as the actual magnitude of the stiffness

changed during a severe earthquake test, because of variable cracking of

the concrete members. Accordingly in the foregoing analyses f the

cracked section moments of inertia of the members were adjusted to pro-

vide computed frame stiffness coefficients equal to the measured values.

Subsequent stiffness adjustments to duplicate the vibration frequency

observed at any stage of testing were then made by merely modifying the

modulus of elasticity of the concrete.

One approach to simplifying the estimation of the frame vibration

properties, which seemed worthy of exploration as part of the present

study, is to assume that all member moments of inertia are given directly

by the standard cracked section hypothesis. Then the changes of stiff-

ness which occur during the damage process can be accounted for entirely

by changes in the modulus of elasticity of the concrete. This approach

differed from that employed in the preceding analyses only in two

respects:

(1) No adjustment is made in the cracked section properties to improve

the distribution of stiffness.

(2) The damage condition of the structure is represented by a modulus

adjustment factor, expressing the ratio of the current effective modulus

to the basic measured value (E = 2640 ksi in this case).c

Example values of this modulus adjustment factor which would provide
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the measured fundamental frequency at various stages of the test program

are as follows:

Before Test

W-l

W-2

W-3

Frequency

3.80 Hz

3.13 Hz

2.03 Hz

Adjustment Factor

2.065

1.401

0.589

Note the factors greater than one which demonstrate that the condition of

the frame had not yet achieved the theoretical cracked section state at

the start of tests W-l and W-2.

In order to test the effectiveneEs of this technique for approxi­

mating the structure vibration propert.ies, several response analyses

were made in which the frame stiffnesE: was defined by the cracked section

properties and a specified modulus adjustment factor. Results of one

such analysis are shown in Fig. 5.17. In this case Model F was used to

calculate the response during test W3. The adjustment factor was set

at 0.57, giving f = 1.99 Hz which is close to the starting frequency

during the test. Other specified analytical parameters were n = 0.80,

DTL = 0.60, DTR = 0.01, and damping rCltio ~ = 4%. The correlation shown

in Fig. 5.17 demonstrates significent phase shifts between the analytical

and observed results; after the first few seconds the frequency of the

real structure has diminished consideJ:ably below that of the mathematical

model. Accordingly a second analysis was made, reducing the modulus

adjustment factor to 0.41 (giving f 1.68 Hz) to represent a greater

degree of damage. Other analytical parameters were as before, except

DTR = 0.005. Results of this analysi::; are shown in Fig. 5.18; the

correlation is excellent, showing tha': the chosen adjustment factor is

suitable for the structure condition during this test.

To study the generality of this lnodeling concept, the same type

of analysis was performed for test W-!) of Frame l--which had exhibited
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about the same damage state as did Frame 2 in test W-3. Analysis para­

meters used in this study were the same as those employed in the response

analysis of Fig. 5.18. Correlation of the calculated response with the

behavior observed during test W-6 (first structure) is shown in Fig. 5.19.

The correlation in this case also is quite good, although slight tendencies

toward phase shifts are evident; apparently the adjustment factor of about

0.4 provides a good model of a rather severely damaged frame.

To examine the performance of this modeling technique for a structure

which is essentially undamaged before the earthquake, it was also applied

to test W-2 of Frame 2. The modulus adjustment factor in this case was

set at 0.81, giving a frequency of 2.37 Hz, which is representative of the

damage state at some stage during test W-2. Other analysis parameters

were taken to be the same as those used in Figs. 5.18 and 5.19, except

that the damping was arbitrarily set at ~ = 2% to correspond with the

initially undamaged condition of the frame. Results of this analysis,

shown in Fig. 5.20, are quite good during the first part of the run, but

then a spurious drift appears. To control the drift, the parameter n was

reduced to 0.45 while all other parameters were left unchanged. Results

of this re-analysis, shown in Fig. 5.21, demonstrate that most of the

drift has been eliminated and that reasonable correlation has been achieved,

although not as good as was obtained from test W-3.

Although these investigations have been too limited to enable any

firm conclusions to be drawn, they do demonstrate that a relatively

simple approach to estimating the frame stiffness can lead to adequate

response analysis. Using frame analysis Model P, and defining the

frame stiffness by the cracked section properties and an adjusted modulus

of elasticity, produced good response calculations for two structures

which were in heavily damaged conditions at the start of the test, and
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a fair correlation for a structure which was essentially undamaged at

the start of the test. Modulus adjustment factors of about 0.4 and

0.8 seem to describe adequately the dan.age state in the two situations,

respectively.
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TABLE 5.1 COMPARISON OF NATURAL FREQUENCIES

AS GIVEN BY ANALYSES AND TESTS

(Struct~e Without Concrete Blocks)

ANALYTICAL VALUES FOR
FREE VIBRATION

DIFFERENT STIFFNESS FORMULATIONS
TEST RESULTS

GROSS TRANSFORMED CRACKED
(Before Dynamic

SECTION AREA SECTION SECTION
Tests)

FIRST
6.66 7.42 4.63 6.58

MODE
(Hz)

SECOND
18.28 20.36 13.09 20.58

MODE
(Hz)
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6. CONCLUDING RE:I1ARKS

Although the testing of a single structure, as described in this

report, is too limited a basis on which to draw general conclusions

concerning the seismic behavior of reinforced concrete frames, the

combined experience obtained with this frame and its predecessor does

begin to lend credence to certain major observations. These are pre­

sented below in two categories, concerning the seismic resistance of

the structure and regarding the correlc.tion between its analytical and

observed performance.

6.1 STRUCTURAL PERFORMANCE

(1) This frame, like its predeceHsor, was designed carefully

according to ACI and Uniform Building Code requirements to achieve a

highly ductile structure. It demonstrated excellent seismic resistance

even when subjected to a succession of very severe earthquakes, with the

damage being limited to cracking of concrete in the most highly stressed

sections of the columns and girders. ;~o permanent sidesway deformations

could be observed, and the frame's ultimate strength capacity ·was not

reduced by this cracking; but the sidesway stiffness was considerably

diminished, of course.

(2) In contrast with Frame 1, which suffered a major crack near

one end of the first floor slab due to erroneous termination of the slab

mesh at that line, Frame 2 developed no major failure during testing.

This fact demonstrates the value of close inspection during construction

to ensure that the finished structure corresponds to the design.

(3) After repair by epoxy inject.ion, the frame again demonstrated

excellent seismic resistance. The repair did not restore the lateral
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stiffness to its initial value, but the repaired frame was no more

sensitive to damage than was the original structure.

(4) It is noteworthy that the dynamic forces developed in the

frame during severe tests greatly exceeded the "ultimate load" capacity

indicated by a simple elasto~plastic analysis procedure. This fact

demonstrates the limitations of such simplified analyses in predicting

earthquake performance; a more refined mathematical model is essential

if realistic strength estimates are to be obtained.

(5) Comparisons of damage observed in Frames 1 and 2 indicate that

earthquake damage to concrete frames tends to represent the cumulative

effect of all strain cycles produced by the total seismic history.

Amplitude and number of response cycles are significant factors, but

the sequence in which they are developed apparently is not. Thus

subjecting a virgin structure to intense loading before a sequence of

smaller quakes seems to be no more destructive than if the process were

reversed.

6.2 ANALYTICAL CORRELATIONS

(1) The most critical factor in achieving good analytical corre­

lation with the experimental results is the initial frequency of the

mathematical model. The two frames exhibited nearly identical responses

when their natural frequencies before a test were similar and they were

subjected to the same intensity. Similarly, a mathematical model

provided quite good correlation if its initial stiffness were chosen to

approximate the actual structure's starting frequency.

(2) Both mathematical Models E and F were found to give good

correlations with the observed results for tests in which significant

yielding occurred. Both consist of standard nonlinear frame analysis
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programs based on bilinear joint regions, with a first mode stiffness

degradation mechanism superposed. Loss of stiffness, expressed by a

changed of the modulus of elasticity, oependsboth on the peak yield

amplitude achieved and also on the number of cycles of significant

deformation. At present the parameten: which controlled this degradation

and deterioration mechanism can only bE! selected empirically, and further

experience is needed to define them bei:ter. A major problem at present

is a spurious drift which results when inappropriate values are assigned

to these parameters.

(3) The initial stiffness property of the frame was selected

empirically in these studies to provide agreement with the observed

initial frequency. In practice, however, the designer would have to

define his analytical prediction model on the basis of design properties,

and an effort was made here to simplify this Ita priori" selection.

Results obtained using the cracked section moment of inertia and a

reduced modulus of elasticity for the concrete generally were satisfac­

tory, so it appears that the designer need merely select the modulus

reduction factor in accordance with ~le degree of cracking to which the

structure has been subjected. Appropriate factors for the present tests

ranged from over two for the original laboratory model to about 0.4 for

a damaged structure subjected to aftershocks. Further experience is

needed to select a factor suitable fcr a given building after several

years of normal use.

6.3 EARTHQUAKE SIMULATOR TESTING

Although experience with the eaJ:thquake simulator is still quite

limited, it is apparent that tests of this type represent an indispens­

able part of earthquake engineering research. Controlled amplitude
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force or displacement testing provides an efficient means of studying

the seismic capacity of structural components and assemblages, and for

formulating mathematical models to represent their performance. However,

the adequacy of such models, and of the computer programs in which they

are utilized, can be verified only by testing complete structural systems

subjected to simulated earthquake motions. Only then will the history

of deformation to which each component is subjected represent the true

earthquake behavior, in which the response mechanism 'influences the

deformation history. On this basis it is clear that the earthquake

simulator and the controlled displacement testing techniques are comple­

mentary, and that the ultimate verification depends on the earthquake

simulator.
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APPENDIX A

A.l GENERAL

Section properties were evaluated for the purposes of analyses

using the material properties of Figs. 2.4, 2.5 and 2.6 and Table 2.1

with the actual reinforcement layout of Fig. 2.7. The results of such

calculations are shown below.

A.2 TRANSFORMED AREA SECTION

E = 29000 ksi
s

E = 2640 ksi
c

10.98

Column Section

~R = 5.75 x 8.50 + 2x9.98xO.62 = 61.25 in2

I
TR

5.75 x(8.50)3 + 2x9.98x(2.33)2 xO.62 = 361.45 in4

12

Bottom Story Girder

Depth of neutral axis from top fibre

y* = 3.38 ins.

+

36x(2.875)3 + 36x2.87!ix(3.38-1.44) 2

12

5.75x(8.50)3 + 5.75x8.50x(7.l3-3.38)2
12

+ O.35lx9.98x(3.38-0.61)2 + 0.66x9.98(3.38-1.03)2

+ O.35lx9.98x(3.38-2.ll)2 + O.62x9.98x(9.58-3.38)2

I = 1749.0 in4
TR

Preceding page blank
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Top Story Girder

Depth of neutral axis from top fibre

y* = 3.28 ins.

= 1650.0 in4

A.3 GROSS SECTION

Column Section

= 5. 75x8. 50 48.88 in2

= 5.75x(8.50)3
12

= 294.3 in4

Bottom and Top Story Girders

Depth of neutral axis from top fibre

y* = 3.26 ins

36x2.875x(3.26-1.44)2+36x(2.875)3
12

+ 5.75x(8.50)3 + 5.75x8.50x(7.l3-3.26)2
12

=

A.4 YIELD SURFACES

While computing the yield properties, compression reinforcement is

included in the computuation. Material properties of Figs. 2.4, 2.5

and 2.6 and Table 2.1 were used.

A.4.l Column Section

AS A' := 0.62 in2 Es E' 29000 ksis s

d := 6.75 ins, d' = 1. 75 ins, b = 5.75 ins

f' 4.395 ksi, Ec = 2640 ksi, Eco := 0.00335, £CULT 0.005c
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STRAIN

- ...... T

STRESS
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Sy (in/in) 0.0014

f y (ksi) 41.5

T (kips) 25.7

c (ins) 2.80

sin (in/in) 0.0009924
c

s' (in/in) 0.0003721
s

Cs (kips) 6.90

Cc (kips) 18.90

y (ins) 1.84

M (in-kip) 148.8
e

4>y sin (l/in) 0.000354
c

c

I
CR

= Me (in4 ) 159.0

Ec<Py
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b) Compression Yield Force (M = 0)

Po (kips) 260.9

c) Tension Yield Force (M = 0)

PT (kips) 51.5

d) Balanced Point

....--ce"

- ....... r

te'

STRESS

Ey

STRAIN

.h. .....1.- J=;;::::::;~=======::::::::=~_~I--cs

2 cd
PLASTIC CENTROID".

-------------~---
----N~:::·AXIS-;r-'

e

e

d

s (in/in) 0.0014
y

T (kips) 25.7

c (ins) 5.27

e (ins) 1. 74

C = T (kips) 25.7
s

1
(kips) 57.7C

c

Cit (kips) 40.7
c

P (kips) 98.4
B
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Wire Mesh Reinforcement

. Top Story

22.44

1.38

0.899

.21.38

22.28

205.5

0.000246

317.0

A.4.3 Girder Sections. Tension at ~)P Fibre. Wire Mesh Reinforcement
Included in Computations.

In this case we see that the yield moment is not defined as before

i.e. yielding of main reinforcement, since we have three layers of tension

reinforcement. Hence the moment curvature relationship is plotted for

various conditions defined in the Fig. A.I and the yield moment is the

moment defined in the same figure.

The notation for the forces in the tension reinforcement is as

follows

T: Force in the main tension reinforcement
o

TI: Force in the tension reinforcement closer to the top of slab

T2: Force in the tension reinforcement closer to the bottom of slab.
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Bottom Story Girder

Point 1 Point 2 Point 3 Point 4 Point 5

c (ins) 4.90 4.82 3.45 3.26 3.30

C (kips) 19.23 20.60 :!5.73 25.73 25.73s

C (kips) 50.86 53.31 !'8.12 61.98 63.19c

C (kips) 70.09 73.91 :33.85 87.71 88.92

TO (kips) 34.32 34.32 34.32 34.32 34.32

Tl (kips) 20.34 22.71 25.19 27.13 27.40

T2 (kips) 15.14 16.98 24.45 26.26 27.10

T (kips) 69.80 74.01 83.96 87.71 88.80

M (in-kips) 594.5 629.0 731.0 761.0 764,.0-

<P (in/in) 0.000336 o.Oo~). 000971 0.00153 0.00201
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Therefore My 720.0 in-kip

0.0004 l/in

670.0 in4 •
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Top Story Girder

Point 1 I Point 2 Point 3 Point 4 Point 5

c (ins) 4.77 4.72 3.33 2.94 3.07

C (kips) 10.72 11.85 16.90 21.14 22.44
s

C (kips) 47.25 50.94 56.10 55.86 56.09
c

C (kips) 57.97 62.79 73.00 77.00 78.53

TO (kips) 22.88 22.88 22.88 22.88 22.88

T
1

(kips) 20.03 22.71 25.36 27.25 28.04

T
2

(kips) 15.19 17.26 24.63 27.06 27.60

T (kips) 58.10 62.85 72.87 77.19 78.52

M (in-kips) 495.0 536.0 638.0 674.0 670.0

¢ (l/in) 0.000326 0.000366 0.00101 0.00170 0.00282

Therefore M == 640.0 in-kip
y

<P; == 0.0004 (1/in)

I~R == 575.0 in4 .
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