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SUMMARY

The objective of this paper is to understand the dynamic behavior of
reinforced concrete multistory space frames and to clarify the cooperative effects
of slab reinforcement on the increase of beam stiffness and the effects of the
simultaneous development into plastic hinge in all beams that frame into the
column when subjected to skew earthquake attack. By conducting the shaking table
test, various interesting features were obtained regarding the earthquake
resistance of reinforced concrete multistory buildings.

INTRODUCTION

Frame system should be designed to be of beam collapse mechanism to avoid the
occurrence of "soft story", but it is difficult to design a frame to be of weak
beam-strong column type, due to the insufficient understanding at present stage
on cooperative effects of slab reinforcement (Refs.l1,2,3) as well as the
simultaneous development of plastic hinges in all the beams that frame into the
column when subjected to a skew earthquake attack (Ref.4,5). There were
experimental works (Refs.2,3,5) with three dimensional specimens to investigate
the cooperative effects of slab and biaxial loading effects. However, their
focuses were placed on the resistance characteristics of slab-column
subassemblages or beam-column subassemblages. Thus shaking table tests were
conducted to investigate the overall dynamic behavior of multistory space frame as
an assemblage for an important step to the understanding on earthquake resistance
of actual buildings.

EXPERIMENTAL PROGRAM

Test Structures Four test structures of 1/10th scale model, supposed to
represent a six-storied single-bay by single-bay multistory space structure,
were used in the test. A test structure with dimension is illustrated in Fig.l.
The cross sections and reinforcement for members are tabulated in Table 1. Test
structures were of beam collapse mechanism in calculation even 1if cooperative
effects of all the slab reinforcement are included. Flexural strength of each
member is tabulated in Table 2. The section of columns and their reinforcement
were the same over the height of test structures. Test structures were cast
horizontally into metal form by the same batch of concrete. River sand of 3.2
mm, maximum size, was wused in concrete. The reinforcement used in the
fabrication of test structures were of the diameter 1.0, 2.3, 3.2, 4.0 mm with
yield strength 4070, 5750, 4480 and 5170 kg/cm? respectively.
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Test Procedure The parameters considered in this study were two, one was the
direction of input base motions and the other was the type of input base motioms.
Two test structures were shaked parallel to long span direction, one of principal
axis, to dinvestigate the fundamental dynamic behavior of test structures. The
other two test structures were shaked diagonally in order to know the effects of
bidirectional input. Setting of test structures on shaking table is shown in
Fig.2. Two test structures (SDC-0 and SDC-A) which were parallelly and diagonally
shaked were subjected to a series of the sinusoidal base motions of increasing
intensity and the other two test structures (SDC-OE and SDC-AE) were subjected to
a series of scaled recorded earthquake base motions (1940 El Centro EW). Response
spectra of this recorded earthquake base motion at Run 4 are illustrated in
Fig.3. Test sequence and mechanical properties of concrete are listed in Table 3.
The amplitude of earthquake waves were increased in four steps. Maximum
accelerations of both type of base motions at each Run level are listed in Table
4. To measure the relative displacement and absolute acceleration, several
displacement transducers and accelerometers were installed at the strategic points
of the test structures. During the test a constant gravity load of 240 kg was
under application on every floor to get horizontally distributed inertia forces
over the height of the test structures.
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EXPERIMENTAL RESULTS

Crack Patterns Nearly the same crack patterns were observed for all the test

structures. For diagonally shaked test structures skew crack lines in slab surface
were not observed, different from the static test results reported in (Ref.5), due
the fact that resonance phenomena were observed alternately in both the
principal directions in shaking table tests. Flexural cracks at longer beam ends
and cracks 1lines of slab surface along shorter beams were remarkable at each
floor. The cracks at shorter beam ends were also observed. This may be due to the
torsional effects of slab reinforcement on shorter beams. Fig.4 shows the crack

patterns of one of the test structures.
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Distributions

The acceleration distributions at maximum base shears
In both cases of parallelly and
used. Base

Acceleration Distributions
at each input level are shown in Fig.5(a).
diagonally shaking tests, acceleratigns in long span direction were
shear was obtained from: Base Shear =15mi(xi+§o), where, n= total number of story,
Xi+%o="absolute acceleration of the ith story.

the first
the

mi=mass of the ith story,
Acceleration distributions for all the test structures were nearly of

mode shape at each input level. The higher mode in those distributions for
test structures subjected to earthquake motion (Ref.6) were not observed because
the initial fundamental period shown in Table 5 was near the breaking point
period which was about 0.2 sec for the response velocity spectra in Fig.3.
Displacement Distributions The lateral displacement distributions at maximum top
level displacement at each input level are shown in Fig.5(b). In both cases of
parallelly and diagonally shaking tests, the observed values in long span
direction were also used. The lateral displacement distributions were inverted-
triangular and did not vary throughout the test.

Hysteresis Loops Observed hysteresis loops as the relationships between the base
shear and top level displacement at each input level are illustrated in Fig.6.
With dincrease of input amplitude, the features of loops become of slip type (of

inverted S type).

DISCUSSIONS

The nonlinear frame analysis method (Ref.7) was
A test structure was replaced by frame

model with imaginary concentrated springs and rigid zome at the ends of the
members as shown in Fig.7. An envelope curve (moment-rotation) for each member of
the test structure was assumed to be tri-linear as shown in Fig.8. A step-by-step
numerical integration procedure is used to solve the equations for static
analysis. Distribution of lateral external force was assumed inverted-triangular.

Outline of Analytical Method
developed to predict the test results.
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The equations in terms of the relative displacements at the loaded points to the
base can be written in an incremental form as follows:

{2P}+ kM Ax}=(0} (n

{AP}: incremental external lateral force vector
[KH] : structural stiffness matrix
{ax}: relative incremental displacement vector

Initial natural periods of test structures were calculated by using the diagonal
mass matrix and initial structural stiffness matrix.

Initial Natural Periods and Transitions of Natural Periods The observed and
calculated initial periods are shown in Table 5. Observed periods were obtained by
small amplitude free vibration tests which were inserted at intervals of each
large amplitude input test. Calculated values were obtained ignoring slab effects
on beam stiffness. Good agreements are found between the calculated and observed
values in both the first and the second modes. Transitions of mnatural periods
along with previously experienced maximum top displacement for all test structures
are shown in Fig.9. It is found that natural periods were about 1.5-2.0 times
initial periods even at last stage. This may be due to the flexibility of
deformation even at final stage.

0.49
Table 5 Natural Period 0. 34
5
Test Observed Calculated o
Structure -
First | Second | First | Second g0.2
]
Sbc-0 0.165| 0.053 | 0.150 | 0.052 o
a0.1 —e— SDC-A
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-@-- -
SDC-0E 0.153| 0.050 | 0.153| 0.052 —r + SpeTAE
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SDC-AE 0.162| 0.049| 0.148 | 0.051 Top Level Displacement (cm)
unit ; sec Fig.9 Transitions of Natural Period

Envelope Curves Observed envelope curves of maximum base shear versus top level
displacement are plotted in Fig.l0. The calculated lines in both the cases of
taking account of the effect of all the slab reinforcement (solid line) and
ignoring that of all the slab reinforcement (broken line) are also inserted. In
comparison between observed and calculated results in sinusoidal base motion
tests, it is found that the observed values follow, in the stage from cracking to
yielding, the calculated line assuming that all the slab reinforcement is ignored,
but approach, at the stage of ultimate strength, the calculated line assuming that
all the slab reinforcement is effective. This trend is similar to the results of
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static loading tests reported in Ref.5. On the other hand, the observed values in
earthquake base motion tests seem to follow, throughout test, the calculated line
assuming that all the slab reinforcement is effective. This result may be due to
the effects of higher mode. Remarkable difference between results of both
parallelly and diagonally shaked test structures were not observed.

Displacement Time History and Orbital Plots The observed and calculated
displacement time histories and orbital plots at top mass center of test
structures for the diagonally shaked test structures subjected to sinusoidal base
motion are illustrated in Fig.ll. For the diagonally shaked test structures
resonance phenomena can be observed not in diagonal direction but alternately in
principal axis. To wunderstand these phenomena, dynamic response analysis was
conducted by using the simplified analytical method (Ref.8). Test structures were
assumed to be two degrees of freedom system with the equivalent mass and the
equivalent height shown in Fig.l2. Bilinear envelope curves for this system were
obtained by simplifying the envelope curves calculated by the frame analysis
assuming that all the slab reinforcement were effective. The restoring force
characteristics were assumed as origin oriented. Results of analysis for the
diagonally shaked test structure subjected to sinusoidal base motion are shown in
Fig.ll. Good agreements are found between the calculated and observed time histo-
ries and orbital plots. The same results were obtained for the test structures

subjected to earthquake base motions, by using the two degrees of freedom system.
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Responses The relation between both the base shear and top level displacement
and input levels are shown in Fig.l3. Base shear was divided by the calculated
lateral strength of the test structure Pcu, obtained by the virtual work method
assuming that all the slab reinforcement are effective and that the distributions
of external forces are inverted-triangular. Displacement are normalized with
deflection angle R. Base shears are also normalized by dividing with Pcu/M. Thus
the ratio of both axis become magnification factor:

Magnification Factor=  mi(X%i+Xo) /(M-Xo)=(Base Shear/Pcu)/(M.Xo/Pcu) (2)
& i=1

Pcu : Lateral strength of structure
M : total mass of structure

Fig.13 shows that the magnification
factors of the test structures subjected
to sinusoidal base motion are 7-8 at the
first stage, and become about 5 at the
last stage. It is also found that
sinusoidal waves power are much stronger
than earthquake waves power in which
magnification factors are 2-3 at most.
The results of single story space struc- !
tures din (Ref.9) are also plotted in 0.5 1.0
this figure. S and E represent the case Fig.13 Observed Values
of sinusoidal and earthquake waves res- to Input.Levels
pectively. The difference between two types of test structures is considered due
to their difference in overall proportion related to flexibility of deformation.

Base Shear/Pcu
Deflection Abgle

of Résponses

CONCLUSIONS

This paper presents the shaking table tests conducted to investigate the
dynamic behavior of reinforced concrete multistory space frame structures, when
subjected to strong base motions. Based on the experimental and analytical
results, the following statements can be made. An important step to the
understanding on earthquake resistance of actual buildings was made with the
focuses on the cooperative effects of slab and biaxial loading effects.
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