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SUMMARY

The paper presents test results of four identical reinforced concrete
wall-frame structures under dynamic and static loadings. Each test speci-
men was a one-tenth (1/10) of full scale in size, three-bay, seven-storied
plane shear wall-frame structure. A mathematical model was developed with
considering inelasticity of each member in an attempt to correlate the ex-
perimental resutls. Good correlation of overall behavior was achieved
when an appropriate hysteresis and damping were used.

I INTRODUCTION

One of the effective use of shear walls in seismic design of multi-
storied structures is to make the shear walls and the boundary beams yield
in bending instead of shear type of failure. Generally speaking, however,
such structures are statically indeterminate in its failure mechanism and
the internal force on walls or columns cannot be obtained by a limit ana-
lysis concept. According to the background above stated, it may be nece-
ssary to establish a valid inelastic analysis method for better understand-
ing of ductile wall-frame structures and the design criteria should be exa-
mined by some tools such as experimental work and its exact simulatiom.

I STATIC AND DYNAMIC TESTS OF WALL-FRAME STRUCTURES

2.1 Design procedure of a specimen
A design procedure of a specimen in this paper was as follows.

i) Assumed an external loading distribution as inverse-triangular shape
along the height.

i) Calculated the yield moment of girders and then found the total reac-
tion forces at the bottom. Absolute values of horizontal load along
the height was decided by an equilibrium of overturning moment at the
bottom.

#ii) Each story shear force was then calculated and the shear force on ex-
terior columns were derived, redistributing end moment of beams in
proportion to the stiffness of columns above and below the node in
consideration.

iv) Shear force on wall was calculated by subtracting the column shear
from story shear force.

v) Reinforcing bar arrangement on the bottom story of wall was so design-

’ ed as to fail in bending. The presumption of the failure mode was
based on a Dr. Hirosawa's proposed formula 1) as:

if Qn/ Quwu150.75 then flexural failure
if 0.755Qn/ Quu,S1.25 then flexural or shear failure
if 1.255Qn/ Quu, then shear failure

where Qp : ultimate flexural strength by Dr. Umemura's e~function
cQuu1: ultimate shear strength by an equation of
cQuu1={0.0679P, ° * B(F +180) / M/QD+0, 12+2.7VOyuhPyun+0.100} +be- j
The terms in the equation of Py in percent is a temsion bar ratio, Fo
Researcher, Technical Research Institute of OHBAYASHI-GUMI LTID.
Supervising Researcher, same above

H
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is a compressive strength of concrete, Oy is yielding stress of shear
reinforcement, Pwh is shear reinforcement ratio of wall, 0, is an ave-~
rage compressive stress for gross sectional area, M/QD is a shear span
ratio, bg is an equivalent width of wall, d is a distance from the.com-
pressive fiber of concrete to the center of tension side column and j
is 7/8d. The unit of stress and length are kg/cm2 and cm, respective-
ly.
vi) Girders and exterior columns were so designed as to fail in bending.

2.2 Construction of specimen

Four identical specimens of three-bay, seven-storied wall-frame struc-~
tures were made as shown in Fig. 2.1. Three of them were provided for dy-
namic tests on a shaking table and the other one was for statically hori-
zontal loading test. The characterization of each specimen is shown in
Table 2.1. The scaling of overall structure and the consisted members are
approximately onme-tenth (1/10) of actual size. The dimensions and the re-
bar arrangements are shown in the figure. The material properties are
listed in Table 2.2 where the mortar strergthes are varied for each test
specimen because the time tested is different.

Additional steel weights were mounted at every beam-column joints in
order to simulate the actual floor load of a building. Weight of mass at
a joint was 264 kgs at interior and 143 kgs at exterior column joint which
became totally of 5698 kgs. The axial compressive stress at the bottom of
column was 51.3 kg/cm2 and 27.8 kg/cm® for interior and exterior columms,
respectively.

2.3 Test program
2.3.1 Shaking table tests

Three specimens were tested on a shaking table at Ohbayashi-gumi Ltd.,
whose exciting capacity was ten Ton-G. Mechanism of roller supports in
horizontal direction were provided at the third and sixth story level so
as to prevent out-of-plane deformation of the structure. As shown in
Table 2.1, diversity of three specimens were their input wave forms. Input
ground motion for specimen D1 was Tokachi-oki earthquake (1968) Hachinohe
harbour NS component record with a duration time of about forty seconds,
that was an actual time scale. The test was repeated two times (RUN-1,2),
changing the input acceleration levels. Specimen D2 was excited by "enve-
loped-sin" wave specially made and its predominant frequency was matched
at every stage of the expected first mode frequency of the structure.
The test was repeated four times (RUN-1,2,3,4), changing the input level,
so that progressing inelastic behavior was observed. The third specimen
D3 was for Miyagi earthquake (June, 1978) TOHOKU Univ. NS component record.
Actual duration time of the record, about thirty seconds, was contracted
by the time scale of one-half (1/2) for test program in considering its
spectrum tendency. The first run (RUN-1) made enough the specimen beyond
yielding by the order of ductility factor 1.7. Although the test was con-
tinued to the second run (RUN-2), too much input acceleration made the
weighted mass impact a guide roller.

2.3.2 Statical loading test

Figure 2.2 represents the test set-up of horizontally cyclic loading
system. Loading points were distributed along the height at the seventh,
sixth, fifth and third story level located on the shear wall. Vertically
pin-jointed arms of A and B in the figure were provided both back and fore
surface of the structure and then concentrated at point C. ‘Cyélic load was
applied at point D by using PC-steels and center hole jacks. :
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The distribution of loading ratio along the height was decided in
order to simulate the shear and overturning moment distribution of the
specimen to that of calculated values by applying the first mode shape of
dynamic loads as shown in Fig, 2.3. So the ratic became as 1.0 : 1.0 :
0.57 : 1.09 for the seventh, sixth, fifth and third story, respectively.
The horizontal loading sequence was followed by a part of response results of
test D1 (dynamic test) at the seventh story displacement as shown in Fig,
2.4, Steel masses were also mounted for vertical load.

2.4 Dynamic test results

Figure 2.5 shows the final stage of each structure. Trend of progre-
ssive damages were the same for all specimens. A part of maximum response
values for every specimens are listed in Table 2.3. An example of time
history vibrating mode shape of displacement along the height is shown in
Fig. 2.6 in case of test D1, RUN-1.

2.5 Static test results

The final failure is shown in Fig. 2.5. Shear cracks were extended
up to the third story which was same as dynamic tests. The relation be-~
tween total shear force and top displacement is shown in Fig. 2.7. Even
after the rotation angle of 30/1000, strength degradation was not apparent
and at the stage of 95/1000, 74% of the maximum load was still sustained.

Displacement mode shape along the height under some positive cycle
loadings are plotted as shown in Fig. 2.8. Within a range of small load-
ing level, the mode shape was similar to that of the calculated elastic
first mode of vibration and characterized as combined bending and shear
type of mode. An inverse-triangular mode shape was observed at the final
stage where the structure formed an ultimate failure mechanism.

II MATHEMATICAL MODEL OF A WALL-FRAME STRUCTURE

3.1 Introductory remarks

Simulation analyses of static and dynamic tests were conducted by us-
ing a computer program developed for exact calculation of inelastic behavi-
or of reinforced concrete structures. The formulation of equations and
the other informations are described precisely in a paper of this conferen~
ce by a part of same authors. . A mathematical model of tested frame
and the hysteretic behavior of every member element are only discussed in
this chapter.

3.2 Inealasticity of elements

Four tested specimens, same in dimension, are substituted into a two-
bay and seven-storied plane frame as shown in Fig. 3.1. The deformation
considered are bending, shear and axial for column and wall elements,
bending and shear for girders but shear deformation at beam~column joints
are neglected in this analysis because the joint are considered to be
rigid.

The wall elements, actually an equivalent column elements, and column
elements are divided into thirteen horizontally sliced sub-elements in
each story height. Every sub-elements have an individual non-linear mo-
ment-curvature relationship. Cyclic hysteresis rule was assumed as shown
in Fig. 3.1. Elastic-inelastic behavior for shear deformation (Yy) against
average shear stress (T) was also considered for each wall. Degradation
of shear rigidity after shear cracks occured was assumed as one-tenth (1/
10) of elastic rigidity. Cyclic behavior for shear force is same as bend-
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ing moment hysteresis rule only in the range before yielding. A validity
of these assumption were verified by analysis of the isolated three stori-
ed wall previously tested. 4

Inelastic spring mechanism was assumed at an end of boundary beam to
wall. Individual test program of beam-wall element was conducted and cor-
relation between the test results and the assumed hysteresis rule are
shown in Fig. 3.1.

Rotation due to the slippage of the tensile reinforcement of the beam
from the joint of column was also taken into account. The rotation angle
at the yielding of tension steel is a function of average bond stress
(Ta) and herein assumed to be O.SVEL(MPA) by referring to a paper by
Galvin(5),

With consideration of the slippage behavior, cyclic hysteresis rule was
assumed as shown in Fig. 3.1. Individual test program of beam-column ele-
ment was conducted and the results was correlated with the assumptions as
shown in the figure.

IV SIMULATED TEST RESULTS

4.1 Simulation results for static test

Simulation analysis was conducted first for the static reversal load-
ing test in order to verify the validity of the mathematical model discuss-
ed in Chapter-3. Hysteretic behavior of every element was already examined
by the individual test program as stated in 3.2. Loading cycles for cal-
culation were selected as Nos.-8, 12 and final cycles associated with the
experimental loading program as shown in Fig. 2.4. A relationship between
total load and the top displacement are plotted in Fig. 4.1, where rigid
line represents the test results and dotted line is the calculated value.

Figure 4.2 shows the results by limit analysis method. The maximum
load of the test was 2.61 tons while the calculated ultimate load was 2.24
tons which was 147 lower than the test results.

4.2 Simulation results for dynamic tests

The calculated maximum response values are shown in Table 2.3 compar-
ing with the test results. For specimen D1, because the time duration of
the tested responses were too much long for computation, the time between
6.0 and 10.0 seconds from the initial were taken into account for RUN-1
and almost similar for RUN-2. This was not an exact simulation of the
test but almost covered the static loading program. For specimen D2, four
test runs were calculated continuously with each duration time of two se-
conds. Only RUN-1 was calculated for specimen D3 by a reason stated in
2.3.1.

Figure 4.3 shows the examples of response wave forms for test D1 and
D2 comparing the measured with calculated. Figure 4.4 shows an example of
calculated base shear vs. top displacement in case of test Dl. Figure 4.5
shows an example of calculated vibrating mode shape in case of test Dl com-
paring with the corresponding displacement of statical simulation results
stated in 4.1. Figure 4.6 shows an example of progressing crack of concre-
te and yielding of re-bars in case of test Dl by calculation.

Spectrum simulation was conducted for calculated response in case of
specimen D3, RUN-1. A transfer function of top story to the base, for
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example, are shown in Fig. 4.7 compared with that of test results,

4.3 Discussion

Both the static and dynamic test results were simulated by a mathema-
tical model discussed in Chapter-3. Statical simulation coincided fairly
well with the test results which confirmed the evaluation of elastic and
inelastic stiffness, hysteretic assumptions of member elements and base
fixed condition of the physical model, Dynamic simulations demonstrated
that if the statical simulation could be achieved well and if the adequate
dampings were assumed, then the prediction of the dynamic response might
be well attained by similar mathematical model.

Since the study presented herein is limited to plane structure of la-
boratory test specimens, a possibility of predicting the elastic-inelastic
response of reinforced concrete wall-frame structure might be suggested.

V CONCLUSIONS

1) As expected in design of a specimen, yielding of every end of girders
and bottom ends of both columns and shear wall at the first story were
achieved under static and dynamic loadings and final compression fai-
lure was observed at the bottom of inmer colummns.after very large
deflection.

ii) The calculated acceleration and displacement at each floor which took
into account the restoring force characteristics of every member ele-
ment were reasonablly comparable with those measured.

#ii) In accordance with the extermal force level increased by static or
dynamic loadings, the predominant displacementmode shape of a struc—
ture changed from the elastic first mode of vibration into an inverse-
triangular shape which was a mode of ultimate mechanism. This may
suggest an adequency of using inverse-triangular shape of force dis-
tribution along the height in the process of ultimate state design of
shear wall-frame structure.

iv) The shear wall had a large ductility when it was designed by a philo-
sophy described in this paper, however, the compression failure of
columns adjacent to the wall observed in these tests suggested a ne~
cessity of establishing more detailed criteria for design of ductile
shear wall.
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