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SUMMARY

An l8-st?ried, steel framed reinforced concrete building in Sendai City,
Japan was subjected to strong ground motions during the Miyagi-Ken—Oki earth-—
quakes of Fe?ruary 20 and June 12, 1978. This paper describes the results of
the comparative study for the elastoplastic seismic analysis made on the basis
of the strong earthquake motion recorded on the building and the actually mea-
sured values. Concurrently, conventional changes of pre- and post—earthquake
natural period of the building are introduced.

INTRODUCTION

In Japan, structural design of high rise buildings is generally made by
what is known as the earthquake response analysis method. It is highly impor-
tant for seismic design of buildings to know accurately the behaviors of
buildings under a strong earthquake and consider them in a theoretical manner.
In Japan, however, there had been no case where the structures designed on the
basis of dynamic analysis were actually subjected to the strong earthquake
motion, and this building presented the first case where actual behaviors of
the structure under strong earthquake motions were really studied. In this
present paper, the structural behaviors of Sumitomo Sendai Building which we
designed by the dynamic method and experienced two great earthquakes (Miyagi-
Ken-Oki Earthquakes) are described from various view points.

DESCRIPTION OF THE BUILDING

This building is an 18-storied office building with two basements, and
has the plan and section as shown in Fig. 1.

The building is nearly square in plan, measuring 32.4 m x 32.6 m, and
rises to 66.0 m above the ground level. The structure is mainly of steel
framed reinforced concrete construction with lightweight concrete. Main
framework of the building consists, in both directiomns, of reinforced concrete
shear walls. The foundation of the building is in the form of mat foundation
which is directly supported on hardpan.

Structurally, the building was designed by a dynamic aseismatic process
in which repetitive earthquake response analyses were made, with the basic
principle that the structure should remain in an elastic region when subjected
to a ground motion of 200 gals and that the ductility factor for each story
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should not exceed 2.0 when it was subjected to a strong ground motion of 400
gals.

DESCRIPTION OF EARTHQUAKES

The building experienced two earthquakes which are briefly described
below.

The First Earthquake The Second Earthquake
Date of Occurrence February 20, 1978 June 12, 1978
Epicenter Lat. 142,040 E Lat. 142.230 E
Lon. 38.78° N Lon. 38.17° N
Depth 56 km Depth 25.8 km
Magnitude 6.8 7.4

Wave patterns and Fourier spectra of these two earthquakes are shown in Figs.
2 and 3 respectively.

DAMAGE OF THE BUILDING

During the earthquake of February 20, 1978, the maximum acceleration of
100 gals and 360 gals were recorded at the second basement and the 18th floor
respectively; however, the damage due to this earthquake was limited to some
cracks in partition walls, and no cracks were observed in columns, beams, and
shear walls. In the Miyagi-Ken-Oki Earthquake of June 12, 1978, the lateral
motion of about 280 gals on the second basement and about 580 gals on the 18th
floor were recorded. This latter earthquake caused cracks in concrete parti-
tions and damage to some items of building service equipment. In additiom, it
caused such damage to structural elements as minor cracks due to shear in the
east-west shear walls around the central core on almost all floors and also
very slight cracks due to bending at the outermost ones among the adjoining
beams at the center spans in the north-south direction on almost all floors.

STRUCTURAL ANALYSIS
Frame Model

The fact that some structural damage was caused to this building by the
earthquake on June 12 makes it necessary to conduct elastoplastic response
analysis in connection with this earthquake. For dynamic response analysis
which covers elastoplastic range, a model in which the building is converted
to the equivalent shear spring is often used. However, in the case of this
specific building where main aseismatic framework is continuous through sto-
‘ries, the bending-shear type model can be a more realistic simulation of the
original than the shear—type model in which each story reacts to earthquakes
independently. For the purpose of this analysis, the main shear walls continu-
ous through all the stories have been replaced by equivalent linear members
consisting of wall-columns, and these linear members have been connected to
adjoining beams to obtain the bending-shear spring for the wall-columned frame-
work in order to make the elastoplastic earthquake response of a framework
having specific bending-shear deflection characteristics like this ome. As
for the other framework, the shear spring has been obtained, and these two
types of springs have been combined to establish the model of the whole frame-
work. Then, by assuming respective elastoplastic restoring characteristics
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for the wall-columns, boundary beams and shear springs, the earthquake
response analysis has been conducted.

The model has been made by taking out a 1/4 of framework by supporting
the ends of beams on rollers on the axes of symmetry of the building both in
the N=S and the E-W directions (See Fig. 4).

Restoring Characteristics

Wall-columns: Bending rigidity is assumed as elastic, and the following
bilinear proportion is assumed for shear-bending rigidity. That is, if the
lateral, vertical and rotational deflection of the node i of the wall-columned
frame is represented by uj, vij and Z; respectively as shown in Fig. 5, then,
the shear force Q; acting on the wall-column on the i-th story may be
expressed by the following equation:

Q 2 . N
Qi = CAs*Tiray {E;°(ui'ui—l) -8 -8y === (1)
In which,
a = 12EI
(2-%;) 2Gag
where,
EI : Elastic bending rigidity of cross section of wall-column on the
i-th story
GAg: Elastic shear rigidity of cross section of wall-column on the
i-th story

hi : Story height of i-th story
In the right side of Equation (1), let it be expressed that
2
frrtugmuyp) =8 - 65 9) =wy

where,

o
Qi = GAS.——2(1+OL) wi _____ (2)
Then, assume that Qj and wj have the bilinear restoring characteristics as
shown in Fig. 6. Q., is taken as the resistance against initial shear cracks
in the wall-column and is obtained by the following formula:

Qcr = Bor*GRg Ry = )
where,
Boy:  Rigidity reduction factor at the occurrence of initial shear

cracking
Rget  Deflection angle use to shear at the occurrence of initial
shear cracking

In this analysis, B., has been taken as 0.9 and Rge, as 0.4 x 1073
(radians). (K represents elastic rigidity, and the secondary gradient  Kp
which occurs after initial cracking has been evaluated by taking elastic shear
rigidity as 1/5.
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Adjoining Beams: Shear rigidity has been considered ela}sticZ and the fol-
Towing bilinear relationship has been assumed for.the be?dlng rigidity. As
shown in Fig. 5, if the distance to the point of lnflectl?n‘o? the boundary
beam on the i-th story is taken as -, and the length of rigidity zome, as i;,
then, the rigidity zone end moment Mj of the boundary beam may b2 computed by
the following equation:

where,

EI : Elastic bending rigidity of the boundary beam on the i-th story
GAg: Elastic shear rigidity of the boundary beam on the i-th story

By taking the term (iS; = vi) on the right side of Equation (4) as gj,
the following formula can be obtained:

12EI 1
T L )

In the above equation, the bilinear restoring characteristics as shown in
Fig. 7 are assumed for M; and gj. My is the resistance against bending of the
boundary beam and is taken as the sum of the full plastic moment of steel
cross section and the ultimate bending strength of reinforced concrete cross
section.

Shear Spring: All frames other than the wall-columned ones have been re-
placed with equivalent shear springs in the following manner using the same
model and design loads as previously mentioned. Firstly, the elastic rigidity
is computed as shear spring from the story shear force and story drift of each
story when the simulation model for elastic analysis is subjected to the de-
sign load. Here, it should be noted that this building is designed as "beam
yield type" structure; therefore, plasticization of beams and shear walls with-
in the range of anticipated response only needs to be considered. Thus, the
resistance of shear walls against initial cracking and bending strength of
beams in each frame have been computed by the same methods as described in
'Wall-columns' and 'Adjoining Beams' above.

Computation of Numerical Values

From the overall bending-shear spring |K| having lateral, vertical and
rotational freedoms obtained in the foregoing manner, the vertical and rota-
tional freedoms are eliminated as they are only dependent variables which are
irrelevant to vibration. Thus, the bending-shear spring [k] for response com-
putations is obtained with respect to the principal variable, i.e., the free-
dom in lateral direction only. From this and the mass concentrated on each
floor position, 20 mass points fixed at the foundation are set up.

Then, the earthquake response analysis has been conducted by inputting
the values observed and recorded at the second basement during this earthquake.
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Response Acceleration Wave Patterns

The response acceleration wave patterns as obtained by this elastoplastic
analysis for the 9th and 18th floors in the N-S and E-W directions are shown
in Fig. 8 together with the corresponding measured record. The relative time
relationships between the values measured on respective floors are unknown;
therefore, the comparison of the wave patterns obtained by analysis with those
obtained by the measured record will be made only in comnection with the loca-
tions where the wave peak positions of the analytical patterns and those of
the measured patterns are comparatively in good coincidence for the primary
earthquake waves recorded within an initial few seconds of the measurement at
each floor. According to such comparison, it is found that the measured wave
patterns and the analized wave patterns are in very good coincidence at the
8th and 19th floors with respect to the N-S direction. In the E-W direction,
some difference between the peak values and wave patterns obtained by analysis
and those recorded is noticeable as to the both floors after a lapse of about
3.5 seconds from the beginning of the earthquake; however, fairly good coinci-
dence is observed between the two types of peak values and wave patterns with-
in an initial 3 seconds of the primary ground motion.

NATURAL PERIOD OF THE BUILDING

In this section are discussed the variation of natural period of the
building and the comparison of its measured values and analytical values.

Upon completion of this building, the forced vibration tests were conduct-
ed by the use of the oscillator and micro tremors were measured in order to
measure its natural period. Further, in early September 1978 or about three
months after the second severe earthquake, micro tremors were measured again.

The primary and secondary natural periods as obtained from the peak val-
ues of the power spectra recorded by measurement are shown in Fig. 9. In this
figure, the values obtained by other forced vibration tests as well as the
values obtained from the Fourier spectra found in the measurement record for
the 18th story of the building during the earthquakes on February 20 and June
12 (both in 1978) are also indicated.

From these table and figure, it is found that the natural period during
the February 20th earthquake was 30 Z longer than that under micro tremors at
the time of completion of the building. The natural period became still
longer during the strong earthquake motion on June 12th which caused partial
plasticization of the building structure.

After the building underwent the two strong earthquakes, its natural peri-
od was lengthened by 20 % compared with the pre—earthquake natural period.

To compare the measured values with those obtained by analysis, the val-
ues obtained from the elastic rigidity and the measured values recorded during
the February 20th earthquake in which the structure is believed to have behav-
ed within the elastic limit are indicated. These two kinds of values are in
good coincidence with respect to the primary natural period.

CONCLUSION

A simulation analysis was conducted for an 18-storied steel framed rein-
forced concrete building in Sendai City which was subjected to severe earth-
quakes twice in 1978. The frame composed of multi-storied shear walls and
boundary beams connected to them was replaced by a bending-shear spring, and
the frame of the other types was replaced by an equivalent shear type spring.
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Analysis of these two types of springs as combined indicated that the measured
values and the analytical ones were in good coincidence.

From the process of plasticization of a part of the building as indicated
by the analysis, the conditions of damage to the building caused by the earth-
quakes is believed to have been fairly well ascertained. . .

This building was designed in such a way that the main aseismatic ele-
ments were composed of multi-storied shear walls with the boundary beams con-
nected to them. It was the intent of the design that the earthquake energy
input be prevented from being concentrated on a specific story but be absorbed
by all the stories by letting the yielding of the boundary beams due to bend-
ing occur before the yielding of the shear walls. The results of the analysis
endorse that such purpose of the structural design was met with sufficient
success. The analysis results have led to the belief that it has now become
possible to make structural evaluation of this type of buildings by means of
elastoplastic analysis of bending-shear type.

As regards the natural period, the measured period under micro tremors at
the time of completion of the building was considerably shorter than the ana-
lytical value. But it is found that the actual natural period was lengthened
to equal the analytical value during the earthquake of February 20, 1978. The
natural period became still longer during the strong earthquake of June 12,
1978 when a part of the structure was plasticized; however, the period under
micro tremors after the strong earthquake was fairly short although it was not
so short as the period observed at the time of completion of the building.
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