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ABSTRACT: In long-in-plan buildings, the torsional-vibration mode arises even if little
eccentricity in the transverse direction, and the in-plane floor vibration mode also does
during earthquakes. The purpose of this paper is to investigate the effects of these two
vibrational modes and the causes of the torsional-vibration mode, based on the long-term
earthquake observations of an existing building. Results are as follows. In some earthquake
records, each of these two vibrational modes accounts for more than 40% of the peak accelera-
tion of the records observed at the ends of the top floor. The main causes of the torsional
vibration are the torsional input motion due to its long foundation slab and/or the torsional
coupling due to the eccentricity in the longitudinal direction which seems to be usually
overlooked in considering the dynamic characteristics of this type of buildings.

1 INTRODUCTION

In long-in-plan buildings, the torsional-
vibration mode arises even if little eccen-
tricity in the transverse direction during
earthquakes. The in-plane floor vibration mode
such as arch-shaped floor vibration mode also
arises during earthquakes. However these
observational data are not enough at present.

The causes of the torsional vibration are
thought as follows: in this type of buildings,
input motion to the long-footing slab has a
possibility to contain the torsional compo-
nent, which is a cause of the torsional vibra-
tion. The torsional coupling due to the eccen-
tricity in both directions is also a cause of
the torsional vibration. It arises surely when
the eccentricity in the transverse direction
is large. However, even if the eccentricity is
small, it is well-known that the strong tor-
sional coupling also arises when the natural
frequencies of the translational mode and the
torsional mode approach closely each other. In
this type of this buildings, the eccentricity
in the transverse direction is small in gener-
al, since sufficient attention is usually paid
on the eccentricity to prevent the torsional
vibration in the structural planning. On the
other hand the eccentricity in the longitudi-
nal direction results often from necessity of
architectural planning and/or from insuffi-
ciency of attention on the eccentricity in the
structural planning, but it is also small as a
necessity from the configuration of the floor
plan.

The cause of the in-plane floor vibration is
thought that the in-plane bending stiffness of

floor slabs in this type of buildings are
small.

The authors have carried out a long-term
earthquake observations in an existing build-
ing and its surrounding subsoil since 1970
(Murakami et al. 1973, Ohami et al. 1980,
1984). This building is a typical one in this
type of buildings, which has the floor plan of
about 11 in terms of aspect ratio. It has
small eccentricity in the longitudinal direc-
tion but little eccentricity in the transverse
direction.

The main purposes of this observations are
firstly to know the dynamic behavior of this
building and its surrounding subsoil during
earthquakes, secondly to establish an appro-
priate analytical model for soil-structure
system and finally to check the structural
soundness of this building under sever earth-
quakes.

As a part of these purposes, this paper
investigates the following items by using the
observed records:

1. the degree of effects of the torsional
vibration and the in-plane-floor vibration on
the earthquake responses.

2. the verification of 3 causes of the
torsional vibration and the degree of effects
of each cause of the torsional vibration.

2 BUILDING AND EARTHQUAKE OBSERVATIONS
2.1 Bullding

The building for investigations is an existing
11-story apartment house supported by piles as
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Fig.2 Location of accelerometers

shown in Fig.l. This building is a typical one
in this type of buildings, since the floor
plan is 8.5m x 92.7m and its aspect ratio is
about 11. The building has little eccentricity
in the transverse direction but small eccen-
tricity in the longitudinal direction, which
result from the location of walls as shown in
Fig.l. This fact is confirmed by the results
of the natural mode of floor slabs in the
forced vibration tests.

2.2 Earthquake observations

Fig.2 shows locations and directions of the
accelerometers. The components in the trans-
verse direction are observed at 3 points of
the center (NC1l) and both ends (NE11l and
N¥W11) in the 11th-floor. The component (EC11)
in the longitudinal direction is observed at
the center in the 11th floor. 4 components
(NC1, NE1, NW1 and EC1) are observed also at
the same points in the 1st floor. 13 sets of
earthquake records are investigated in this
paper. The ordinance in Fig.3 shows the peak
accelerations observed in the longitudinal
direction of the 11th floor. The numbers in
this figure denote the serial number of earth-
quakes.

3 OBSERVATIONAL STUDIES ON EFFECTS ON RE-
SPONSES

3.1 Methods

3 modified wave forms (NH11, NR1l and NF11)

are produced from 3 original wave forms (NEI1,
NC1l and NW1l) according to the definition
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Fig.4 Definition of 3 modified wave forms

shown in Fig.4. These modified wave forms are
the translational, the torsional and the arch-
shaped components, respectively, of the origi-
nal wave forms (NE11l and NW11) at the ends of
the 11th floor.

The first objective to investigate the
effects of the torsional vibration and the
arch-shaped vibration on the earthquake re-
sponses is carried out by comparing 6 modified
and original wave forms one another.

3.2 Results

To investigate the average effects during each
earthquake, Fig.5 shows the relation among the
peak values of Fourier amplitude spectra of 3
modified wave forms (NH11, NR1l and NF11) in

terms of the ratios of NR1l and NF11 to NH11l.

The ratios (the ordinate) of NRL1l to NH1l are
0.2-0.9 and the ratios (the abscissa) of NFll
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to NH11 are 0.1-0.5. To investigate the ef-
fects at the time when the peak acceleration
of the original wave forms (NE11) arises,
Fig.6 shows the contribution factors of NR11
and NF11 to the peak accelerations of NE11.
Although the result of NW11 is not shown, the
contribution factor of NR11 to NE11 and NW1l
is -0.2-0.5 and those of NF11 is -0.1-0.4. The
negative sign means that NR11 and NF11l act to
reduce the peak acceleration of NE11 or NWil.
Fig.7 shows 3 modified wave forms of the
earthquake records (No.27) in which the large
effect of the torsional vibration appears and
shows that the contribution factor of NR11
varies with the passage of time.

The followings are pointed out from all the
results. The degree of effects of the torsion-
al vibration and the arch-shaped vibration on
earthquake responses varies not only with
earthquake records but also with the passage
of time during each earthquake. In some earth-
quake records, the torsional vibration and the
arch-shaped vibration account for about 50%,
40%, respectively, of the peak acceleration of
the original wave forms (NE1l1 and NW1l) at the
ends of the 11th floor.

4 OBSERVATIONAL STUDIES ON CAUSES OF TOR-
SIONAL VIBRATIONS

4.1 Methods

The causes of the torsional vibration are
thought to be the following ones:

1. the torsional input motion

2. the torsional coupling between the trans-
lational mode and the torsional mode due to
the eccentricity in the longitudinal direction
(abbreviated to "the longitudinal coupling" )

3. the torsional coupling between the trans-
lational mode and the torsional mode due to
the eccentricity in the transverse direction
(abbreviated to "the transverse coupling” )

The second objective to investigate the
causes of the torsional vibration is carried
out by evaluating the contribution factor of
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Fig.6 Contribution factors to the peak
acceleration NE11
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each of 3 causes to the torsional vibration.

The coherence between NR1 and NR11l is calcu-
lated to investigate the contribution of the
torsional input motion. NR1 is not the real
torsional input motion, because it contains in
part the component of the torsional response
due to the dynamic soil-structure interaction,
but it is assumed to be the torsional input
motion, because the sway ratio of the 11th
floor in the transverse direction is small
(about 0.1) according to the results of the
forced vibration tests.

The longitudinal coupling is investigated
firstly by the degree of approach of the
natural frequency of the longitudinal transla-
tional mode to that of the torsional mode.
These natural frequencies are determined
conveniently by the predominant frequencies
which are estimated by the Fourler spectra of
EC11 and NR11l. The longitudinal coupling is
investigated secondly by the contribution
factor of EC11 to NR1l1l which is evaluated by
the coherence between these wave forms. When
the torsional vibration is generated by the
strong longitudinal coupling, NR11 contains
large amount of the component of the longitu-
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(a single story analytical model)

dinal translational mode which is also con-
tained surely in EC11. The stronger longitudi-
nal coupling, the larger coherence between
EC11 and NR11.

The transverse coupling is also investigated
in the same manner.

4.2 Features of the long-in-plan building

The basis of the method for the investigation
of the longitudinal and transverse couplings
are explained as follows, as an example of the
longitudinal coupling.

Since the eccentricity in the longitudinal
direction can not become large and the radius
of gyration is large, the eccentricity factor
defined in terms of the ratio of these two
values is generally small in this type of
buildings. Even though the eccentricity factor
is small, the strong torsional coupling ap-
pears when the natural frequencies of the
longitudinal translation mode and the torsion-
al mode approach closely each other. For
example, the CASE-a in Fig.8 shows the partic-
ipation functions in a case where the analyti-
cal model is a single story with small eccen-
tricity in the longitudinal direction and is
subjected to excitation of the longitudinal
input motion.

Although the CASE-b in Fig.8 has the same
eccentricity factor as the CASE-a, the tor-
sional coupling scarcely appears because these
two natural frequencies become distant each
other. The natural frequency of a building is
supposed to change due to nonlinearity of
stiffness which depends on the response ampli-
tude levels during earthquakes. Therefore, 1if
the rates of stiffness reductions in both
directions are different from each other, the
difference between these two natural frequen-
cies changes.

4.3 Results and discussions

The results concerning earthquake records in
which the large torsional vibration appears
are discussed in the following.

Fig.9 shows the predominant frequencies of
EC11 and NH11 in the ordinate and the predomi-
nant frequency of NR11 in the abscissa. The
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predominant frequencies of NH11 are smaller
than those of NR1l. The difference between
them in the transverse direction is generally
smaller than that in the longitudinal direc-
tion and is almost constant regardless of
earthquake records.

On the other hand, the predominant frequen-
cies of ECl1 are larger than those of NR1l. In
comparison with the differences in the trans-
verse direction, the difference in the longi-
tudinal direction varies largely with earth-
quake records. The earthquake records of the
small difference between EC11 and NR11l are
No.87, No.27, No.41, No.48, No.l and so on. In
these earthquake records, the amplitude level
in the longitudinal direction approaches more
closely to that In the transverse direction
than in the other earthquake records as shown
in Fig.3. The relation between the ratio of
EC11 to NH11 in the peak accelerations is
shown in the abscissa and the ratio of NR11 to
EC11 in the predominant frequencies is shown
in the ordinate of Fig.10. As the amplitude
level of EC11 approaches to that of NH11, the
predominant’ frequency of ECll approaches to
that of NR1l. This fact confirms the supposi-
tion for change of natural frequencies in 4.2.

The coherence concerning the transverse
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coupling, not shown in the figure, are very
smaller than that concerning the other two
causes, although in the transverse direction
the degree of approach of these two predomi-
nant frequencies is large as mentioned above.

Fig.11 shows the peak coherence concerning
the torsional input motion and the peak coher-
ence concerning the longitudinal coupling. The
peak coherence concerning the torsional input
motion is very large in all earthquake re-
cords. In comparison with them, the peak
coherence concerning the longitudinal coupling
varies largely with earthquake records. Fig.12
shows that in almost earthquake records
(No.87, No.27, No.48 and No.34) of the small
difference between the predominant frequencies
of EC11 and NR11l, the peak coherence concern-
ing the longitudinal coupling are large. The
torsional coupling do not appear, however, in
the earthquake records (No.41) although the
building has the dynamic characteristics of
the strong torsional coupling, that is, the
small difference between the predominant
frequencies EC11 and NR1l. The reason is that
the longitudinal input motion has little
component of the natural frequencies of the
longitudinal translational mode and the tor-
sional mode.

The followings are pointed out from all the
results. In such earthquakes that the large
torsional vibration arises, the torsional
input motion is one of main causes of torsion-
al vibration. In some of these earthquakes,
the longitudinal coupling is another main
cause. On the other hand, the effect of the
transverse coupling is very small. The reason
why the longitudinal coupling becomes one of
main cause is not because of large amount of
eccentricity but because of small difference
between the natural frequencies of the longi-
tudinal translational mode and the torsional
mode. The degree of the torsional coupling
varies with earthquake records and the passage
of time during each earthquake, because the
difference between these two natural frequen-
cies varies due to nonlinearity of stiffness
depending on large response amplitude level.

9 Effect of Torsicnal Vibration
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5 ANALYTICAL STUDIES ON CAUSES OF TORSIONAL
VIBRATIONS

5.1 Methods

The second objective to investigate the causes
of the torsional vibration is carried out
quantitatively through earthquake response
analyses. The analytical model consists of the
superstructural one having 11 rigid floor
slabs with eccentricities in both directions
and the substructural one having rocking but
no sway at the basement. Stiffness is assumed
linear on the response analyses.

3 responses (NR11(E), NR11(H) and NR11(R))
corresponding to NR11 to each excitation of
EC1, NH1 and NR1, respectively, are calculat-
ed, where NR11(E) and NR11(H) are the torsion-
al vibration caused by the longitudinal cou-
pling and the transverse coupling, respective-
ly, and NR11(R) is the torsional vibration
caused by the torsional input motion. Each
effect of 3 causes on the torsional vibration
is evaluated by comparing the amplitude levels
of these 3 responses one another. Before these
earthquake response analyses, the stiffness
and damping of the model are determined by the
response to simultaneous excitation of ECI,
NH1 and NR1 so that the response wave forms of
EC11, NH1l1l and NR11 is consistent with the
observed ones in a range of the large response
amplitude level. 3 earthquake records (No.19,
No.27 and No.87) are investigated.

5.2 Results

Fig.13 shows the relation among the peak
acceleration values of the 3 responses to each
excitation. These results support the results
of the observational study in 4.3 as follows.
In such earthquake records that the large
torsional vibration arises, the torsional
input motion is one of the main causes of the
torsional vibration. In some (No.27 and No.87)
of these earthquake records, the longitudinal
coupling is another main cause. The effect of
the transverse coupling is very small and is
not a main cause in all earthquake records.

In earthquake records (No.27 and No.87)

3855



WAL
1] ECIY 5
KR11 P77 00
KRUKH) B
HRINE) 8
KRIICR)

.

©

[

0.8 1

HE11
ECit
NRIT
HR1ICH)
HRII(E) PECSRasS
NRII(R) F

4

e

C

HHLY
EClt

L_‘ KR11
RR1ICH)

o} WRICE)
LHXII(R)

Ratio of Peak Accelerations

Fig.13 Ratio of peak accelerations under
simultaneous (I) and each (II) excitations

which have two causes of the torsional input
motion and the longitudinal coupling, both of
these effects (NR11(R) and NR11(E)) are almost
the same degree as shown in Fig.13. However
there is the large difference between these
two earthquake records as for the ratio of the
peak accelerations of NR11l to NR11(E) and
NR11(R). By comparing NRI11(R) and NR11(E) in
Fig.14, it is confirmed that this ratio is
large in the earthquake (No.87) in which the
amplitude levels of these two wave become
large at close time.

6 CONCLUSIONS

In some earthquake records, each of the tor-
sional vibration and the arch-shaped vibration
accounts for more than 40% of the peak accel-
eration of the observed records at the ends of
the 11th floor. Therefore both of these two
vibrations have large influence on seismic
capacity of this building. They are also
supposed to have influence on seismic capaci-
ties of machines and equipments if settled,
because this building has more various and
higher natural frequencies than the ordinary
buildings do.

The causes of such large torsional vibration
are the torsional input motion and/or the
torsional coupling in the longitudinal direc-
tion. It is explained by considering the
strong torsional coupling due to the close
approach of the natural frequencies of the
longitudinal translational mode and the tor-
sional mode, why the torsional coupling in the
longitudinal direction becomes large and is
one of main causes of the torsional vibration
in spite of the small eccentricity in the
longitudinal direction. Moreover it is at-
tributable to the feature of nonlinearity of
stiffness in long-in-plan buildings that the
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degree of the approach of these two natural
frequencies changes relatively large.

With respect to the torsional coupling in
both directions in this type of buildings,
following three cautions should be paid:

1. The effect of the torsional coupling in
the longitudinal direction has a possibility
to become large in the large response ampli-
tude level, even if it is small in the small
response amplitude level.

2. The torsional coupling in the longitudi-
nal direction seems to be usually overlooked
as a cause of the torsional vibration in this
type of buildings, in comparison with the
other two causes. Because the eccentricity in
the longitudinal direction is generally small
and the torsional vibration has little influ-
ence on the response in this direction of a
long-in-plan.

3. The torsional coupling in the transverse
direction do not become a main cause when
buildings have little eccentricity in this
direction as well as the building investigated
in this paper. However if there is relatively
large eccentricity in the transverse direc-
tion, the torsional coupling is supposed to
become a main cause in this direction where
the natural frequencies of the transverse
translational mode and the torsional mode
approach closely each other in general in this
type of buildings.
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