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1. Introduction.

Buildings are destroyed most easily when the period of earthquake motion
approximates to the natural period of the buildings, in other words when the vibra-
tion state of buildings comes near the resonance condition.

At the time of earthquake, if a building is at the resonance condition and
destruction occurs anywhere in it, its proper period becomes longer. Therefore,
when the period of earthquéke motion remains constant, the building will be out of
the resonance condition. As to the phenomena following, we may consider two
cases.

(1) Since the building comes out of resonance condition, the vibration am-
plitudé or the strain of the building will diminish so that the destruction will
advance no further, or

(2) though the building comes out of resonance condition, the stiffness of
building diminishes. Therefore the vibration amplitude or the strain becomes
rather larger and the destruction will advance.

The influence of the building damping is the cause of these two different
cases. In the present study, the condition which causes these phenomena practical-
ly is pursued through theoretical investigation, and applying the results of this
investigation to practical cases, the earthquake damage of building is examined.

2. The influence of the inner-damping of building.

First, in the case of the single-storeyed Rahmen structure with the assumption
that the beam is of infinite rigidity and the mass of column is concentrated on
the floor, we studied, taking the various coeflicients of solid viscosity of column,
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where A, B, C, and D are the arbitrary constants to be determined by boundary
conditions, and p=2r/T, T=period.
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where /, E, I and £ denote the height, Young’s modulus, moment of inertia and
coefficient of solid viscosity of column respectively, while m is the concentrated
mass and K the constant determined by the fixing condition of the column to the
‘beam.

Putting equation (2) into (3)~(6), we get
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Fig. 2. The resonance curves Fig. 3. The rescnance curves

for the various cases of stiffness of
columns, under the condition of
the clamped {fixing between beam
and column, that is to say,
(= Kl/ Eyly)=co, and
(=8/ B/ FEoly/mi*)=0.1

for the various types of the fixing
between beam and column, under
the condition y(=FEI/Fyl))=1 and
(=¢/E/ EyJyml)=0.1

‘Using equation (7b), we plot in Fig. 2 the resonance curve, keeping the fixing
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of beam to column in the state of clamp and varying the stiffness of column. Fig.
3 illustrates the resonance curve at varying condition of fixing between the beam
and the column of which the stiffness is kept constant. It is already known that
the natural period of building becomes longer and the resonance amplitude larger
as the stiffness of column diminishes or when the fixing of the column to the beam
is not in good state. In Figs. 2 and 3, if the resonance curve of non-damaged
building »=1 and «=co, the abscissa 0.3 corresponds to the proper period. When
the ordinate represents the ratio of the amplitude of the other curve corresponding
to abscissa 0.3 in Figs. 2 and 3 to the resonance amplitude of non-damaged build-
ing and the abscissa represents the ratio of

the natural period of damaged building (7))

to that of the non-damaged one (Tb), the 0

El=const.

) I 4, ~_
function between them are shown in Fig.
4. These figures show that when the earth- 05 T K=const,(=00)
quake motion is of constant period and the ,—-»]}’/Io
building is destroyed at the resonance con- 0 1 | ] l ]
dition, its natural period becomes longer and J " 71;2 '3 14 75
ig. 4.

the building comes out of resonance con-
_dition, nevertheless that ‘destruction advances further is a possible phenomenon
within a certain range (7/Ty<1.17 in case of K=constant, and 7/T,<1.23 in case
of El=constant) without the vibration amplitude being diminished.

Next, the case where the fixing of column to the beam forms a perfect clamp
(K—co) was studied. Fig. 5 represents the
relation of the following two ratios at vary- ¢
ing coefficients of solid viscosity: the ratio
of the bending moment in the case where
the external force of the same period is
given in the state of diminished stiffness 1 O N N
to that under resonance condition, and the
ratio of the natural period of the building
with diminished stiffness to that of yet unda-
maged building.
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From Fig. -5, we have to clarify the

!
relation between the coefficient of solid 0~ 2 M _LIL K
viscosity and the range within which the o 08 0 ——EUL], 04

ratio of the value of bending moment of Fig. 5.
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damaged building to that at the resonance condition of undamaged building, in
case the period of external force is constant, is more than 1. This is shown in

Fig. 6.
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Fig. 6. Range within which destruction will advance.

It may be concluded from Fig. 6 that if a building with small damping dimi-
nishes in its stiffness and comes out of the resonance condition even slightly, the bend-
ing moment of column becomes smaller than in the resonance condition, but in
case of large damping, such a phenomenon does not occur unless the stiffness
diminishes considerably and the state of building is- far from the resonance condi-
tion of original building. In other words, in case the damping of a building is
large, although the building may not be destroyed so easily due to its small reso-
nance amplitude, once begun, the destruction advances rapidly. On the other
hand, in the case of small damping, there is much possibility of the destruction
occurring only sectionally.

8. The influence owing to the vibration energy of building which dissipates

to the ground as elastic waves.

Since the vibration damping of a comparatively heavy building is more likely
to be caused by its vibration energy which dissipates to the ground as elastic
waves than by the solid viscosity of the material, we made the following theoreti-
cal investigation, taking this fact 1nt0 consideration.

As was shown in a previous paper“ the motion of a tall bulldmg with rigid
floors subjected to horizontal oscillation of the ground is analogous to the case of

1) K. SEzawA and K. KANAJ, “«“Some New Problems of Free Vibrations of Structure ’’,
Bull. Earthq. Res.Inst., 12 (1934), 819.
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shearing vibrations of a simple structure, so we shall deal with the vibration
problem of a tall structure with rigid floors subjected to incident transverse waves
under the dissipation of vibrational energy in the form of elas-
tic waves into the ground.

Let the incident transverse waves with their displacements
orientated vertically be G ;
o=cos (Pt+kT). ..ol €)) o
The final solution of the stress in a structure is expressed
by2 ‘ ; _0
S=re G/ Tt D sia o+ ) i ’p\xV
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in which p, 4, u; p'(=m/als), G(=12.4 Ej/l;?) stand for the density and the
elastic constants of the earth, and the effective density and the effective rigidity
of the structure, and E, 4, I;, I, @ and ¢ for Young’s modulus, radius of
gyration of section, length of the column between two adjacent floors, height of
the structure, sectional area of the column and radius of the column respectively.
Using equation (10), we studied the change of stress when the building decrea-
ses in stiffness and is to be out of resonance condition assuming that the period

3Ge
)

and the amplitude of the earthquake motion are constant as in the previous chapter.
In Fig. 8, the abscissa represents the ratio of rigidity and the ordinate the ratio

2) K. SezawA and K. KANAI, “Some Improved Theory of Energy Dissipation in Seis-
mic Vibrations of a Structure ”’, Bull. Earthq. Res. Inst., 14 (1936), 168.
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between the stress at resonance condition and that out of it. In this case the ratio
between the radius and the height of the building, (e/2), is 1/2. We see

= that when the rigidity ratio of the building

y 7 to the ground is small, the stress becomes

| %% 3% Ghu=ly fn1 smaller than at the resonance condition with

sl T " -a slight decrease in the rigidity of the build-

ing, but if the rigidity ratio is compara-

- i, tively large, the stress Le it ever so slight-

0 I ! ] ly, becomes larger than at the resonance
100 105 MO 15

condition till the building decreases in its
1rigidity to a considerable degree.

Let the abscissa be the rigidity ratio of the ground to the building, and the
ordinate the range of the ratio between the stress at the resonance condition and
the stress in the state of decreased stiffness (out of the resonance condition), keep-
ing the period and amplitude of the earthquake motion constant, less than 1, the
function between them is shown by the full line in Fig. 9.
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Fig. 9. ¢/l=1/2.

Fig. 9 shows that the smaller the rigidity of the ground compared with that
of the building is, the smaller the stress at resonance condition becomes, but if
the period of earthquake motion is kept constant, the range within which the ratio
of the stress at resonance condition to the stress in thé state of decreased stiffness
is less than 1, becomes narrower. In other words, buildings on soft ground, having
larger vibration damping, are more unlikely to collapse than those on hard ground,
but once the destruction begins, it advances rapidly.

Keeping the rigidity ratio of building to ground constant and varying the ratio
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between the building radius and height, we will calculate as we did previously.
‘The result is shown in Figs. 10 and 11.

We know from Fig. 11 that as the
ratio of ¢// decreases, the stress at resonance
condition becomes smaller, nevertheless the
range within which the ratio of the stress
at resonance condition to the stress in the

state of decreased rigidity is less than 1

T, becomes narrower, when the period of earth-

quake motion is kept constant. This means
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that the larger the height-to-area-ratio of the

Fig. 10. G/u=1. building is, the larger the vibration damping

will be, so that destruction is not easily caused, but once begun, it advances very

rapidly.
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Fig. 11. G/p=1. Full line; range within which
destruction will advance.

4. The practical examination of earthqugke-damage of building.

The broken line in Fig. 412 shows the damage rétio of  brick buildings in old
‘Tokyo-shi at the time of the' Kwanto Earthquake of 1923. The ratio is divided
into three according to the thickness of alluvium. When the ordinate represents
the quotient of the ratid between the totally-destroyed and the semi-destroyed
buildings divided by the damage ratio, a full line is drawn. The relation shown
in Fig. 12 is quite similar to the relation shown in Fig. 9. Thus it has been found
‘that the brick houses on soft ground are not destroyed as easily as those on hard
ground, but once the destruction begins, it will not stop till a much damage has
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been done. From this fact we find that the theoretical investigations coincide at
least quantitatively with the practical facts in the study of quake-damage.

In the next place, using the same data, we inquired into the relations among
the ratio of the building radius & (considering the floor space as a circle) to the
height (1), the damage ratio and the quotient of the ratio of the totally-destroy-
ed to the semi-destroyed divided by the damage ratio. The results are shown by
the broken line and full line in Fig. 13. These relations resemble those in Fig.
11. The higher the building is in comparison with the floor space, the less des-
tructible it is by earthquake, but once. the destruction begins it grows serious.
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Fig. 12. The case of the damage Fig. 13. The case of the damage caused
caused to |brick buildings at the | to brick buildings by the Kwanto earth-
Kwanto Earthquake of 1923. Sym- quake of 1928. Symbols D, C and K repre-
bols D, C, and K represent the sent the damage ratio, the ratio of the
damage ratio, the ratic of the totally-destroyed buildings to the semi-
totally-destroyed buildinzs to the destroyed ones and the ratio of C to D

semi-destroyed ones and the ratio respectively.

of C to D respectively.

5. Conclusion

From theoretical studies as well as from statistical studies dealing practically
with the earthquake-damage, the following facts have been made clear.

The larger the building damping is, the less destructive the building is, but
once the destruction begins, it advances rapidly.

The result of theoretical study which has been developed from the idea that
the vibration energy dissipates into the ground as elastic waves at the time of
earthquake is ascertained quantitatively by the coincidence with results obtained
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by the practical study of earthquake damage concerning five points: i.e. the rela-
tion between the nature of ground and damage ratio®, ground and the degree of
damage, the height of building and damage ratio?, the height and the degree of
damage, and finally the ground and the height of the place which suffered most
damage®. Therefore by developing this problem qualitatively, it may become
possible to construct the most reasonable earthquake-proof building according to
the property of the ground.

In conclusion, I wish to express my thanks to Miss S. Yoshizawa for the
valuable assistance she offered in the present investigation.
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