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1. In our last paper® we discussed the nature of decay in the
seismic vibrations of three actual buildings of different stories, namely,
3—, 4-, and 5-, storied reinforced concrete structures, all owned by
the Mitsubishi Co. The assumption in the problem regarding the
condition of the floors was that the beams, etc., forming the members
of the floors, are of such rigid construction that the inclination of
columns at both their ends always remains vertical even in seismic
vibrations®. It may appear improbable that exactly such conditions
could exist in an actual building, and although the inclination under
consideration in vibratory condition would differ somewhat, it would
be very slight, compared with the undisturbed condition. It follows
then that, although the nature of decay in seismic vibrations differs
very little with conditions, the period of free oscillations of the build-
ing differs appreciably from that of the case in which the floor is
extremely rigid.

With a view to ascertaining thoroughly the nature of the condi-
tion just mentioned, we investigated the vibration problem of three
structures (one of which was studied in the previous case) under
different assumptions regarding the condition of the structual con-
nection between the vertical members and the floors. The two possible
extreme conditions are a structure in which the floors are so infinitely
rigid that they cannot bend and one in which the floors are so flexible
that they are unable to impart any]elastic resistance to horizontal
oscillations. The buildings now under discussion were restricted to
3-storied reinforced concrete structures, the details of whose costruc-
tion were kindly supplied by the Mitsubishi Co., the owner of these
buildings. One of these called the annexe of the Middle 7 th House

1) K. SEzawa and K. KaNA1, “Energy Dissipation in Seismic Vibrations of
Actual Buildings”, Bull. Earthq. Res. Inst., 13 (1935), 925~941,

2) Appropriateness of such a condition in actual buildings will be seen from our
paper, Bull. Earthq. Res. Inst., 12 (1934), 804~822.
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(Naka 7 gé-kan Bekkan) and constructed in March 1925, has no base-
ment; that called the annexe of the middle 8 th House (Naka 8 g6-kan
Bekkan) built on July 1926 has a basement; while the remaining one
numbered Middle 13 th House (Naka 13 gé-kan) which was described
in the last paper®, completed in April 1915, also has a basement.
The first two are let for restaurants (now “Tikuydtei” and “Tokiwa-
ya” respectively) and the last for business offices.

The methods of calculation were shown in a preceding paper®.
As to the correction due to the effect of the basement, we calculated
on the assumption mentioned in the last paper®.

As will presently be seen, notwithstanding the exceedingly long
periods of vibration of the structure having extremely flexible floors,
it is still possible for the vibrational energy to dissipate into the
ground at such a rate (though in somewhat less degree) that the
amplitudes under resonance conditions are not very marked.

2. Annexe of Middle Tth House (Naka 7 gé-kan Bekkan).

The general plan of all the floors being virtually the same, we
have given a sketch of only the first floor (Nikai), besides a photograph
of a profile of the building. Neither construction plans of the different
parts of the building nor details
of our calculation will be given

~ here owing to the difficulty of
presenting them in simple form.
The total areas and moments of
inertia of cross section of the
vertical members, and the total
mass concentrated on every floor |
(the mass of the columns and z - o i
walls are concentrated on the N N -

Fig. 2. Naka 7 go-kan Bekkan.

floor next above them) are shown Seale 1/300.
in Table I. In this table, it is ,
assumed that F=2-1.10°kg/m?=2-1.10°9'8 kg mass m/s?/m?, p=2.10® kg
mass/m?, ¢=8.10"kg mass/ms? (corresponding to 1/#/0=200 m/s). Here
again, it is possible to put I;,=I,=--...... =], mi=my=-+eeer-.. =m,
ly=ly==vrereees =1, where I, m, I are the mean values of the respec-
tive quantities.

3) K. SEzawA and K. KANa1, loc. cit., 1).

4) K. SEzAWA and K. KANAI, “Energy Dissipation in Seismic Vibrations of
a Framed Structure”, Bull. Earthq. Res. Inst., 13 (1935) 698~714.

5) K. SEzawa and K. KANaA1, bid., 3).
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Table I. Annexe of Middle 7th House.
(Naka 7 g6-kan Bekkan)

Floor l 1st 2nd Roof Mean
Height of floor below [ (m) 4-397 3-484 3-789 3-890
Sect. area of columns .
and walls a (mg) 9:500 6:648 5:840 7:329
Mt. inertia of columns
and walls I (m4) 0-807 0-396 0-390 0-531
{Sect. area of columns a (m?) 7-090 3-420 2:414 4:308
Mt. inertia of columns I (m*) 0-6709 0-0811 0-0382 0:263
volume (m3) 1521 15-21 "13:29 14-57
Beams { R
weight (kg) 0-365.10° 0:365.10% 0-319.10° 0-350.10°
volume (m3) 9-83 9:83 9-14 9:60
Floors { . -
weight (kg) 0-236.10° 0-236.10° 0-219.10° 0-230.10°
volume (m3) 26-03 9:54 7-33 14-30
Columns{ X -
weight (kg) | 0625.10° | 0-229.10° | 0-176.10° | 0-343.10°
volume (m3) 1061 11-59 13-20 11-80
Walls { ) . .
weight (kg) 0-255.10° 0-278.105 0-317.10° 0-283.10°
Total weight (kg) I 1-481.10° 1-108.10° 1-031.10° 1-207.10%
Area of floor (m?) ‘ uss | uss 1455 1455
1 }/m 1Columns+walls 1-5320 1-5359 1-7309 1615
a¥ "Bpu \Columus 1-878% 1-355% 1-318% 1-935

The periods of the free oscillation in the case without dissipation
are determined from

2% Sl

where y=2-3765, 18:6630, 389605 for the case in which the floors and
beams are extremely rigid, and y=008555, 3-6676, 26:4776 for the case
in which the floors and beams are extremely flexible. The periods (in
sec) of free oscillations of the movement in NS-direction in different
conditions of loading and resistance of the vertical members are shown
in Table II. This table indicates that, although the periods of free
vibrations corresponding to the case of extremely rigid floors are
somewhat less than those actually observed in similar structures, the
periods of vibrations corresponding to the case of extremely flexible
floors are too long to be accepted as being their near values.

6) The respective mean values for ! and m were used.
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Table II. Period in sec.

Floor condition Rigid I Flexible
Without live
Vertical member |_load

=columns+walls With live load | 0-125, 0-0446, 0-0309 | 0659, 0-101, 00374

Without live
Vertical members | load

=columns alone | itk live load } 0177, 0-0633, 0-0439 ‘ 0-935, 0143, 0-0531

0-104, 0-037, 0-0257 ‘0-547, 0:0837, 0-0311

\ 0147, 00525, 0-0364 \ 0776, 0-119,  0-0441

The maximum values of bending moments M==El,(d%*ys/dxs) at
each end of the columns corresponding to the maximum of the accele-
ration (202u/0t%) of the ground (on which no structurs is standing
and in which A=14 ) were determined from the equations shown in
the preceding paper™, namely,

(i) The floors rigid, and E\=E,=E,, I,=L,=I;, |,=lL=1;, m;=m,

=Mg,
(7;/ =2 4)
N =1 oo /P2+Q2 [(73—6072+8647—1728)
—7(12—-7)(36—7) I3(%) +2<—> }:lcos(pt tan—’g) ,
1
L
—f(24 7) {3(—) +2< > }]cos(pt tan —lg)
—36(7,/ X 2
.

o o) o)

7) K. SEzawA and K. Kanai, Bull. Earthg. Res. Inst., 18 (1935), 698~714.




Part 1.] Energy Dissipation in Seismic Vibrations. 123

where

_—

P——9;/;+2 kls)r(IZ —1)(36=7),
A

Q= (]/‘;+2-—1)(r3—6072+864r—1728),

(ii) The floors flexible, and E,=[,=FE,; I,=I,=I;, lLi=l=1; m
=My="Mmg,

LA {2(1373—39372 +12967 —108)

2. \2
+37(—1972 +294;'—216)<71>
+7(—3172+3727 —108) (x—l‘)s} cos(pt—tan—‘%) ,

3(7 =42~ 4)
" fa(_o9:24. 1717 —
e i |4(—2872+ 1717 —18)

1/2 =
2 Lo -2 - Z2\?
+7(Tr —2167+324)<l +67(272—137—18) 7

#,\3 : P
+7(57%+ 107 —24) (—f-) } cos(pt—tan‘l-é) ’

(o )

— 2 — (— 2 — Ls.
V=3 g [12(3; +237—6) + 27 (—7 15”234)(1)

7 +367+12){3< ) (%Y }]cos(pt tan— Q

where

P |
P=oy/ < +2 <#kl3>r(—31r2+3727——108),

]
Q= 4(/ +2— 1)(13; 3932 + 12967 —108).
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The célculated bending moments due to vibrations in NS-direction
of the case in which, the floor being extremely rigid, the resistance

T

ek

30 -,
R %@5;4%@1/7 sz
— i

Fig. 3 Naka 7 gd-kan Bekkan. NS-movement (with extremely
rigid floors), walls being attached to columns. I ull, broken,
and chain lines represent moments in columns of ground,
first, and second floors respectively.
to bending of columns as well as walls, are shown in Fig. 3, whereas
similar moments of the case in which, the floor being extremely flexible,
the bending is resisted by the columns alone, is shown in Fig. 4. In
both these cases, there is no live load on any floor, and it is to be
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Fig. 4, Naka 7 gd-kan Bekkan. NS-movement (with
extremely flexible floors), columns alone being
resisting members. Full, broken, and chain lines
represent moments in columns of ground, first,
and second floors respectively.

remembered that the dimensions of E should be taken in kg mass
m/s?/m? and that of 2(0°%/9¢*) in m/s®>. The vertical strips in these figures
represent cases corresponding to resonance conditions in the case without
any dissipation.
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These figures show that the bending moments of the columns,
etc., even under resonance, are not very marked, provided the values
of the acceleration at any period are the same. The moments under
resonance in the case of extremely rigid floors are rather less than
those at periods out of resonance, whereas the moments under resonance
in the case of extremely flexible floors indicate a somewhat different
aspect, namely, the moments under resonance are not necessarily smaller
than those at periods out of resonance. Upon comparing these two cases
it will be seen that making the floors as rigid as possible diminishes the
bending moments especially the vertical members in periods approaching
resonance. It used to be held that rigid connection of floors with the
vertical members diminishes the moments in the case of zero frequency
of vibrations, but the present investigation shows that such rigid
connection is more advantageous in decreasing the moments under
resonance conditions.

It is also a remarkable fact that the bending moments in the
columns below the first floor, particularly in the case in which the floors
are extremely rigid, become very small at frequencies beyond the first
(principal) resonance condition.

If, in order to ascertain the extent to which stress is induced in
the structure, we assume that the acceleration of the ground is 2 (0%u/ot%)
=g/10, then, in the former case, namely in the case in which the
floors are extremely rigid,

maximum stress in wall=15-07 kg/cm?,

do. in column=28-24 kg/cm’,
while, in the latter case, namely in the case in which floors are
extremely flexible,

maximum stress in column=664 kg/cm®. .

These values are possible only in vibrations of zero frequency.

3. Annexe of Middle 8th House (Naka 8 gé-kan Bekkan).

For the same reason as in the preceding case, we show a photo-
graphic view as well as the general plan of the first floor. While no
details of the numerical calculation will be given here, the total areas
and moments of inertia of the vertical members and the total mass
concentrated on every floor etc., are shown in Table IIL

To arrive at the mean height of the floors, we added 1/3 of the
part of the basement height to the actual mean between floor height
from the ground to the second floors. The assumptions regarding the
values of E, p, ¢ are the same as in the preceding case. The periods
of free vibrations in NS-direction under different conditions of loading
and resistance of the vertical members are shown in Table IV.
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This table shows that the periods of vibrations corresponding to
the extremely flexible
floors are too long to be =

expected in the case of i L
ordinary buildings. ) E »
The maximum bend- "}\fl
. . 1t ]M
ing moments due to vibra- NV T
tions in N'S-direction were eee By Clﬁ :
calculated by using the o .
same equations as shown "2 i
in the last section. Fig. l
7 represents the case in -
which both columns and )
walls are taken as resist-
. . i 0- kkan.
ing members, the floors Fig. 6. Naka ggo-kan Belckan
- . Scale 1/300.
being assumed to be in-
finitely rigid, and Fig. 8 the case in which the columns
Table III. Annexe of Middle 8 th House.
(Naka 8 gé-kan Bekkan)
Floor 1 st 2 nd Roof ‘ Mean
Height of floor below I (m) 3635 ( 3.332 3795 } 3-587+0-252
Sect. area of columns and . .
walls a (m?) 1359 12-42 11-16 1239
Mt. inertia of columns .
and walls T (m%) 1171 1354 1-312 1-279
ISect. area of columns « (m?) 8-992 7-301 5412 7-235
\Mt. inertia of columns I (m*) 0-245 0-178 0-105 0-176
volume (m?) 1557 14-62 10-04 13-41
Beams { . . - i i
weight (kg) | 0374105 | 0-351.10° | 0-241.10° 0-322.10°
volume (m3) 20-90 20-92 19-17 20-33 -
Floors { . - .
weight (kg) | 0-502.105 | 0-503.105 | 0-460.10° 0-488.10°
volume (m3) 2683 2013 1691 21-29
Columns{ R A : i
weight (kg) | 0645.10° | 0-483.10° | 0:406.10° 0-511.10°
volume (m3) 2839 29-56 33:34 30-43 -
Walls { . ; 5
weight (kg) | 0-653.10°5 | 0680.10° | 0:768.10° 0-700.10°
Total weight (kg) | 9174155 | 2017.10° | 1-875.10° | 2-022.10°
Area of floor (m?) ] 2343 234-3 2343 2343
1 /mET {Columns+walls 1-705%) 2:004% 2:2009 1959
at Bpy \Columns 11848 1-240% 1-2858 1-245

8) The values of ! and m were taken similarly as in the last example.
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Table IV. Periods in sec.

127

Floor condition - } Rigid

Flexible

Without live

i
Vertical members | load 10’085' 0-0303, 0-021 !0'448’

0-0685, 00255

=columns+walls | \yjth Jive load | 0102, 0-0363, 0-0251 ‘0-535,

0:0819, 0-0304

Without live

Vertical members | load 10'229’ 0-0817, 0-0566 ‘1'208'

0-185, 0-0686

=columns alone With live load | 0-274, 0-0977, 0:0677 \1-442.

0-221, 0-0820

510

% %
E—[%i <=M7ﬁ/05 &‘—}— tgm
ml(z%g%

bl (2'&7
0710 [
-,

0254

—0%1

—Ilﬁlﬁj -

Fig. 7. Naka 8 gdo-kan Bekkan. NS-movement (with extremely -
rigid floors), walls being attached to columns. Full, broken,
and chain lines represent moments in columns of ground,

first, and second floors respectively.
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TFig. 8. Naka 8 gd-kan Bekkan. NS-movements
(with extremely flexible floors), columns alone
being resisting members. Full, broken, and
chain lines represent moments in columns of
ground, first, and second floors respectively.
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alone resist vibrations, the floors being assumed to be extremely flexible.
The difference in the feature of the bending moment curves for the
present structure with the assumed difference in its structural condi-
tions, namely the difference between the case in which the floor is
extremely rigid and the one in which the floor is extremely flexible, is
almost similar to that in the case of the Annexe of the Middle 7th
House. But, in the present case, if the floors be extremely flexible
and the columns alone be resisting members, the bending moment
in the first (principal) resonance condition would be rather larger than
the moment at zero frequency of vibrations. This arises from the
fact that the difference in the resistance of vertical members of the
two extreme cases in the present structure is more pronounced than
in the structure of the last case.

In ‘the present case, too, the bending moments in the columns
below the first floor, particularly in the case in which the floors are
extremely rigid, become very small at frequencies beyond the first
resonance condition.

To ascertain the stress induced in vertical members, we put
2(0*u/2t*) =g/10, and obtain

(i) The fibre stress in the walls running in NS-direction for the
case in which the floors are extremely rigid and the vibration frequency
is zero =931 kg/cm?,

(ii) The fibre stress in the columns attached to the walls in the
same case as (i) at zero frequency of vibrations =2-756 kg/cm?,

(iii) The fibre stress in the columns for the case in which the
floors are extremely flexible and the vibration frequency is zero
=803 kg/cm?,

(iv) The same stress in the first (principal) resonance condition
=945 kg/em?

4. Middle 13th House (Naka 13 go-kan).

We gave in the last paper a special assumed case with regard to
the structural condition of this building, namely, the condition where
in the floors are extremely rigid. We shall show in the present paper
another condition, namely, the condition in which the floors are extreme-
ly flexible and the columns alone are taken as resisting members. The
general plan being shown in the last paper,” only a photographic profile
of the building is shown in Fig. 9. The result of the calculation with
respect to the important elements is shown in Table V, although some
of the elements were partly described in the last paper. The method

9) K. SEzawa and K. KaNai, loc. cit., 1).
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of making the correction to be made for intermediate floor heights
due to presence of the basement is the same as in the preceding
case.

Table V. Middle 13th House (Naka 13 gé-kan).

Floor Ground 1st l 2nd Roof Mean
Height of floor below l(m) 2-58 3-82 ‘ 3-52 3-52 ‘3~62+0'32
{Sggt;;ﬁg of columns ()| 3383 | 3134 | 3134 | 2266 | 2845
Mt, inertia of columns (e | 1123 2:54 2-54 2:54 2:54
{Sect. area of columns a(m?) | 10-98 10-98 8:25 8-25 9-16
Mt. inertia of columns I (m?%) 0-1043 0-1043 00748 0-0748 0:0846
Beams {volume (m3) 4675 46-19 4675 47-02 46-65
weight (kg) | 1-123.10° | 1-109.10° | 1-123.10° | 1-129.10° | 1-120.10°
Foors {volume (m3) 7254 72:54 72:54 72-54 72:54
weight (kg) | 1-741.10° | 1-741.10° | 1:741.10° | 1-741.10% | 1-741.10°
. fvolume (m3) 18:85 2797 25-32 2532 2620
Columnsl . . 5
weight (kg) | 0-453.10° | 0-672.10° 0'608.10’5 0:608.10° | 0:629.10°
Walls {volume (m3) | 873 110-50 101-75 71-27 9451
weight (kg) | 2:095.10° | 2:653.105 | 2:442.10% | 1-711.10° 2:269.105
Total weight (kg) | 5-412.10° | 6-106.10° 5*845;105 5-120.105 | 5:690.10°
Area of floor (m?) 600 600 600 600 600
1 /mET {Columns+walls 167010  1-85410)  1.85410  2:6251  1-939
at Boz \Columns 1-01819) 1-018'0 1:144'0 114410 1-100

Under the same assumptions regarding the values of E, p, 2 as in
the preceding cases, the periods of free vibrations of the structure in
NS-direction under different conditions of loading as well as of elastic
resistance, are shown in Table VI. The abnormal largeness of the

Table VI. Periods in sec.

Floor condition Rigid Flexible

Without 1ive [ 5.130, 00375, 0-0260 | 0-554, 00846, 0-0314

Vertical members
=columns+walls

With live load|0~118, 0-0421, 0-0291 ‘ 0-621, 0-095, (-0353

Without live
Vertical members | load

‘0'577, 0:206, 0-142 3-035, 0-464, 0-173

=columns alone |y jive load}o-647, 0-931, 0160 | 3-405, 0-521, 0-194

10) > The values of [ and m were taken similarly as in the last two cases.



130 K. SEzAwWA and K. KANAIL [vel, X1V,

periods arising from the conditions that the floors are extremely
flexible and that the columns alone are resisting members, is parti-
cularly pronounced in the present case.

The maximum values of the bending moments at each end of the
columns, when the floors are assumed extremely flexible and the columns
alone are the resisting members, are shown in Fig. 10. In this case,
the moments under resonance conditions are very marked.
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25707
Fig. 10. Naka 13 go-kan. NS-movement (with
extremely flexible floors), columns alone being
resisting members. Full, broken, and chain
lines represent moments in columns of ground,
first, and second floors respectively.
The bending stresses at zero frequency of vibrations, as well as
under the first (principal) resonance condition, are shown below.
(i) Fibre stress in columns at zero frequency =861 kg/cm?
(ii) Same under resonance =473 kg/cm®
These stresses are induced in the columns below the first floor.
It will be seen how large stresses would be induced in the columns
were the condition of the problem so adjusted that the bending moments
under resonance condition assume large values.

5. Comparison of results and conclusion.

We have now obtained the periods of free oscillations of three
3-storied structures as well as the bending moments induced in the
vertical members of these structures due to a prescribed acceleration
of the ground. The bending moment curves present somewhat different
features according as the periods of the respective structures themselves
differ. If (a) denote the case in which the floors are infinitely rigid
and the columns and walls are resisting members, and (b) the case
in which the floors are extremely flexible and the columns alone are
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resisting members, then the ratio of the period of fundamental free
vibrations (principal period) in case (b) to that in case (a); the ratio
of the bending moment under resonance to that at zero frequency of
vibration for case (a); and the same ratio for case (b) are all shown
in Table VI.

Table VII.
. Mt. in (a) at reson. Mt. in (b) at reson.
Nt'ame of ¥nnd. T in (b) | Mt. in (a) at zero freq. | Mt. in (b) at zero freq.
structure Fund. T in (a)
Ground ot 1. | 9nd col.| GTOU| 16t col. [ nd col.
col. col.
Anﬁexe of Mid. 7:47 0-133 0-160 0-180 0-741 0-875 1-050
7. Ho. ’
gknﬁexe of Mid. 14-2 0-110 0-132 0-140 0-14 1-37 1-60
. Ho.
Mid. 13. Ho. 276 0-109 0-128 0-139 0-30 1:55 1-85

This table shows that, whereas the ratio of the bending moment
under resonance to that at zero frequency in case (b) increases with
increase in the ratio of the period in (b) to that in (a), the same
ratio of the bending moments in (a) diminishes somewhat with increase
in the period ratio under consideration. The fact that the ratio of
the bending moments in question in case (b) is much greater than
that in case (a), is too obvious to need further comment.

From the experimetal data due to observers who have studied other
buildings, it appears that the actual vibration periods of the structures
are somewhat longer than those calculated by assuming infinitely rigid
floors,”™ but much shorter than those calculated by assuming extremely
flexible floors. This suggests that the conditions of the floors and
beams differ slightly from an extremely rigid one. Even if the floors
were not extremely rigid the moment ratios already mentioned would
not go outside the two limiting values, as shown in Table VII, namely
cases (b) and (a) as upper and lower critical limits. It is thus possible
to ascertain both of these critical limits in the nature of the dissipation
of vibrational energy into the ground.

Even if the floor were assumed extremely flexible, which could
never be the case in actual structures, the bending moments under
resonance conditions would not differ much from those in the case of

11) It is obvious from our preceding paper (loc. cit., 2)) that, if the floors be
infinitely rigid, the vibration period of a structure is proportional to its height.
From SAITA’S study by means of results of observations, which were shown in papers,
K. SUYEHIRO, Proc. American Soc. Civ. Eng., 58 (1932), No. 4, as well as P, BYERLY,
J. HESTER, & K. MARSHALL, Bull. Seism. Soc. America, 21 (1931), 268~278, the
condition of such proportionality seems nearly satisfied in actual buildings.
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zero frequency, both under the same acceleration of the ground, in
which no structure is standing. This conclusion however seems to be
valid only in the case of buildings of moderate height. In the case
of high buildings, the bending moments under resonance conditions
would not assume such small values were the floors extremely flexible;
in other words, dissipation of the vibrational energy in such a condition
would not be very large.

The most important fact related to condition (b) is that the peaks
in the bending moment curves (namely, the peaks between successive
resonance frequencies) are mot so marked as those in the bending
moment curves of case (a). Thus, the curves in case (b) gradually
die away with increase in vibration frequency. Another fact to which
attention is called is that, notwithstanding their largeness in zero
frequency, the bending moments in the columns below the first floor,
particularly in case (a), become very small at frequencies beyond the
first resonance condition. The fact as observed, that damage to a
building in a great earthquake occurs in the vertical members on the
Ist or 2nd floor rather than in those on the ground floor, seems thus
to ascertain that the floors is nearly extremely rigid. This, together
with the remarks given in footnote 11) on the vibration periods of

“actual buildings, gives us the confirmation on the conditions of floors
in actual buildings.

In conclusion, we take this opportunity of expressing our thanks
to the members of the staff of the Mitsubishi Co, through whose
courtesy valuable data were obtained for the present study, and also
to the Council of the Foundation for the Promotion of Scientific and
Industrial Research of Japan, for aid that greatly assisted our work.
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