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1, Introduction

As the fundamental problems for aseismic design of
buildings, what vibration characteristics the buildings have
or especlially the special parts of them have and what in~
fluences to the vibrstions of buildings the ground has, are
taken up in this paper. They were studied by the experi-
ments on bulldings and some advices for the aseismic design
of bulldings are derived.

By the experiments, we could not see the vibration
character out of the elastic range so that the elastic-
plastic vibrations due to shearing deformations have been
treated by numerical computations, In discussions of each
paragraph, the distributions of lateral force coefficients,
the ground effect for earthquake forces and the vibration
behavior in the plasstic range are reviewed.

2, Vibration tests of builldings
(1) Deformations of the floor of a bullding

In vibration tests of many buildings, the horizontal
displacement distributions or deformations together with
the periods in vertical directlon have been observed, but
in the horizontal direction, a few experiments have been
made until today. Here we hsve experimented a building with
the purpose to study the displscement or amplitude distri-
butions in the horizontal direction and the deformations of
floors.

As shown in Fig.l, a four-storied reinforced concrete
building having & simple rectangular plan, was tested and
since it was near the rallway, the vibrations caused by
trains were observed. The instruments used were moving coil
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type vibrographs having the natural frequency of 2 cycles
per second and an electro-magnetic oscillograph recorder
with galvanometers having the natural freguency of 15 c¢ycles
per second. The characteristics of vibrogrsphs were already
reported by Dr.M.Hatanaka® . _

An example of horizontal displacemént distributions in
the vertical direction is shown in Fig.2. Three typical
displacement distributicns in the horlizontal direction are
shown in Pigs.3, 4 and 5, the perlods corresponding to esech
distribution are noted in the figures and the detted lines
in them are sine curves. The curve in Fig.3 corresponds
to the first mode of vibration in the horizontal divection,
the curve in Fig.4 has one nodse and is fit for the second
mode and the curve in Fig.5 is the third mode.

In the case of Pig.3, the building was a 1little twlsted
but the case of FPig.4 shows so-called a torsiongl vibration
and the case of Fig.5 is double twisted vibration. As the
vibretion of the last type will occur also in violent earth-
quakes, it is not sufficient for aseismic design considering
a simple torsionsl vibration alone such as in this building.
We must take into sccount the deformations due to the higher
modes of vibrations of bulldings in the horizontal direc-
tion. '

(11) Vibrations of the tower of a building

The amplitudes of towers on bulldings or penthouses
during vibrations will be greater than the amplitudes of
buildings below, but how much greater they sre, is not yet
specified. We have observed the vibrations of the tower of
Kyoto Statlion shown in Fig.6, and compared the amplitude
distribution with that of the building below.

The experiments were made in the ssme manner as illust-
rated in the previous section, and 4s the result, the obtained
amplitude or displacement distributions are shown in Fig.7.
The observed displacement are approximately on the sine
curves In the figures. From the figures, we can see that
in elastic range the lateral force coefficient for the tower
must be at least two times greater than the coefficient
for the bullding below.

(1131) Vibrations of under ground perts of a building

The vibrations of a building shown in Fig.8, of 12
stories above and 3 stories under ground, were observed in
the ssme manner as above. The natural periods obtained are

in. the N-S direction: 0.55, 0.51, 0.47, 0.40, 0.27, 0.1l sec,
in the E-W direction: 0050, 0'46’ 0;41’ 0.35’ 0012 seCQ

The distributions of horizontal displacements in the vertical
direction are shown by the points in ¥ig.9. Wwhy these dis-
tributions occured, will be considered in the following.

Taking the shearing deformations of building alone
Into account, the equastions of vibrations are

for the part undef ground A&;%-i—-ﬁéu, =A_y(—g%- (1)
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Sl
for the part above ground (&3},_2f§%3 ,(2)
Where A : cross-section area of the building
& : modulus of rigidity , ., .
f ¢ average density ” ”
o 42 displacement i
b ¢ width of the building in the direction
perpendlculer to the displacement
# : coefficient of subgrade reaction
If we put
u,=U,(x,)e"', U = T, (r,)e"‘r
the boundary conditions
_ . AT . AT
=03 Zz=cU, 2‘”""["2?1"’0;
and the conditions of continuity
dU _ 4T

{Z'—ae:, X, =0 3 T.T"U}, 1’;‘6 A%z 5
the solutions of free vibrations are written as

T = C(MO(I, +%M‘30(5Y.'.)
! + 5
U;__-:C(ma([,-%Mo(,&)%((mpx,+m/3ﬂwfﬁl} (3)

where
o(:fé -Qf: ﬁ’=£%‘. (4)
The frequency equation 1ia
4 —af tandh: _ ,
T KT =l amphs. (8)

Putting the dimensions of the bullding

L= 29" Li=a/™, A=2000", b=4/,
and the sssumed values

£ =§ ﬁg/bm": Cl, =85
into the above equations, we can get each mode of free vibra-
tion shown in Fig.10 and the ratio of periods corresponding
to the first, second and third modes, 1s as follows,

T, s Tpe Tp=1.00 : 0,336 ¢ 0,207
When the fundamental periods are 0.55 sec and 0.50 sec in
each direction., the periods of the second and third modes
are computed from above ratio.

T, Te Ts
0.55 0.18 0.11 sec
0.50 0.17 0.10 sec

The periods obtained by the experiment, which are different
from the above values, are perhaps due to the torsional vibra-
tions of the deformation of floors.
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The curves in Fig.9 are obtained bycombining the modes
shown in Pig.10 that were calculated by the equations (3).
The points in the figure got from the records, lie glmost
on the calcilated curves. We can conclude here that the
gbove elementary anslysis expleins the results of experiments
for the building having the under ground psrt, and the late-
ral force coefficients for it might be taken as smaller
values, because the deformations of structures in the ground
will be small even in violent earthquakes.

3, Effects of grounds to vibrations of reinforced concrete
buildings
The earthquaske forces against structures are spparently
influenced by the ground where they stand and one of the
authors have discussed the relations between the earthguake
damages of wooden structures and the ground properties?
But how the earthquske forces agsinst reinforced concrete
buildings will be effected by the ground, has not yet answered.
With the purpose to make clear this problem, we have experi-
mented the vibrastions of weinforced concrete buildings having
the same type and dimensions of frames but locsted on different
grounds. The buildings experimented are schools shown in Fig.
11 and their situstions are shown in Fig.1l2.
(1) Vibrations caused by the micro-tremors of grounds
The behaviors of micro-tremors sre different from the waves
of earthquskes, but it is well known that their charscter-
istics show some of the ground properties. We have set the
vibrographs on the buildings floors and on the ground surface
and the vibrations by ordinary micro-~tremors were measured.
(1) Measurements of vibrations. The vibrographs
used wevre moving coil type as sbove and egulipped situatlions
are shown in Fig.13. They were connected to an electro-
magnetic oscillograph recorder, Some of the records obtained
ere shown in Fig.14 and the curves iIn the figure shown
irregular patterns of vibration, so we hsve determined the
periods of them conveniently ss follows. At first, a straight
line was drawn through the midpoint of the amplitude shown
by the curves in the records, and twice of time intervals
between the neighbouring points where the line intersects
the curve in the record was assumed as the period. The
period numbers obtained in this way from the records were
summed up in every time difference 0,02 sec and they were
defined as the frequency distributions of periods. (cf.Table 1)
(2) Consideration. As seen from Fig.l4, the vibra-
tions of the bulldings have longer periods in spite of that
the considerable shorter periods appear on the grounds.
As shown in Fig.l1l5, the predominating perliods of buildings
are longer than that of the grounds. The curves of frequency
- distributions can be divided into three groups, {(A), (B)
and (C). Group (4) is the type having a distinct peak, (B)
is the type hsving two peaks and (C) 1s a flat curve without
any distinct pesks.
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The relation between the predominant periods of buil-
dings and that of grounds is shown in Fig.16. The former
becomes longer together with the latter. The relation between
the periods of bulldings and the thickness of alluvium layers
in Fig.1l7 is not distinct,

The ratio of wave numbers having the predominant periods
to the numbers of all waves will be called the probability
of predominant periods. The relation between the periods
of buildings and the probability is shown in Fig.1l8 and from
the figure, we can see that the probability becomes larger
8s the periods becomes shorter. The tendency appears alsc
in that of grounds. The relation between the perlods ratio
of buildings to‘grounds and the periods of grounds is shown
in Plg.19. The pericd ratio becomes larger es the period
becomes shorter. This is originated in the fact that in
the case as the ground has shorter periods, the difference
between tne periocds of ground and proper natural periods
of buildings without the ground effects will be large,
because the periods of ground are sbhout 0,08 -~ 0.20 sec
and the periocds of buildings are more than 0.20 sec. How-
ever, in violent earthquakes, the perliods of every ground
motion will become more longer and the buildings on the
ground having shorter periods of micro-tremors will be attacked
by stronger forces than the building on the ground having
longer periods. Generally, the ground hsving shorter perilods
is thought to be good or hard, but for the reinforced concrete
buildings, it may be not advantageous, since the periods of
earthquake motion grow up near to the natural perlods of
buildings.

(11) Free vibration tests of reinforced concrete buildings

The school buildings tested have same structures as
above and they are pulled by a wire rope in the horizontal
direction and suddenly relaxed. The free vibrations with
damping caused in this way were measured to study the influ-
ences of grounds to the bulldings,

(1) Messurements of vibrations. The buildings tested
are Fuku, Obiraki, Himesato and Imamiys Primary Schools in
Fig.l2. The instruments used were Ishimot» type horizontal
vibrograph, 9 moving coil type vibrograph end sn oscillo-
graph recorder ss above. The horizontal vibrographs were
set on the every floor at the center of the bulildings in
width. The two vertical vibrographs were set at the both
ends of width.

An example of the records obtained by the moving coll
type vibrographs is shown in Fig.20 and it indicates that
the free vibration of a building after being relaxed from
the wire rope pulled by a winch. A pretty large amplitude,
appeared sbout the third wave, was caused by the wire rope
striking the building.

The displacement distributions of the buildings obtained
from the amplitudes in the records, are presented in Figs.Z21,
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22, 23 and 24. These displacements are average values of
the experiments executed 4 - 8 times.

As shown in the figures, the horizontal displacements
of the floors distribute on a straight line and this line
passes near the center of the base floor, or the horizontsl
displacements on the base is little. The inclination of the
base floor was derived from the verticsal displacements at
the both ends of the floor. The displacements due to the
rotation of the bullding were estimated by the difference
between the stralight line perpendicular to the inclination
line and the oripinal center line of the building. The di-
fference between these displacements snd the total displace-~
ments in the records were considered to be the elastic de-
formations., They are shown in the fipgures and in Table 2.
The elastic deformations are about 26 - 36% and the diplace-
ments due to the rotation are about 74 - 64% of the total
displacements. The periods obtained from the records are
shown in Table 3.

(2) Consideration. The displacements « at the top
of the building due to the elastic deformations and the dis-
placements 7 due to the rotation, are statically

= PL of = PL_ /222
Where P : force through the wire rope applied the building
L : height of the building
g : rotation at the base " P
& : modulus of rigidity v ”
A : eross-section ares p v "
I : geometrical moment of inertia ~ % ”
b : width v ” ’”
£ : coefficient of subgrade reaction due to the

rotation of the bullding

Constants, ¢ and £,calculated from the results of the experi-
ments in Teble 2, are shown in Table 4. The values of
are near to the value 1569 kg/em* which is calculated from
the statical rigidity of walls.

As the total displascements of buildines w are consist
of the displacements due to the deformastions and the rota-
tions,

Ww(x, t)= u(x, £)+7(x t),

The kinetic energy T , the potential energy V and the damping
energy F of the building are

T= ﬁﬁ.f( 3V dx
&
V= ff_j( )dxw’ﬁj (30)dy (7)
F =%A‘S.’ )dr«&-%i(j;
Where 3 1is horizontal coordinate, 4" is length of the building
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and ¢ 5 ¢ are the damping coefficients in the shearing
deformations and the ground surface deformation caused by
the rotations of the building. Applying the horizontal force
to the bullding at the top, we have the displacements

e T T. T T= Lo+ Plo=0+F
W=WT=UT+IT, w—GAJC+€ZJC—LL+7‘

Then 293 2
_ePL 1 | 8L, 4R\ 542

T = e e Ee )=
24

__?Y i 2__ z
V=t EE) =T

PLre L, (440N 2o )Tt
F=zalsat%F/° .

Substituting these egquetions into Lsgrange's equsation
rar) 2T . 23V . 2F _
dF 2D-5+ 3T +2F =0,

we can get the following equsastion

. - 2 — Y . (8)
Tirzet+wt=0, e=H K =4
The periods of free vibration is
Gl , 1246
= 27 2 A 3

T n= 2 T ’ (9)
nEE , zp(-,-ﬁ:+£%7,;%) )
o ’

If ¢ is negligible in comparison

Tzz%, (10)

The average weight of unlt volume of the buildings is about
300 kg/m®. If we substitute this value together with the
modulus of rigidity snd* the coefficient of subgrade reaction
shown in Teble 4, intc above equations, the computed periods
can be obtained. They are sbout half of the periods obtained
directly from the vibration records. This discrepancy is
originated in that we heve not tsken the energy dissipeting
into account, in other words, we must consider the vibrations
of the bulldinrs together with the surrounding grounds.

The relations between the perlods and the velocities
of longitudinal, transverse snd surface waves in the ground
caused by the falling mass, are shown in Figs.25.
In these figures, the travelling times of elastic waves in
grounds relate. almost linearly to the periods of buildings.

4, Vibrations of buildings in plastic range

Aseismic performance of buildings should be considered
not only in elastic but also in plastic range of structures,
snd through the experiments, it is difficult to study the
vibrstion behsaviors in plastic range., Although nowadays
many contributions on the vibration of plastic systems have
been published, in most of them, the buildings treated as
one or a few masses. Here we have consldered as a conti-
nuous body and spplied the numerical method to analvse the
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vibration.
(1) Pinite difference ecustions of the shearing vibration

As well known the difference equation of shearing vibra-
tion of the building having the uniform cross section in
the direction of helght,

_9:’:‘__9/3& =&
51 ~2x\%ax ¢ £ (11)

where ¢ =4
ocr the equation (11) can be written as
e 2u 4 o U (12)

a’t‘ = 3x 2% 2x%*

The relation between the stress and train was assumed as

the curve shown in Pig.26, which has been generally used

for the problems of this kind. In the figure, the line OA

shows complete elasticity and AB shows complete plasticity.
The finite difference equation derived from the egquation

§12) by considering the point pattern illustrated in Flg.27

s

uz+ 41'240=’%{[‘é"(€,‘fz){”ﬁ"”z)""Cz(&(,""//{:‘zun)] (13)
In the complete plastic range AB in Fig.26, Tz is constant
and
=X o X o o
Tk Z4 &/—3‘6’; %—T%
or if we put (= 649 s, then C‘,,=.§(.c . (14)

According to the points 1, 0 and 2 in the figure, are in
elastic or plastic range, the following eight equations can
be derived.

(I} cG=¢=G=c ; “y, 25(1{,1‘“;-2“:)1‘2[10'”[
(I1) c"'L‘ G=G=C; U =_g;{%(u,+u,—zua)}+zu.—uz

(II1) 6=fc, a=a=c; dr= %Q{ﬂ%-f)(uwuz)quﬁu.—zm)} +2Uety
(IV) a=%c, G=G=¢, 4 =LLf 1—~)(u.—u,)+(u,+u,—zﬂ.)}i-za.—dr
0 zC;C --%c,a-c, Ur= 714 {'L(Y 1X{(,—U,)+ﬁ(;{,+{4-2/{)}+2(1.“u1‘
(VI) c=§¢ ege c=cj4r sﬁ{z(/—z)(m-zl )+7(u,+df21/)}+21/._-d1—
(VII) C=§e, G=f¢ G=c; N 2 ) (Ut U~ 200) 28y
(VIID)G=§c, C=F¢, Goge s ty=SEHE -4 )u- )+ (200

+2U- U
The boundary condition at the top 1s ’. *
gg_ or U, = Uz,
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We can perform the numerical calculation on the vibrations
of buildings by meking use of the above eight equations step
by step. ‘
{13) Numerical calculatigns

Taking the height ofthe building H=40 m, the inter-
vals for finlte difference method £=H/, =4m and the
velecity of equivslent transverse waves of the building

/ﬁ?.=.3207%éc, the fundamental period of the building in

elastic range 1s T=0.50 sec.

In these calculations, we should consider the most dis-
advantageous wave attacking the building. Thus assumed earth-
quake waves were the wave havling the alternste constant accere-
lation with the period 0.50 sec and the sine waves having the
periods 0.45, 0.50 and 0.55 sec. The accerelation, velocity
and displacement of the former arg compared with those of the
latter in Flg.28. The maximum amplitude was taken as 5 cm
in each case gnd the time lnterval of one step of calculation
was taken as 0.0125 sec. The transition point from elastic
to plastic range was determined by the value of strain &« and
it was assumed as 0.32 - 0.65. The results of calculations
are shown in Fig.29 -33.

(1ii) Consideration

The several examples of numerical cslculations, we hsve
made on the vibrations in elastic-plastic range, have led
to the following basic considersastions.

: (1) The displacements due to the plastic strains are
generally greater than the displacements due to the elastic
strains.

(2) The strains ted to be in plastic near the base, and
the regions transit to upward, but in some cases, about mid-
point of the helght, the strains come into plastic range
at first. _

{3) The stress distributions in the plastic are more
complicated then the distributions in the elastic range,
in other words, the former has more unevenness than the
latter.

(4) If the structures have plastic regions, the present
method of aselismic design using the lateral force coefficient
1s not sufficient. The response of the building for the
most dls advantageous wave of earthquake should be computed
also in design, considering the destructive strains in
structures instead of the stresses.

5. Conclusion

From some experimental data and numerical calculations
developed above, the vibration behavior of special portions
of buildings, the variastions in earthquake forces due to
the ground properties and the vibrations in nlastic range
were discussed. The discussions of each paragraph suggest
the manners of aseismic design in future.
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NOMENCLATURE

e¢ross-section area of the bullding
modulus of rigidity of the building
average density of the building
width of the building
H : height of the building
coordinate in the vertical direction
coordinate iIn the horizontal direction
horizontal displacement
time
frequency
natural period or kinetic energy
coefficient of subgrade reaction
external force applied to the building
rotation at the base of the bullding
geometrical moment of inertia
potential energy

damping energy

total displacement in the horizontal direction

horigontal displacement due to the rotation

shearing stress

time interval or time factor

constant spacing ot - he pivotal points
constant or Q%
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Fig. 31 Displacement and strain disiributions in elastic snd
elastic=plastic vibrations (3).

T=050° a=05 Sine wave P

Fig. 32 Displacement and strain distributions in slastie and
elastic-plastic vibrations (4).
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Fig. 33 Displacement and strain distributions in elastic and
elastic-plastic vibrations (5).
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Tavle 1

Tioe of the rredominant rrobability  Perlod Alluvium
No, frequency period of the ratio thickness

distribution (sec) predominant (m)

of period period

Buil- Ground =uil- Ground Bulil- Ground

ding ding ding
1 A A C.24 J3.08 0,142 0.187 3.0 4
2 A A-B 0.24 0.12 0.152 0.183 2.0 10
3 i A C.20 0.10 0,177 0.165 2.0 7
4 B g 0.28 0.12 0.089 0.189 2.3 23
5 B B 0.30 0.13 0.102 0.136 .3 &
& B B 0.20 0.18 0.138 J.149 1.1 19
7 A A 0.18 0.08 0,158 0.198 2.2 10
8 A«B A-B U.24 0.22 0.124 0.178 1.1 23
2 A A 0.24 0.08 0.128 0.212 3.0 22
10 A A O.2% 0.10 0.124 0.140 2.2 25
11 C B 0.18 0,22 0.106 0.083 0.8 22
12 A A~B 0.28 0.20 0.144 0.150 l.4 8
13 A B 0.20 0.08 0.173 0.213 2.5 5
14 B A 0.18 0.14 0.181 0.156 1.3 11
15 0.29 24
16 0.27 24
17 0.29 23
18 0.21 5

Table 2
Total Elastic Deformation

School deformation deformation due to the (r)/{(u)
(x10°mm}  {x10 mm)(u) rotation
(x10 mm) (r)

T Fuku 21.00 6.2 (29.6%) 14.8 (70.4%) 2.40
Himesato 21.50 5.7 (26.5%) 15.8 {73.5%) 2.77
Obiraki 23.10 5.9 (25.6%) 17.3 (74.4%) 2.91
Imamiya 18,40 6.6 {35.9%) 11.8 (64.1%) 1.79
Table 3
Period of the Period of the
School micro-tremor bullding
(sec) (sec)
Fuku 0.28 - 0,31 0.35 - 0,37
Himesato 0.26 - 0.29 0.29 - 0.35
Obiraki 0.28 -~ 0.30 0.31 « 0.32°
Imamiys 0.20 ~« 0,22 0.21 - 0.22
Table 4
Coefficlent Computed
School  Rigldity of subgrade period
(kg /crf) reaction (sec)
(kg/cm)

Fuku 1384 9.98 0.129
Himesato 1517 9.43 0.130
Obiraki 1458 8.62 0.135
Imamiys 1267 12.21 0,122
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