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1. Introduction.

In previous papers,” we ascertained mathematically that if damping
inner resistance or wave scattering exists in a structure, the brace
struts used in the same structure will be effective both in reducing the
resonance amplitudes and in increasing the natural frequency of the
structure. The present paper describes the model experiments that
were made to confirm the theory just mentioned. Since, as often
stated, the amplitude of seismic vibrations is particularly large in the
horizontal sense, and since, moreover, the vibration of a structure is
most sensible to the same horizontal movement of the ground, the ex-
periments were made specially for the case of horizontal motion.

Although the vibrational forces from the exciter in the present
experiments were all of sinusoidal type, since an oscillation of irregular
type is nothing more than a combination of different sinusoidal oscilla-
tions, the present results might apply to the general case to a con-
siderable extent.

2. The method of experiments.

The vibration table used in the experiments was the same as or
at least similar to those used in studying the dynamic damper.”> ®» A
hanging table oscillated to and fro by means of periodic forces suppli-
ed by a 1/4 H.P. motor by means of gear arrangement, oil resistance
being applied to both sides of the table in order to prevent any irregu-
lar vibration of the table. The natural period of the table was about
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1 sec. Since the periods of vibration available in our experiments were
of the range 01 sec to 0'6 sec, resonances of such long periods as
1 sec were quite immaterial. Since, however, the motor power was not
sufficiently high, it was rather difficult to avoid conspicuous changes
in the vibration amplitudes of the table for different vibrational fre-
quencies. If, on the other hand, the ratio of the amplitude of the
vibration table to that of the structure were taken as we did in our
analysis, the difference in the amplitudes of the table for different
frequencies would not be a serious matter.

The model for our experiments was a single-storied structure of
three spans with elastic floor parts, columns, and brace struts, every
structural member being of sheet steel. The two ends of each brace
strut were hinged. The column height (I,) and every floor span ([,)
were 25 cm. Each column and each floor part were also of equal thick-
ness (f) and equal width (b), that is, both members were 05 mm

Fig. 1.

thick and 5em wide. The mass concentrated at each panel point was
270 gm. Since the mass of each floor span, together with that of half
a column and that of half a beam span, was 60 gm, the total mass to
be concentrated at each panel point in calculation was m;=330gm. A
general view of the model, together with the vibration table, is shown
in Fig. 1.
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There were five cases of brace struts, as shown in Table I.  Since
the column height and the span were the same, that is, 25 cm, the

Table I. Five cases of brace struts.

Case ; C

o | =
Thickness (mm) 1 05 ‘ 0-5 “ 05 J 1-0
Width (mm) ‘ | 10 | 1‘ 20
i { I
9, = Eattz ‘ | | '
" e ’ L

length of the brace was ¥/ 2.25cm. It was furthermore assumed that
the Young’s modulus is always constant B, =F,=F,=2-1.102 in C.G.S.
The moment of inertia of every member was calculated from the
usual formula I=>5bt%/12, where t, b are the thickness and width of a
section of that member.

The amplitudes and vibrational frequencies were observed with the
aid of a smoke cylinder, driven by a synchronous motor that was cali-
brated separately. Since the whole contrivance was firmly fixed to the
vibration table, the disturbing effect was found to be negligible. In the
experiments, the displacements of the floor relative to the vibration
table and those of the table relative to the room floor were recorded on
the revolving cylinder without magnification.

3. Results of experiments.

Let the ratio of the vibration amplitude of the siructure (at its
floor) (y,—U) to that of the vibration table (U), both recorded on the
smoke cylinder, be (y,—U)/U, where y, is the displacement of the floor
relative to the room space.
The values of (y,—U)/U ob-
tained in the experiments for
cases A, B, C, D, E are shown
in Figs. 2—6.

It will be seen that the
greater the ratio of ¢ =I;u,/
E.,a,, the more the diminution
in resonance amplitude. Since
" there was no special damper’
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and since, furthermore, it is

unlikely that wave scattering existed in the present condition of the
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mo‘del, the vibration damping would probably have come about from
inn‘er damping of the material. It is then possible for the damping
resistance to increase with mere increase in the sectional area of the

bre;xce struts.
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‘ Fig. 3. Case B, 9y(=Ea3/Ea,) =0-1.
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Fig. 5. Case D, 9y(=E3a:/E ¢,)=0-4. Fig. 6. Case E, #(=FEsu/Ea,)=0-8.

1 In the present experiments, with a view to getting the resonance
period of the model within the range of vibration periods such that
01 ‘sec~0 ‘6 sec, the thickness of every member was made as small as
pOSSlble, in consequence of which the thrust in every brace strut often
exceeded the critical for the buckling of that brace strut. Notwith-
star‘ldmg that no bending moment was transmitted through any brace
strut, the strut itself vibrated transversely in every vibration of the
model, as the result of which the effective stiffness of every member
against the longitudinal force in that member would have become very
small compared with that calculated from Table I. We shall first ex-
amine whether or not the longitudinal force in any member exceeds
Euler’s critical thrust for buckling. Since, however, the thrusts in
the brace struts are particularly large, the condition in those struts
alone will be considered. Let U, y, be the amplitudes of the table and
that of the model floor, both relative to the room space. The hori-
zontal inertia force for the mass m,; at each panel point is then P'=
¥,(27/T)*m,, its component along the brace strut being P =y,(27/T)2m,
.cosfl. On the other hand, Euler’s critical thrust for buckling is P=
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E. 72|, where E,I, is the bending stiffness of the strut. The results
of calculation for both these thrusts for the three cases, B, C, D are
shown in Table II.

When the horizontal displacement of the panel point relative to
the vibration table is #,— U, the effective strain of the brace strut along
its length is (y,—U)cosfl/l,. Equating P” to FE,a;.(strain), namely,
to E’jai(y,—U)cosl/l;, it is possible to get the effective longitudinal
stiffness of that brace strut in the form

Ela,= 1, 2r/T)*m, .
(?/z‘U)/l3

If it is defined that the effective Young’s modulus E; is equal to the
actual one E,, say, 2:1. 10'? in C. G.S., then the effective area of the
strut a; will be determined. The results of calculation for the cases
B, C, D are shown in Table II, the ratio of a:/a; being given also in
the same table. On the other hand, the quantity ¢=a,lj/I, is important

(1)

Table II.

Case B | C ‘ D
P=EJl7/l#(C.G.S) 1:05.10° ! 2:11.10° 4:22.10°
P/’ =yi(27/T)*m,; cost) (C.G.S.) 2:46 . 10° ! 1-49.10° 1:14.10%

o |
ay = YLETIT M0 (e 2:65. 10" 478 .10~ 377 . 105

Es(y:—U)/1;
as’/as 1:06.10-* | 096.10~" 377 .10-1
_ &’ 1,® /estimation from :‘
&= 1‘] (experiments ) 265 1 239 o
&7’ (used in calculation) ; 500 | 500 500

in the calculation that comes in the next section. If we assume that
the effective area of every column for longitudinal thrust is diminished
by the same law as that for the brace strut, then it is possible to write
ai/a, =as/a;, from which condition & is also replaced by ¢&'=aili/I;.
Since é=aq,li/1,=2,450,000 in our case, the values of &’ thus determined
are shown in Table II. The value of & sactually used in calculation
was determined from an alternative condition. <" in Table II repre-

sents that value.
4. Comparison of the experimental results with the mathematical cal-
culation.

We shall now assume that the damping of the vibration originated
only from the inner damping by the material and, furthermore, that
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the condition of three spans is nearly the same as that of an endless
number of spans. If, for simplicity, the damping coefficients satisfy
the conditions, r;=r,=#k,=x,,® equation (18) of the prev1ous paper,”
that is,
NV7, T
UM’ exp.(i (7" MI‘:E\T")J

P @)

V (M= N)*+ N7y

is available in the present case. It should be remembered that the
case of three spans is very similar to that of an endless number of
spans. In the present case

=3(p+12¢,) (9o sin%0 + ¢) + #,5 ($+ 32,) cos,

7o 12 3)
N= 1% (¢+3¢y) (Fysin20+¢),
1+3'076
where
/
. My - _ B g _sa, 21"_
To=—-—-, Tag=T —, Fy =232 s C - 1,
’ EI, l o=y ﬂ;ll‘f “0 E,a, ldo B ] (1)
¢=.-g,=1, ) S!'._——-_i:l 2 , 5 .a_; I
L N I,

Furthermore, from the reasoning at the end of the previous section, it
is possible to write

i =% E s . (%)
Ea; Elal
If it is so adjusted that the calculated resonance period for case C is
just equal to the experimental one for the same case, it is possible to
determine ¢’ (independent of the value of £’ shown in the preceding
section), which we shall represent by £”.

We have thus

= ol _ v
,(_71_)_500_; ,

which is shown in the final line in Table II. It will be seen that the
value of £” thus determined is eventually intermediate between the
greatest and the smallest values of & shown in the same table.

4) Comparison of the calculation with experimental results shows that the con-
dition 7,=T.=k;=x; is not satisfactory. A preferable condition is likely to be > 1,
(T2, xy being unimportant). Equation (2) is used merely for simplicity.

5) K. KANAIL, Bull. Earthq. Res. Inst., 17 (1939), 695~719.
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Now, if we put 7y=1V E,I;/m,[;=0:055 in the case ¢,=02, equation
(2) shows that the mathematical resonance amplitude is exactly equal
to the experimental in Fig. 4. Using this value of ©,, we calculated
the resonance curves for various ratios of ¢,=FE.u;/E,a;, namely, &,=
0, 0-1, 0-2, 04, 0'8, the results of which are plotted in Fig. 7. It should

— St
0 Hs ¥ ois 02 0'}5 DIJ 0'.115 0I~4 IJ~4|5 015 05‘5 4056
Tig. 7. Resonance curves for various ratios of d(=Eas//Ea\)
under the condition &/(=a,/l,*/1,)=500, To=(T'/E':i;/w—1,ﬁ§=0-055.
be borne in mind that in the calculation of (y,—U)/U, the phase for
U in the denominator was 90° in lead of that for U in the numerator.
The resonance amplitudes thus
obtained and those observed ex-

perimentally are also plotted by

2

broken and full lines in Fig. 8. o (8-
Comparing the two curves in U
Fig. 8, it will be seen that, r

although for an intermediate 8
value of ¢J,, the resonance am-
plitudes obtained mathematically
fairly agree with the experi- 6
mental, for a greater and smaller
value of ¢y, they do not.

The resonance periods ob- 4=
tained experimentally and those
calculated mathematically are
plotted in Fig. 9. Both results 2
again fairly agree. .

We have now ascertained

that if the effective areas of the
columns and the brace strufs
were used, the experimental re-
sults are in agreement with the
theoretical results. Further-

0 o 02 03 04 05 06 07 08

Fig. 8. Resonance amplitudes. For
avoiding complexity, it is assumed that
T,=T.=k;=x; in calculation. Full line,
experimental; broken line, calculation.

more, since in the present case, the value of rE is approximately
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2:826. 10'°(C. G. S.), it is likely that the inner damping by the material
is, somewhat greater than that originating from solid viscosity. Thus,
the damping may partly be due to wave scattering.

Since, as a matter of fact,
we used the same ¢’ for any
case and the same relation, -;,= o
Ty=k, =1V, the deviations of both
kinds of curves in Figs. 8, 9 are
inevitable. If, on the other hand, ¢
we used different £”’s for the
different cases shown in Table II
and another relation between z,, 0 01 02 03 04 o5 06 07 73
Ty k1, Ky the two kinds of curves  Fig. 9. Resonance periods. For simpli-
in Figs. 8, 9 would agree to a city, it is assumed that £7=500 for any
considerable extent. If we spe- case in calculatioy. Full line, experi-
. L. mental; broken line, calculated.
cially select such a condition that
k3 is much larger than the remaining damping coefficients, there would
be better agreement between both curves in Fig. 8.

As in the case of mathematical calculation, the experimental rela-
tion between the resonance amplitude and the stiffness of the brace
strut is quite similar to that between the natural vibration period and
the same stiffness. It is thus confirmed experimentally that the struts
are effective both in reducing resonance amplitude and in increasing
resonance frequency.

Although, in the present experiments, owing to the restricted range
in the frequency of forced vibration, we used a model whose members
are so thin that the longitudinal stiffness of every member is the effec-
tive one, if it is possible to use a large model in which the buckling
condition of the members can scarcely occur, it would then hold that
the actual longitudinal stiffness operates.

05

03,

5. General summary and concluding remarks.

Our previous mathematical results with respect to the aseismic pro-
perties of brace struts were confirmed by means of model experiments.
From the requirement that our forced vibration periods shall be within
a certain restricted range, each member of the model structure was so
thin that the effective longitudinal stiffness (calculated separately) of
that member should be used. If it were possible to use a large model,
the longitudinal stiffness would then be the actual stiffness.

With the above condition of the problem in mind, we compared
the experimental result with the mathematical calculation, from which
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it was ascertained that both results fairly agree in resonance amplitude
as well as in resonance period.

In the mathematical calculation, the reduction of the effective
areas of the members is the same for any %, and the damping coeffici-
ents of different kinds are equal. If it be possible to make different
reduction for different ¢, and furthermore the damping coefficient for
the brace strut is specially large, the agreement between the mathemati-
cal and experimental results would be more considerable.

As in the case of the mathematical calculation, the experimental
relation between the resonance amplitude and the stiffness of the brace
strut is quite similar to that between the natural vibration period and
the same stiffness. Thus, experimental results also show that the brace
struts fitted to a structure are effective both in reducing the resonance
amplitude and in increasing the resonance frequency.

In conclusion, I wish to express my thanks to Messrs. Teizi Watana-
be and Yosikazu Kodaira, who assisted me in the present investigation.
The present investigation was made at Professor Sezawa’s suggestion
in connection with his research work as member of the Investigation
Committee for Earthquake-proof Construction, of the Japan Society for
the Promotion of Scientific Research. I wish also to express my sin-
cerest thanks to Professor Sezawa for valuable aid given to me.
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