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1. Introduction

We have investigated the dynamic behaviour
and the aseismic design of a building-machine
“structure system which is considered as a simple
two-degree-of -freedom system with small ratio as in
Fig. 1.0

However, the actual system, such as a piping
system, a machine structure system as a crane and
a civil structure as a bridge system, generally have
more than one boundaries which introduce seismic
forces to the system directly or indirectly.?
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Fig. 1 A model of a simple Fig. 2 A model of the
building-machine structure  machine structure sys-
system. tem.
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Fig. 4 Mode shape of the
first natural frequency for
building system.

Fig. 3 A model of the
building-machine struc-
ture system,

We have paid attention to this fact and then
proposed a model of the system shown in Fig. 3.

Having set up equations of motion, the response
characteristics of the system to earthquake records
are investigated by electronic analog computer.®

2. Fundamental Equations

As a basic example, we propose the model of
two-degree-of-freedom system as shown in Fig. 2.

Neglecting damping effect for simplicity, the equa-
tions of motion are
; [lel—!—kl(X;—Y:)—kz(Xz—X1)=0 (1)
ma X+ ko Xz — X1) — ks( V2 — Xz)=0 (2)
where Xi, X, Y, Y. are the absolute displace-
ment, m,, mz are the mass and ki, k2, ks are the
stiffness.

(1) and (2) can be transformed as®
ml(Xl - Y1)+(/€1+k‘2)(X1— Y1)

— k(X — Y1) = —miY: (3)
ma( Xy — Y1)+ (ka+ks)( X — Y1)

—k(X1— Y1) = —moY1+hs(Yo— Y1) (4)
mi(X1— Yo)+ (ki+E) (X1~ Y2)

—kz(Xz—Y2)=—mlyz+k1(Y1—Yz) (5)
mz(Xz—Y.z)—F(kz—l—ka)(Xz—Yz) )

— k(X1 —Y2)= —msY> (6)

Then we have not only a term of the acceleration
at ends, but also that is based on the relative
displacement as the exciting force like k3(Y2— Y1)
in (4) and ki(Y1—Y3) in (5). If damping effects
exist, we have to add following terms, c3(Y2—Y1)
and Cl(Yl—Yz)‘

3. The Simple Example of The Building
Machine System and Its Response Spectra®
to Real Earthquakes by Analog Computer

Now consider the system as shown in Fig. 3.
For simplicity, let us make mi=me=m, ki=ks
=k=k, ci=c2=c3=c, Mi=M,=M. Assuming
the first mode of the motion for the building as
Fig. 4, the relations K,/K:=2/3, Ci/C1=V'2/3

" are given.

The equations of motion can be given as
Ci, Co\,vr < K, , K,
M+M>(Y1—Y)+ (B+v-n

(Yz—Y)—%(Yz—Y)

(YI—Y)—I—(

e
M

e Vi LG —Y o+ By (7)
m m

" Corver < Ko
(Vo= V)5 (Vom 1)+ 3 HY2 = Y)
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—%YI—Y)—%(Yl—Y)
==V LYot A1) (8)
(X1 ¥+ 25— V) + KX - 1)
m m
_;_(;;(XZ_YI)—%(XZ"‘YQ:'—YI (9)
(Xz—— Y1)+&(X2—Y1)+%(Xz— Y1)
m m
_i(xl—yl)—“g(}fl_ Y1)
=—Y1+£(Y2—Y1)+£(Y2~Y1) . (10)
m m
(Xl— Yz)-l-gﬁ(Xl—Yz)-l-%(Xl— Ys)
m m
—%(XZ—YZ)—%(XZ— Ys)
:'—YZ_";%(YI_YZ)_I‘%(YI_YZ) (11)

(Xy— V) 4+ 25X — Y )+ 2K (Xa— Y)
m m

C /v - k T
~;(X1—Yz)—;(X1~Yz)— —Y, (12)

(7) and (8) are as for the building, (9), (10), (11)
and (12) are as for the machine structure. Both
systems are connected with each other by only
boundary conditions which are the second and
third term of the right side in (7) and (8), and
that in (10) and (11). 7=m/M means mass ratio
of the machine structure to the building. 7=0
means that the building system has no force reaction
from the machine system. When 720, reactions
with. form of 7(c/m)(X—Y) and 7(k/m}(X—-Y),
exist. , ,

So these equations can be transformed into the
normal coordinate. For example, (9) and (10) are

. c E
érrfl +;éml + E‘Sml
:.‘_/__2?, (—2¥ i~ (V1= V) —k(Yi=Ys)}  (13)
é;nz -+ %émz + %Emz
=V 2 (Vi Yo+ HYi—T) (14
where & and &mp are normal coordinate and
e -
XY=V Bt e (15)
X2~Y1=~1/~2?~§m1—%g—§mz‘ (16)

Building system can be also normalized inde-
pendent of machine system.
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This normalized form is effective to observe the
first or second mode of motion separately.

Now we investigate the response characteristics
to actual earthquake records for this system by
the electronic analog computer, As the records, El
Centro (May, 1940. NS, U.S.A.) and Taft (July,
1952. NS, U.S.A.) are used.®’ 0.33g for El Centro
and 0.3g for Taft are taken for their maximum
acceleration.

As the typical example of constants, 7=0, 0.01,
0.1, 4,=0.05, 2,=0.007, 0.02, 0.1, 0.2 are used,
where the suffix 7, & mean machine and building
respectively, ks, hm are damping ratio to critical
damping.

Now let T, be the natural period for the first
mode of the building system, 7, that of the
machine structure system. So Fig. 5 through Fig|
7 show the displacement and the acceleration
spectra to El Centro and Taft earthquakes.

About curves of the spectra T,=0.2, 0.4, 0.6;
1.0, 1.6 sec in Fig. 7, the ratio of the maximum
acceleration of the response to the maximum
ground acceleration shows a sharp peak at every
Ty=T, This tendency is conspicuous especially
in shorter period as 7=0.2, 0.4, 0.6 sec.

As for the relative displacement, T5= T, also
makes peaks in the spectrum. However, the peak
value is greater in longer period as in Fig. 5 and
Fig. 6.

These results show that the coincidence of both
structure periods (7Ts= T,,) should be evaded at
first from the view point of the aseismic design of -
the machine-structure.

So Fig. 9 shows the response of acceleration
and displacement connecting such the worst condi-
tions Tp=Ty. hn is selected as parameter. Le'
us call this graph “ T,~7 response spectrum.”
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Fig. 5 Displacement response spectrum for
El Centro (h,=0.05, hn=0.02, 7=0)

LG R T R A T R e T TR R AT

38




20 %-.9 5 (1968.9)

Fig. 6 Displacement response spectrum for

Taft (hs=0.05, 2»=0.02, 7=0)
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Fig. 7 Acceleration responce spectrum for
El Centro (h;=0.05, hn=0.02, 7=0)
4. Conclusion and Acknowledgement
So these analyses give us following results.
(1) The equations of motion for the building

and machine systems can be analyzed by making
terms based on the relative displacement and velocity
as exciting forces.

(2) Ty=Tn is the worst condition especially

in shorter period about the acceleration, in longer
period about the displacement.

(3) The T»-Tm acceleration spectra have

sharp peaks at 7T=7T»=02, 0.4, 0.6 sec and
decrease with period as in Fig. 9, but that of the
displacement response spectra increase with period.

(4) When h, is large, the value of the

response ‘is small as in Fig. 8.

(5) With the large mass ratio, the response

is small as in Fig. 9. :

In closing the authors would like to express thei

sincere thanks to Professor Umemura who kindly
allowed to use earthquake records for SERAC and
to professors Fujii, Watari and Shibata for their
fruitful advices and encouragements.

(Manuscript received July 19, 1968.)
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Fig. 8 Reration between t, and /4. for
T,=Tn,=0.4sec (ElI Centro, hs=0.05)
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Fig. 9 T»-Twm acceleration response spectrum
(El Centro, ¥=0.01, A,=0.05)
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