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1. Introduction

Generally piping system and other machine structure system as
crane and boiler attached to building or ground are subjected to more
than one seismic motions directly or indirectly. In this paper atten-
tion is focussed on this fact and the dynamic response characteristics
of such structure system, are investigated. It is necessary for us to
obtain wave forms not only of acceleration but of velocity and displace-
ment in order to make the analysis, So some discussions are done
about a method to obtain velocity and displacement wave form from the
record of ground acceleration by making use of analog computery N 2

By using thus obtained wave forms of acceleration, velocity and
displacement, response of the system directly subject to two seismic
motions with certain time-lag interval is computed by analog computer.
And a statistical approach for this system is briefly investigated,
Finally the response spectra of a building-machine structure system
composed by aforementioned system are given.

2. Basic Equations?

At first simple mass-spring systems are considered which are
shown in Fig, 1., These are the simplest one subjected to multi-seismic
motions. The dynamic behaviour of such structures as piping, trans-
porter, crane, bridge and so on could be simulated fundamentally by
these models.

The equation of motion for I in Fig, 1 is given as

mX+c1 (X=Y, )4+k: (X—=Y; )—=cz (X=Yz )—ks (X—Y; )=0 (1)

and for II

mlkl+01(Xl_?l)+kl(X1_Y1)_c2(k2~kl)—kz(x2_xl)=0
(2

my .)‘(2 +ce ().(2—)2{1 Y+ke (X2 —X1)—¢s (Yz _).(z Y—ks (Y:—X:)=0
where X, X,,%X,,Y;and Y, are the absolute displacement, m, m, and m, are
the mass, c, c, c2 and ¢, are the damping coefficient,k ki k2 and ks are
the stiffness. Assuming that damping and stiffness are qual for simpli-
city, (1) and (2) can be transformed to the equations in terms of relative
displacement for each boundary, ¥
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()”(—§1 )+2hsoq ()'(—.Yl )‘|'(t)53 (X—Y. )='—§1+hsws (:Yz“%l )+2§-2 (Y:—Y.)

(3)

o) t2ng og (Xo¥adtoge (X-Ya)=-Te=he, (Yo -1, )= 288 (v, —v,)
(‘)'(, —'1}1 Y44 hs;"s ().(1 —Y.'l J+2042(X:—Y, )—2hgwg ().(z—iﬁ )— w2 (Xz—Yl )=“§1
(iz—'§1)+4hs(os ()-(z’—ifl)+2ws"'(Xz“'Y 1)—2h Si)s(kl—&l).ﬁ (05.2()( 1=Y,)

=—“Y1+2hs(os(Y2_Y1 )“1'(1’52 (Y:~Y.)
(X1=Ys )+4h gog (X1—Y; )+ 20& X1 —Ys ) —2h g0 (Xz—Ys)~0g2 (X2—Y,) (4

=—Y,-2 hgog (Y~ w2 (Y, —Yy)
(Xs—Y2 )4 hgwg (Xo—Ys I+2052(Xs—Ys )—2h g0 (X; —Y; =02 (X1 ~Ys ) =—Y,

where hs=2\,cm_k‘ ’ @ g =

These equations are very useful for dynamic analysis by ané.log com-
putation especially for the case that the analysis of the system com-
bining machine structure with building structure system is objective.

3. Integral of Ground Acceleration 5

Equations (3) and (4) have not only terms of the acceleration at

boundaries but also the terms which are based on relative velocity

(Yl—Yz) and relative displacement (Y:—Y:.) as external force. If
Y, and Y, are considered to be ground acceleration, it is necessary to
obtain ground velocity and displacement. So first of all, a method to
obtain wave forms of velocity and displacement by integrating that of
acceleration through analog computer is investigated. The difficulty
that integrated wave form easily diverses in case of direct integral
is prevented by a proposed approximate integral., Fig, 2 shows block
diagram of the approximate integral operation by analog computer,
The characteristic of the approximate integral is same as that of one-
degree-of-freedom system, the natural period of which is taken longer
than band width of the earthquake record. (dotted line in Fig. 2, If the
acceleration wave form is added to the system, the integral is carried
out for the components of the earthquake, however at the same time
transient response of the system with long natural period T. is excit-
ed. To can be chosen as various values considering frequency com-
ponents of each earthquake record. For the earthquake containing
long period the larger T, has to be chosen. In order to suppress the
divergency of the wave, at first certain amount of damping (damping
ratio h) is introduced to the approximate integral system. Next to get
rid of these long period component, the integrated wave form go
through high pass filter shown as within solid line in Fig, 2. An ap-
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propriate break period Ts has to be chosen by taking the bandwidth of
earthquake motion, the natural period and the damping ratio of the
integral system into consideration.

The transfer function for this proposed integral system is written
as

S . Ts s
s +2hws +Two? 1+Ts s

Gs)=G,(8)e G, 6)= (5)

where G,(s) is the transfer funciion for the integral system and G:(s) is
that of the high-pass filter. In Fig,3 - Fig. 8 some examples of the
gain-phase characteristics of this operation used in their practice are
shown, 4g (dB) is the gain error from the theoretical integral and ¢
shows phase characteristics. It might be recommended that for 4¢ and
6 less than about 0. 25 dB and 10° these operations keep the gain and
phase characteristics of the integral.

Then this proposed integral method is applied to some actual earth-
quake wave forms. For example let us pick up those of ElCentro (NS,
May, 1940) and Niigata (NS, June, 1964) earthquakes. 8 The former
is the well-known typical earthquake and the latter is the one in which
long period component is predominant. To look over the characteris-
tics of these earthquakes, the response spectrum of one-mass-system
are shown in Fig. 9 through Fig.14. Considering these results, To =
8.0 sec, Ts= 5.0 sec and h = 0.1 for El Centro, To= 20.0 sec, Ts =
10.0 sec and h = 0.1 are chosen. In Fig, 15 and Fig. 16 acceleration
and the computed wave forms of velocity and displacement are shown
for both earthquakes., If maximum acceleration are taken 0. 30 g for
El Centro and 0. 16 g for Niigata due to actual data, computed velocity
and displacement are 57.0 cm/sec, 12,7 cm and 48.0 cm/sec, 42.0
cm respectively, In Tab, 1 several examples of thus obtained maxi-
mum value of velocity and displacement are shown.

4, Response of the System Subjected to Two Inputs with Certain
Time-Lag Interval ?

As a simple example the response of the one-degree-of freedom
system due to two earthquake motions, which have same wave form
but one of which lags behind the other with a certain interval, is in-
vestigated. When Tp represents this time-lag interval,

Yo (tl=Y, ( t+Tp), Y, (=Y, ( t+Tp), Yo (=Y ( t+Tp) (6)

are given in eq. (3).

This is the simplest idealisation for actual system considering wave
propagation. Some response characteristics of the system to earth-
quake motions are made obvious. Block diagram of this computation
is shown in Fig, 17, Solid line in Fig. 18 is the normalized accelera-
tion response of the model for El Centro by taking T¢ as the abscissa,
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Next a brief statistical investigation is described for this system
with the assumption that earthquake motion is a stationary random
process. ¥ If the following Zz is introduced,

2=X-3 (Y. +Y:) ™
so eqgs. (3) can be written as
Bringogit2olz=—p(Vi+Y,) (®)
Equation (8) can be written by using the Laplace transform operator,

2 : !
SLtahsos stPos L6, @+ a0 o

s ? 2

where Z(s), Gi(s)and G.(s) are the Laplace transform of zZ, Y, and i'{z
respectively. When X(s) represents the transform of X from eq. (7)

ZE=X6~5{G:6)+G:0)} 1

Then, as for X the following equation is given

1 2h 0 stod
X(s)=— " 2 {G1(5)+Gz(s)} an

2 s?’+2h. 0, st

This equation can be applied to the one-degree-of-freedom system subj-
jected to two random inputs. When relations (6) are considered,

Gols)=eTs «G,0s) ‘ a2

Therefore, as the results the ratio of the acceleration response to the
ground, denoted by Aa can be written by the following expression.

1 [ hisfds+2 ™ ha(s)ds
JLoogls)ds

Aa? 3

where from Kanai's formula the transfer function of the ground model

2hgo gste g 2 "
gls) == 2
) —I—Zhgwgs—l-wg2

and
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Zhgwgstwy? Zhgwgtwg? 2
L]

hald= s?+2hgwgstwg? S*+2h wgstwg? 09

hals)= (eTS+ e TS) ehi(y -9
Using s=jo , eq. (13) can be written as

Aa”=lf°%h 1@ dot [["hi{dcos To da -

2 ST do

Dotted line in Fig. 18 shows the diagram of an acceleration response
curve taking Tp as the abscissa through the computation of eq. (17).
Two lines depict pretty good concidence, These graphs show wavy
shape which has maximum values at T¢=p-)Tsand minimum values at
Te=(n-3Ts (n=1,2, ..... ).

The response at Tg= 0 takes the maximum for any case. In
similar way displacement response can be computed. Fig.19 shows
the relative displacement response by an earthquake record through
analog computer. Fig, 20 is an example of the theoretical results from
the statistical computation, These response curves also show similar
characteristics. It should be pointed out that displacement response
might have a serious effect on the structure system.

5. Simple Example of The Building-Machine Structure System and
Its Response Spectra 9

, Now congider the whole building-machine structure system as
shown in Fig. 21, For simplicity let us make mi =mz =m , k1 =kz =ks =k,
€1 =¢; =c; =c and M, =M, =M. Assuming the first mode shape of motion for
the building system as in Fig, 22, the relation K. /K,=2/3 and 0./C.
=/2/3 are given, I The equations for the motion for the whole sys-
tem can be written as

“ - G . . K, K G - . Ko
( —Y) =+ (Y, — 42 (Y, =)= = (Yo ~Y)— =(Y.~Y
(N-N+ ;')(Y Y)+(M+M’) (i -y)— -« ) M(Yz ) "
=—{(+7£(5(1—Y1)+2((X1—Y1)
m m

o o O, o Koo Co. . Koo
(Yz—Y)-I-M (Y, Y)+M (Y. Y). v (Y.-Y) v (Y.-Y)
19

W JC . .
=—Y+ - (X:—Y: )+£k(X2—Yz )
m m
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. . 2¢ . . 2k c - . k .
(=Y DI+ (XY )+ — (X1~ Y. )~ ~(X:~Y,) = (X:~Y,)=—Y, @
m m m m

. e .. k . .
(Fam¥ 1) 42 (Ko =F 1)+ o (XY 1) = S (Ka=¥2 ) == (X1 ~Ya)
m m m m
- )
=“Y“1+ E(Yz_?l)'i'_(Yz_Yl )
m m

“ 2 . . 2k c . . k
(X1 —Y, )+—S (X1 =Y )+ —(X1—Yz ) ——(X2—~Y.) ——(X.—Y:)
m m m m

23
=-Y, +E(?1_Y.‘z )+E(Y1_Yz)
m m

. 2c . . 2k c . . k «“
(Xe—Y2 )+ — (Xoe=Y2 )+ —(Xo~Y¥2 ) —— (X1—=Y; ) —~ (X 1—Y 2 )=—VY, 3
m m m m -

Egs. (18) and (19) are as for the building system, from eq. (20) to eq.
(23) are as for the machine structure system. Both systems are con-
nected with each other by only boundary conditions which are the second
and third terms of the right hand side in eqs. (18) and (19) and those in
egs. (21) and (22). r=m /M means mass ratio of the machine structure to
the building.

r=0 means that the building structure receives no force reaction
from the machine structure. When 7r%0, reactions 7(c¢/m)(X—Y)and

r(k/m) (X—Y) exist. In‘Fig, 23, block diagram for this analysis is
shown, These equations are transformed into those of the normal co-
ordinate. This normalized form is effective to observe the first or
second mode of motion separately.

The response characteristics are investigated for this system by
analog computer., As the records, El Centro and Taft (NS, July, 1952)
are used.

Fig. 24 shows an example of the displacement spectra and Fig. 25
does that of the acceleration spéectira, where the natural period of the
machine system Tm is taken as the abscissa, that of building structure
for the first mode T, as the parameter. As shown in Fig, 25, the
ratio of the maximum acceleration of the response to the maximum
ground acceleration% shows a sharp peak at every T, =T,. This
tendency is conspicuous especially in shorter period as Tp =0, 2,
0.4, 0.6 sec. As for the relative displacement, Tbh=Tn also makes
peak in the spectrum. However, the peak value is greater in longer
period as in Fig. 24, These results show that the coincidence of both
structure periods (T, =T,,) should be evaded from the viewpoint of the
aseismic design of machine structure.
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In Fig. 26 the response of acceleration combining the worst condi-
tions Tp=Tm is shown. Let us call this graph ''T,—-T, response
spectrum'. hp is selected as parameter, Fig. 27 shows an example
of the relation a. and h, , where 7 (mass ratio) is taken as para-
meter. The response spectrum decreases as the mass ratio becomes
large.

6. Conclusions

(1) The equations of motion for the structure subjected to two inputs
can be analyzed by making terms based on the relative displace-
ment and velocity as exciting forces.

(2) Earthquake velocity and displacement wave forms can be easily
and stably obtained from acceleration through the approximate
integral by analog computer.

(3) Response curves of the system subjected to two seismic motions
with certain time-lag interval Tp show wavy shape in relation to
Tg. The tendency fairly well coincides with that by the statisti-
cal analysis.

(4) In response spectrum of whole building-machine structure sys-
tem, coincidence of both structures is the worst condition from
the viewpoint of aseismic design of annexed machine structure
likewise in the case of single input.

(5) Anhpy and 7 becomes larger, the value of response becomes
smaller,
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Fig.1 Simple models of structure
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Fig.5 Gain-phase characteristics of the transfer function
G(s) (3). Ts = 5.0 sec, o= 0.8 rad/sec.

- 42 -

Fig.2 Block diagram for integral by analog computer
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Fig. 6 Gain-phase characteristics of the transfer function

Gis) (4). T =5.0 sec, wo=0.5rad/sec.
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Tab.1 Computed maximum velocity and
displacement for various earthquakes

Max. Vel. (kine) |Max. Disp. {cm)}

Akita NS
tun. 1964) 0.0 1.0
iigata NS
{Jun. 1984) 0.0 8.0
Kushivo NS 2.0 3.5

EW 18.3 4.2
Dec_1961)
Oita-oki NS 49.0 11.7
Saitama NS
(Feb. 1956) 2.2 8.3
Echizen-oki NS 63,0 17,7
Shizuoka EW
(Apr. 1965} .0 9.7
Matsushiro EW 33.5 8.1
Taft NS
@ul. 1852) .8 109
Fl Centro N5
May 1940) 7.0 12.7

Maximum Acceleration; 0. 30 g
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