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SUMMARY

This paper describes the distributions of input and hysteretic energy of
nulti-degree-of-freedom (MDOF) systems subjected to seismic excitation. Numerical
analyses in this study show that the effects of the damping factor and the hys-
teretic characteristics of restoring force on the distributions of these energies
are very small. Also, we propose an experimental equation for estimating the dis-
tribution of input energy. '

INTRODUCTION

In recent years, many studies on the input and hysteretic energy of struc-
tures subjected to strong seismic excitation have been carried out (Refs.1-8).
These energies are good indices to evaluate the intensity of input earthquakes
and the damage caused to the structure. The energy responses of single-degree-of-
freedom (SDOF) systems have been gradually brought to light through many studies.
But those responses concerned with multi-degree-of-freedom (MDOF) systems have
not satisfactorily been elucidated, because the structural characteristics of
MDOF systems is very complicated. In order to evaluate the damage of MDOF sys-
tems, we must obtain the both total amount of energy and its distribution. In
relation to this, Kato et al. examined the effect of the total amount of mass
and the fundamental period on the total amount of input energy (Ref.2). Mat-
sushima investigated the effect of the distribution of mass and stiffness on the
distribution of plastic energy for 2DOF systems subjected to white noise (Refs.6-
7), eand Ohno et al. proposed a control method for the distribution of input
energy (Ref.8). In this study, in order to clarify the effect of the structural
and hysteretic characteristics on the distribution of input and hysteretic energy
of MDOF systems, we numerically analyzed the energy response of them in the wide
range of the structural parameters. Also, we propose an experimental equation to
estimate the distribution of input energy.

EARTHQUAKE GROUND MOTION

In this study, we used the acceleration record of the real earthquake mo-
tion, i.e. El Centro SOOE (1940 Imperial Valley Earthquake). Fig.1 shows the ac-
celerogram and the Fourier spectrum of this earthquake motion, in which the dura-
tion  Tt=30 sec., the maximum acceleration amplitude Xomax=341.7gal, the
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HYSTERETIC RESTORING FORCE MODELS

Three different hysteretic characteris-
tic types were introduced in this analysis as
structural models. Fig.2 shows each hysteresis
rule. Their characteristics are as follows ;

..,..-g“/"i(.o

(a) Bi-linear Model 1 (see Fig.2(a)) : This (b) Bi-linear Model 2
model is the most commonly used in the ap- _

plication of the hysteresis rule, and is Q(x) (Xaax. Qmax)
widely employed in earthquake response A .
analyses. In which Q(X)=restoring force, 7ko
Qy=yielding restoring force, X=story displace- ayl.

ment, Xy=yielding story displacement,
ko=initial stiffness (=Qy/Xy ), and Y=the
ratio of plastic stiffness to the elastic one.
(b) Bi-linear Model 2 (see Fig.2(b)) : This
model was proposed by Kato et al. as the
structural model for steel frames with the
P-Aeffect (Ref.9). In +this study, the P-4
effect is neglected, so that Q at points A “%* (-Xaax, ~Qaax)
and A' (in Fig.2(b)) are equal.

(¢) Q-hyst Model (see Fig.2(c)) : This model
is the stiffness degradation model for RC mem-
bers (Ref.10). In which Xmax=story displacement at the last, largest excursion
point A, Qmax=restoring force at Xmax, and kq=(1/|%¥max| f*ko.

>

(c) Q-hyst Model
Fig.2 Hysteresis Rules.

BASIC FORMULATION OF ENERGY RESPONSE IN MULTI-MASS SHEAR SYSTEMS
Fig.3 shows a multi-mass shear system subjected to seismic excitation, where
=the number of masses, i=story number, ki ,ci and ¥ = the stiffness, damping
coefficient and story displacement of each story respectively, Xo =ground dis-
placement and xi=the relative displacement of each mass to the foundation.

Equation of motion The governing equation of motion is given by
(m]{x} + [c]{x} + {Q(x)} = -[m]{1} %, (1
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where [m] and [c¢] = mass and damping matrices; Q(x) , (%X} and {X] = restoring
force, relative velocity and relative acceleration vectors. In this study, [c] is
given by (2h/:W,)(k,], in which h=damping factor, W, =fundamental natural cir-
cular frequency, and [k, J=initial stiffness matrix.
Rewriting the Eq:(1), we have.

(DI[m](p]*{%} + [DI[c](P]"{%} + {Q(®)} = ~[D][m}{1} %, (2)

1.

]
story velocity and story acceleration vectors.

1
where  [D] =[ 1. ) } , (%} and {¥] = the respective

Basic formulation of energy response Integrating
Eq.(2) multiplied by ({X| over the duration time, the
basic formulation of energy response in elasto-plastic
multi-mass shear system is given by

n

1
2oy mk ot Zf “eox .t + ZI Q X)X dt—Zf ko % odt Fig.3 Model of a MDOF
" System.
—(3)

Eq.(3) is rewritten as follows:

ZWKi + Zan + %:W[-u = ZlE( (4)

" - . ' 2250
where Wki=m%;"/2 = kinetic energy of
i-th mass at t=Tt, Woi= [‘ciX’dt =
da;rnplng energy in i-th story ;WHi=

. Qi (T )Xidt = strain energy in i-
th story ;Ei= [f-mi ki %, dt = input
energy from i-th mass. WHi is the

0.10.20.4 1.0 4.0

sum of Wwei and Wupi , in which Wxei WH/E a=1.0
and WHpi = elastic -and plastic al (e) al=BL=gl=1.0
strain energy in i-th story. In this Ti=0.1

paper, we identify Wwpi as the hys-

teretic energy in i-th story. More- h=0.05 -——-—--—
over, assuming WH—?EWHl, WK—?EWKJ., Wo h=0.10 ———
=3 Woi, and E= FEl, Eq.(4) becomes :fg ig ——
Wi + Wp + Wa = E (5) “o.10.20.8 1.0 4.0
Fig.4 E R t
where Wk ,Wp ,Wu and E = each total g (gifﬁ}i’n;:pgzzzlsﬁc re

energy. At the end of response, both
Wki and Wuel are zero, so that

Bq.(5) becomes Ei/E  WIi/E WDi/WD WHi/WH

5 5 5-1 51
Wo+ Wu=E (6) - : ] i
(=]
If we consider Wii to be the input :f f T ?

energy distributed into i-th story, |
then Wii=WWwi+Wpi and Wr=Z Wri=E. In e
this study, Wpi,Wwi and Ei were ob- ['&] ’ (L] ’ (;3 ' (;i] ’
tained by use of the numerical integra-

tion method. e=1.0, p=0.3 h=0.05 =----
At=PLl=Ft=1.0 h=0.10 —-—
71=0.1 h=0.40

PARAMETERS IN THIS ANALYSIS Fig.5 Distributions of each energy.
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In order to systematically analyze the energy responses in multi-mass shear
systems, the following parameters were used in the analysis: a= i)3_11'11L5&D,,/Q,,= the
ratio of the average inertia force by earthquake motion to the yielding res-
toring force of the 1-st story; p=.T, /Ta= the ratio of the fundamental natural
period to the predominant period of the input earthquake motion; h = damping
factor; OGi=mi /mi= the ratio of the i-th mass to the 1-st mass; PBi=ka/kor = the
ratio of the initial stiffness of the i-th story to the initial stiffness of the
1-st story; &i=%,i/%Xy = the ratio of the yielding story displacement of the i-th
story to the yielding story displacement of the 1-st story; 7i= the ratio of the
slope of the post-yielding branch of the primary Q-Xi{curve to the initial slope
of the primary curve.

EFFECT OF STRUCTURAL PARAMETERS ON DISTRIBUTION OF EACH ENERGY

Figs.4(a) and (b) show the input and hysteretic energy response spectra of
5-mass shear systems respectively, in which E(=E/Qu%y) and Wu(=Wy/Qn%y) represent
nondimensional input and hysteretic energies. The characteristic of the restoring
force was chosen as Bi-linear Model 1 as shown in Fig.2(a). Fig.4(a) and (b) show
that E-h-p curves and Wu-h-p curves are very smooth and that E and Wndecrease as
h and p increase. Also, Fig.4(c) shows the ratio of Ww to E in relation to the
nondimensional period p. Fig.4(c) shows that the effect of p on Wi /E is very
small in the range of p £ 1.0. The distributions of each energy at p=0.3 are
demonstrated in Figs.5(a)-(d). Figs.5(a)-(d) indicate that h has no effect on the
distributions of each energy, and that the distribution shapes of Wii, Wpi and
Wni resemble each other comparatively well. Although the figures were omitted on
account of limited space, we found that the effects of a and p on the distribu-
tion of each energy were comparatively small in the range of 0.5£a£2.0 and
pé1.0.

On the basis of results shown in Fig.5, the following equations for estimat-
ing the energy distributions were obtained experimentally:

E__# W & 7
E ? . ' E Z-Ek
3 iak {El_:a.}’
where ¢‘=a(§{ﬁ} , £'=—JVI—;73—1_

Vi mey be: 71 if Ki>Ka; and 1.0 if KitKa, Table 1 Distribution patterns of

L] n each parameter.
where K,=K(/?4_TIC; y Kie=20,/ /B8,
- =l

_ Mass or story number i
and Ka=0.1 in this study. 1 2 3 4 5

Table 1 shows distribution patterns 1110 |10 10 Lo Lo
of the structural parameters(oi,8i,&i,7ri), @ %[ 10 |0.8 |0.6 |0.4 |0.2
where i(i.e. i=1,2,..,5) is the mass or g 1150 Lo 1o Lo Lo
story number and q«,qg,Q3,d7 represent the ,,g 2 [1.0 o8 o6 [0.4 0.2
number assigned to each distribution pat- &8 | 8¢ |gg[3 Lo (10 [1.0 [1.0 [0.1
tern of the parameters respectively. In c A ¢ 110 |10 o1 [1.0 |10
this paper, for the convenience of the ”3,,, 5010 /0.1 Jo.1 (0.1 [0.1
descriptions on the combinations of the -4 1[1.0 |10 [L0 L0 L0
distributions of the above-mentioned | 5. | ' |%[2{ro [o.5 [0.6 |0.4 [0.2
parameters ,those combinations can be a° 1 ]o.1 {01 fo.1 {0.1 [0.1
generally described by case QquqsqzQy. For 71 |ay | 2005 (0.5 |05 [0.5 |05
instance, the combination in Figs.4 and 5 3005 [0.4 [0.3 0.2 |0.1

is represented by case 1111.
Fig.6 shows the results of the distributions of E and Wi obtained by numeri-
cal analyses and the results of their distributions calculated by using
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Eq.(7). Fig.6 shows that there is no effect of h on the distributions of E and
Wi except in case 1112. Moreover, the distribution curves calculated by using
Eq.(7) agree well with those of hZ 0.05 obtained by numerical analyses.

EFFECT OF HYSTERETIC CHARACTERISTICS ON DISTRIBUTION OF EACH ENERGY

Fig.7 shows the results of the distributions of each energy in 5-mass sys-
tems with three different hysteretic characteristics as shown in Figs.2(a)-
(¢). Fig.7 shows that the difference in hysteretic characteristics do not effect
the distributions of each energy.
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CONCLUSION

The results obtained in this study are summarized as follows;
(1) The ratio of total hysteretic energy to total input energy is not affected
very much by the fundamental natural period.
(2) There is no effect of damping factor on the distribution of each energy when
the value of p is small.
(3) The distribution of the input energy distributed to each story and the dis-
tributions of the damping and hysteretic energies closely resemble each other in
shape.
(4)pThe distribution of input energy from each mass and input energy distributed
to each story can be roughly estimated by Eq.(7).
(5) There is no effect in the difference of hysteretic characteristics on the
distribution of each energy.

ACKNOWLEDGMENT

The authors are thankful to Mr.Kubota and Mr.Ohgishi (graduate students of
Tokushima Univ.) for their kind cooperation.

REFERENCES

1. Housner, G.W. : Behavior of Structures During Earthquakes, Proc. of ASCE,
Vol.85, No.EM4, 109-129, October, (1959).

2. Kato, B. and Akiyama, H.: Energy Input and Damages in Structures subjected
to severe Earthquakes, Proc.of AIJ, No.235,9-18,Sep.,(1975),(in Japanese).

3. Ohno, T., Nishioka, T. and Fujino, Y. : Quantitative Estimation of Plastic
Energy absorbed in Structures subjected to Seismic Excitation, Proc. of
JSCE, No.333, 91-99, May,(1983),(in Japanese).

4. Xayano, S., Yamada, Y. and Iemura, H. : Seismic Design and Evaluation of
Seismic Force by use of Input Energy Spectrum, The 39th Annual Meeting
of JSCE, I-445, 889-890, October,(1984),(in Japanese).

5. Hirao, K., Sawada, T. and Nariyuki, Y.:0n the Hysteretic Energy Absorption
in Structures under Strong Earthquake Motion, Proc. of EASEC-1, Vol.3,1904
-1915, January,(1986).

6. Matsushima, Y. : Distribution of Plastic Energy for Two-degree-of-freedom
System subjected to White Noise, Proc. of ALJ, No.308, 47-52, Oct.,(1981),
(in Japanese).

7. Matsushima, Y. : Effect of Mass Distribution on Hysteretic Energy Response
of Two-degree-of-freedom Systems, Proc. of AIJ, No.321,56-61, Nov.,(1982),
(in Japanese).

8. Ohno, T. and Nishioka, T. : Control of Input Energy for Elasto-plastic
Multi-mass Systems subjected to Seismic Excitation, Proc. of JSCE,
Structural Eng./Earthquake Eng. Vol.2,No.1,223-233,April, (1985).

9. Kato, B. and Akiyama , H. : The Ultimate Strength of the Steel Beem-Column
(Part4), Proc. of AIJ, No.151,15-20, Sep.,(1968),(in Japanese).

10. Mehdi, S. and Mete, A. S.: Slmple Nonllnear Seismic Analysis of R/C Struc-
tures, Proc. of ASCE,Vol.107,No.ST5,937-952,May, (1981).

V-128



