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Synopsis

The aseismic design method of an elasto-plastic building structure is
discussed. The earthquake response analyses of multi-degree of freedom
systems with the bi-linear hysteretic characteristics are carried out by
using a digital or analog computer, and the various response diagrams are
shown. Particularly, the effects of both the wave shape functions of
earthquake excitations and the rigidity ratios of the second bi-linear branches
to the first branches on the earthquake responses are taken into considera-
tion. The aseismic design data for the initial structural design are deduced
from the optimum dynamic characteristics which make the aseismic safety of
a structure be uniform within the prescribed allowable value, and the data

are presented here to be available to the practical aseismic design.
Nomenclature

T, r ; time and non-dimensional time.

Y; ; displacement of the j-th mass with respect to fixed coordinates.
Y ; ground displacement.
73 ; non-dimensional displacement of the 7-th mass with respect to

moving coordinates.

{M;} ; mass.

{Kis}; rigidity of the first bi-linear branch.

{Kss}; rigidity of the second bi-linear brach.

{d;} ; relative displacement at elastic limit.

{Bj} ; strength at elastic limit.

{E;} ; polential energy at elastic limit.

{P;} ; allowable elasto-plastic potential energy.

{ms}, {xs}, {05}, {83}, {es}, {ps}: distribution vectors corresponding to
{M+}, {Ki1s}, {45}, {B;}, {E;} and {Py}, respectively.



{75} ; rigidity ratio defined by {Kzs/Kis}.

M, K, 4, B, E, P; standard values with respect to {M;}, {Kis}, {45},
{Bj}, {E;} and {P;}.

¥, {¢ts} ; standard value and distribution vector with respect to {7s}.

{#;} ; bi-linear hysteretic characteristics.

®3, 95, @°; bi-linear hysteretic characteristic function, perfectly elasto-
plastic characteristic function and elastic characteristic function.

Ui, us; sum of absolute plastic flow with respect to @ and corresponding
dimensionless value.

A ; maximum amplitude of ground acceleration.

a(T), a(r) ; wave shape function of ground acceleration and non-dimen-
sional wave shape function.

a, (=a-p) ; non-dimensional intensity parameter with respect to dimen-
sionless ground acceleration and velocity, respectively.

o7 ; non-dimensional frequency parameter of dimensionless earthquake
excitation.

T4, ta; time constant and non-dimensional time constant (time duration
of earthquake excitation and dimensionless time duration).

A(Ta) ; frequency characteristics of the maximum amplitude of ground
acceleration.

Ci, Cs, Cg; constants corresponding to the constant maximum acceleration,
velocity and displacement, respectively.

Tau, Tar 5 p1=*, pu~*; upper and lower limits of the time constant in the
constant maximum velocity characteristics and those of the non-dimen-
sional frequency parameter.

1T, 17 ; fundamental natural period and non-dimensional fundamental period.

rp={ras} ; maximum ductility factor.

ru={res}; total dissipated hysteretic energy factor.

re={rrs}; offset factor.

{ij}; maximum moment factor.

TM=7Tml } maximum overturning moment factor.

L, {I;} ; standard value and distribution vector with respect to the height
of interstory.

p; slope parameter of linear rigidity distribution in the first bi-linear
branch.

¢ ; index which characterizes the interrelations among distribution vectors,



corresponding to the type of structural system.

1a, {vs} ; standard value and distribution vector with respect to allowable
ductility factor {rzauow. 1}.

sup{ras/vs}, sup{res/vs} ; maximum values with respect to j of the stan-
dardized méximum ductility factor {ras;/vs} and the standardized total
dissipated hysteretic energy factor {re.;/v;}, respectively.

rp™, 15 ; mean and standard deviation with respect to j of the stan-
dardized maximum ductility factor {ras/vi}.

{ra;%} ; deviation of {yas/vs}.

{nras} ; normalized random variable corresponding to {ras;/v;}.

@, b ; absolute maximum and minimum values of ares with respect to j.

Fas/vi, To™ 705, Tai, @, b ; maximum values with respect to a excitation
group.

7e 3 sup{res/vs} due to the most destructive element of a excitation group
t}jlat produces sgp{ra ¥y =ra.

# ; equivalent cycle number of hysteresis of 7. referred to the hysteretic
energy of the loop having a dimensionless amplitude 74.

My ; total mass.

(W3}, W, Wz weight, standard value of { W} and total weight.

g ; acceleration of gravity.

Eg, Py total potential energy at elastic limit and total allowable elasto-
plastic potential energy.

s=B/ Wy ; base shear coeficient.

ee=E/W ; elastic potential energy factor.

pe=Er/ Wy ; total elastic potential energy coefficient.

ew=P/W : allowable elasto-plastic potential energy factor.

Der=Py/ Wy ; total allowable elasto-plastic potential energy coefficient.

{Ves}, {ves}, Ve ; equivalent relative velocity for the potential energy at
elastic limit, distribution vector and standard value.

{Vews}, {Veps}, Vop : equivalent relative velocity for allowable elasto-plastic
potential energy, distribution vector and standard value.

7, N ; number of degrees of freedom of a structural model and total
number of story of a structure.

{M s}y, {Ki}w, {ds}n, {Bs}n, {Es}n, {Pi}y; optimum dynamic char-
acteristics of a structure with the total number of story NV,

{ms}w, {es}n, {0s}n, {Bs}y, {€j}w, {Ps}n ; optimum distributions of dyna-



mic characteristics of a structure.

My, Ky, 4y, By, Ey, Py optimum standard values of dynamic char-
acteristics of a structure.

{ko}w, {Gos}w, {Bos}w, {€os}y, {Pos}w ; optimum distribution vectors for
the case {ms}y={1}.

m(x), x(x), 0(x), B(x), e(x), p(x) ; optimum distribution functions for
the limiting case N—oo.

ko{x), 0o(x), Bo(x), (%), po(x) ; optimum distribution functions for the
case m(x)=1.

#(x), v(x) ; distribution functions of rigidity ratio and allowable maximum
ductility factor for the limiting case N—oo.

% ; height measured from the ground level.

H ; total height of structure.

D ; width of structure in a direction parallel to the applied excitation.

%5 height of the j-th story from the ground level.

{85}~ ; shear coeflicient.

{s3/s}n ; distribution vector of shear coefficient.

{fi}n, f(x) ; modifying coeflicient and function for the non-uniform mass
distribution.

{ks}n, k(x) ; lateral force coefficient.

{ky/s}n, k(x)/s; distribution vector and function of lateral force coef-
ficient referred to the base shear coeflicient.

{kos/S}n, ko(x) /s ; distribution vector and function of lateral force coef-
ficient for the case {m;}n={1} and m(x) =1, respectively.

{Fyx: lateral force.

1tx ; non-dimensional fundamental period of the N-degree of freedom
system.

Wy ; standard value of weight of the structure with the total number N
of story.

{Vews}n, {Venstw, Veon ; equivalent relative velocity, distribution vector
and standard value of the structure with the total number N of
story.

@ ; equivalent rotational angle of interstory at elastic limit.

T2, 1Tu; upper and lower limits of fundamental natural period in the
domain characterized by the constant maximum velocity.

d;, d, e constants referred to the base shear coefficient.



Az, Ar; safety factors corresponding to a earthquake excitation group’
and the measure of aseismic safety.

0r(x) ; delta-function.

Ar(=Ar11), B1, Bz, Ci, Ciz; classification of dynamic characteristics.
A : p=0, B : p=3/2, C: p=3.
I :c=1, Il: ¢c=1/2.

1. Introduction

The aseismic design of a building structure should be intended to assign
the reasonable dynamic characteristics to the structure so that the earth-
quake responses to a group of the prescribed earthquake excitations remain
uniformly within their allowable values. The principle and the method of
the aseismic design are not to be uniquely determined, since they should be
appropriately chosen depending on the structural materials, the type of the
structural system, the function of the building, the frequency -of occurrence
and the intensity of earthquake excitations, the mechanism of earthquake
shocks and so on. A typical structural frame composed of ductile materials
should be designed in accordance with the following two methods depending
upon the nature of earthquakes. The ultimate elasto-plastic aseismic design
method should be applied to the case of very intense earthquakes with
small frequency of occurrence. On the other hand, the elastic aseismic design
method, either statistical or non-statistical, should be considered to the case of
moderately intense earthquakes with large frequency of occurrence!™?.
To establish the suitable design method corresponding to the specific
principle of the aseismic design, the following two stages should be con-
sidered. At the first stage, the aseismic design data for the members and
joints of a structure should be reasonably obtained by earthquake response
analyses ; namely, a group of earthquake excitations, a model of structural
system and the various measures of aseismic safety should be comprehensively
considered. Then the optimum dynamic characteristics of the structural
system can be determined by parametric survey. These optimum dynamic
characteristics determined only from the standpoint of earthquake engineer-
ing must be different from the dynamic characteristics of the real structure
designed under the actual load conditions. And the real aseismic safety of

a structure may not always be guaranteed by the comprehensive estimation



of the aseismic safety at this first stage. Therefore, at the second stage.
the concrete and strict model of a structural system is chosen and the
aseismic safety should be reexamined in details by the full measures with
respect to each structural element®®.

In this paper, we will discuss only about the first stage of the ultimate
elasto-plastic aseismic design method for the ductile structural frames, and
will present the procedure to obtain the design data which are the base

shear coefficient, the distribution of lateral force coefficients and so on.

2. Basic procedure of ultimate elasto-plastic aseismic
design method at the first stage

Comprehensively to obtain the aseismic design data at the first stage,
all variable quantities and parameters are desirable to be dimensionless in
the earthquake response analyses. The aseismic design data can be obtained
by the following procedure.

a) The supposition of a group of earthquake excitations: Any
earthquake excitation can be expressed by the product of the wave shape
function with a time ¢onstant and the maximum amplitude of acceleration.
And the excitation group can be defined by the frequency characteristics
of the maximum acceleration amplitude. Here, as the typical patterns of
acceleration excitation, we pick up two different non-dimensional wave

shape functions which are normalized so that the mean is zero and the
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Fig. 1. (a) Accelerogram for El Centro, California, May 18, 1940, N-S
Component.



maximum value is unity; those of EI Centro, California, May 18, 1940,
earthquake N-S component and Vernon, California, Oct. 2, 1933, earthquake
S82°E component. The former seems to be almost a random stationary
function and to have a large power ratio defined as the power ratio of a
random component to the predominant periodic components as shown in
Figs. 1~3. The latter seems to be a non-stationary random function and to

have a comparatively small power ratio as shown in Figs. 4~67. The
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Fig. 1. (b) Accelerogram for El Centro, California, May 18, 1940, E-W

Component.
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frequency characteristics of the maximum acceleration amplitude are as-
sumed to be the constant maximum acceleration in the high frequency
range, the constant maximum velocity in the intermediate frequency range,
and the constant maximum displacement in the low frequency range, respec-
tively. The constants contained in the frequency characteristics may be
appropriately chosen so that the maximum quantities of the excitation group
are reasonable to the very intense earthquake excitations, under considera-
tion of the safety factor Am, referring to the typical ground motion records
of the earthquakes. Here, we determine the frequency characteristics of
the two excitation groups of El Centro and Vernon earthquakes under the
assumption that the maximum of.the maximum acceleration amplitudes is
0.4¢ and the maxima of the maximum velocity amplitudes and of the
maximum displacement amplitudes are in the ranges from 35 to 40 cm/sec
and from 40 to 50 cm, respectively.

b) The supposition of the model of a structural system : The dyna-
mic characteristics are expressed by a set of the products of the distribu-
tions and the corresponding standard values of the physical quantities of

the structural system. The non-dimensional dynamic model defined as a sel
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of the distributions should be comprehensive and essential as well as concrete
and realistic, though the supposition of the model is nothing but the restric-
tion to the structural system to be design. And also, it should be noticed
that the model must contain the dimensionless design parameters which
have primarily important effects on the earthquake responses. Thus the
model is supposed to be a multi-degree-of-freedom shear type system with
the bi-linear hysteretic characteristics. And all effects of the viscous
damping, bending and torsional vibrations, and the ground-structure coupling
vibration are neglected here®®®. Then the dynamic characteristics of the
non-dimensional model consist of the distribution vectors and the rigidity
ratios of the second bi-linear branches to the first branches. The distribu-
tion vectors are concerned to mass, rigidity of the first bi-linear branch,
and strength or relative displacement or elastic potential energy at the
elastic limit. And the rigidity ratios can be expressed as the product of a
distribution vector and a standard value.

¢) The selection of the measures of aseismic safety and the esti-
mation of earthquake responses: The earthquake responses and their
allowable responses should be estimated in terms of the measures of aseismic
safety. The ductility factor? which concerns to the instantaneous defor-
mation, as an important measure of the comprehensive aseismic safety, and
the dissipated hysteretic energy factor related to the cyclic fatigue, as
another important measure, are introduced here. Namely, the former is
defined as the ratio of the elasto-plastic relative displacement to the rela-
tive displacement at the elastic Hmit, and the latter as the ratio of the
dissipated hysteretic energy to the potential energy at the elastic limit,
respectively. Then the basic responses of the structural model can be
defined as the maximum ductility factor and the total dissipated hysteretic
energy factor with respect to time. And so the aseismic safety can be
estimated by comparing these quantities with the corresponding allowable
values obtained from the ultimate values over the proper safety factor A=z.
Also as auxiliary responses, the offset factor and the overturning moment
factor are introduced here. The former means the ratio of the permanent
set with respect to the relative displacement to the elastic limit and the
latter the ratio of the overturning moment due to a earthquake excitation
to the elastic resisting moment.

d) Non-dimensional earthquake response analysis and the basic re-
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sponse diagram : To determine the optimum dynamic characteristics, the
non-dimensional earthquake. responses should be analyzed with respect to
the various sets of distributions of the dynamic characteristics and the
appropriate non-dimensional wave shape functions of earthquake excitations.
And they should be calculated in the wide domain of independent parameters
of non-dimensional earthquake, which are defined by the physical quantities
of the structural system and the earthquake excitations. Thus these
numerical results are expressed as the basic response and auxiliary response
diagrams for the specific distributions of the dynamic characteristics and
the non-dimensional wave shape function.

e) The determination of the optimum dynamic characteristics : The
optimum dynamic characteristics'? are to be determined to control the
maximum earthquake responses of the structural’ system uniformly within
their allowable values for a group of prescribed earthquake excitations.
This can be done from the basic response diagrams considering the allowable
values of responses, the fundamental natural period of the structural system
and the frequency characteristics of the maximum acceleration amplitude,
if the type of the structural system is prescribed. Here it is convenient
to separate the optimum dynamic characteristics into two sets of optimum
distributions and corresponding standard values.

i) The determination of the distributions of the optimum dynamic
characteristics : The distributions of the optimum dynamic characteristics
should be measured by the ratio of the mean to the standard deviation
with respect to the basic responses devided by the corresponding distribu-
tion coeflicients of the allowable values of the responses in the sense that
these distributions make the aseismic safely to be uniform. These optimum
distributions can be determined so as to make the above-mentioned measure

to be large as possible in the appropriately wide domain of the independent
parameters of the non-dimensional earthquake.

ii) The determination of the standard values of the optimum
dynamic characteristics: The optimum standard values can be obtained
from the basic response diagram with respect to the optimum distributions
under the condition that the earthquake responses remain within the cor-
responding allowable values, that is, the maximum of the basic responses
over the corresponding distribution coeflicients of allowable values is not

to be greater than the standard value of allowable values.
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The above-obtained optimum dynamic characteristics can be easily
applied to the real structural system with multiple degrees of freedom.

f) The determination of aseismic design data at the first stage:
The aseismic design data which mean the several distribution data with
respect to the lateral force coefficients, the shear coefficients and the al-
lowable elasto-plastic potential energy etc. can be easily introduced from
the optimum distributions. While the base shear coefficient, the allowable
elasto-plastic potential energy factor, the total allowable elasto-plastic
potential energy coefficient and the formulas to calculate the natural periods
of the structural system etc. can be easily deduced as the functions of
known or presumable design parameters from the standard values of the
optimum dynamic characteristics.

In the following sections, we divide them into three subsections. In
the first subsections (3.1, 4.1, 5.1), we study on the basic equations under
the above-mentioned assumptions. In the second subsections (3.2, 4.2, 5.2),
we discuss about the earthquake response problem of the ductile structure
assuming a three degrees of freedom system with perfectly elasto-plastic
characteristics and the El Centro type wave shape function. And in the
third subsections (3.3, 4.3, 5.3), we consider mainly on the tall, ductile
structure of the bi-linear elasto-plastic characteristics under the supposition
of a five degrees of freedom system and two typical different wave shape
functions (i.e., El Centro type and Vernon type), to clarify the effects of
the slightly positive rigidities of the second bi-linear branches and the
wave shape function on the earthquake responses and aseismic design

data27 10,12) .
3. Earthquake response analyses and response diagrams

3.1 According to the suppositions concerning the group of earthquake
excitations and the model of structural system, the non-dimensional funda-
mental differential equation for the earthquake response analysis can be

expressed by

dz
mi%+ﬁj¢d@j_%—1 174, 09) — k3410141 (Dge1— 05 5 # 141, Oje1) = —msa-a(r)
@
j=17 2) """" > n; . 770':0, n=Mn+1
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where
c=NE/M.T, 7,=(¥;-1)/4, @
my=M;/M, rs=Kiy/K, 7;=Kz/Ki;, 6;=43/4,
B1=rk8;=B;/B=Ky,4,/K7, €))

01@s=N3-1 3 73,89 =05(¥ 3= Y s=1 ; Kuy, Kay, 49)/K1sd
a=AM/B=AM/RZ, a()=a( M/R-2)=(@/dTD Y/Al;_y/77%.c
p:Td/lT=Td/1T (4:)

And the group of earthquake excitations is to be given by the following

frequency characteristics of the maximum acceleration amplitude A.

asy

W=A-a(T), A=ATq) %)
A=C;, Ta<Ta : constant maximum acceleration
A=C;T;', Ta<Te=<Ta : constant maximum velocity (6-a)
A=CiTs? Tau<Ta : constant maximum displacement

where T : time, Y;: displacement of the j-th story with respect to the fixed
coordinate, M;: mass of the j-th story, @;: bi-linear hysteretic characteristic
of the j-th story, Kij, Kzj: each rigidity of the first and second bi-linear
branch of @ 45, B;: relative displacement and strength at the elastic
limit of @5, M, K, 4, B: standard values of mass, rigidity, displacement
and strength, #: number of degrees of freedom or total number of stories
of the model, Y=Y, ground displacement, A : maximum amplitude of
ground acceleration, @(7): wave shape function of ground acceleration,
Ta: time constant (time duration), 17 : fundamental natural period, Cg,
Cs, Ci: constants corresponding to the constant maximum acceleration,
velocity and displacement, respectively, T4u, T« : upper and lower limit of
time constant 7'e in the range of the constant maximum velocity.

a(T) is the normalized wave shape function of the accelerogram of the
El centro or the Vernon earthquake. 7 is the time duration of an earth-
quake excitation and has a concept of time constant which corresponds
uniquely to the peak frequency of the spectral density of @(Z). Such a
supposition of a group of earthquake excitations may be necessary to obtain
the stable structural design for the essentially indeterminable and unpre-
dictable violent earthquakes. For the very intense earthquake excitation

groups, the constants Cz, Cs, Cé, Tae and T 4 are chosen here as follows
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El Centro type: Cs=0.4¢=3.92X10%2cm/sec?, Cs;=10*cm/sec,
C¢=7.65X10% cm (6-b)
Ta=255sec, Ta@=76.5sec
Vernon type : Cs=0.49=3.92x10% cm/sec?, Cs;=4.30X108 cm/sec,
Ci¢=1.42%10° cm -0
Ta=11.0sec, T a4=33.0sec
The frequency characteristics defined by eq. (6-a) can be expressed by the
following equation, using the non-dimensional intensity and frequency para-
meters a and p~! defined by eq. (4) which are two independent parameters
of a non-dimensional acceleration excitation.
a=CaM/B, o<oi=Tau/iT
ap=Cﬁ V]W‘K/ﬂ'g, pz§p§0u=Tdu/1T (7)
aﬂZ=CriK/1TZB, 0u<p, ww=1c({ms}, {xs}
wherg 17 is the non-dimensional fundamental period determined only from
the distribution vectors {#;} and {«;} in the elastic range. If we choose
v instead of a, the intensity parameter v becomes
_ AY_‘d __ AT« E:EZ
(B/M)T ~V2uvE/M> 2

This is proportional to the maximum velocity amplitude of earthquake

=ap ®

excitation and to the reciprocal of the root of elastic limit potential energy

per unit mass. And so the frequency characteristics expressed by eq. (7)

becomes
vot=CiM/B, p<p
v=Cs \/M?/MB, pzépépu (9)

Up=C¢iK/1TZB, 0u<p
The maximum ductility factor 7» and the total dissipated hysteretic

energy factor rz to be considered as the basic responses are expressed by

the following relations, respectively.

ro={ras}={10—"1-1lmaz/8:} ={| Y 5= Y s-1|mas/ 45} ao
re="{res} ={2u;/0;}={2U/ 45} aun
where Uy is the sum of the absolute values of plastic deformations of the
J-th story.
The bi-linear hysteretic characteristic function ¢; is to be expressed by

the sum of two terms.
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01— 573,09 = A =7 Lo+ (ry/A=7D)es]

o=0;1—=71-13 0,05, @©f=0;@3—05-1;1, 00) a2

In eq. (12), ¢ represents the perfectly elasto-plastic characteristic function

and ¢ the elastic characteristic function, respectively. Therefore, the

hysteretic dissipated energy is contributed by the first term. Then the

total dissipated hysteretic energy factor yz can be expressed in the form
of eq. (1D).

7es=2K1(1 v 43 Us/Ey(1 -7 d£=2U,/ 4, (13)

The offset factor y» and the maximum moment factor {ym;} introduced

as auxiliary responses are expressed by the following relations, respectively.

Tﬂ'={7‘f;}='{(1—7’1)[(m+:_1)r—5gn 033 =n5-0r 5 73, 51)}]»

= -{(1_71) {(—Y%}i_— sgn m;((Yj— Y;—l)r; Ku, sz, Aj)]} (14—3)

,on i n J ®
| 2 11/5“01:-"_(2 ll)ffj‘p}|maz l 2 Lfml+<2 Lt)a)j|7naz (14_1,,)
{TWH}= =741 1=1 — i=j+1 i=1
Bils B;L,

And the maximum overturning moment factor yu is defined by the maximum

moment factor of the first story. Thus yx means the ratio of the maximum
absolute value of the overturning moment at the basement to the standard

value of the elastic resisting moment.
— k(2 n -
TM=T7n1BIL1/BL= \Elluczgozlmx= |121L.5.(Dt‘maz/BL (15)

where @3=13-0r=(Ys=Y s-1)s/d l;=Ly/L (16

(Y=Y 5-1)r is the final maximum amplitude of the elastic relative displace-

ment of the j-th story. Ljis the height of the j-th story. And L is the

standard value of the height of interstory.

As regards the dynamic characteristics of the structural model, the

following independent quantities are introduced by
{Myy=M{m}, {d;}=253;} }
{Kis}=K{rs}, {Kos}=K{rs}=Er{um;}

where {my}, {ks}, {85}, {us}, are distribution vectors and M, K, 4, » are

an

the corresponding standard values, respectively. For the convenience of
earthquake response analyses, we presuppose that the distribution {#2;} of

masses and the rigidity ratios {#;} of the second bi-linear branches to the
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first branches are uniform and also the rigidity distribution {x;} of the
first branches is linear, and that the relation between {xs} and {04} or {84}
is characterized by the index ¢ from 1/2 to 1, corresponding to the type of

structural system. That is to say,

{mi}={1}, {un={1}

_{2n+p2n—H+1]
{"’}‘{ ontp2n—17 } as
{0y =1{k1}, ie., {B}={xs}, 1/2=c=1

j=1,2, ...... , 7

For the standard values of the dynmamic characteristics, the corresponding
values of the flirst story are always selected.

3.2 To find the general characters of the non-dimensional earthquake
responses and to obtain the seismic design data of the ductile structural
system with an arbitrary fundamental natural period, we will analyze the
basic responses under the assumptions that the number # of degrees of
freedom of the model is equal to three (#=3) and the rigidity ratio para-
meter 7 has zero value (#=0) and also that the wave shape function is
El Centro type. As the two independent parameters of non-dimensional
earthquake excitation, a and ¢ are chosen, and their domain in which the
response analyses have to be mainly done is roughly estimated by con-
sidering the relation between the group of earthquake excitations and the
structural system to be designed. Particularly the main variable range of
o can_be almost determined only from the property of the wave shape
function of the earthquake excitations. This range is also suggested from
the results of the previous earthquake response analyses®'#13. Assuming
that | the structural system has the fundamental natural period ranging
from 1 second to 2 seconds and that the base shear coefficient is smaller
than 0.3, the domain 0.4=a=<1.2, I5<0=50 can be presupposed. To deter-
mine the optimum dynamic characteristics, five sets of distribution vectors
are chosen. They are denoted by Az=Azs, Bz, Brr, Cr and Crz, where A,
B and C denote respectively their slope p of the linear distribution of
rigidity, ie., A: {k}={1,1,1}, B: {£s}={1,7/9,5/9}, C: {x5}={1,5/7,
3/7}, and the subscripts I and II denote the index ¢ of the structural
system defined by the third equation of eq. (18), ie., [: ¢=1, II: ¢=1/2.
The latter classification corresponds to the type of structures. That is to

say, I and II represent the idealized braced and the idealized framed
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structure, respectively. The ordinary structures may be in between I and
1.

Thus the numerical calculations based on the Runge Kutta’s third order
procedure are carried out by means of Kyoto University Digital Computer,
KDC-I. As the results, some of the basic response diagrams for the
maximum ductility factor yo={ras} and the total dissipated hysteretic energy
factor yz={res} are shown in Figs. 7~12. These basic response diagrams
show the similar qualitative trend though the basic response diagrams of
vz are smoother than those of 7p,. Both of them are the increasing func-
tions of a and p, and their values increase abruptly when o becomes greater
than a specific value. And also they are gradually dispersed with respect
to space level j when both values of a and p are increased. But it is
found that if we choose v instead of a as an intensity parameter, the basic
responses become the weak functions of the frequency parameter p. From
the similarity between the two basic responses, it is pointed out that the
ductility factor can be regarded as the only basic measure of aseismic
safety. This corresponds to the fact that the most of the total dissipated
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hysteretic energy is contributed to a few cycles of relative displacement
with large duectility factor. As both values of a and p become larger, the
instability of the basic responses may be considerably prevented by the both
effects of the slightly positive rigidities of the second branches in the bi-
linear hysteretic characteristics and of the internal viscous dampings®~1®.
3.3 Particularly to obtain the aseismic design data of tall, elasto-plastic
structural system with the long fundamental natural period from 2 to 5
seconds, the non-dimensional earthquake responses of a five degrees of
freedom system are analyzed by an indirect, slow type electronic analog
computer in Department of Architecture, Kyoto University. In this case
the two typical different non-dimensional wave shape functions of the El
Centro and the Vernon type are considered. And the uniformly distributed
mass {m;}={1} and rigidity ratios {#;}=#{1} are introduced here. And
also the standard value 7 of the rigidity ratios is supposed to be 0, 0.1 and
0.2. Then the maximum ductility factor yp, the offset factor y# and the
maximum overturning moment factor ya defined by eqs. (10), (14~a) and
(15) are computed in the appropriate domain of the parameters of the
non-dimensional earthquakes, provided that the range of the intensity
parameter v defined by eq. (8) is determined so as to produce the responses
with the maximum ductility factors rqy from 1 to 5, and provided that the
range of the frequency parameter p~! defined by eq. (4) can be determined
from both the fundamental natural period 17 of the structure and the
frequency characteristics of the earthquake excitation group. For the
convenience of analyses the structural model is limited to only two kinds
B; type and Cyr type, which seem to be suitable in a sense of uniformly
distributed aseismic safety. Both B; and Ci; type are characterized by
the set of two quantities p and ¢ defined by eq. (18); that is, (p=3/2,
¢=1) and (p=3, c=1/2), respectively. The computed results are shown
in Figs. 13~21. As a general trend, the earthquake responses rp, r#» and
ra are all the increasing functions of v, among which 75 and 7 are the
weak functions of p~'. Clearly the variances of y» and 7# are the increasing
functions of v and the decreasing functions of #. The effect of 7 on 71
is large particularly in the slightly positive range, and is decreasing
gradually when 7 is increasing. But, the effect of # on s is not decreas-
ing so much as that of 7 on 7p, from the following equation.
SA—-7p/7; as
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The maximum overturning moment factor ru and its variance with respect
to v, on the contrary, are increasing functions of #. This fact may be con-

cerned to the following inequality.
Tu= sz 5850 +75Gray— D] 20)

In this analysis, 72 seems to be a weak function of v, p~! and 7. And its
value is in the range, 75% ~100% of the upper bound in the case #=0,
{l;}={1} and =5, i.e. the sum of B;’s. Regardless of the wave shape
functions, the El Centro type and the Vernon type, there is such a trend
that the responses of B; and C;r models are dispersing and those of the
lower stories are particularly increasing as both values of v and p~* are
larger. This trend must be considerably restrained by the introduction of
the slightly positive parameter #. It is noticed that the non-dimensional
wave shape functions have little effect on the above-mentioned qualitative
characteristics of the earthquake responses though they have considerable
effect on the quantitative characteristics of the responses, as found in the

following sections.

4. Optimum dynamic characteristics

4.1 The optimum dynamic characteristics for a excitation group can be
defined by the following conditional minimum value problem, considering
the maximum ductility factor yp as the most important basic response of

the structural system.

13 _Tar\?
I= 7 EIUﬂ(Td' ?) @D
max1¥ =y, 7=1,2,ee , 7. €5))
i Y3

where {7as} represents the maximum of {74s} to the excitation group. {vs}
is the distribution vector of the allowable values of the ductility factor

{res}, and 74 is the corresponding standard value. Namely

{12 wiow. 1} = {714 uie- i/ Ars}= ra{w} @3

where 7sauow. s and 7e.1:. 5 denote the allowable and ultimate ductility
factors of the j-th story respectively, and Arj is the properly chosen safety
factor of the j-th story. This problem is to find the dynamic characteristics
(M{my}, R{ks}, &8s}, {r+}) so as to make the functional I minimize
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under the condition of eq. (22) and of the prescribed excitation group. If
an excitation group is given by A(T) and a(r), {Fas} is determined as a

function of the dynamic characteristics of the structural model, that is
{Fast={Fas({ms}, {k3}, {85}, {73} ;s M, K, 7; A(To), a(e))} @9

As a general rule, the optimum dynamic characteristics should be determined
under consideration of the two kinds of excitation groups with different
intensities. And the optimum dynamic characteristics should be stable in
spite of the wide variations of various parameters with respect to both the
structural system and the earthquake excitation, because of the indeter-
minate property of earthquake excitations and of the structural modifica-
tions of the dynamic characteristics under the various actual conditions.
Therefore, the dynamic characteristics must be suitable in the appropriately
wide domain of the two independent parameters of the non-dimensional

earthquake, that is to say, the following formulation may be possible.

e LA
-;—SRSTB 3104 (@—arapids/ SSds | o)
<1 éyﬁggn (a+b)2ds/SSds
j
max(Te) = Gomet @(oes (s, B=1,2. @6)

where ds=da-dp=t or ds=dv-dp1

%=Tu””+7’d,d’ TDm:%jzil;,_” r0° (nJEITm )1/2 @
wYa1=Tar’/10%, @=max aya), b=—m1jn ATas

and Fas/vs, o™, @ and 75° denote each response value due to the most
destructive wave of a prescribed excitation group. Subscript & in eq. (26)
denotes the classification of excitation groups (k=1 or 2 corresponds to
the very intense group and the moderately intense group respectively). The
equality sign in eq. (22) might be replaced by the inequality sign in eq.
(26), since two different excitation groups is to be considered at the same
time.

On the other hand, the optimum dynamic characteristics can be

separated to two sets of optimum distributions and standard values.



34

[M{m,}, K{Ic;}, 1{51}, 7{/‘5}]0])Mmum sor k=12
~({my}, {&s}, {04}, #{£25} Jontimum tn R, (28)
[M7 X, Z]opttmum Jor k=1, 2]

So it may be convenient to discuss separately on the optimum distributions
and standard values. The set of the optimum distributions may be defined
by eq. (25) and can be determined from the basic response diagrams of
the maximum ductility factor 7 calculated for various non-dimensional
structural models and earthquake excitations. In eq. (25) the non-dimen-
sional domain R may be previously determined bLy the two kinds of stan-
dard values of allowable maximum ductility factor and by the roughly
estimated interrelations between the fundamental natural period 17 of the
structure and the two kinds of prescribed excitation groups. In general,

{ras} is a non-dimensional vector function in the form,

{rasy={rasa, o s {ms}, {rs}, {85}, {75} : a(®))} (29-2)
or

{rany={ras, 0 ; {ms}, {ks}, {85}, {rs} : (@)} (29-b)
each of which corresponds to the intensity parameter & or v. Then the
minimum value problem given by eq. (25) can be discussed only in non-
dimensional space, and the set of the optimum distributions can be deter-
mined so as to minimize the functional I defined in R to a prescribed
wave shape function of earthquake excitations. The set of the optimum
standard values, on the other hand, can be determined from eq. (26) using
the basic response diagram with respect to the above-mentioned optimum
distributions. Eq.' (26) contains the standard values of the dynamic char-
acteristics and the frequency characteristics of the maximum acceleration
amplitude of the excitation group as in eq. (24). Therefore the set of
the optimum standard values is determined so that every. value of
max(7a;/v)r for the two different excitation groups remains within the
coJrresponding standard value of the allowable maximum ductility factor
(Gra)k. In the above procedure to determine the optimum dynamic char-
acteristics, the optimum distributions are mainly intended to obtain the
uniform distribution of aseismic safety, and also the optimum standard
values are intended to give.the most economical assurance of the prescribed
aseismic safety to the structural system. So eq. (25) can be simplified by

eq. (30), because the maximum value @ and absolute minimum value
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b of the normarized random variable nrqs with respect to j are expressed
by the random functions of both the parameters of the non-dimensional

earthquake and the distribution vectors of the dynamic characteristics.

I= Sgrpsds/ggdsémz;x 1o’ B0
7 E

It may be desirable to choose a weak function of the parameters of the
non-dimensional earthquake as the measure of the suitable dynamic char-
acteristics, because the optimum distributions should be determined in the
wide domain of the parameters. From this point of view, eq. (30) should

be replaced by the following equation,
1= trot fromds /(| dssmax ot /o™ @D
R R

whre the functional [ is the mean of the standard deviation choosing (y»™) ~*
as the weighting function. Thus the optimum distributions of the dynamic
characteristics can be obtained so as to minimize this mean. As the
quantity y»*/ro™ is a weak function in the domain R, eq. (31) may be
roughly estimated by the following quantity.

I= max G’ /1™ 32)

Or, taking the ratio of the maximum deviation a¥p® to the mean 75™, we

have

I= m%x @ o /ro™) 33

In the engineering sense, the optimum distributions may be considered as
the set of the suitable distribution vectors of dynamic characteristics
which makes the functional  be smaller than a value € chosen appropriately.
Under this consideration to eq. (33), the following inequality may be

expected.

mzjlx%”—é(l +e)rp™ =714 for all points in R €D))
1

And the optimum standard values defined by eq. (26) are determined by
the following procedure. ~We determine, at first, the superior response of
the maximum ductility factor {7as} divided by the distribution {v;} of the
allowable value.

Sgp{rdj/vf}=m;1X(m/w) (35
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This quantity is generally a increasing functien of the intensity parameter
a or v. Making this quantity be equal to the standard value ys of the
allowable responses, and solving on a or v from this equation, then & or v
is expressed as a single-valued function of p and ys containing 7.
a=alp,7a;7) or v=v(0,1a;7) (36)
And the standard value M of mass is assumed to be known here. Con-
sidering the fundamental natural period 7 as a parameter, the standard
value K of rigidity and the standard value B of strength at the elastic
limit can be expressed as follows
E=KGT) = (r/\T):M 37D
B=B(T.14:7) =max By, Bx=max(Bax, Bsx, Bix) (38
In eq. (38). subscripts @, 9 and g correspond to each sub-group of the
supposed excitation group that are characterized by the constant maximum
acceleration, velocity and displacement, respectively, and subscript %
denotes one of the excitation groups as shown in eq. (26). For simplicity,
we will consider hereafter about the very intense excitation group only.
Then the subscript %2 in eq. (38) can be excluded. Choosing & as an
intensity parameter, B;, Bs and B; are obtained by the following equations.

_ M ) .
Bézﬁm), min (&) =min a(p, 74 ; 7)
< <
o<y <P o<p [
= CsM
Byj=— %~ min (ap)= min a(p,rz;7)p |
min (ap) 7’ <p< o, <p< T (39-a)
0= 0= ou N=PpSpu PL=2P=Pu
- CiM . .
i= T 7 N min (apz) =min a(ﬁ, Ta ; 7)pz |
min (@™ p<p Pu<p )

where pz=sz/1T, pu=T¢u/1T
If we take v instead of &, as an intensity parameter eq. (39-a) is

replaced by the following equations.

- C:M . . .
Bé:ma min (vp~") =min v(p, ya ; V) o™?
p<py o<p pP<p
- CsM
By= - min (@)= min v, rs;7)
L oy
5 CiM
Bi= - T min (¥p) =min v( 3 7) '
22 0,72 ;7)0
min wo): T u<g ip )
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Egs. (37)~(39) are based on the fact that sup{ys)/vi} is an increasing
function of the intensity parameter and that JK and B are independent
each other. The partial derivative of sup{yas/v;} with respect to a or v
is sectionally continuous and not negatix]/e in each range where the con-
tinuity is valid. So the following inequality is valid since pa /BB or

Pv/0B is always negative.

0
8B SUP {ras/vi}= Ba sup {ras/vs}- gB =0 (40-a)
0

or 35 S (ras/vs}= 8 sup {tas/vs}+ *(,%éo (40-h)

The independence between K and B may be valid for the composite struc-
ture, and then the aseismic structural elements, the earthquake resistant
walls or bracings, should be generally applied to the structural system.
When the independence is not valid, the relation between K and B must
be prescribed. Under the rough presumption of the properties of a struc-
tural system, the incremental relation between K and B is only to be
known. Without loss of generality, we can assume this relation to be
linear. That is, the standard value 4 of the relative displacement at the
elastic limit may be previously known, corresponding to the number of
degrees of freedom of the structural model and to the outlined properties
of the original structural system. In this case, both K and B are deter-
mined by the functions of 4 and 74 containing # as a parameter. Elimi-

nating 17 from the following two relations,

E—_-EGT, Ta 3 7) } (al)
B=Kd4= (t/:1)2M4
we obtain
B=B(,vs:.v), E=B/d=K(, s :7) } 12
T =t(Md/B)2=T (4, Ta 3 7)

In egs. (41) and (42), the following inequality is assumed to be valid in

each domain of the continuous partial derivatives.

863 sup {ras/vs}= ( sup {Ta;/vf} 9o '1'3ﬁ sup {r,u/u,}>

< 43

8

where

sup {Tdi/VJ}ZSIJJP {rase, p 5 V) /vs}
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fo=folo, B) = A (o:v (M) B)V%) M/B

or 668 sup {ras/vs}= ( 0  sup {ras/viy=" nf +ﬁ sup {m/v]})
av sup {ras/vs} 6]; = ‘v
where

sup {m/w}=sgp {ras(w, 0 ;) /v4}

fo=fe(o, B) = A(0:c(M4/BJV/*)oM/B
The other standard values 4 and E, and also the standard value P of the
allowable elasto-plastic potential energy {P;} can be determined by substi-
tuting eqgs. (37), (38) or (42) corresponding to the relation between K

and B, into the following equations.

i B B.T? e Bi _ Bz_sz
K lez 2 2M1T2 (45>
B T2
P=rs—1+7(a—1DDE= E2ra—1+r(rd—1)2] YT

Consequently the optimum dynamic characteristics of the structural model
with the bi-liner hysteretic characteristics are completely determined as a

set of the following vectors.

{My=M{ms}, {Kis}=K{rs}, {Kas}=EK{rses}=Kr{ty} }

{45y =255}, {B}=B{Bs}=B{xss}, {E}=E{es}=E{x 07} | (46)
5 5 aVy— aVy— |
(P} =P{psy=Plepp 210G 2D )

Since {M;}=M{m;} and {74 auwow. s} =7a{vs} may be considered as the known
vectors, at most three vectors are mutually independent among the six
unknown vectors K{;}, 4{8s}, B{B;s}, E{e;}, P{p;} and {7;}=#{#;}. The
optimum distributions of dynamic characteristics are provided with three
independent non-dimensional vectors, for instance {x;}, {8;} and 7{#y},
corresponding to the known non-dimensional vectors {m;} and re{v;}’s. If
the optimum distributions can be found out, only two independent standard
values of the optimum dynamic characteristics should be determined. These
standard values are arbitrary two elements of a set of the optimum stand-
ard values (K, 4, B, E, P) which corresponds to M{m;} and 7a{vs}’s.
If ;T or 4 is given, the independent standard value might be reduced to
one of B, E and P. It may be convenient for the design data to replace
B by the so-called base shear coefficient s.



39

B _ B B _ A _ AT,
Wr ™ gMz o b . & n 4D
gME}l my; g jZ:.lmj 91T jZ_‘,lm;

where ¢ is the acceleration of gravity. Wz and M, are total mass and
total weight, respectively. From eqs. (36), (38), (39) and (47), the base
shear coefficient s can be determined as a function of ;7 and 74, contain-
ing 7.

S=max(Sz, Ss, Sd) 48
provided with

Sa=$:(:T, 7a ; 7’)=;C& 7 )
min (@)g 2 m;
p<p J=1
$5=85GT,1a ;) = < =
min  (ap):T 2 m, ( (49-a)
OIS PSpu J=t [
si=5iCT,ra 57 = Ci 0
min(ap?§. 12 35 my
pu<p J=1
or
Cs
sa=8(T,ra ;1) = n
min (vp~1)g 23 my
p<p )=t
Cs
$5=8GT , 103 7) = 0 \
min ('U) 917‘ Z My (49—b)
0= 0=pu j=1
C_
si=siGT e ;N =—"""—% —
min (wp)g: T2 3] my
pu<p =1 /

In the same way, E and P can be replaced by the standard values of

equivalent relative velocities. V. and V.p respectively.

= S1T Z My
%=%’7e2, I7e=I7e(17‘, Ta; 7’)=<9’1;_=—1"— ‘}
. 50
P 1. B _ . Sng» jZ=‘,1m; J
ﬁ= EVepz, Veo=Ves (T, 74 ; ) =2ra—1+7Ga— 1)23”‘—11_—

And also, we can introduce the following quantities for E and P.

= ~ s;T i‘, my \* )
€e=€e(1T,Td;7’)=_EW*=§19*V62=%(¥111"> 9 r

1T
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i 2
= T, 7a; _B___LV o 2ra—1+7(Ge—1)2 (SITiglmJ) -9
eep—'eg_p(l ? Td 3 7)= W - 29 ey — 2 T
n L » ;51
> E, 52 2} B0 GU
Er = _E 57 1 gy
Pe=Pe(1T, Ya; 7) = W, =" = W n 29 e n
rNW, 23 my >3 my
=1 j=1 i
(S1T i my )2 i K201
=l j=1 g j=1
2\ 1T 2 my
Jj=1

Py _ _ P _
Ve siw, Wosim,

Per=Der(T, 74 ;7)) =

62
where W; and W are the weight of the j-th mass and its standard value.
E» and Py are the total elastic potential energy at the elastic limit and
the total allowable elasto-plastic potential energy. And so e. and €, can
be designated as the elastic potential energy factor and the allowable
elasto-plastic potential energy factor, respectively. And also p. and pes
can be called as the total elastic potential energy coefficient and the total
allowable elasto-plastic potential energy coeflicient respectively. If we
substitute the third equation of (42) into eqs. (4D ~(52), s, Ve, Ve, e,
@0, Pe and pep can be expressed by the functions of 4, ys and #. However,
it is noticed that these quantities —s, Ve, Ven, e, €, Do and Pep— can
be considered to be hardly influenced by the idealization of the structural
model, for instance, the number of degrees of freedom of the specific model.

4.2 From Figs. 7~10, it is found that the models of By and Cis type
to the El Centro type excitation group may have the optimum distributions
at least in the domain a=1.0, p<35 (72<10) and a<1.0, p<35 (72<8),
respectively, under the assumption of the uniform distribution {v;}={1}
of the allowable ductility factor. The base shear coefficient s corresponding
to Br and Cyz type can he obtained from eqs. (48), (49-a) at {m;}={1},
#=3, and eq. (6-b) to the very intense excitation group with the El
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Centro type wave shape function. To find general character of the base
shear coeflicient s, it is assumed here that the maximum ductility factor
rp in the ranges p<<15 and p>50 is constant. For p<15, the lower harmo-
nic responses are excited by the low frequency power as well as the
higher harmonic responses by the peak frequency power of the supposed
acceleration excitation. While, for p>50, the lower harmonic responses
are mainly excited by the higher frequency power over the peak frequency.
When ;7 varies from the small value to the large value, the main range
15=p=50 falls successively into the ranges characterized by the constant
maximum acceleration, velocity and displacement amplitude. Supposing
that the main range falls separately into the above-mentioned frequency
characteristics, the base shear coefficients sz, s5 and ss obtained by eqs.
(49-a) and (6-b) are shown in Fig. 22. In general, these coefficients
seem to be the decreasing functions of re, and their absolute rate with
respect to yq decreases when 74 becomes larger, although such a trend is

different in details, for the type of

s Constant Mauimum Accaeration  Structural system. To find the in-
1.2 Ca=A=04g=392X/0* CM/sec? . .
(@) B terrelation between the maximum
06 C¥ ductility factor yp» and the total
: 4
O~ 2 3 a4 5 8 7 8 7, dissipated hysteretic energy factor
rm, we define the superior of the
KT sec Cm.,:,;,m;‘,,,,c,’,",}y,,m,y total dissipated hysteretic energy
Cyp =ATy = 1t sec
(b) G v factor as sup {res/vs}= max{rg;/uj}
0z By and then we estimate the value Fe
° I 2z 3 4 5 6 7 @ T at the solution (&, p) of the follow-
S8T? sec? Constant M ~ - T
' Cq:-z?; e wiaen P T M = 8%-D
1.2+ (¢} 1.2
ch‘
06 06 B,
. [o}
23 4 5 ¢ 7 8% i 2 3 4 5 6 7 © U
Fig. 22. Base Shear Coefficients sg, Fig. 23. Equivalent Cycle Number of
s and s§ Based on Maximum Duec- Hysteresis of 7¢ for Cy=10% cm/sec-E1
tility Factor in 15=0=50-E1 Centro Centro N-S, Structural Models B; and
N-S, Structural Models Br and Crr. Crr.

ing equation.

sup {ras/vs}=ra (53)
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This solution of eq. (563) means the most destructive element of the earth-
quake excitation group. Calculating 7. from Figs. 11 and 12 to the group
of the constant maximum velocity, we can show, in Fig. 23, the equivalent
cycle number of hysteresis # which is defined as the ratio of the total
dissipated hysteretic energy 7.B4/2 to the hysteretic energy in ome cyclic
loop of the amplitude yad, that is

M=7e/8(ra—1) G
From Fig. 23, it is found that the total dissipated hysteretic energy is not
so greater than the energy in one cyclic loop of the amplitude 7.4 as far
as 7a=2. On this fact it is based to consider the ductility factor as the
primarily important measure of aseismic safety. The base shear coefficient
s in the whole range of 7" is obtained approximately by the following
process. At first, we can determine the value of s at the point p=50,
when 1T is small. This value is equal to previously obtained sz. Second-
ary we determine the value of s in the main range 15=<p=50 when 17T is
intermediate. This value of s is submitted to s;. Finally when T is
large, we determine the value of s in the range p<15 from the constant
maximum acceleration characteristics without referring to s;. The base
shear coefficients s for the models for Br and Cir type are obtained using
the results in Fig. 22 as shown in Figs. 24 and 25 respectively. Strictly
calculating s from eqs. (6-b), (7), (36), (48) and (49-a), the smooth

curves may be obtained. In comparison with these smooth curves, the
B:

Ya=2 Cn

Lo

=5 10 15 20 25 30
TSEC TSEC

Fig. 24. Base Shear Coefficient for Fig. 25. Base Shear Coefficient for
Hypothetical Earthquake Excitation Hypothetical Earthquake Excitation
Group-El Centro N-S, Structural Group-El Centro N-S, Structural

Model Bj;. Model Czz.
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full line curves shown in Figs. 24 and 25 may be in safety side on the
left side of these figures and in unsafety side on the right side of them.
And the dotted lines in Figs. 24 and 25 mean the modified base shear
coeficients in the domain where both 17 and 74 are small, considering the
internal viscous damping of 5 to 109% critical damping value for the
fundamental natural vibration. In these figures, each value of the dotted
line levels is estimated from dividing the individual values of the full line
levels for r4=2, 3, 4 and 6 by 2/3, (2/3)2/3, (2/3)'/¢ and 1, respectively®1?

4.3 We discuss again on the structural models of B; and Crs type
with five degrees of freedom and the slightly positive slope of the second
bi-linear branch. TFrom the basic response diagrams shown in Figs. 13~18,
the mean yp™ and the standard deviation y»° defined in eq. (27) are cal-
culated under the assumptidn of the uniform distribution {v;}={1} of the
allowable ductility factor. The results for the two different wave shape
functions are shown in Figs. 26 and 27 for the models of B and Cyr type
respectively. Hence it is considered that the individual models of Bs and
C1z type may have the optimum distributions when the standard value 74
is small, but these models can not be optimized if 74 is large. According
to the basic response diagrams in Figs. 13~18, it may be also considered
that the slope parameter p defined in eq. (18) is necessary to be larger
for the optimum distributions in the case of large 7s. It is noticed,
however, that the effect of the slightly positive rigidity ratio parameter #
is especially remarkable to optimize the distributions of dynamic charac-
teristics, The standard deviation yp® is considerably restrained by the
slightly positive parameter # as shown in Figs. 26 and 27. On the other
hand the mean yp™ is a little influenced by the variety of the value of 7.
The effect of # on 7p® increases as rp® is larger, and decreases as 7 is
larger. The base shear coefficient s is calculated from eqs. (7), (36),
(48) and (49-b) to the two excitation groups defined by eqs. (6-a) and
(6-b). And the calculated results corresponding to the models of By and
Cir type are shown in Figs. 28 and 29. From these figures, it is found
that both the wave shape function of excitation group and the optimum
dynamic characteristics of structural system have little effect on qualitative

characteristics of the base shear coefficient. The base shear coefficient s
is generally the decreasing function of 17", ¢ and #. And, as either 7q or
# is increasing, s becomes a weak function of 7', and also its absolute
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rate with respect to 74 or 7 decreases. However the base shear coefficient
s for the Vernon type excitation group seems to be smoother than s for
the El Centro type. On the other hand, the wave shape function is
considerably effective on the base shear coefficient s as to the quantitative
characteristics. The base shear coefficient s for the El Centro type has
almost two or three times value of s for the Vernon type under each
excitation group of the same intensity. Observing the optimum dynamic
characteristics, the base shear coeficient s of the model of Bz type seems
to be a little smaller than that of Czz type, particularly for the Vernon
type excitation group. If we try to compare Figs. 28~29 with Figs. 24~
25, it is found that the base shear coefficient obtained here is a little
larger than that obtained in previous sub-section 4.2 in the range 17 <3 sec.
This fact seems to be mainly caused by the increasing trend of the stand-

ard deviation yp®.
5. Aseismic design data

5.1 The aseismic design data for a structure are to be determined
from the optimum dynamic characteristics of the structural model. The
structural model is assumed to be a n-degrees of freedom system with the
uniform distribution of masses. And the optimum dynamic characteristics
of the structure with N-degrees of freedom and non-uniform distribution

of masses are denoted by
My{ms}w, Kn{rs}w, Exr{ttys}n, In{0s}n, Bx{Bs}n, En{es}n, Px{ps}n

Qravs—1+74;(ravs—1)?
2ra—1+7(ra— 1%

where Bs=r30;, e5=B,0;, p;=e; (55

The optimum distributions are determined by the following process.
At first, we can obtain the optimum distributions for {m}y={1} from the
previously determined optimum distributions by replacing # by N and
preserving the characteristics of {#;} and {v;}. And then, considering
the assumption that {#2;}x is not so much different from uniform distribu-
tion, we determine the optimum distribution {8}~ of the strength at
elastic limit under such a condition that the distribution of the shear

coeflicient is invariable.
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N ﬁ.mi \}
{B}w=A{fiBos}n, {fi}w= N1 T
=) s (56)
(Budn={rarhn,  {ruha—{ BPENED LD [

where the quantities with subscript 0 correspond to the case of {m}n={1)}.
The other several optimum distributions are obtained from eqs. (55) and
(56) by supposing the relation J;=+#s-1 or §;=k0;,"!. The above each
relation corresponds to the fluctuation of mass distribution along the height
of structure for the quantity change of densities or areas, because the
masses are expressed as the products of densities and areas.

On the other hand, the optimum standard values can be determined as
the functions of My, {m;}y, 4w, 1a, ¥ and N by the following parametric

representations with respect to ;7.

— _ — _ N _ — —
Ky=(rn/1T):My, Bn= SgMN JZ_lmJ =sWep, dy= BN/KN (57-a)
En=Bx*/2Bx, Pyx=02r¢—1+7(ra— 1)) Bxt/2Kx (57-b)

where

2

v N
s=sGT,7r¢;7), wwa=va{m;}n, {K;}x) #Zﬂ\fjglmjj‘l/ 12=1ij1
ZTN=Eﬂe (58)

In eq. (58) the base shear coeflicient s is considered .as an invariant
through the transform of the dynamic characteristics, and the non-dimen-
sional fundamental period izx determined as a function of the optimum
distributions {m;}~» and {#;}~ is approximately expressed by the second
equation of (58), assuming that the shape of the fundamental mode is
triangular. And 4y is considered to be known and expressed by the pro-
duct of the standard value L of the height of interstory and the equivalent
rotational angle § of interstory at the elastic limit as shown in eq. (58).
Thus the various aseismic design data can be determined from the above-
obtained optimum dynamic characteristics. And also the fundamental
natural period 7" can be expressed as the function of {m;}wn, dn, 14, 7

and N by solving the following equation.
— Ll
2= on?dn/sCGT, ra 39+ 9 ;‘:vlmi 62

The aseismic design data which provide the strength {Bj}x at elastic limit
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consist of the base shear coefficient s and the distribution {s;/s} of shear

coefficients or the distribution {%;/s} of lateral force coefficients.

2 my
N S, N
(Bu=s| TR Wi 3 EOCR e v ©0)
=
or
Ay 73
{B:}N—S{j=1 s W:}N 1
N ﬁ " 6D
{ELL :{;Efmj .E_F Bog1N [1_ IS j_ ]} J
s Iy my(N—j+1) s N-j+1 my(N—7) JIn
where
ko) _ _
L ={(Boy— oD N}n ]
N
ﬂg_’=lco_’=%6t]3ti fOl‘ Bz, ﬂle:]-» ﬂoN+1.=0 (62)

—67 1/2 A
PRE £ o Y N R ,NJ

and, Wj, s; and kj are the weight of the j-th story, shear coefficient and
lateral force coefficient, respectively. The aseismic design data to the
allowable elasto-plastic potential energy {P;}~ also consist of the standard

value of the equivalent relative velocities and their distribution.
{PJ}N= %~{M} Vez)_’z}lv, { Vepj}N: VepN{vepJ}N’ {1}21)1}1\7:{[?;/7%;]1/2}}_\7
_ N .
Vern=52re—1+7 (Ga— DDV Tg jEl.m;/er 63

Otherwise, assuming that e; or pe in eq. (51) or (52) is an invariant,

{P;}r can be expressed as follows
- x
{Ps}n=exWn{ps}n or {PJ}N=(pe11/j_Zl P Welpsdn )

And {ps}x can be also expressed by the following equations corresponding

to the relation d5=£;°"1 or 0;=4£¢s°1.

i, 2ravs—147a(ravs—1)%) \
{ps}x {e: a1+ 7(ra— 12 r }
e;=(fiko)?~L for O&y=g, -1=p,0-v/e J 65)
e;=firaf2~t  for y=rosf 1= Loyl F=1,2,- N

If the total number N of stories tends to infinity, the optimum distribution

function B(%x) of the strength at elastic limit can be determined as follows
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B(x) = F(2) Bo()
£ =({Emodx /Tmeodx )y - ) |

66
Bo(x) =ro(%)°, mo(x) =1—(p/A+p))(x/H) for m(x)=1 J @
$=3/2 and ¢=1 for Bz, p=3 and ¢=1/2 for Cy;, 0<x<H
where the structure is assumed to have the uniform height of interstory
and H denotes the total height, and x is measured from the bottom of the
structure. m(x) is the distribution function of mass. And, xo(x) and
Bo(x) denote the optimum distributions of rigidity of the first bi-linear
branch and of the strength at elastic limit, respectively. The optimum
distribution function p(x) of allowable elasto-plastic potential energy is
determined by

B 2rav () —1+72(x) Grav (x) —1)%
p(x) =e(x)- Zra—1+7Gre— 12

e(x) = (f(x)ro(x))2 71 = fx)* e (x) for §(x) =k(x)°~t=pL(x) -1/

e(x) =f(x)xo(x)2°-1 =f(x)eo(x) for 0(x) =ro(x)°1=pFo(x) -V /e,
0=x<H ©D

where v(x) and #(x) are the prescribed distribution functions of the

allowable ductility factor and of the rigidity ratio of the second and first
bi-linear branches, respectively. And £(x), 6(x) and e(x) are the optimum
distribution functions of the rigidity in the first bi-linear brach and of
the relative displacement and the elastic potential energy at elastic limit,
respectively. The distribution function 2(¥)/s of lateral force coeflicient

is given by the following equation.

H H
k(x) _ S:m<x>d" .ko(x)+‘gﬁ(x)H[1_ Szm(x)dx . @
s Tm@-D s H-x N m@E D |
where
ko(x) _ dﬁo(x) _ pc_ o P x c-1 ,,1,ﬁ\c ~
s - B _'1"-]-";;'(\1 1+p H) +(1_|_p)5r(x H)-H (69

0r(x) denotes the delta-function. Then the second term at the right
side of eq. (69) means the concentrated force applied to the top story.
The lateral force {F;} to determine the optimum strenght at elastic limit
is obtained by using both the base shear coeflicient s and the above-ob-

tained distribution 2(x)/s of lateral force coefficient. Namely we have

D A e a2 70)
2 W

=1 S
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where E(x) is the lateral force coefficient and x; is the coordinate cor-
responding to the j-+1-th floor.

The optimum distribution functions of structural models Bz and Ciz
type and the corresponding distribution function of lateral force coefficient
in the case that N—oo and m(x)=1, are shown in Figs. 30 and 31, respec-
tively. In Fig. 32 we show the distribution functions of strength and
lateral force coeflicient in the U.S.A. modern building code®. In Fig.
33 we also show the distribution coeflicients of the strength at the top

story, and compare their coefficient values of the U.S.A. code with the
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corresponding values obtained here. In these figures, U.B.C. No. 1
denotes the inverse triangular distribution of lateral force coefficient and
U.B.C. No. 2 denotes the type of lateral force distribution which con-
sists of the concentrated force of 10% base shear at the top story and
the inverse triangular distribution of 90% base shear. And D is the
width of the structure. From Fig. 33, it proves that the U.S.A. code
gives the characteristics near to the optimum distribution of strength to
the low or intermediate building structure, but gives too small value of
lateral force to the top story of the tall building structure.
To obtain the numerical values of the aseismic design data expressed
in eqs. (60), (63), (64) and (70), it is enough to determine both the base
shear coefficient s and the fundamental natural period 17, as the explicit
functions of the known quantities. This will be discussed in the follow-
ing sub-sections.
5.2 The base shear coefficients shown in Figs. 24 and 25 can be ap-
proximately simplified by the formulas that may be valid for the case
7=0, {v;}x={1} and the El Centro type wave shape function. Namely
$1=8GT, r0) =dik(ra), T < T,
s2=8(T, re) =dekb G T, T, T<Tu @D
$3=53GT, 1a) =dskGra), 1 Tu<iT

where k(rs) is chosen as simple function of ya, and the constants di, ds

and ds are determined so as to minimize the variances with respect to ra.

The following eqs. (72) and (73) may be applicable to the practical use.

klro) = Qra—1D1/2 (72-2)
dl =1.33, dz=0566 sec, d;=0275, } (72—1’))
T, =Q.426 sec, 17 ,=2.06sec for By
d,=0.827, dz=0.492sec, d;=0.292, } (79-0)
1T:=0.595sec, 17 ,=1.68sec for Cir

k(o) =742 (73-2)
di=1.02, d2=0.431sec, d3;=0.210, } (73-b)
T:=0.422 sec, 17 ,=2.05sec for B;

— — =0.92

d1=0.636, d:=0.376sec, d;=0.224, } (73-0)
1T,=0.591 sec, 17T.=1.68sec for Cir

Numerical results of eqs. (72) and (73) are shown in. Figs. 34~37, res-
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pectively. The fundamental natural period 17 can be obtained from eqs.
(59) and (71) as a function of 4y, N, {m;}x and {x;}x as follows

_ 4, 1/2 . _ 4,
T =T i vy N = (LD or 521,38, 7 iy 0y Ny =500
where (74-a)
_ 24,
I(Zg, Ny =228 ro=rnlmde (£} (74-b)
5 Em

From eq. (58), the non-dimensional fundamental period i7x is expressed as
the second term of the following equation for the case {m}e={1} and

{k:}x given by eq. (18).
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(N+D (2N+1)E21\L+P<2N—DJT”¢27T[g (

erz#Zn[ —————

1+p |7
6NCTD) )|V @

245 -
In above equation the third term is valid approximaltely for considerably
large N. Making use of this, eq. (74-b) becomes as follows

_ 8% (1451 - Vo _
(e, ND =»§’;~ (Té)AN-N=O.0268(%%)AN-N (sec?), Ty~(em)  (76)

From eqgs. (72), (74) and (76), the fundamental natural period is obtain-
ed as follows
1T =0.121Qra— DV (4 NHV2, T <0.426 sec
17 =0.0339Cr,~1)244y-N |, 0.426sec<:T=<2.06sec for B; (77-a)
T =0.264Qr,— DV (dy- N2, 2.06sec< T, T~(ec), dy~(cm)
1T =0.161 Qra— 1D (dy-NHV2, T <0.595 sec
1T =0.0436 Qre—1)V24g- N , 0.595sec<;T<1.68sec for C;; (77-b)
T =0.272@2ra— D4 (dg- NYV2, 1.68sec<;T, 1T~(sec), dg~(cm)
For instance, the following values are calculated from eq. (77-b).
Crr, 1a=3, N=24 ; dy=1cm~T =1.99sec, dy=2cm~T =2.82 sec
Ay =4 cm~T =3.99 sec
N=60s; 4¢=1cm~T =3.15sec, dy=2 cm~:T =4.46 sec
dy=4cm~,T =6.30sec (77-c)
The standard values Veps of the equivalent relative velocity given by

eq. (63) are obtained by using eqs. (71) and (72-a) as following expres-

sions.
_ _ N
Veosws = Verx (T) =duTg ZlmJ/ITN; i=1,3 (78-a)
iz
_ N
Vv = dag J§1 my/ 1Ty (78-b)

And also, the allowable elasto-plastic potential energy factor e, and
the total allowable elasto-plastic potential energy coeflicient pep, which are
previously defined by the second equations of (51) and (52), can be deter-

mined by the following equations.

N
23 by 5
DPep= j;l €., where eep=%z— and per= 51;; a9
N
JZJI "

N
2
dpTrg( 57\
ee1)=ee.’l)<1T) = el (L) > =1, 3 (80’*21)

2 1TN
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N
> my !
Cep = C;ZZ 9 (L) (80—]3)

17N

N N
For the case {mj}x={1} and {v,}AT={l}, the coefficient E1pj/';z="1m" of
eq. (79) becomes

N A \

}Z=1pj __ j=1poj_ (2+P)N f I ( _1) }

S, N SON+pN—D > T S !
j=1 i

N N i 8D
12_11).’ ;2=1ij 1\
==, for 11,(c=7/ J
]2_17)2)

And, for the case where {m;}x={1} is assumed and IV is considerably

large, we can apply the following approximations on egs. (78) ~(81).

N |
2 m; 94p (}ij;jz ' 2+ |
é_N g=191 (j?—?> (em/sec), 1;'1\7 9;37.4<~—I v_l-_j—)—>(cm/sec) |
Sp ©
T 2+p
¥ 0.5 ,  Le=D,
(1)

Thus, for the case N>1, Ve, €» and pe are calculated from eqs.
(72) and (78)~(82) as follows,

the structure B ;

Ve =301,T (cm/sec), €p=46.4T2 (cm), pep=32.5T2 (cm), 1T <0.426 sec

Voo =128 (cm/sec), €3 =8.35(cm), pep=>5.84 (cm), 0.426 sec<,T <2.06 sec

Verwe =62.11T (cm/sec), €p=1.98,T% (cm), per=1.39,T%2(cm), 2.06sec<,T
the structure C: (83-a)

Verg =171.T (cm/sec), e€n=Per=16.0:T2 (cm), T <0.595 sec

Veuw =105 (cm/sec), €ep=pep=>5.61 (cm), 0.595sec=<,7T <1.68 sec

Vo =62.5:T (cm/sec), €op=pep=1.98:T2%(cm), 1.68sec<1T (83-b)

In particular, for the constant maximum velocity characteristics, all of Vens
€, and p.p are independent on rq and 17, and also Vews and pep are almost
independent on the optimum dynamic characteristics. Vep is proportional to
the maximum of the maximum velocity amplitudes of the earthquake ex-

citation group as understood from eqs. (49) and (63), and pep means the
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allowable elastoplastic potential energy per unit weight. And so these
facts are in accordance with ““Velocity-Potential Energy Theory’’ entitled
by Prof. Ryo Tanabashi which states that the violence of earthquakes
applied on building structure is proportional to the square of the maxi-
mum velocity of the earthquake motion and the resistance of structure is
proportional to the conserved potential energy of its structure.

5.3 From Figs. 28 and 29, the base shear coefficient can be formulated
by the following expression corresponding to the two different wave shape
functions.

El Centro type wave shape function ;

SGT,ra; W =k(ra; NA+pGa: NET —)NT } (1)
e=4sec for Bj, e=3sec for Cr;
Vernon type wave shape function ;

sGT, ra; v)=dk(ra; v T } (85)

d=0.34 sec for By, d=0.40 sec for Cis

where
Era ;) =0-7Q2r.s—1+7(ra—- 1512 l (86)
J

p(ra; ) =0.04(r¢—1)+0.17172
These formulas are, at least, valid in the case where 2=7,<5, {v;}x={1},
0<720.2, {u}w={1} and 2sec <,T =5sec. The numerical values of egs.
(84) and (85) are shown in Fig. 38 for the structure Cyz. Substituting eq.
(84) or (85) into eq. (59) and solving it with respect to the fundamental
natural period 17, then 1T can be obtained as follows.

El Centro type wave shape function ;

4p(7a s NI(dn, N) T’Z

B D) =14 Cerpra s )~ 12 LIS

T e, 7e, N 39 =

20(Fa:?)
T 1, N3 0 = e 2D @D
Vernon type wave shape function ;
- N 4, N)
T (e, 1, N3 1) = g5 €D

where [(dy, N) is given by eq. (74-b).

Supposing the structure of Czr type with {m;}xv={1} and substituting
the right hand side of eq. (75) into eq. (74-b), the fundamental natural
period 1T is plotted in Fig. 39 in the case dg¢=2cm. The numerical
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values of 17", for instance, are as follows.
El Centro, Ciz, 74=3, ¥=0.1 ;
N=24 ; dy=1cm~T =1.59sec, dy=2cm~T =2.74 sec
dgy=4 cm~T =4.56 sec )
N=60; d¢=1cm~T =3.24sec, dy=2cm~,T =5.31 sec
dg=4 cm~T =8.32 sec
Substituting eq. (87) or (88) into eq. (84) or (85) respectively, then the
base shear coefficients can be obtained as the functions of 4y, 714, N, 7,
{m;}x and {£;}x, namely
El Centro type wave shape function ;
sy, 70, N3 7) =k(ra; N+D(ra; 7))
2e-p(ras 7

XI1— — - (90-a)
sy 172
[ e-pCra; 1) —1+(Te-pCras v) - 1y 2 DI 1D | 1
- 1
54y, 1, N ; 0) =Tae N (90-b)
Vernon type wave shape function ;
_ 2 .2
s(du, 1a, N 5 7) =d7?%1\7’;)— D

On the other hand, the standard values of the equivalent relative veloci-
ties Vepn defined by eq. (63) are obtained by
El Centro type wave shape function ;

N

_ _ 2 my

Veow =V 0T, 14 ;D =A-[1+p(ra 3 7) (1T—e)]9j=T;N— (92)
Vernon type wave shape function ;

N
_ _ 2 m;
Verwe = Vere(#) =d(1 - ")’Slil‘— 93
1TN

And also, €; and pe» can be determined by the following equations.

El Centro type wave shape function ;

N ms \?
3 ) (-7 A7
Cep=0ep(1T, Ta; 7) = 9 A+pGa; NGT - )% Tw (94)

Vernon type wave shape function ;

Sy \?
dz(lz—’)z-s(f" J) (%)

Cop=0en(7) = ¢
1Ty
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and
N

g b3
Den= j;r *€ep (96)
Xm )

J=1

In the case {m;}x={1}, the coefﬁcienté}lpj/;z:]lm, has a same expression
as eq. (81) as {v;}xy={1} and {#;}x={1} are assumed. Using eqs. (81),
(82) and (84)~(86), then the numerical values of Veun, €» and pep are
calculated from eqs. (92)~(95) in the case {m;}x={1}, {vs}x={1}, {tts}n=
{1} and N»1. Table 1 shows the numerical values at the boundary po-
ints in the domain considered here ; 2<7:<5, 0=<#=<0.2 and 2sec=<,T=
5sec, together with the extrapolated values for the elastic case ; re=1,
r=1.
Table 1. Standard value of equivalent relative velocity for allowable elasto-

plastic potential energy, allowable elasto-plastic potential energy factor and
total allowable elasto-plastic potential energy coefficient.

Vep (cm/sec) ¢p (cm) bep (em)
El Centro
1T=2~5 sec 1T=2~5sec 1T=2~5sec
Ta=1 Br 226~226 26.2~26.2 18.3~18.3
r=0 Crr 214~214 23.4~23.4 23.4~23. 4
Ta=2 J Br 208~235 922.2~28.3 15.6~19.8
r=0 | Crr 206~231 21.6~27.3 21.6~27.3
Ta=5 { B, 107~219 5.84~24.5 4.08~17.2
7=0.2 Crr 135~241 9.33~29.8 9.33~29.8
Vep (cm/sec) p (cm) bep (cm)
Vernon
1 T=2~5sec 1T =2~5 sec 1T=2~5sec
Ta=1~5 Br 76.8~76.8 3.05~3.05 2.14~2.14
r=0 Crz 85.6~85.6 3.74~3.74 3,74~3.74
Ta=1~5 By . 61.5~61.5 1.95~1.95 1.36~1.36
r=0.2 Crr 68.5~68.5 2.40~2.40 2.40~2.40

On the other hand, V.sy, @ and pep are calculated from the third equa-
tions of (83-a) and (83-b) as shown in Table 2.

According to these tables, it is found that pep is influenced by the
type of structures, but V.o and e€p are hardly dependent on the type of
them in the case 2sec=<:T, and that, for the El Centro type wave shape
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Table 2. Standard value of equivalent relative velocity for allowable elasto-
plastic potential energy, allowable elasto-plastic potential energy. factor and
total allowable elasto-plastic potential energy coefficient.

£ Vep (cm/sec) ep (cm) ‘Pep. (cm)

| El Centro

{ 1T=2~5sec 1T=2~5sec 1T=2~5sec
| 7a=1~7 | Bs 124~311 7.92~49.5 5.56~34.8
I r=0 Cr1 125~312 7.92~49.5 7.92~49.5

function, V.» and e, are the weak function of 7 when both 7s and 7 are
small, but they are expressed by the increasing functions of ;7" when ei-
ther 74 or 7 is large. This corresponds to the fact that the base shear coef-
ficient is a decreasing function of \7° when both 7, and # is small, but it
is the weak function of 7" when either 74 or # is large. On the other
hand, Vs, €:» and pep are independent on 17" in the range 2sec<;7 <5 sec, in
the case of the Vernon type wave shape function. And also, it is con-
sidered that the structure of Bz type has the more suitable dynamic cha-
racteristics in comparison with that of the structure of Ci type in the

case 2sec<,T =5sec, particularly when either 7. or 7 is large.

6. Concluding remarks

As regards the ultimate elasto-plastic aseismic design method, the
aseismic design data for the initial structural design of the ductile build-
ing structures have been obtained by means of the elasto-plastic response
analyses. Their design data are induced from the optimum dynamic
characteristics which control the aseismic sefety of a structure to he
uniform within the prescribed allowable value. The wave shape function
of earthquake excitations is found to have little “effect on the qualitative
characteristics of earthquake responses of a structure but considerable
effect on the quantitative characteristics of them. " For instance, the El
Centro type wave shape function is almost identical with the Vernon type
function with the intensity two or three times as much as that of the El
Centro type. And it is very important that the slightly positive rigidity
ratios of bi-linear hysteretic characteristics make the earthquake response
remarkably stable and restrain their dispersion considerably in the wide

ranges of various parameters. And so it is found that the distributions
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of optimum dynamic characteristics have a great significance to obtain
the reasonable aseismic design, and that assigning the slightly positive
rigidity ratios to a structural system by use of the aseismic structural
elements may be very effective. But the standard values of the optimum
dynamic characteristics are largely affected by the wave shape function
and the frequency characteristics of the maximum amplitude both of
which define an excitation group. Therefore, it will be very important to
prescribe them reasonable corresponding to the intensity of the group of
earthquake excitation and other various conditions. But there are still
so many problems to be reexamined in this procedure. And even in the
earthquake response analyses, the basic problems concerning the pattern
of earthquake excitations, the model of structural system and the mea-
sures of aseismic safety should be still more reexamined in the future.
Although the effect of ground may be roughly estimated by adjusting the
frequency characteristics of the maximum amplitude of ground accelera-
tion, it should be essentially studied on the problem of ground-structure

coupling together with the problem of earthquake excitation pattern.
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