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Abstract

The elastic response of a core-wall building to earthquake
ground motions is analyzed. The core-wall building is assumed to
be represented by a vibratory system having a uniform shear beam
and a uniform cantilever with elastic restraint to rotation. The
equation of vibration for this system is derived and the solu-
tion is given by modal expression. Using this modal solution the
maximum response values of six core-wall buildings to two recorded
earthquakes are obtained and the results are compared with those
computed by modal analysis of “root mean square” type.

1. Introduction

Recent investigations on the response analysis in the field of earth-
quake engineering have contributed to clarify the dynamic behavior of
building structures during an earthquake. However, in order to establish
the dynamic design method of tall buildings for strong earthquake
motions many problems are still left unsolved. It is intended in this
series of investigation to solve some problems related to earthquake
response of tall buildings. The purpose of this first paper is to clarify
the general feature of the elastic response of a core-wall building to
earthquake ground motions.

When a building has a box-shape wall extending over the height
of the building as shown in Fig. 1, it is stated to be the core-wall
building. Because of the existense of the box-shape wall it will not be
adequate for this type of structure to be treated as a shear type multi-
mass vibratory system as in the case of moment resisting frames, for
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Fig. 1. Core-wall Building.
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the bending deformation of the wall must
be considered. In the present paper the
following reduced vibratory system is
considered to make the response analysis
of the core-wall building. The system
employed is a combination of a unifrom
shear beam type structure and a uniform
cantilever type structure having elastic
restraint to rotation, these struectures re-
presenting the open frames and the core-
wall, respectively.

2. Assumptions

To investigate the general effect of
earthquake ground motions on the stress
distributions of the structure, it is assumed

that:
(1) The masses and the stiffnesses are

uniformly distributed over the height of the building.
(2) All the members of the structure are distorted within an elastic

range.

(3) The open frames vibrate as a shear beam type structure, and
the core walls behave as a cantilever standing on the founda-

Rigid zone

o .

L

Fig. 2. Reduced vibratory system.
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Fig. 8. Rigidity of open frames. Fig. 4. Rigidity of boundary beams.
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tion and are subjected to restaint action from the adjacent beams.
(4) There is no foundation rotation.
With these assumptions the system can be analyzed as a combination
of shear beam type structure and a flexural cantilever type structure
having restraint proportional to its rotation.

3. Derivation of the equation of motion

Open frames:
As the open frames are assumed to be the shear beam, the shear
at a section located a distance x from the base is expressed as follows:

0

Q(x)=Gp ag . (1)

Where G is the distributed rigidity of the frame (see Fig. 38).

Core walls:

The core wall is represented by the cantilever and the boundary
effect from the adjacent beams is taken into account as the flexural
resistance proportional to the slope 8y/6x. Then the bending moment
of the wall is expressed as

2, p:4 H

Myy(2)=— EI%Y =—§ QW(x)dx'+§ K, d (2)
ox’ z z ox

Where EI is the flexural rigidity of the wall and K, is a sum of the

effective stiffness of adjacent beams (see Fig. 4). Differentiating equation

(2), the expression for the shear of the wall is obtained.
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3
Qu(2)=—E12Y 1k, % (3)
ox o
Equation of motion:
Substituting the above fundamental relationship (1) and (8) into the
D’Alembert’s principle, the following differential equation of motion is
derived.

EI”’ erA%g (GF+KB)6y =0 (4)
where pA=M/H=mass of the building per unit length.
If the system has the damping force proportional to the strain
velocity, the equation of motion (4) is modified as

EI(l-%—fr -a?t—)"”y +pA "’ai’ (GF+KB)<1—|—1~ )g"% =0 (5)

where 7; is the coefficient of internal friction.
Putting C=pAH|EI=MH*EI, y=(Gy+Kz)H*/2EI
and y=Y -+, (y0=ground displacement), equation (5) becomes

6‘t o Ht dee

4. Solution by modal expression

The general solution of equation (6) can be obtained as the sum of
the solution of free vibration and the particular solution, both of which
are expressed by superposition of modal values.

Y= 3 (@) 0 O+ 5.6 aue)- A= 5. auw)a@) . (T)

Where ,u(x), ,q(t) and .3 are the normal funetion, normal coordinate and
the participation factor in s-th mode, respectively. The normal coordinate
,(t) is obtained as the solution of the following ordinary differential
equation: —

d’q dq , .- d*y,
s 2h '—s*—-r, = — 0 . 8
ar T dr T T e (8)

Where 2 and ,n are the fraction of critical damping and natural circular
frequency without damping in s-th mode, respectively. The participation
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factor 2 is determined in this case by

L= S:{ ﬂc(.fv)dm/gjsu%x)d:c . (9)

The expression of the normal function ,u(x) takes the form
u(x)=C; sin (p,x/H)+ C, cos (pw/H) + C, sinh (p,x/H)+ C, cosh (p.x/H)

(10)

or
u(§)=C, sin ¢ +C, cos p.£+C, sinh p£+C, cosh p,& (10')
where p= \/1/“2n2+72“7, pz=\/17ﬁ—r2+r (11)

E=ux/H.

To ecompute above values natural frequency % must be determined first.
n is calculated by the frequency equation which is derived from the
boundary conditions. In the case where the core-wall is fixed at the
base the following frequency egquation is obtained :

2pip;— p,0:(0i — p3) sin p, sinh p, -+ (pi -+ p3) cos p, cosh p,=0. (12)

Accordingly, the following expressions for the displacement, shears and
moments are derived as the modal values: —
Displacement : —

Y =[(p! cos p;-+p; cosh p,)(p, sin £ —p, sinh p.£) .
— p:0:(Py sin p,+p, sinh p,)(cos p.£ —cosh pL)]Ce™ .  (13)

Shear in the open frames: —
Qr=[p.p,(pi cos p,+ v} cosh p,)(cos p,£ —cosh pf)
+p1p2(p1 sin P, p, sinh p2)(p1 sin p,£ + p, sinh ng)]{'%}ceim . (14)

Shear in the core wall: —

K, H*
EI

Qn= [plpz(pf cos p,+ i cosh pz){(pf-k ) cos pié

2
+ (p§ — I%—?) sinh pzs} + 2.0:(p, sin p,+ p. sinh p;)

X {201 <:D"{-l— KE§P> sin pé—p, (pi— KE,J;P) sinh pg}]{g }Cei"‘ .

(15)
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Bending moment of the core wall; —
My =[p,p.(pi cos p,+ pi cosh p,)(p, sin P&+ p, sinh pf)
— DuD(Py sin p,+ p, sinh p,) (P} cos p,é+pj cosh pz,)]{}g }C . (16)

Bending moment of the boundary beam:—
My=[p,pp} cos p,+ p; cosh p,)(cos p,&—cosh pf)
+201p2(p1 sin p,+p, sin hpz)(pl sin p,£-+ p, sin hpzé)]{%}cetm . (17)

These modal values in 1st to 3rd mode for y=20 are illustrated in Fig. 5.
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Fig. 5. Illustration of mode shapes, shears and moments. .

5. Earthquake response of some ideal buildings

5.1 Sample buildings
Six different buildings are considered in the response analysis. The
number of stories and the column sections of these buildings are shown
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in Table 1. These dimensions are chosen as having simple integer
values of @ and y. The natural periods of buildings are also shown
in Table 1. The fraction of critical damping is assumed to be 0.05 for
the first mode in every building.

Table 1.
Natural Period
Number of 2 ‘ Column

stories o ; 7 Section (cm) (Fundamental)
(Sec)
BUILDING A 12 1 5 70x 70 0.876
” B 12 1 10 85x 85 0.686
” C 20 10 20 Bx 75 1.66
r D 20 10 50 110x110 1.125
” E 40 100 100 80x 80 2.61
” F 40 100 100 110x 110 1.89

5.2 Method of computation

The analog computer “SERAC” has been used to integrate equation
(8) and to superpose the modal values. Each modal value for displace-
ment, shear and moment were obtained by digital computer according
to equations in the preceding section. The computed shears in core-wall
of Building D are illustrated in Fig. 6.
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Fig. 6. Illustration of responses obtained by analog computer.

5.3 Earthquake ground motion
The following two types of earthquake motions are used.
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EL Centro 1940 NS type
Tokyo 101 1956 NS type

5.4 Results

The results are obtained for displacement, shear and moment responses
as illustrated in Fig. 6. The maximum values in each response are plot-
ted in Figs. 7-18 by the (®) mark.

The (x) mark in the same figures shows so-called “root mean square”
values, which are defined as

Y= \/ LY, ete., (18)

the solid lines representing the maximum values when the first mode
only is considered.
Comparing these maximum values it can be said that

(1) “Root mean square” values are always very close to the exact
maximum values except in a very few cases.

(2) In most cases the first mode maxima are nearly equal to the exact
maxima, and this means the effect of higher modes is very small. The
exceptional case is seen in Building F, for which the maximum values
of the first and second modes are comparable.

6. Concluding remarks

The method of earthquake response analysis for core-wall buildings
has not been well established. The preceding results of the earthquake
response of some ideal buildings show that the first mode maxima are
nearly equal to the exact maxima with a few exceptional cases. Although
these results are obtained for the buildings with constant section along
the height, this suggests the possibility of approximate method of analysis
in which the building is reduced to the shear type multi-mass vibratory
system.

It can be expected that in the core-wall building the vibrational
energy be absorbed by partial failure of wall element for severe earth-
quakes. In such a case non-linear response analysis must be employed
and this will be discussed in the succeeding paper.
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