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INTRODUCTION

In analysing the seismic response of structures, the base plate has
been treated to be rigid. However, when the structure has a long dimension
in plane, the assumption that the base plate is rigid is not realistic.
Furthermore, for a structure with long dimension, it is important to take
into account the effects of the phase differences between free surface
motion at each point. Recently, Oien developed a two-dimensional analysis
of a harmonic response of a elastic plate resting on an elastic half space,
whose problem was formulated in the terms of dual integral equations. [1]
To solve the equations Olen successfully used Galerkin's method.

This paper deals with a theoretical, though approximate, analysis of
the vertical behaviour of long dimensional size structures on the ground,
when subjected to the obliquely incident earthquake motion. For simplicity
a long elastic base plate is considered as a model of structure as shown
in Fig. 1. The distinctive features of this paper are as follows; 1) The
plane shape of the base plate is rectangular, 2) The elastic deformation
of the plate is taken into account, 3) The analysis is three-dimensional.
The basic equations are formmulated in the form of integral equations,
which, in this paper, are solved by Galerkin's method after Oien.

In this analysis, the followings are assumed; 1) The plate deforms
only along the long direction of it, and the deformation along the short
axis is not taken into account. 2) The incident earthquake wave propagates
parallel to the long direction of the plate. 3) The contact shearing
stress between the ground and the plate is neglected because only the ver-
tical motion of plate is considered and the shearing stress can be supposed
to be smaller than the other stress. 4) The continuity of displacement of
the ground and the plate is considered only along the center axis of the
plate (x-axis shown in Fig. 1). This assumption would be recognized be-
cause a slender plate is considered in the analysis.

INCIDENT WAVE AND GREEN'S FUNCTION OF ELASTIC HALF SPACE

As shown in Fig. 1, coordinates system (%,¥,Z) is set and nondimen-
sional coordinates (x,y) are defined as follows. _
x=X/c Y y=7/b : ) (l)
where ¢ = half length of the plate, b = half width of the plate.

Vertical component on the ground surface of the obliquely incident
harmonic motion can be expressed by

i . '

v (x) = exp i(wt - k;jx) (2)
where the displacement amplitude is set to be a unit, w = circular fre-
quency of the incident earthquake motion, k; = wave number, in which denot-
ing an apparent surface wave velocity by Va then ki =wec / Vg .

.. In this analysis, an expression of the vertical displacement on the
- free ground wp when subjected to a harmonically excited point load at the
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surface is required. An approximate solution of Wp was presented by Tajimi
as follows. [2] . i .
_1l-v exp(rlKr) ciwt (3)

¥p 2T

where, y = shear rigidity of ground, v = Poisson's ratio of ground, ¥ =
1.33w / Vg (Vg = shear wave velocity of ground), r = radial distance from
the exciting point. Rewriting Eqg. (3) with Cartesian coordinates and re-
placing wy by G(x,y|&,n), it can be expressed by,

1-v exp{ilc/ (x - £)% + a®(y - n)? }
2mue V/E -£)2 +a%(y -n)?

where the term elmt is omitted and the other symbols denote as follows.
a=b/c , k=% =133 , Q=uwc / Vg (5)
Eq. (4) expresses the vertical displacement at the point (x,y) when excited
at (£,n), and it indicates the dynamical Green's function of semi-infinite
elastic ground. Eq. (4) can be expressed by Sommerfeld's integral and fur-
ther transformed into a more convenient form as follows. [3]
1 - @

¢(x,y|&m) = 21\'uc\) '{o Ko(avV s? = «® [n]) cos{s(x - &)} as ; y=0 (6)
where, Ko(x) = modified Bessel function of the second kind, and y is set
to 0 from the assumption 4).

BASTIC AND INTEGRAL EQUATIONS

Denoting the deformation of the plate by W the continuity condition of
displacement between the ground surface and the plate can be expressed by,

. W (x) + v (x) = W(x) (M
vhere w indicates a displacement caused by jthe scattered wave. The con-
tact normal stress between the ground and the plate is caused by the scat-
tered wave, and denoting it by qs the nondimensional equation of motion of

the uniform plate along x can be expressed by

(4)

G(X,Yli;ﬂ) =

atw 2 1-v. ¢l o
- = =2 a 8
D = MQ“W m bf‘l q (X,Y) y (8)
- bh? 2(1 - v) bh
where, D = _E(l6u v) - M= 21 -v) 5 v) <Z fp - (9)

in which E = Young's modulus, p, = mass density, h = thickness of the plate.
w® is divided into two component as expressed by,

. wo(x) = v (x) + ¥ (x) (10)
where letting w be as given by,
Wd(x) = - w(x) then W (x) = W(x) (11)

In the same way as dividing wS as shown in Eq. (10), ¢° is divided into two

components; a r
a®(x,y) = q (x,57) + ¢ (x,¥) (12)
In the above equation, qd corresponds to the wd and represents the stress

distribution of the diffracted wave of immobile rigid plate. On the other
hand, g¥ corresponds to w¥ and represents the stress of radiated wave by

the forced displacement W.
Substituting Eq. (12) into (8), the following equation is obtained.

a*w 2 1-v.rt r = LoVt a (13)
D GF - MOW + = bf_lq (x,y) dy S bf_lq (x,y) ay

To solve the response of the base plate W, it is convenient to expand W and
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qF in the following series.

w(x) = cf AW, (x) 5, oT(x,y) = cf Apag(x,y) (1)
n=0 n=0

©
From Egs. (11) and (14),  r(x) = ) ApWp(x) (15)
n=0
Substitution from Egs.(14) into (13) leads to the following equation, where
upper limit of the series 1s set to n, instead of infinite.
Nw [
d W 1-v 1 1-v 1
J AL[D E?ﬁ MWt = bf & (x,¥y)dy] = - == bf o¥(x,y)dy (16)
n=0 H -1 H -1
In this analysis, the series of W, is chosen to be the free vibration mode
of the elastic plate as shown,

+
Ch Bn cos Bnx cos Bn Ch B nx s n even

Y/ cn? Bn + cos? Bn (17)

Wy(x) =
Sh Bn sin Bnx + sin Bn Sh Bnx .
>
Y/ sn? Bn - sin? Bn
where Sn represents the root of the following equation,
(-1)® Ch By sinBp + Sh Bp cos By = O (18)
By =By = 0 are also the roots of Eq.(18), and correspond to the rigid body
displacements. Therefore, W, and W; are chosen as follows. -~
Wolx) =1 , Wi(x) = x (19)
Thus expressed vibration modes satisfy the following orthogonal relations.

f_‘l Wn(x)Wg(x)ax = Apg = 0 (n%0) , 2 (n=g=0) , 2/3 (n=g=1) , 1 (n=f>1) (20)

Based on the definitions of qd and g¥, the following dual integral
equations can be obtained.

bcf_ll f_ll J(g,n)6(x,y|E,n) dEdn = wI(x) ; y=O0and J=4d,ry, (21)

From above, the problem in hand results in the analyses of the dual integral
equations.

n = odd

ANATLYSTS

Let's solve the dual integral equations by means of Galerkin's method.
For this, the contact stress is expanded by series, which is empirically
chosen as, 1 %T Bd Tm(x) S roa .y (22)
—_— iy =—) - > n
V1-y2m=0 "Y1 - x?
where, Tm(x) = Tschebysheff polynomials. Multiplying Eq. (21) by
T (x) /¥ 1-x2 (L= 0~my ) and further integrating over the interval -1 <
x< 1, then the following simultaneous equations are finally obtained.

L=y el = {ed} ;o d=a,m, (23)

where matrix [Hml] is the symmetric one of the si}e my. Making use of the
formulae; [4]

o (x,y) =

1 Tn(x)
-1/ _ %2 '
1 1 ™ s s
Ko(sx) ———— = = = )X -
fo of ),___l_x_zdx 5 To( 3 Ko 3 )
where Io(x) = modified Bessel function of the first kind, the element of
the matrix can be written by,

eT% ax = (=1)B nJy(s)

(2k)
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(-1)@+2) /2 5 (5)7,(s) s m,0 = even
}ds (25)

= 1w "Io(2)Ke(2)
Hnyg “fo o o { (-1)(m+2=2)/2 Jn(s)Jg(s) » m-f = odd

where Z = vV 82 - «?/2 and when m + £ = odd then Hyp = O. Since integrand of
Eq. (25) has a branch point at s = k, the integral may be carried out by -
dividing the interval of the integration into two parts; 0<s<k and k <s<
© ., The integration over the interval 0< s <k can be evaluated by using

the formulses  1y(ix) = Jolx) , Kol(ix) = - 5 18§%x) (26)
The coefficients of the right hand side of Eq. (23) are expressed by,
~(-1)1/2 Fy(kg) ; m = even
J=d;cg=f1——w)—wd(x)dx= (27)
“1/1 - x? 1(-1)(m*1) /2 13 (ki) ; m = odd
Jd=1rp
nz2;Chn= fl Mwn(x) dx
-1 / l - xz
. (<1)%/2 ch By Ju(Bn) + cos Bn Im(Bn) . m = even
fChz Bn + cos? Bn ' n = even
(28)
=(  (2)®D/2 gp gy Ju(Bn) + sin Bn In(Bn) .m = odd
’ =
Vsn? 8p - sin? Bn n = odd
0 ; min = odd
T m=20
n=03¢che={7 312, (29)
/2 .,m=1
n=1;0= {5 smwl (30)

Solving the simultanious equations,the coefficients of the contact
stress distributions B% and Bl are obtained. Successively, multiplying
the both side of Eq. (13) by Wy(x) and integrating over the interval -1<x
<1, the following simultaneous equations are given.

(Fngl{An} = {Pn} (31)
where matrix [Fnﬂ.] is a symmetrical one of the size ny and its element is
expressed by, - v

1 . '
Fng = (D 8 - M2%)Ap, + m b“<cgn>{3§g} y J=0vmy (32)
in which < > represents a symbol of row vector.
The right hand side of Egs.(31) can be expressed by,

L — br<cp>{B} 3 3 =0~my (33)

Dn=_

NUMERICAT, EXAMPLE

The parameters needed in this analysis are five and all nondimensional
as follows.

_ we _uwc _ Vg _ (1-v)bn? _ 2(1-v)bh _b
ey KTy T DT The M= T o= (BH)

In the numerical analysis, the parameter A = Vg / Vg is used instead of kj
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for convenience. The various constants of the ground and the plate for
this numerical analysis are chosen as follows;

p = 0.15 fb'secz/mx+ , Vg = 150 m/sec , v = 0.4
E = 2.1x10° t/m* , py = 0.2k t-sec?/m* , h/c = 0.04 , & = b/e = 0.25
The calculated results are shown in Figs. 2 to 4.

Fig. 2 shows the complex expansion coefficients of W and of in Egs.(1k)
as a function of  and parameter A. The coefficients stand for frequency
transfer functioms which indicate the relation between the earthquake motion
on the free surface and the free plate modes. From the results the follow-
ing remark would be made; For the case A = 0.1, which coresponds to the
case that the incident wave propagates nearly parallel to the ground sur-
face, the displacement response amplitudes for more than the second mode be-
come small. Therefore, for such a case the effect of elastic deformation
of the plate becomes less.

Fig. 3 shows the absolute value of displacement response at the both
edges and the center of the elastic plate. In this figure, the results for
the rigid plate are also shown by dotted line for comparison. This result
indicates that the effect of elastic deformation of the plate is significant
for this example, and it can not be neglected.

Fig. 4 shows the displacement response along the x-axis of the elastic
plate. This result indicates that for large value of Q the displacement
response at the edges may become twice or more as large as that around mid-
dle of the plate. Therefore, it can be pointed out that the edges of build-
ing with a long dimension in plane should be carefully designed.

CONCLUSION

In this paper, a vertical behaviour of long dimensional elastic plate
resting on the ground, when subjected to the obliquely incident earthquake
motion, was approximately analysed on the basis of three-dimensional wave
propagation theory. The numerical results were given for the harmonic re-
sponse of the elastic plate. The importance of the elastic deformation of
plate with a long dimension in plane was pointed out.
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