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Abstract

If a building structure is built very close to other buildings, the cross-interaction
between these buildings will occur through the soil ground. Tt is important to discuss
the mutual effect of the adjacent building structures for the seismic design.

The purpose of this paper is to present a method of a analysis based on the Three
Dimensional Thin Layered Element Theory developed by Dr. Hiroshi Tajimi, which has been
extended to the analysis of the cross-interaction between two structures.

Also, the validity of the proposed method is examined by comparing the results of
analyses with those of small shaking tests.

1. Introduction

A nuclear power plant consists of several buildings which are usually composed of
rigid wall together by floor slabs. It is pointed out that if the separation distance
between two stiff buildings 1s small the cross-interaction effect will occur remarkably
during earthquike. To clarify vibrational characteristics of the cross—interaction effect
between two structures is important in the seismic design of a nuclear power plant.

We have developed computer codes based on the Thin Layered Element Theory to study
this effect. In this proposed method the steady-state response of the structure is
obtained summing up each structure response in two local cylindrical coordinates.

The following assumptions are made in this analytical model system.

(1) A semi-infinite outer soil region is subdivided into several horizontal sublayers
formulated by the Thin Layered Element. The wave propagation theory is applied to this
outer soil region.

(2) An inner region consisting of a foundation and a soil column is represented by
Timoshenko beam.

(3) A superstructure is modeled by a lumped mass model.

(4) A transmitting boundary is set up at the far field of the outer soil region and a

dashpot is used as a lower boundary.

2. Ihgg}y of Analvqiq_

2.1 Solutions of Wave Equations

The wave equations for an elastic body referred to a cylindrical coordinate system

(r, 8, Z) are given as
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A,G: Lame's constants
Let A and G have complex values to take material damping into account.

Under harmonic load in the x-direction, the solutions of Eq. (1) can be written in the

form of Fourier series.
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the Fourier coefficients in which are
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where H,/2(kr)1s the Hankel function of the second kind of order n, and ¢"(2) s ¥"(2) and x™(2)

are potential functions.

Substitutions of Eq. (3) and (4) into Eq. (1) give
2
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and Eq.(4) is transformed to
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Discretizations of Eq. (5) lead to the characteristic equations for the outer region

in matrix form.
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[As], [Gs], [AR], [BR] and [GR] are constructed from A, G and the thickness H of each ele-
ment, and [Ms], [MR] are from p and H.
{¢s"} and {¢g"} correspond to the eipgenvectors for the shear wave and the Rayleigh wave,

respectively. WNote that the eigenvalues and eigenvectors are independent of the order n.
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2.2 Superpositions of Waves

Here, to consider the cross interaction, two local cylindrical coordinate systems

(r1, 01, Z) and (r , 8 , Z) are introduced as shown in Fig.-1.

It is considered that the wave in the outer region conrists of the components scatter-

ed from the first inner region and those from the second, which are denoted as unln, 0 2),

wrnru, O, 2n) , etc, The Cartesian coordinate system mediates the above two local systems.

Namely uxi = unln, &, 2) cos 6 —ualn, 6, 2) sin ‘9[’ (©)
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Using Eq. (3) and (4) together with Eq. (9) and (10), the total displacements can be
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the modal displacements in which are
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where Jn(kr) is the Bessel function of order n. The Bessel's additlion theorem 1s used

during the derivation of Eq. (12).
Assuming that the modal displacements of Eq. (12) keep the cross-section of soil clxr-
cular at r=Ry and r=Ryy.
0 —
V7l ruern = 0

Urk"|r.=R. =0, Uak"|r.=lh =0,

vzk"|r.=k. =0 (n > 2) ........................ (14)

Urkllr.=R~+ Uakl|r.=R. =0

for K = T, II. Using Eq. (13) (14) and (15), the displacements of order 1 can be related

to {¢s"} and {¢g"} described in 2.1 through the mode participation factors (S}
(v} = (XI+(TIHD(S")

Coefficients in Eq.

ard {$s") {(#&")-

(16) are constructed from the Hankel and Bessel functions in Eq. (12)
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2,3 Stresses on Boundaries

The stresses acting on the cylindrical boundaries are defined by
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the modal stresses in which are, according to the general stress-diplacement relations,
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Ignoring the vertical displacement 92, , substitutions of Eq. (6) into Eq. (18) yield
{pl} . ([e][k]+[d]){3’} ..................................................................... (19)
where [e] and [d] are constructed from the Hankel functions and (#s}, {¢r} and [k] are
from Ks and KR. Eq. (16) and (19) derive
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The total surface forces on the node of an element are

w2
bxx = _2[”/2(0rk COS Gk — Trox sin Ok ) Rid@ =R (pril — poi)

a2 (/f = I. H) (21)
Myx = ~2'[m2r,szk cos GiRyxdf = nR2p o

Considering Eq. (15), the equation of motion for the outer region is now given as
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2.4 Equation of Motion for Whole System
The equilibrium equations for an element of the inner region are
THGA(LL 2 — — pAwty
dz &R e -
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By discretizations in the same manner as the outer reglon, the equation of motion for each

inner region is written as

[ {bi)
{myi/Re)

[Fk] ¢ stiffness matrix, [Mk] : mass matrix

{ Vi)
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where
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Incorporating the effects of the superstructures acting on the foundations, we finally

have the equation of motion for the whole system.

{(Vn)
{(Vad
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where &
Ug : ground motion
{V#) : vector of horizontal displacements at the far field
[Mg] : dynamic mass matrix of superstructures

The solutions of Eq. (26) include the effect of the natural vibrations of the ground
due to the establishment of the virtual rigid base. To remove this effect dashpots are

placed between the lowest elements of the inner regioms and the rigid base.

3. Model Tests and Simulation Analysis

3.1_Model Tests

To demonstrate the validity of the proposed method the small shaking table tests were
carried out. The outline of the vibration testing method was presented in the previous
report in SMIRT-7. The test specimen consisted of a soil model which was made from con-
gealed gelatine of 8 cm in thickness and a simplified one mass structure model whose
foundation was 8 cm in width. From the free vibration test, the shear wave velocity of
gelatine was 288 cm/sec and the fundamental natural frequency and damping ratio of the
structure model were 11.0 Hz and 0.5% respectively. In the cross-interaction test, two
identical structure models were located at intervals of 2 cm.

3.2 Simulation Analysis_

Fig. 2 shows the analysis model using the Three Dimensional Thin Layered Element.

The upper soil layer was divided into six thin sublayers and the viscous dashpot boundary
was set at the bottom of the base sublayer. The superstructure model was represented by
four lumped masses and beam elements.

Fig. 3 and Fig. 4 show the transfer function and phase lag curves obtained from the
cross—-Interactlion analysis in comparison with the test results. The solid and dotted lines
show the analysis results and the symbol o shows the test one. In the transfer function
curves obtained from the test and analytical results two peaks upper at the top of the

structure. The summation number of Fourier terms is assumed n = 3 in this calculation.

4. Conclusion

In this paper, the analytical procedure for dynamlc cross-interaction between two
structures 1s presented using the Thin Layered Element Method.

The test indlcates that the proposed method is applicable to the analysis of the cross-

interaction effect.
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Fig.l. Two Local Cyrindrical Coordinate

Systems
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