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SUMMARY

It is generally recognized that the earthquake response of a structure can be 
significantly affected by the dynamic interaction between the structure and the 
surrounding soil. Dynamic soil-structure interaction effects are usually analyzed 
by using a lumped mass model or a finite element model. In the lumped mass model, 
the soil is represented by springs and dashpots based on the half-space elastic 
theory. Each model has its advantages and limitations.

The Three Dimensional Thin Layered Element Theory has been developed by Dr. 
Hiroshi Tajimi based on the combined results of the abovementioned lumped mass 
model and finite element model. The main characteristic of this theory is that, in 
earthquake wave propagation, the boundary conditions of the elements are taken into 
consideration and can be applied in the analysis of many problems in soil­
structure interaction, such as those involving radiation damping, embedded struc­
tures, and multi-layered soil deposits.

This paper describes test results on a small scale model used to prove the 
validity of the computer program based on the Thin Layered Element Theory. As a 
numerical example, the response analysis of a PWR nuclear power plant is carried 
out using this program.

The vibration test model is simplified and the scale is 1/750 for line. The 
soil layer of the model is made of congealed gelatine. The test soil layer is 
80cm long, 35cm wide and 10cm thick. The super structure is a one mass model made 
of metal sheet spring and solid mass metal. As fixed inputs, sinusoidal waves 
(10,20 gal level) are used. The displacements of the top and base of the super 
structure, and the accelerations and the displacements of the shaking table are 
measured. The main parameter of the test is the shear wave velocity of the soil 
layer.

The computer program is applied also for time history analysis of earthquake 
motion or time-varying nodal load.

From the shaking table test and the numerical analysis, the following conclu­
sions are drawn.
1. The analytical resonant characteristics are in good agreement with the test 

results.
2. This Thin Layered Element Theory seemed to be useful for the analysis of 

various earthquake engineering problems.



1. INTRODUCTION

The authors have developed a computer program to evaluate the problem of 
soil-structure interaction. The computational procedure of this computer program 
is based on the Three Dimensional Thin Layered Element Theory developed by Dr. 
Hiroshi Tajimi. (1)

In this theory, the soil is assumed to spread out cylindrically and is 
divided into an inner irregular region, and outer thin sublayered regions which 
have infinite length in a horizontal direction. The far field is represented by a 
semi-analytic energy transmitting boundary based on wave propagation. The inner 
irregular region can be dealt with by using the Timoshenko beam, and the super 
structure can be represented by a lumped mass model.

The basic formula of Thin Layered Theory is shown as follows:
Taking Ug=Ug.elot (Ug: ground motion), an equation of the ground motion is, 
([1)-Eq.72)
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where [R ] , [R ]: stiffness matrix of outer thin sublayered region 
FH] : stiffness matrix of inner irregular region 
Vr},{Vz: vector of horizontal and vertical displacement at r=ro, 

where ro is radius of inner irregular region.
{vr} : vector of horizontal displacement at the far-field of outer 

thin sublayered region
In the first part of this paper the validity of the computer program is 

discussed, comparing results obtained from the computer with the test results from 
the shaking test. The reactor building of a PWR plant was employed in this study 
as a base for the sample model. The size of the model was determined to comply with 
the law of similitude. Gelatine was used to represent soil in the model.

In the second part, the outline of the computer program and some numerical 
examples are also presented.

2. SHAKING TABLE TEST

2.1 SPECIMEN

The reactor building of a PWR plant was recreated in the soil-structure model 
on a scale of 1/750 considering the law of similitude. See Table-I.

The super structure consists of a one-degree system. The model is fabricated 
from plate metal and solid metal weighing 28.1 gr. with a wooden foundation.
The wooden foundation is 10cm x 10cm long and 1.2cm thick. Its density and Young's 
modulus obtained from a beam test were 0.535 gr/cm3 and 4.27 x 106 gr/cm2. The 
metal plate which is 10.2mm wide, 0.3mm thick and 3.9cm high, consists of an alloy 
of bronze and phosphorus. Its Young's modulus is 1.05 x 109 gr/cm2.

Three soil models were adopted for parametric study. The weight-density of the 
congealed gelatine of each model is 8%, 10% and 15% respectively. The physical 
coefficients of gelatine are shown in Table-II.

2.2 PROPERTIES OF SPECIMEN

Two preliminary tests were conducted to obtain the properties of the super 
structure and the soil model before the shaking table test.

Firstly, a free vibration test of the structure model was conducted by 
checking results of impact on the solid metal. The test indicates the predominant 
frequency and damping ratio are 10Hz and 0.4%.

Secondly, a shaking table test was conducted on each soil model. The reso­
nance curves obtained from the tests show that the predominant frequency is 5.5Hz 
for 8% weight-density gelatine soil model and 9.8Hz for 15% one.
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2.3 SHAKING TABLE TEST

After congelation of the gelatine, the structure model was set on the soil 
layer.

In order to measure the absolute displacement and relative displacement of 
the structure model, a target for a contactless optical displacement meter and 
wire strain gauges were attached to the solid metal and lower plate metal.

The shaking table is 25cm wide and long. The loading weight capacity of this 
shaking table is 40kg. The shaking table can vibrate in the range 0.5 to 100Hz.

Each model was subjected to sinusoidal ground motions of 10 gal and 20 gal. 
The direction of movement of the shaking table was along the length of the soil 
layers.

The system of shaking table test is illustrated in Fig. 1.

2.4 COMPARISON WITH THEORY

The Thin Layered Model (TLM) for analysis of the shaking table test results 
is shown in Fig. 2. In this model the soil is divided into seven layers.

a. The Free Field Harmonic Excitation Test

The experimental frequency transfer curves are compared with the calculated 
values in Fig. 3. The values of the transfer function are defined from the ratio 
of the soil surface displacement to the shaking table displacement. The calcu­
lated lowest resonant frequency agrees favorably with values obtained from each 
test. In the results from the soil model using 8% weight-density of gelatine, at 
higher frequencies (13.5Hz, 17.0Hz) the peaks of amplitude appeared, they suggest 
the 'vertical first mode and horizontal second mode.

b. The Soil-structure Harmonic Excitation Test

The transfer curves from test results are compared with the calculated values 
in Fig. 4. The values of the transfer function are defined from the ratio of 
solid metal displacement to the shaking table displacement.

The resonant characteristics obtained from the TLM agree well with the test 
results.

3. COMPUTER PROGRAM

3.1 OUTLINE OF PROGRAM

A flow chart for the computer program is illustrated in Fig. 5. It shows 
that the computer program consists of two steps. In the first step transfer func­
tions can be computed, and, in the second step, time history response analysis can 
be conducted using the transfer functions computed in the first step. Time 
history response analysis is calculated with Fast Fourier Transforming Coefficient.

Three kinds of transfer functions can be obtained by using different laod 
input points, i.e. ground motions, loads to the top of the foundation, and loads to 
a point on the structure. For ground motions Ug. an equation for the motions of 
the whole system is written as follows; ((1)-Eqn.88)

2 2
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where [MB],[MB]: effective mass matrix of the structure
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Transfer functions of the ground are given in eq.(2). But, because the 
solution of this formula is influenced by the ground vibrations resulting from 
giving an imaginary bedrock to the model, we correct it by giving a dashpot at the 
base of the ground.

When the top of the foundation vibrates horizontally P=Pei® t, the 
equation of the motions of the whole system has. the form

2 2
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eq.(3)

When horizontal vibrations P=Pei0t were given to one of the lumped mass 
models of the structure, the equation for the motions of the whole system became
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where Pq, Pm: a correct term of shears and bending moments due to a load 
introduced to a lumped mass model.

In the second step, the result of time history analysis is as follows:
If a random external force Y(t), such as ground acceleration, load exerted on the 
foundation and on a lumped mass model, is provided arbitrarily, the complex 
Fourier coefficient C(w) is given by

C(w) = Zy()2niut eq. (5)

Using this coefficient and transfer functions given in the first step, the 
responses are calculated by using the formula.

R(t) = z C(W) r(w)21ot eq.(6)

3.2 NUMERICAL EXAMPLES

Two numerical examples applied to the seismic analysis of PWR power plant 
reactor building on an elastic ground are shown. The one relates to ground 
motions, and the other to loads introduced to one of the lumped masses.

A three dimensional thin layered element model (3-TLM) for the analysis is 
illustrated in Fig. 6. The structure is divided into 13 points. The ground is 
divided into 10 thin layers.

Three earthquake waves, El Centro NS, Taft EW and G. Gate EW: CITV-2 are 
employed in this analysis. The maximum acceleration of these waves is normalized 
to 100 gal.

The interval of acceleration for the response analysis is 0.01 sec. Duration 
time of earthquake waves is 10.24 sec.

In Fig. 7, the dotted line shows results of the lumped mass model (LMM) in 
which the ground is represented by springs. Though the damping factor of the 
spring is 25% for swaying and 7.5% for rocking, the results nearly agree with the 
results of 3-TLM.

Results of an analysis from the use of lumped masses are illustrated in Figs. 
10 - 11. The loads are added only to the node No. 5 by sin curves. The maximum 
load is 100ton. The period of the waves is 0.3 sec. repeated five times.

These damping factors were calculated from the theory of vibration admittance 
by Dr. Hiroshi Tajimi.
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4. CONCLUSION

The resonant characteristics found in test results are approximately equal to 
theoritical values calculated from the computer program. In the numerical 
examples, the results calculated from the Thin Layered Model nearly agree with the 
results of the model LMM, where the ground is represented by springs having 
damping factors calculated on the basis of the theory of vibration admittance by 
Dr. Hiroshi Tajimi. Results computed by use of the Thin Layered Model may be 
incorporated in actual design.

The Thin Layered Model can be applied widely to various aseismic engineering 
problems, such as embedment effects in seismic response, response analysis for 
multi-layered soil deposits and location of ground motion to be input. Also, ana­
lysis of observed earthquake waves could be carried out using this computer 
program.
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TABLE-1 LAW OF SIMILITUDE

LENGTH L Lm/Lp = 1/2

MASS P Pm/pp

YOUNG’S MODULUS E Em/Ep

TIME T Tm/Tp=1/2VEp pm/Empp

ACCELERATION a am/ap=2 Em Pp/Ep pm

Suffix

m: Model

p: Plot type

TABLE-II PHYSICAL COEFFICIENTS OF GELATINE

DENSITY OF GELATINE SOLUTION 8% 10% 15%

SHEAR WAVE VELOCITY (Vs: cm/sec) 220 290 390

WEIGHT ( T • gr/cm3) 1.03

POISSON'S RATIO ( v ) 0.5

A ; STRUCTURE MODEL
B ; SOIL MODEL

C ; FOUNDATION OF SHAKING TABLE
D ; ELECTRO-MAGNETIC ACTUATOR

D
1 ; TARGT

2 ; WIRE STRAIN GAUGE
3 ; ACCELEROMETER

1
©

B

2

C

Fig. 1 SYSTEM OF SHAKING TABLE TEST
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