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SUMMARY

The dynamic response analysis has been utilized to evaluate the safety margin of nuclear
power plants against major earthquakes. On modeling for the dynamic response analysis due to
 the horizontal compenent of earthquake ground motions, a large number of papers have heen
presented so far. For the simpler aseismic design of equipments and pipings, the dynamic re-
sponse analysis due to the vertical component has been required, but very few have heen
related to. In this paper, authors tried to establish the rational and economical model due to
the vertical component considering the dynamic soil-structure interaction effects and the
flexibility of the mat foundatiom.

In this research, the following three types of model were introduced.
1) Finite element model

Two cases of response analyses due to harmonic excitations with the finite element model
were performed in which the mat foundation was treated rigid and elastic body. The dynamic
soil-structure interaction effects were evaluated based on the condition that soil was semi-
infinite elastic medium.
2) Sophisticated mass—spring-dashpot model

Two cases of response analyses due to harmonic excitations were performed to simulate the
dynamic characteristics of the finite element models mentioned above using the sophisticated
mass—spring-dashpot model, in which the dynamic soil-structure interaction effects werc evalu-
ated with the same procedure applied to the finite element model.
3) Simplified mass-spring-dashpot model

There were introduced three types of the simplified mass—spring~dashpot model in which
the dynamic soil-structure interaction effects were simplified. Response analyses due to
harmonic excitations and earthquake ground motions were performed in order to estahlish the

rational and economical model,

It was revealed that the evaluation of the dynamic socil-structure interaction effects and
the flexibility of the mat foundation had significant influence on the floor response spectra
which were required for the simpler aseismic design of equipments and pipings. The simplified
model could be available to estimate the maximum response values of the structure with allowa-

ble difference but should not be used to estimate the floor response.
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1. Introduction

The dynamic response analysis has been utilized to evaluate the safety margin of nuclear
power plants against major earthquakes. On modeling for the dynamic response analysis due to
the horizontal component of earthquake ground motions, a large number of papers have been
presented so far. For the simpler aseismic design of equipments and pipings, the dynamic re-
sponse analysis due to the vertical component has been required, but very few have been relat—
ed to. It has been pointed out that the evaluation of the soil-structure interaction effects
plays an important role for the dynamic response analysis of nuclear power plants due to real-
istic earthquake ground motions, but the influence on the dynamic response analysis by evalu-
ating the flexibility of the mat foundation has not been revealed yvet. In spite that some
complex problems remain, the dynamic soil-structure interaction effects are evaluated based on
the condition that soil is semi~infinite elastic medium. The finite element analysis procedure
which evaluates the flexibility of the mat foundation and the soil-structure interaction
effects is well suited for the dynamic response analysis, however this calculation is rather
time consuming in computer.

When the aseismic design of nuclear power facilities 1is performed in practice, the dy-
namic response analysis is repeatedly used under various conditions. Therefore, the develop-
ment of the rational and economical model for the dynamic response znalysis is expected.

The purpose of this paper is to establish'the rational and economical model of nuclear
power plants due to the vertical component of earthquake ground motions considering the dynamic

soil-structure intraction effects and the flexibility of the mat foundatien. [1]

2, Tinite element model

Two cases of response analyses due to harmonic excitations with finite element model in
which the mat foundation was treated as rigid and elastic body were performed in order to ex-
amine the influence on the dynamic response analysis by evaluating the flexibility of the
mat foundation. The structure employed in this research was B.W.R, MARK II modified as shown
in Fig.1 and was modeled under the assumption that the plan was symmetric with respect to two
orthogonal axes. In the case of elastic body, the stiffness of the mat foundatiom was evalu-
ated with 4 node shell elements shown in Fig.2, in which each nodal point had 3 degrees of
freedom for a vertical displacement and two rotational angles. In the case of rigid hody, the
mat foundation was assumed te be a single degree of freedom for a vertical displacement. As
shown in Fig.3, the structure was consisted of the shield wall, the inmer wall, the outer wall,
the cross wall, the floor slabs and the roof slab, and was evaluated with the same procedure
applied to the mat foundation in elastic body. The damping matrix for the structure was evalu-
ated as complex stiffness of hysteresis damping with 3 %7 for rainforced concrete members and
with 2 7 for steel ones. As the soil conditions, the following values were employed, i.e.,
shear velocity Vs=1000 m/sec, poisson ratio v=0.4, density of weight p=2.0 t/m3.

The dynamic soil-structure interaction effects were evaluated based on the condition that
s0il was semi-infinite elastic medium. Employing the cylindical coordinate system(r,8,z) shown
in Fig.4, the vertical displacement w(ro,r) on the contact surface excited by harmonic loading

(pelMt) uniformly distributed over the circular disk of radius r. is expressed as follows. [2]
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in which, G; shear moduli, w; circular frequency, J; Bessel function.

The vertical displacement w(ro,r) excited by point loading(Pelwt) is expressed as follows.

i 2 2
Wlrg) = - EigjjowagFiEST 3 (cards @
The displacement excited by harmonic loading distributed over the contact area{8) between the
mat foundation and the soil is expressed by Green function.

wix,,y,) =JG(x1,y1'x2,y2) a(x,,y,)dx,dy, (3)
in which, w(x1,y }; the displacement at the cartesian coord1nate(x1,y Y, q(xz,yz); the distri-
buted loading on the region S, G(xl’y1 Z,yz), Green function. [3]

In the case of elastic body, the region S was subdivided into some elements having equivalent
area with rectangular elements shown in Fig.2? and each nodal point was located at the center
of circular element. The integration of eq.3 was substituted approximately by the sum of eq.1
and eq.2, The relation between displacements and loads over the contact area was expressed by
the matrix form, employing eq.1 for diagonal coefficients and eq.2 for off-diagonal coef-
ficients. In the case of rigid body, it was assumed that all of the displacements over the
contact area were egualized.

The distributions of the contact stress at 0 Hz in rigid body and at 8 Hz in elastic body
are shown in Fig.5¢a) and (b}, respectively. In the case of rigid body, the distribution of
the contact stress was similar to Boussinesq distribution at any frequency. In the case of
elastic body, the distribution showed the very complicated shape and quite different from that
in rigid body. The distribution of phase angle was almost uniform at any frequency in rigid
bedy while in elastic body showed the varied shapes at some frequency as shown in Fig.5(c).

Frequency-responses of displacement and acceleration at the mat foundation are shown in
Fig.6. The amplitude of displacement in rigid body had the maximum peak value at around 3 Hz,
on the other hand in elastic body, the amplitude of each nodal points had the different peak
value and then the frequencies at the maximum peak values were different, The magnification
factor of acceleration in rigid body had the maximum peak value at around 4 Hz, on the other
kand in elastic body, the magnification factor of each nodal point showed the similar shape of
the amplitude of displacement in low frequencies and very complicated shape in higher fre-
quencies than 7 Hz. The distributions of displacement,acceleration and their prhase angles at
8 Hz in elastic body are showm in Fig.7. These figures showed that response values were
different among the nodal points at the mat foundation in elastic body. Frequency~responses of
displacement and acceleration at the nodal paint "S$", the top of the shield wall illustrared
in Fig.3, are shown in Fig.8{a) and (b), respectively. Both the maximum peak values of dis—
placement and acceleration in rigid body were larger than those in elastic bedy, and the fre-
quencies at the maximum peak values in rigid body were higher than those in elastic body. The
differnces in response values among the nodal points at the top of each wall were smaller than
those at the mat foundatien.

From these results obtained, it was revealed that the influence on the frequency-response
in the finite element model by evaluating the flexibility of the mat foundation should not bhe

neglected.
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3. Sophisticated mass—spring-dashpot model

The sophisticated mass-spring=~dashpot models to simulate the dynamic characteristics of
finite element models in Sec.2 were introduced. As shown in Fig.9, the structure was idealized
with mass—spring-dashpot model based on the results cbtained by the finite element models. In
the case of elastic body, the mat foundation was treated as the beam element. The nodal points
which were located at the same hight of the wall were concentrated to a single nedal peint.
The stiffness related to axial load of each wall was evaluated as spring constant by the
interpretation that all of the cross sections were effective, and then the shear stiffness of
the cross wall was evaluated. The floor and roof slab were treated as the beam element. The
mass was lumped at each nodal point. The damping matrix was evaluated with the same procedure
in previous section.

The dynamic soil-structure effects were evaluated with the same assumption applied to the
finite element model. The contact area between the mat foundation and the soil was divided
into cirecular disk and ring shown in Fig.10 so that the sharing area of each wall was equal-
ized to the sharing area in the finite element model. The vertical displacement LI of the
center on j-th element excited by harmonic leoading uniformly distributed over the i~th element
is expressed as follows, applying eq.1.

wij = w(riz,rj) - w(rii,rj) 4)

where, Ty and r;, are the inner and outer radius of i-th element, respectively. rj 15 the mid
radius of j-th element. In the case of rigid boedy, all of the displacements were assumed to be
equalized.

The comparisoms of frequency-response of acceleration between the finite element models
and the sophisticated models at the mat foundation and the top of the shield wall in rigid and
elastic body are shown in Fig.11 and 12, respectively. By these figures, it was revealed that
the dynamic characteristics of the finite element medels could be simulated by the sophisti-
cated models.

The response analyses due to the vertical component of earthquake ground motions were
performed by these sophisticated models. 10 simulated earthquake ground motions of §t{maximum
possible) were employed as input. [4] They were generated in computer to fit the response
spectrum of magnitude 7 with epicentral distance 20 Km.[5] [6] Fitting status to the target
spectrum is shown in Fig.t3. As the average of the maximum response values are shown in Fig.14,
the differences between rigid and elastic body at the top of walls were in small range fram 7
to 9 %. The average of floor response spectra with 1 % damping between rigid and elastic bedy
at the mat foundation and the top of the shield wall are shown in Fig.15. The floor response
at the mat foundation in rigid body were generally smaller than that in elastic body except
around 0.11 sec., on the other hand the floor response at the top of the shield wall in rigid
body at around 0.11 sec, was significantly larger than that in elastic body. Trom these
results, it was found that the influences on the maximum response values of the structure by
evaluating the flexibility of the mat foundation could be neglected while on the floor

response significant.
4, Simplified mass-spring-dashpot model

Three types of mass—spring-dashpot model with the siplified dynamic soil-structure inter—

action effects were introduced and the response analyses due to harmonic excitations and
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earthquake ground motions were performed in order to establish the rational and economical

model, that is, rather simpler analytical model in which the soil-structure interaction ef-
fects and the flexibility of the mat foundation were considered and the time consuming in

computer could be saved. The complex stiffnesses of soil which represent the soil-structure
interaction effects of the simplified model employed are illustrated in Fig.16.

Model 1 was the same model as the sophisticated model of elastic body mentioned in Sec.3
and was treated as the standard model. In Model 2, the mat foundation was treated as elastic
body. The interaction effects of soil was evaluated with the spring constant and the equiva-
lent damping coefficients obtained by complex stiffness. The real part of complex stiffness
was the static stiffness. The imaginary part represented the dissipation in proportion to the
frequency and was obtained at the fundamental frequency of the soil~structure interaction
system. The interaction effects of soil connected to the nodal points at the mat foundation
were obtained by dividing the complex stiffness of rigid body in proportion to the ratio of
sharing area of a circular disk and rings shown in Fig.10. 1In Model 3, the mat foundation was
treated as elastic body. The interaction effects of soil was evaluated with the spring
constant and the constant equivalent damping ratio. The interaction effects of soil connected
to the nodal points at the mat foundation were obtained by the same procedure in Model 2. In
Model 4, the mat foundation was treated as rigid body in Model 3, therfore, this model could
be defined the most simplified model. In this paper, Model 2, 3 and 4 were termed as tha
simplified models.

The results by frequency-response of acceleration at the mat foundation and the top of
the shield wall are shown in Fig.17(a) and (b). Both magnification factors at the mat foun—
datien and the top of the shield wall of the simplified model were rather smaller than those
of Model 1 in low frequencies, and in high frequencies those of Model 3 and 4 were quite
smaller. The maximum peak values of the simplified models except the top of Model 4 were
smaller than those of Model 1 and the frequencies at the maximum peak values except the top of
Model 2 were different from that of Model 1. From these results obtained, it was found that
the simplified models could simulate the magnification factors of acceleration of Model 1 in
the low frequency range but not in the high one.

The response analyses due to 10 simulated earthguzke ground motions employed in Sec.2
were performed. The average of the maximum response values of acceleration are shown in Fig.18.
The differences of simplified models to Model 1 at the mat foundation were within the small
range while at the top of wall rather larpe. The maximum differences of simplified models to
Model 1 at the top of walls were 13 Z at the shield wall in Model 2, 25 Z at the ianer wall in
Model! 3 and 19 X at the inner wall in Model 4., The maximum difference of the simplified models
to Model 1 at the center of the roof was 12 7 in Model 3. From the results obtained, it was
found that the simplified models could simulate the maximum response values with allowable
difference. The average of floor response spectra with 1 % damping normalized by Madel t at
the mat foundation and the top of the shield wall are shown in Fig.19(a) and (b), respectively.
Both response spectra at the mat foundation and the top of the simplified models were gener-
ally smaller than those of Model 1 except around 0.11 sec. The simplified model showed the
tendency to underestimate the floor response in the short period range that has significant
influence on the aseismic design of equipments and pipings. From these results obtained, it
was found that the simplified models could not estimate the floor response spectra because of

their underestimate,
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5. Conclusion

In order to establish the ratiomal and economical model cof nuclear power plants due to
the vertical component of earthquake ground motions, some models were introduced and then the
dynamic response analyses were performed.

The finite element model indicated that the influence on the frequency-response by eval-
uating the flexibility of the mat foundation could not be neglected. By the sophisticated
mass—-spring-dashpot model, the influences on the maximum response values of the structure by
evaluating the flexibility of the mat foundation could be neglected but on the floor response
significant. The models with the simplified dynamic soil-structure interaction effects could
be available to estimate the maximum response values of the structure with allowable differ-

ence but should not be used to estimate the floor response spectra.
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Fig.3 Finite Element Model ‘"I‘:-.',---.’. s IlO (e/m®)fimisec?)
of the Structure

{b) Amplitude in Elastic Body (f=8 Hz)

{e¢) Phase Angle in Elastic Body (f=8 Hz)

Fig.4 Cylindical Coordinate System X . . .
Fig.5 Distribution of Contact stress

1.0 3.0r Mat Foundation
*—a
~ &= | Elastic
Nu d———,
@
H . = Rigid
: sl i |0 s
<
E Mat Foundation 520
=~ — a
iy g:;:] Elastic b
3 qs —— w
G — Rigid 5
1] =
o
E £10
4 b3

]
0.0 T

3 1 1 i|
0% 510 B 0 2

70
Frequency (Hz) Frequency (Hz)

(a) Displacement (b} Acceleration

Fig.6 Frequency-Response at the Mat Foundation

- 103 — K 271



(a) Amplitude of Displacement
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