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ABSTRACT

The nonlinear behavior of basemat uplift, which is an important point in seismic designs of nuclear power plantsin
Japan, has been investigated by arranging joint elements between the reactor building basemat and the soil on a 3
dimensional (hereafter referred to as 3D) FEM model of the soil. However, the nonlinearity of the basemat uplift has
been investigated separately from the nonlinearity of reactor buildings, and these nonlinearities have yet to be taken into
account simultaneously. In this paper, models of the building and the soil made using 3D FEM elements with
consideration to the nonlinearity of building materials as well as the nonlinearity of the basemat uplift were subjected.
The behavior of the building’'s elements were investigated by carrying out seismic response analyses for horizontal
ground motions only, as well as for simultaneous horizonta and vertical ground motions using these models. As aresuilt,
it was found that there was little difference in the horizontal response of the building between the horizontal input
motions only and the simultaneous horizontal and vertical input motions. The effects of the vertical ground motions on
the basemat uplift behavior which is represented by the ground contact ratio were also dlight.

1. INTRODUCTION

In seismic designs of nuclear power plants in Japan, the sufficient safety margin of reactor buildings for severe
earthquakes is confirmed by response analyses using a lumped mass model with sway & rocking (hereafter referred to
as SR) soil springs shownin Fig. 1 (a).

The seismic safety level for horizontal input motions had been evaluated with seismic response analysis results and
that for vertical input motions had been evaluated by static seismic forces. However, the Guideline for Seismic Design
Evaluation of Nuclear Power Reactor Facilities ” was revised in 2006. The evaluation method for vertical input was
changed to the method based on the seismic response analysis results, too.

In order to accurately evaluate the behavior of reactor buildings during a severe earthquake, dynamic nonlinear
analyses using 3D FEM models can be taken into account because the real shapes of the buildings are complicated (see
Fig. 1 (b)).

The authors have been estimating the seismic safety margins of PWR 3 LOOP type nuclear reactor buildings
through carrying out dynamic nonlinear analyses for horizontal ground motions using a detailed 3D FEM?.
Furthermore, the progress of the damage to the building was evaluated by increasing the input level in order to compare
it with the behavior of the SR model, which is a typical design model. In particular, it was confirmed that the energy
absorption capacity of the SR model becomes less than that of the FEM model in the strong nonlinear domain because
of the peak-oriented hysteresis rule” used in the SR model to evaluate the nonlinear effect of shear walls”. However,
the effects of basemat uplift were not considered in this study.
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Nakamura et al.” showed a method to accurately estimate the uplift behavior using a 3D FEM soil model made
with solid elements and properly arranging joint elements between the basemat and the soil. It was confirmed that the
time history waves of the ground contact ratio and the induced vertical motion (the vertical motion induced by the
basemat uplift) calculated by the model corresponds well to those obtained by the theoretical solution method (the
Green function method). However, neither effects of 3D shape nor the nonlinearity of the building were investigated
because the linear lumped mass model was used for the building in the investigations. Moreover, although the SR soil
springs in most of the lumped mass models are calculated by the assumption considering the flexibility of the basemat,
the basemat was assumed as arigid body for the calculation of the basemat uplift in this study.

In this paper, the response behavior of the building during a severe earthquake is estimated using a detailed model
which can accurately indicate the basemat uplift behavior of the building as well asits 3D shape and nonlinearity. Asfor
actual buildings, horizontal and vertical ground motions are simultaneously input. However, in the current study using a
lumped mass model, analyses for horizontal ground motions and those for vertical ground motions are carried out
separately.

This paper estimates the effects of vertical ground motions input with regard to the following two points by
comparing the response of the nonlinear 3D FEM model in the case of horizontal ground motions only being input
(hereafter referred to as the case H) and in the case of horizontal and vertica ground motions being simultaneously
input (hereafter referred to as the case H+V).

i)  Comparison in the behavior of the horizontal response which is an important response of the building

ii)  Comparison in the basemat uplift behavior

2. INVESTIGATION OUTLINE

The 3D analysis model which is used in this study has the following features.

i)  Thenonlinearity of building materialsis taken into account.

ii)  The soil part is made with consideration to the frequency properties of the soil.

iii) Joint elements are arranged between the building basemat and the soil in order to evaluate the nonlinearity of

the basemat uplift.

In order to carry out accurate response analyses for a 3D FEM soil model, specifications of the soil model and the
joint elements need to be properly established. Based on reference 5, the investigation procedure proceeding from the
confirmation of the accuracy of the soil model through the response analysis of the building is shown in Fig. 2.

First, the validity for modeling the element size and boundary condition should be inspected by comparison with
the soil impedance based on the vibrational admittance theory. Next, the results obtained from the response analyses
carried out for the combination of the FEM soil model and the lumped mass building model are compared with the
response analysis results of the SR model. Moreover, in order to verify the behavior after the basemat uplift, the relation
of M-6 is obtained using the model which is arranged with joint elements between the FEM soil model and the rigid
massless basemat, and this M- 6 relation is compared with the behavior of the SR model after its basemat uplift. After
inspecting the validity for modeling the soil and joint elements according to the aforementioned procedure, a
building-soil coupled FEM model combined with a model under consideration of the nonlinearity of materials
corresponding to 1/2 of the building is made. Then, 3D building-soil FEM response analyses are carried out with
consideration to the nonlinearity of the basemat uplift.

Making of the 3D Soil impedance by VA Making of the FEM model
FEM soil model (theoretical solution) for 1/2 of the building
I I
4 v v N
| Comparison of the soil impedance Validity of input motions by

l acceleration response spectra

Addition of lumped mass building Consideration of nonlinearity of

Inspection of the validity of the
FEM soil model and joint elements

v v building materials
| Comparison in the linear response analysis results
v v
Comparison in the relation of M-6 with consideration to the basemat
(Velidity of joint elements)
\§ I J
v A

Combination of the FEM soil model and FEM building model which are arranged with joint elements
(Making of the building-soil coupled FEM model)
v
Comparison in the response behavior between horizontal input motions only and simultaneous horizontal and vertical input
motions using the 3D building-soil FEM model with consideration to the nonlinearity of the basemat uplift
i) Evaluation of the element level for concrete and reinforcement
i) Understanding of the time history behavior after the basemat uplift

Fig. 2 Investigation procedure in the study
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3.ANALYSISCONDITION

The PWR type nuclear reactor building (R/B) subjected to the investigation is a complex building composed of an
outside shielding building (O/S), inner concrete (1/C), afuel handling building (FH/B), an external building (E/B) and a
nuclear reactor containing vessel (C/V). Table. 1 shows the composition of the reactor building. Table. 2 shows the main
physical property values. The lumped mass model and the building-soil coupled FEM model areillustrated in Fig. 1.

3.1 Lumped Mass M odel

The lumped mass model is made up by adding the axial stiffness and the vertical soil impedance of the building to
the bending shear type SR model illustrated in Fig. 1 (a). The horizontal, vertical and rotational components for the soil
impedance can be calculated using the vibrational admittance theory © (hereafter referred to as VA). The restoring force
characteristics obtained from RC shear wall experiments are taken into account for the bending components and the
shear components in a horizontal direction along the building. The restoring force characteristics in a vertical direction

Paper # K10/4

are set to be linear.

Table. 1 Composition of R/B

Table. 2 Main physical property values

Building Abbreviation Structure Shear wave Poisson's Density
Outside shielding buildi ois RC ol s o
utside shietding buriding 2200(ms) 033 2.7(Um)
Inner concrete 1/C RC PoeoTS
Fuel handli ng FH/B RC Elastic modulus rtio Density Maximum strain
building (Stedl in part) 22.8 (N/mm?) 0.2 2.35 (m°) £0=2.5/1000
External building E/B RC Conrete Compressive Tensile First compressive Compressive
Containment vessel CIV Stedl strength strength turning point ultimate strain
24.5 (N/mm?) 1.58(N/mm?) c1=0.5 ¢ £u=10/1000
Poisson’ . )
Reinforcement and | Young modulus ::%n s Density Yield strength
structural steel
205.8 (N/mm?) 03 8.0 (t/m°) 343.2 (N/mm?)

3.2 FEM nonlinear model (Building)

The 3D FEM model is a 1/2 sized model which is symmetric with respect to the parallel surfaces in a horizontal
loading direction. The outline of the method for modeling the concrete and reinforcement used for the building part of
the model is shown as below. For further details the reader should refer to references 5 and 7.

The RC wall is modeled using layered shell elements under consideration of the anti-plane bending (See Fig. 3).
The nonlinearity of materials is taken into account for the in-plane stress-strain components and the out-plane shear
component is dealt with as linearity.

The unconfined stress-strain relation of concrete before cracking was approximated with a polygonal line as shown
in Fig. 4. As shown in Fig. 5, the concrete before the occurrence of cracks is an elasto-plastic body which conforms to
the Drucker-Prager’s yield condition. The occurrence of cracks under the assumption of Smeared Crack is judged
according to the main tensile stress. o, in the figure indicates the amount of stress for the occurrence of cracks and the
corresponding strain is indicated as . Cracks in the second direction occur at aright angle to the first direction.

concrete AC

reinforcin 2
9 Y oncrete layer

Oc1

Oc2

Fig. 4 Unconfined stress-strain
before cracking

reinforcement layer

Fig. 3 Outline of layered shell element

AC,
(o]
[ g exp[-1000(¢ - &)]
Crack surface | o Oor |95 G ®XD &= &
/ 7 T, 4
[§; &u=4sp £ : -
G Gy 1 &la -
/
F—o =oe{l-(1- ¢/c)}
First crack surface i A=Ey o2/ o2
L/ .‘..". :.: A oc2
K : Parallel to Crack Surface After Cracking
-------------- Parallel to Crack Surface Before Cracking and
Second crack surface ) 9
Gz Right Angle to Crack surface
C:

Fig.5 Crack and yield surface Fig. 6 Envelop curve of stress-strain of concrete
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Fig. 6 indicates the envelope curve of stress-strain of concrete. After the occurrence of cracks, both the strength
and the stiffness of the concrete are reduced according to the increase in the strain € in directions at a right angle to and
paralld to the crack surface. Moreover, the compressive stiffness and compressive strength in the direction parallel to
the crack surface is reduced by the coefficient A, and the value of A is set to be constant as 0.63.

The hysteresis curve for the stress in the case of cyclic loading was approximated using a hyperbola based on the
results of investigations carried out by Stevens et a.?’ and Karsan et al.. In this case, the decrease in the stress caused
by cyclic loading was considered with reference to the equation proposed by Yamada et al.™®.

3.3 FEM model (Soil)

The soil part of the 3D FEM model is made by adding joint elements with extremely rigid compressive stiffness
for vertical degrees of freedom and without any tensile stiffness to the FEM soil model made using solid elements in
order to represent the uplift behavior of the building's basemat®. Fig. 7 shows the nonlinear property of the joint
element.

The boundary conditions of the FEM soil Loading direction Position of the building basemat
model are illustrated in Fig. 8. Both sides of the Side viscous boundary Side viscous boundary
mode! are viscous boundaries which are connected | |
to the free fields with the same physical properties
located at the flanks. The bottom of the model is L =y e 5 —
also aviscous boundary. g ' - T8
g Solid element g
s TTension =3 == T
> SR =8 =
€
T 1 VT
T T T T T T T
Bottom viscous
Compression boundary f
Input of seismic wave
Fig. 7 Property of Joint Element Fig. 8 Boundary conditions of the FEM soil model

3.4 Analysis conditions

The duration time of the input ground motions is set at 80sec. The maximum acceleration in a horizontal direction
is set at 500Gal and that in a vertical direction is set at 300Gal. The Newmark-B method (f=1/4) was used for the
analyses of both the lumped mass model and the FEM model. As for the convergence calculation, the Newton-Raphson
method was used. At for the analyses was set at 0.002sec.

4. CONFIRMATION OF THE FEM SOIL MODEL

First, the horizontal, vertical and rotational impedance calculated using the FEM soil model were compared with
the theoretical values obtained from the VA. Fig. 9 illustrates the comparison between the horizontal impedance for the
basemat. The calculated impedance corresponds fairly well to the theoretical solution.

Next, seismic response analyses were carried out by inputting the seismic wave to the FEM soil model and the
response wave which was output at the building basemat (the input motion to the building basemat) was compared with
the target wave. The ratio of the response spectra Ar/A+ is defined as a ratio of the acceleration response spectra of the
response wave (AR) to the acceleration response spectra of the target wave (A1). Fig. 10 shows the ratio of the response
spectra Ar/A+ in horizontal and vertical directions respectively, and the ratio was nearly equal to 1.0. Therefore, it was
confirmed that the response wave for both horizontal and vertical ground motions corresponded quite well to the target
wave.

Furthermore, linear response analyses were carried out by inputting ground motions to the 3D FEM soil model and
to the lumped mass building model with a rigid basemat was added. Fig. 11 indicates the comparison between the
response value of the lumped mass model with the soil impedance obtained from the FEM soil model and that of the
lumped mass models with SR soil springs calculated by the VA. It was confirmed that both responses corresponded
quite well to each other. It was aso confirmed from this that the property of the FEM soil model in the case of linearity
was satisfactory.

Moreover, after joint elements installed between the FEM soil model and the rigid massless basemat statically sank
due to the building’s weight, the nonlinear characteristics of the uplift were calculated by static moment loading.

Fig. 12 illustrates the calculated M-6 (moment-rotation angle) relation. The calculated result corresponded well to
the result obtained using the VA under the assumption of rigid basemat and the satisfactory nonlinear property of the
uplift of the FEM soil model was confirmed
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5. COMPARISON OF RESPONSE BEHAVIOR

The response behavior in the case H was compared with that in the case H+V.

Fig. 13 illustrates cracks on the external walls of the O/S. In the shear cracks on the web surface (west side) and
the flexural cracks on the flange surface (south side and north side), it can be said that the behavior of the case H is
almost the same as the case H+V.

Fig. 14 and Fig. 15 illustrate vertical and transverse reinforcement stress of the O/S. Vertical and transverse
reinforcement does not reach ayield state in either case and it can be confirmed that the structural safety performanceis
secured. From these facts, it can be said that the responses of the building remain in a weak nonlinear range in genera
for thisinput level.

Fig. 16 shows the output points for responses of the FEM model. In this paper, investigations are carried out
mainly for RC shear walls. The C/V composed of linear stedl is not subjected to an investigation.

Fig. 17 shows the comparison of the maximum response acceleration in a horizontal direction. There are some
parts where the response for the case H+V is dightly larger than that for the case H, but the responses for both cases are
amost equivalent to each other as awhole.

Fig. 18 shows the comparison of maximum response story deflection. The results obtained in the case H almost
agree with the results in the case H+V. It can be thought that the effects of the vertical input ground motion upon the
horizontal response are dight. All values for the story deflection except the steel members (E.L.32.8 or more) are about
1/1000 or less, which is a comparatively small value. It can be estimated from the maximum response story deflection
of this degree that responses occur in aweak nonlinear range. This agrees with the tendency shown in Fig. 13.
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6. COMPARISON OF GROUND CONTACT RATIO

Fig. 19 shows the time history wave (0~40sec). In this study, the ground contact ratio and the time when the
ground contact ratio decreased in both cases amost corresponded to each other. The difference in the uplift behavior
caused by inputting vertical ground motions was not large.
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g
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(b) FEM model (the case H+V)
Fig. 19 Comparison of time history wave for ground contact ratio

7. CONCLUSIOINS
In this paper, the behavior of the nonlinear building-soil coupled type 3D FEM model made with consideration to

basemat uplift in the case H (horizontal input only) was compared with that in the case H+V (horizontal and vertical
input). As aresult, the following results were obtained.

() Thereis not a large difference between the horizontal response for the case H and that for the case H+V even in
the analyses of element models. It has been clarified that the effects of the vertical ground motion on the horizontal
response are slight.

(ii) The difference of the behavior of the basemat uplift between the case H and the case H+V is not large for the
input of thislevel.
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