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SUMMARY

Seismic analysis of a liquid metal fast breeder reactor is generally made with a
linear dynamic model. The resulting loading is used to evaluate the resistance of the
different parts of the structure and if they include thin shells the maximum pressures
determined by this method are used for stability calculation. Separate quasi static elasto—

plastic models are used for this purpose.

Buckling behaviour is highly non-linear and is dependent on thermal stresses and
geometrical defects. Furthermore at this stage, the permanent and seismic loads must be
added. As a consequence of large displacements and plasticity effects, the dynamic behaviour
of shells is modified and the seismic loading may not be correctly evaluated by only a

linear elastic model.

This paper presents a method to calculate non-linear structure behaviour under hori-
zontal and vertical seismic excitation, making possible the full non-linear seismic analysis

of a reactor vessel.

A pseudo forces method is used to introduce non linear effects and the problem is

solved by superposition. Two steps are used in the method

- Linear calculation of the complete model
~ Non linear analysisof thin shell elements and calculation of seismic induced pressure
originating from linear and non linear effects, including permanent loads and thermal

stresses.

Basic aspects of the mathematical formulation are developed. It has been applied to

axi-symmetric shell element using a Fourier series solution.

For the fluid interaction effect,a comparison is made with a dynamic test. In an

example of application the displacement and pressure time history are given.
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1. Introduction

The seismic analysis of a nuclear reactor structure involves the following four
steps
— Construction of a dynamic model
- Response analysis either by the time history or the response spectrum method.
-~ Determination of seismic loads to be combined with permanent and transient loads.

— Stress analysis

More generally the licensing authorities require that the structure be protected
against different failure modes, including excessive strain and elastic or elasto plastic

instability resulting from permanent or cyclic loads.

The reactor vessel of a breeder reactor contains thin shells submitted to thermal
gradientsand during seismic eventslto fluctuating external pressure. In such a situation

instability or buckling is more likely to be the failure mode.

Then the problem arises of how to properly determine the pressure loads to be
applied to a shell structure without being overly conservative. In a simple approach use
is made of a linear structural model. The maximum pressure applied to the structure can
be calculated at each point and used to define the load. Difficulties arise from two
facts : first,the maximums are not reached in different points at the same time, and
second, in the response spectrum method, the direction of the pressure is not determined.
To circumvent these deficiencies,several loadings may be used and the worst result taken

into consideration.

A more satisfactory method is possible with a time history analysis if a loading
criterion is available. When the criterion reaches a maximum the forces applied to the
structure reach also a maximum at that time and a single set of data may be used for

design.

However this procedure is not entirely satisfactory for further static evaluation

of thin shell stability under seismic loads. The two main concerns are

— In the dynamic model geometrical defects are generally not introduced and the structure
behaviour is assumed to‘be linear elastic.
When the defects are introduced afterwards}n a stability modellthe structure stiffness
properties may be significantly reduced. This modification increases the deformations

and affects the load path in the whole structure.

— Higher modes of deformation are neglected in the dynamic analysis. Of particular
interest is the dynamic response of the buckling modes. Depending on the geometry,
the corresponding frequencies are above or below seismic excitation range. In the first
Case,static calculation can be expected to provide an acceptable estimate. In the
second case,it may be reasonably assumed that the method overestimates the seismic

requirements. No reliable evaluation can be made for the intermediate situation.
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Starting from a development already made for dynamic non linear anlysis of axi-—gymmetric
shells, (Réf.l),a method has been developed to perform seismic analysis of imperfect

shells including :

- Large displacements
— Mechanical and thermal permanent loads

- Plasticity

The next section describes the mathematical formulation.

2. Formulation

2.1. Non-linear shell element

The principle of virtual work can be stated by the following equation :
J, pE Tildv +[TeTrdv= [TiPdA (4)
Y v A

mass density

P~

acceleretion

Qe

Piola-Kirchhoff stresses

external force

O

Ju virtual displacement 5.8 virtual deformation
dV volume element

AA volume or surface element
Stresses are related to deformations by Hookés law
T= D&,

D elasticity matrix based on material properties

starting from an underformed structure &= &, +Et "-E,!. +€e
£ Green strains Eo initial strain

6(‘: thermal "

E’ plastic "

Finite element formulation is derived by expressing E and W through shape func-

tions N and nodal displacement U.
w= NU

Virtual displacements and deformations can be expressed as

Su=NJdU de = B3 U

substituting in equation (1) yields

MU+ [ BDEdV = From (2)

— 461 — B 8/2



where :

M= L N"? N clV nass matrix
F___J:‘ N? dA external force
QI N =j; BTD(EQ'!‘E‘-_"'E'AJAV inelastic force

2.2. Large displacements and pseudo forces

With the large displacements hypothesis, deformation is a quadratic expression of

displacement derivatives.

Therefore deformation will be expressed as the sum of a linear and a non linear

term
E=E +Ey 3.55:5‘81,4-5‘5”:.

and using shape functions.

& = BLU ""ENL f€=(8L+ B”L)XU

In a standard formulation the stiffness matrix is defined by the following

k:jvstBLdv

The displacement is measured relative to the initial perfect unloaded structure

expression :

and is the sum of three terms :

U = U°+Us +UD

U° geometrical defect, the corresponding deformation is :

Eo=BLUs +ENLo

Us initial displacement induced by permanent mechanical load Fs and thermal

expansion Et

kUs = Fs +fv BI-DEL— dv

UD is the dynamic displacement

similarly

F=Fs+Fp
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After substitution in equation (2) the complete set of equation in matrix form is
MUo+kUD=Fx: +Qry +Qu, ()
Q= [ BDEL IV
v J‘: p
T T
ONL= "j; BNL'D(&‘EO‘gt} dv“£ B.D (£ML~£ML0} dV

Ei EM‘LpoBNL are function of U: UD o+ US"'UD
In the usual expressions for a thin shell, only the non linear membrane deformation
is used. Therefore, calculation of the pseudo forces due to geometric non linearities

involves only a surface integration. However, the calculation of pseudo forces due to

plasticity involves a volume integration.

For shells forming a surface of revolution a Fourier series decompositionmay be
used. In that case the left hand side of equation (3) is uncoupled, all coupling is contai-

ned in the pseudo forces terms which must be computed at each time step.

When fluid is included using an added mass formulation the problem involves a full

mass matrix (Ré&f. 2).

2.3. Linear superpogition

In the linear seismic calculation ofaxy-symmetric shells, only the two first

harmonics of the Fourier decomposition are used.
Considering non linearities’the mesh can be devided in two parts
— Linear part with degrees of freedom Ul

— Non linear part with degrees of freedom U2

Then the general formulation for the seismic analysis of a structure is (Réf. 3)

B U l_ Ri] (1 .o
Gl == [ e+ |5

In the right hand of the equation,F2 is the pseudo forces. This problem can be
solved by superposition of two solutions
- UL the usual linear problem involving the first two Fourier terms.
- UNL the non linear problem with several harmonics but restricted to a limited part of the
structure.
Assuming, for simplicity, that the non linear effects are restricted to higher
harmonics,the problem can be solved with previously presented method if UD = U2L + UZNL

is used in the calculation of pseudo forces.
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3. Example of application

3.1. Experimental test of the fluid structure interaction effect

The structure tested is shown in figures 1 and 2. It is simplified model of a
LMFBR main vessel, scaled down by a factor of 30. The vessel was filled with water and
bolted to a horizontal shaking table. Acalculation has been made to determine the eigen-
frequencies of the system for comparison with pressure gage measurements' made during

sinusoidal tests.

The following tabe gives the first four frequencies measured and calculated for
the second harmonic of the Fourier decomposition. As a reference for fluid-structure

interaction effect, calculated values are also given in air (frequencies are given in Hz).

§ { calculation test difference calculation
in water % in air

1 26.6 26.5 + 0.4 162.4

2 101.2 101 + 0.2 307.6

3 148.5 152 - 2.3 642.4

4 165.8 164 + 1.1 819.4

3.2. Effect of geometrical non linearities on seismic displacement and pressure

The shell shown on figure 3 is a thermal baffle part of a larger structure

submitted to horizontal and certical seismic excitation.

The geometrical defect is introduced in the non linear part of the calculation and

4 Fourier harmonics are used : N = 0, 1, 3 and 11.

Figures 4 to 7 give the time histories of displacement and pressure, linear and non

linear part for OBE conditions.

5. Conclusions

_ Fluid structure interation can be introduced in the seismic analysis of a breeder reactor,
A testperformed on a vessel-like structure, demonstrates that a good accuracy can be

achieved.

— A method has been devised to introduce in the calculation of thin shell behaviour, geome-
trical and material non linearities, including the influence of defects,mechannical loads

and temperature distribution.
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FIGURE 1 : Main vessel scale model test
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FIGURE 2 : Test model mesh FIGURE 3 : Thermal baffle
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FIGURE 4 : Plot of linear radial FZ;GURE 5 : Plot of non linear radial

displacement at top of baffle displacement at top of baffle
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FIGURE 6 : Plot of linear differential FIGURE 7 : Plot of non linear differential

pressure pressure

— 466 — B 8/2



