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Abstract

The modelling of AGR and Magnox cores has to deal with the very large number of
components that make up the core, and the non-linear response due to the clearances in the
keying system. This paper examines the conditions under which it is permissible to linearise
the response. By comparing the results of discrete and continuum models of the core, the
paper also shows that the number of components in the core is sufficiently large that the core
can be approximated satisfactorily by an anisotropic solid material. The material has unusual
properties, but these can be handled within the standard framework for the description of the
elastic properties of an anisotropic solid. This description of the core by an equivalent solid
material can readily be incorporated into finite element models of the reactor internal
structure. Such models have been set up for both AGR and Magnox reactors. The models
are being used to assess the seismic response of these reactors.

1. INTRODUCTION

As part of a periodic review of reactor safety, the UK regulator, which is the
Nuclear Safety Division of the Health and Safety Executive, requires an assessment of the
capability of the UK's nuclear reactors to be shut down safely and cooled in the event of an
earthquake of a magnitude that corresponds to a return frequency of 10"* per annum.

Seismic qualification essentially requires that any damage to the core and other
structures allows a substantial fraction of the control rods to enter the core in order to shut
the reactor down, and also allows a gas flow sufficient to remove the decay heat from the
shutdown reactor. In normal operation, the graphite bricks comprising the core are held in
place by the restraint cage and core support plates. Even if many bricks crack as a result of
an earthquake, they will still be held in place by the restraint cage and support plates,
provided these structures have survived the earthquake. In this case, shutdown and cooling
would present no difficulty. Thus, an overall prediction of the behaviour of the core and
structures is required, rather than detailed predictions of the behaviour of individual graphite
bricks. The internal behaviour of the core during the earthquake, and possible brick failures,
are not very important in themselves but are important to the extent that they affect the loads
that the core imposes on surrounding structures.

Initial seismic assessments modelled the graphite core either as a rigid mass or as a
shear beam of solid graphite. However, it could not be shown that the inertia! loads predicted
by these models were conservative. Therefore, an effective continuum model of the graphite
moderator has been developed which reflects the interactions of the graphite components, and
is directly useable in a dynamic structural model of manageable proportions.
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This paper outlines the use of an effective continuum model to determine the seismic
response of the reactor core and support structures, and to estimate the probability of
significant numbers of graphite component failures. While the basis of the overall calculations
is linear, the evaluation procedure is non-linear reflecting as it does the underlying non-linear
characteristics of interactions between the graphite components.

2 . SEISMIC ASSESSMENT PROCEDURE

The overall assessment procedure follows standard design practices for nuclear
installations [1-2]. The soil-structure and site geology are analysed, together with a simplified
model of the power station buildings, to predict the motions at the boundary of the reactor
system from the free field motions produced by the seismic event specified.

The components that are at risk from the earthquake, and that are necessary for
reactor shut down and decay heat removal, are listed together with possible failure modes.
The list includes, for example, component misalignments that would restrict entry of the
control rods and boron balls, and the possible disruption of gas seals that could lead to the
coolant bypassing the fuel channels or boilers. At this stage, the key structural components
controlling the consequences of seismic events are identified and their failure criteria
established.

A detailed finite element model of the reactor system is then constructed, to predict
the behaviour of the key structural components. In the initial stages, the analysis is based
on linear computations of dynamic response. Since both AGR and Magnox graphite
moderators contain clearances, their dynamics are non-linear. Equivalent linear properties
appropriate to a given seismic event are calculated from the response to the event. A change
in properties affects the response, so the procedure is iterated until a linearisation consistent
with the response is arrived at. Thus, the linearised properties are evaluated by a procedure
that considers the non-linear relation between properties and response levels. The integrity
of the key components is then assessed to estimate the maximum level of seismic event for
which "damage-free" response could be expected, to identify the critical structural
components, and to estimate the safety margins for the others.

The consequences of any failures are assessed by either further linearized analyses
where the failed components have been removed, or simplified non-linear analyses involving
sliding, impacting, material plasticity, and so on.

3. STRUCTURE OF MAGNOX AND AGR REACTOR CORES

A Magnox reactor core contains around 44,000 graphite bricks and an AGR core,
19,000, arranged in columns of 10 to 12 bricks. Lateral connections between the columns
are provided by loose keys in keyways in the later "radially-keyed" designs of Magnox cores
(figure 1), and by a combination of loose and integral keys in keyways in the AGR cores
(figure 2). The vertical faces between neighbouring bricks are separated by gaps to allow for
Wigner growth of the graphite during a reactor's operational life.

The bricks in a column are free-standing, either on their end faces or a central spigot.
Magnox sealing rings may also span the interface to reduce gas leakage from the fuel
channels. The bottom of each column is spigotted into the steel support plate.
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Figure 1 Magnox Radial Keying Figure 2 AGR Radial Keying

In both AGR and Magnox cores, the radial key system is based on a 2-D alternating
sequence of 8-keyed and 4-keyed bricks. Each 4-keyed brick is keyed to its neighbouring 8-
keyed bricks by "side keys". Each 8-keyed brick is diagonally keyed to its neighbouring 8-
keyed bricks by "corner keys". The keys allow free movement of the bricks towards and
away from each other, while resisting relative lateral movements, once the small clearances
between the keys and keyways have been taken up. Thus a change in the core pitch, i.e brick
to brick distance, can be accommodated by the keys sliding in the keyways, and the whole
core may expand or contract freely in response to radial movements of the steel structure at
its boundary. On the other hand any change in shape of the lattice is resisted by the keys
once the clearances have been taken up.

A dynamic model of the graphite moderator is required that reflects the discrete
nature of the components, but is simple enough to be integrated in a standard finite element
analysis. It must be able to predict, with assured accuracy, inertia loads on the restraint and
support structures, relative movements between bricks, and impact loads on bricks.

4. CONTINUUM MODEL OF A HORIZONTAL LAYER

Static strength tests on brick slices show that the force-deflection characteristics are
linear almost up to the point of failure. Thus it is possible to regard each key/keyway as a
transverse linear spring linking neighbouring bricks. The spring arrangement can be regarded
as the superposition of two spring networks orientated at 45° to each other and having
different pitches. Both have the same configuration and are, by themselves, capable of
resisting only pure shear loads aligned with their orientation. Acting together they are capable
of resisting a shear load in any direction. With a restraint which restricts boundary
movements to radial ones, the keys resist all differential movements except radial expansion
or contraction.
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The equivalent continuum properties of each shear network are related to the key-
keyway stiffnesses by :
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is the shear modulus of the side key network,
is the shear modulus of the corner key network in axes at 45'
is the brick height,
is the spring constant of the side keys, and
is the spring constant of the corner keys.

Transforming the shear properties of the corner key network by 45° to axes aligned
with the side keys, and combining with the shear resistance of the side key network, gives
an equivalent stress-equivalent strain relationship for the combined network in the horizontal
plane of:
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where
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and 7,
are the normal and shear stresses, and
are the normal and shear strains.

A comparison of the dynamic behaviour of a continuum model having this elasticity,
to a discrete model of a network of masses and springs, showed that the continuum model
could produce equivalent results for free vibrations, absolute values of displacement,
velocity, acceleration, keyway loads and relative displacements, for the frequency ranges of
importance (figures 3 and 4). Furthermore, the results were produced from the continuum
model with a fraction of the computational effort required by the discrete model.

Besides the replacement of discrete components by a continuum, the model has other
approximations, whose effect must be considered. The model neglects friction in the
interaction between components. One effect of friction is that the positions and stresses of
components do not depend entirely on applied load, but depend also on the original position
of the components when the load was applied, because friction tends to prevent movement
of components. Under dynamic loading, the frequent load reversals would ensure that such
local effects would not remain frozen within specific regions of the moderator. Experimental
results reported in figure 44 of Ref 3 show that there is not a large variation in the loads
around the boundary of a layer of keyed bricks under dynamic excitation.

Another important approximation is that the clearances between the keys and keyways
have been ignored. The clearances make the relation between brick position and force non-
linear. It is intuitively obvious that if the clearances are sufficiently small they will have no
effect on the behaviour, because the non-linearity will be a very small perturbation on the
linear system. The problem is to determine whether the actual clearances are small enough

154



H

U.

m

2

•5

§

1

0

-

A

0

Along the

A
A

A
A

A

A

A
A

A

A

A

1

2

A Discrete Model

Direction of Motion

A " A A A
B A X10 A

4 e
Radial Position (m)

B Cycle Symmetric

AA.

^ A
A

A

Continuum

B

8

Figure 3 Comparison between Effective Continuum and Discrete Model Predictions
of Key/keyway Forces for a Single Layer of Magnox Bricks
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Figure 4 Comparison between Effective Continuum and Discrete Model Predictions
of Linear Natural Frequencies for a Single Layer of Magnox Bricks
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that suitably chosen constants in linear force-displacement relations can give a good
description of the behaviour of the core at a given level of seismic excitation. To investigate
this, a non-linear model was set up consisting of a 1-dimensional array of masses on damped
springs with lost motion between them. This is a standard model used in impact assessments
[4]. It is compatible with the dynamic conditions being considered, and with impact tests and
non-linear analyses carried out on AGR bricks [5]. The results from the non-linear model
were compared with the results obtained using linearized models of the same system.

For a single mass and spring with clearance, the oscillation frequency of the linearized
system matches the non-linear system if the linearized spring constant is chosen to be:

K - (3)

where

Ke is the actual spring constant during contact
Keq is the linearized spring constant, and
R is the level of response (equal to the amplitude of the oscillation divided by the gap

width).

Effective elasticity properties for a continuum model of the array of masses were
determined from equation (3) for different amounts of effective strain. The time histories
predicted by the linearised continuum model were, as expected, less complex than the non-
linear predictions. However, using the linearized continuum model, and adding appropriate
damping, it was possible to predict the peak forces and displacements of the non-linear
system and its dominant response frequencies, for a wide range of level of simulated seismic
excitation (figure 5).
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Figure 5 The Predictions of Linear and Non-linear Models of a Keyed
One Dimensional Brick Array
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With the damping of the linear system fitted to the energy dissipation at a single
primary response frequency (and, by implication, a single level of peak response), the linear
system was found to over-predict peak responses and key/keyway loads at lower levels of
excitation than the one fitted and to under-predict them at higher levels. This was because
the vibrational energy at the primary response frequency was dissipated predominantly by the
excitation of high frequency oscillations of the impacting bricks while in contact. This
frequency of impacting decreased as the level of response increased, resulting in a decrease
in the equivalent damping of the non-linear system with increasing excitation.

The variation of damping with excitation level implies that pessimistic (conservative)
predictions could be obtained from the linearised model by using the damping value
appropriate to the highest level of excitation of interest.

The seismic assessment for Heysham 2/Torness [5] indicated that direct impacting
between bricks could occur when the face and key clearances were comparable in size to
each other. Under these conditions, the loads in the keyway system were much reduced. To
investigate further, an attempt has been made to linearize this type of non-linear behaviour
using a modified form of equation (3) and to convert the equivalent brick stiffness to an
elastic modulus of an effective continuum. Figure 6 shows a comparison of the non-linear
reaction loads and primary response frequencies with those deduced from the linearized
computations.
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Figure 6 The Predictions of Linear and Non-linear Models of an Unkeyed
One Dimensional Brick Array

The comparison shows that the overall loads transmitted to the boundary by the
linearized, effective continuum are predicted well. However, at each boundary the loads are
tensile and compressive with peak values which approximate to half the peak values of the
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non-linearly calculated loads which are purely compressive. In a linearized assessment, it
would be a straightforward matter to accommodate this by the application of a factor of 2 for
the loads carried by the boundary components. The effective damping of the non-linear
system is approximately constant over a wide range of excitation levels.

Although showing promise, this work is still in its early stages and further work
remains to be done to establish the extent of its applicability and the criteria which govern
whether the dynamics in the horizontal plane are dominated by the radial key system or by
direct brick impacts.

4. RESISTANCE TO SWAY AND INTER-LAYER SHEARING

When single graphite bricks are subjected to lateral loads, they tilt readily. The force
resisting tilting rises smoothly to the maximum possible at a very small angle of tilt. The tilt-
force tilt-angle relation can be explained in terms of the properties of the contacting surfaces.

Arrays of columns of bricks have been statically and dynamically tested by NNC and
ISMES on behalf of ENEL (Italy). When arrays of radially keyed columns of bricks, having
the bricks in the bottom layer fixed relative to each other, were subjected to static lateral
loads up to 0.3 times their weight, the deflections were independent of the number of
columns in the direction at right angles to the tilt direction. The bricks tilted well beyond the
stability limit for a single column, and, although a significant amount of hysteresis was
apparent, the arrays recovered completely to their original positions once the lateral loads
were removed. ,

The best continuum model of this behaviour would describe a vertical section through
the core as an array of vertical beams. Such a description would lead to equations different
from the equations of an elastic anisotropic solid, which are not included in standard
structural dynamics computer programs. However, sensitivity studies with realistically
restrained cores showed that, when the lateral displacements were of a wavelength
comparable to the core height, the core contributed little to the overall sway resistance of the
structure, and the normal elasticity form of the effective continuum would be accurate enough
for practical purposes.

5. DISCUSSION & CONCLUSIONS

A useable description of any large-scale physical system necessarily involves
approximations. For the structural analysis of the effect of an earthquake on a reactor core
and support structures, the core has been approximated as a linear elastic anisotropic solid.
The validity of the approximate description has been checked by comparison with more
accurate models and with experiments (where appropriate).

The approximation of the discrete bricks that form a horizontal layer of the core by
an anisotropic continuum solid becomes exact in the limit of an infinite number of bricks.
For the number of bricks in a reactor, a comparison with a discrete model shows errors of
only a few percent.

The approximation of a vertical slice of the core by an anisotropic solid is less good,
but the vertical shear stiffness is small relative to the support cage stiffness, so the core
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contributes little to the stiffness of the combined structure, and the errors in the
approximation are of no significance.

The approximation of the non-linear relation between inter-brick force and horizontal
displacement by a linear relation that matches the oscillation frequency of a single brick has
been shown to be satisfactory, provided that the damping coefficient is properly chosen.

The neglect of friction is believed to be conservative since experiments show that
friction does not result in significant concentration of forces, and friction acts to damp the
core motions.
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