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Abstract

At the IAEA Specialist Meeting on The Status of Graphite Development for
Gas Cooled Reactors, held in Japan 1991, the author presented a conceptual
probabilistic approach to assessing graphite core brick integrity. This took
account of variabilities in material properties and operational environment. The
original concept has since been developed to the stage where it can be applied.
This paper describes the implementation of the method to derive probabilities
of failure for AGR graphite core bricks.

1 BACKGROUND

As part of the safety requirement governing the operation of AGR reactors, it is
necessary to demonstrate that the reactor can be shut down for a number of years
ahead. Current safety cases for the graphite core are based on demonstrating that the
following two limits will not be reached during operation:

• 20% brick mean effective weight loss
• failure of any core component

The AGR core is constructed from some 6000 core bricks. The assumption that the
failure of a single component governs core life does not take account of the
redundancy of the core structure, and is likely to introduce excessive conservatism into
the safety assessments. Nuclear Electric have therefore begun to develop a safety case
methodology based on demonstrating unrestricted movement of fuel/control rods and
adequate flow of coolant gas [1] (ie a continued ability to shut down the reactors even
in the presence of failed components).

An element of Nuclear Electric's new strategy is based on probabilistic techniques.
This requires uncertainties in loads and material properties to be taken into account
when predicting through life response. An additional benefit is that the method may
also be used to guide the economic deployment of core monitoring programmes by
highlighting those regions of the core which are more susceptible to brick failure.

A core assessment software package is being developed [1]. This will be used to
predict loading, and resulting displacements, of individual bricks within the core. As
brick failure will significantly affect core behaviour, this has to be taken into account in
the model.
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The probability of brick failure is a function of variability in:

(a) Brick loading (both external loads introduced by the core keying mechanism and
internal loads introduced by thermal and irradiation effects)

(b) Graphite material properties (arising from inhomogeneity of properties, paucity
of data for irradiated graphite behaviour and uncertainties inherent in the
calculation route)

A method for assessing the effects of graphite property variability on core structural
integrity criteria was previously described by the author at the 1991 IAEA Specialist
Meeting on Graphite Technology, Japan [2]. This paper describes its implementation
to derive failure distributions for AGR core bricks.

2 STRUCTURAL INTEGRITY

2.1 Loading

AGR cores are built from columns of hollow graphite bricks, stacked to form vertical
fuel and control rod channels. The bricks are linked horizontally via a keying
mechanism (Figure 1) to ensure uniform core movement, whilst allowing a degree of
local freedom.

Fig 1: Horizontal cross-section through core, illustrating keying mechanism

Uneven core restraint under normal operation, or fault conditions, may result in tilting
of a brick column, giving rise to external loads on surrounding bricks. These loads will
be transmitted by the keying mechanism. If sufficient load is applied through the
keying mechanism, a crack will initiate at the keyway root and the brick will fail.
Stresses arising from keys pinched in keyway roots as a consequence of dimensional
change can also contribute to the external load on the brick.
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In addition to the stresses due to external loads, internal stresses are developed within
a core brick as a consequence of graphite's response to irradiation and thermal loads:

• Shrinkage Stress Fast neutron irradiation causes graphite to change dimension
with the result that shrinkage stresses develop over a graphite brick section. These
stresses are considerably relieved by irradiation induced creep. At early times in life
shrinkage stress is compressive at the keyway root. Later in life the stress system
reverses, to give tensile stress at the keyway root.

• Thermal Stress At start-up, thermal strains develop over a graphite brick due
to the radial variation in temperature. Of greater significance are changes to
thermal strain due to the differentials in the coefficient of thermal expansion across
the brick, which arise from differential fast neutron radiation. The two mechanisms
combine to result in ongoing thermal strains. Through life the associated stress is
relieved by creep.

When the reactor is shut down the thermal strain reversal results in stressing of the
brick. At early times in life the thermal shutdown stress is compressive at the
keyway root. Later in life the stress reverses and becomes tensile.

Internal stresses can lead to failure of the core brick, even in the absence of external
loads.

2.2 Failure Criterion

Extensive experimental and analytical work carried out by AEA Technology led to the
definition of a failure criterion called "fractional remanent strength". This is defined:

AS = 1 - Shrinkage stress
Critical internal stress

Thermal shutdown stress
Critical internal stress

External stress
Critical external stress

Brick failure is represented by AS ^ 0. All stress values are evaluated at a keyway
root, the likely failure site. Critical stresses are determined experimentally.

2.3 Deterministic Calculation

AEA Technology have established a calculation route in which stresses at keyway
roots are predicted using a through-life, time integrated, finite element calculation
(using the ABAQUS code). Graphite response to irradiation and thermal loads is
coded within a user-material sub-routine.

The stresses calculated at the keyway root are provided directly by this calculation, and
fed into the failure criterion described above (AS) to assess core brick integrity.
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3. PROBABILISTIC METHOD

An overview of the probabilistic assessment method, used to derive failure
distributions of core bricks is given in Figure 2. It may be seen that this draws heavily
from the established deterministic calculation route. Additional steps unique to the
probabilistic studies are:

• collation of a database of material properties, used to define mean values and
distributions for each property.

• identification of the graphite material properties and the core loading parameters
which dominate through life core brick behaviour.

• development of an optimised sampling strategy for use in the probabilistic
calculations

Failure distributions are derived by repeatedly solving the deterministic finite element
calculation, using randomly sampled values for all key input parameters.

3.1 Data Requirements

The input data required for the probabilistic assessments are those used in the
established deterministic calculation route (ie structure geometry, loading histories
material properties, and field variable distributions). However, there is an additional
need to ascribe distributions to each of the input parameters and to identify any
correlations between them.

In applying the method, the definition of material property distributions was largely
based on data collected during manufacture as part of the quality control procedures
(the 'heat certificates')- For a given station, the total number of samples tested for a
single property was typically in the hundreds. It was generally assumed that the data
could be represented as a continuous distribution with any particular features noted,
for instance cut off points in the data. Means and standard deviations of individual
material properties were derived for each property.

Not all the scatter in material properties was available from test results. Some of the
data used in the calculations, for instance temperature, were derived using other
computer codes and had scatter associated with their own calculation routes. There
were also cases where paucity of material property data prevented the determination
of meaningful statistics. In these cases scatter was estimated on the basis of
engineering judgement.

3.2 Sensitivity Studies

The calculation route which needs to be followed to obtain AS is complex, with a
number of interdependencies. The first step in this work involved breaking down the
calculations to identify the base parameters (both material properties and loads).

A sensitivity study was carried out to determine the effect of each base parameter on
AS. This involved carrying out calculations using upper and lower bounds for a
chosen parameter, while holding all other parameters at their mean (datum) value.
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Obtain details of structure:
ie construction, design and
operational history

Develop suitable model for
deterministic assessment.
Established models for core
brick performance through
life are based on FE methods.

Collate load and material
property data for through life
performance.
Derive distributions for input
parameters, using engineering
judgement as required. Sample key input parameters

(load history, material
properties) using Latin
Hybercube technique.
Take account of correlations

REPEAT N' TIMES

Probabilistic Assessment
Calculations

Determine AS:

FE analysis (ABAQUS)
or

Approximate method

Process output to calculate
failure distributions

Apply data from failure
distributions in safety
assessments

Fig 2: Probabilistic
assessment method
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The outcome of this sensitivity study was the identification of the ten independent
parameters which had greatest influence on AS:

(i) irradiation dose
(ii) weight loss and graphite attack rate
(iii) initial open pore volume
(iv) emissivity
(v) secondary creep coefficient
(vi) ratio of static Young's Modulus to dynamic Young's Modulus
(vii) exponential decay constant in the weight loss terms
(viii) primary creep coefficient
(ix) unirradiated Young's Modulus
(x) Poisson's ratio

Each of these parameters was sampled in the probabilistic calculations.

3.3 Sampling

Latin Hypercube sampling techniques were adopted for this work. In this method the
cumulative probability distribution for a particular parameter is split into a number of
equal stratifications (Figure 3). Samples, without replacement, are taken from each
stratification. Independence between variables is maintained by randomly selecting the
stratification from which each variable is drawn. Where appropriate, correlations
between sampled parameters can be incorporated into the process.
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Fig 3: Five iterations of Latin Hypercube sampling

Statistics software (@ RISK, linked to Lotus 123), was used to sample the distribution
associated with the key parameters (listed above).

3.4 Probabilistic Calculations

The sampled parameters are repeatedly fed through the deterministic calculational
route to produce an overall probability distribution for failure of core bricks.
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An initial requirement was to estimate the number of samples required to obtain a
smooth distribution of AS. This was achieved by using data from the sensitivity
calculations to define a linear relationship between the change in the sampled
parameter from its mean and the change in AS from its datum value. This relationship
was termed the "partial derivative". For a given set of sampled values an approximate
value of AS was derived by summing the individual effects of each parameter.

Preliminary cases in which AS was determined using partial derivatives, were run using
250, 500, 750 and 1000 samples. The results of this exercise for a loose keyway at 25
full power years operation is given in the table below:

No. of
Cases

250

500

750

1000

Mean

0.4299

0.4162

0.4180

0.4164

Standard
Deviation

0.2452

0.2424

0.2401

0.2431

It was evident that 500 cases would give a sufficiently accurate distribution. Given this
number of calculations, the probabilistic assessment was automated. A UNIX script
was written which:

• Prepared the ABAQUS input deck using preprocessing software. This was based on
a standard deck with the appropriate sample values entered. Changes in field
variable distributions, loads etc. were all accounted for within the software.

• Ran the finite element calculations (ABAQUS) and output selected data to file.
• Read the results file using a post processing program and compared the data against

the appropriate failure criteria.

The method above was applied using data appropriate to the Hinkley Point B reactors.
Both a peak rated brick and a peripheral brick were considered. Typical results are
shown in Figure 4. The associated means and standard deviations may be readily
incorporated into the safety case package being developed by Nuclear Electric [1].

- 0 . 4 - 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 1 . 4

Fig 4: Typical results from the full probabilistic assessment (total of 500 cases)
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It should be noted that despite adopting an efficient sampling technique, large numbers
of ABAQUS analyses were required . The study used 500 calculations, each taking
between 45 minutes (peak rated 45° model) and three hours (peripheral brick 180°
model) on the computers available at that time (1993). There was clearly a strong
incentive to reduce the significant computational effort, and hence cost, required to
determine core brick failure distributions in advance of applying the method to reactors
other than Hinkley Point B. This was achieved using the approximate method
described in the next section.

3.5 Approximate Method

The potential for using an approximate method based on partial derivatives was
recognised during the main study. Such an approach was used to specify the number
of finite element analyses required to produce a smooth distribution for AS. The
method obviates the need for multiple ABAQUS analyses by deriving an approximate
(linear) relationship between each sampled parameter and AS. The total effect on AS
from all ten parameters is assumed to be additive.

The applicability of the method has been recently assessed and demonstrated as a
method for deriving approximate failure distributions. The partial derivatives are
obtained from just 14 finite element analyses. This significant reduction in
computational effort is obtained at the expense of only slight loss in accuracy (within
the 3% for the Hinkley Point B cases studied).

4 CONCLUSIONS

1. Probabilistic methods are being developed by Nuclear Electric as the basis of
future safety cases. It is intended that core integrity will be assessed on its ability
to achieve certain essential safety and operational functions. Failure distributions
for core bricks are required as input.

2. AEA Technology have developed, and successfully applied, techniques to derive
failure distributions for graphite core bricks in AGR reactors.
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