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ABSTRACT 
 

During the lifetime of an Advanced Gas-Cooled Reactor (AGR) the graphite components of the core are 

subject to irradiation induced deformations which lead to a build up of internal stresses in those 

components.  The build up of internal stresses may eventually lead to crack initiation in some components 

which then has implications for the integrity of the core.   Therefore it is important to have reliable 

predictions of both the deformations and stress state of the graphite components together with timings of 

when crack initiation may occur. 

 

This paper describes the methods used to predict stresses and deformations in graphite components with 

an emphasis on the graphite moderator bricks that form the bulk of the core of the AGRs.  The paper 

describes the requirements of the predictions, the data needed for the assessments, the important features 

and properties of the components that need to be considered and methods of validating the predictions.  

The paper also considers how the assessments have advanced in recent years, particularly with the 

development of simple statistical methods that provide predictions of expected ranges of timings and 

deformations.  Finally, current developments in modelling arrays of components and in the modelling of 

crack propagation are also briefly summarised. 

 

INTRODUCTION 
 

The central region of the core of an Advanced Gas-Cooled Reactor (AGR) is made up of approximately 

300 columns of graphite blocks, or bricks, with around 12 bricks per column.  These moderator fuel 

bricks are approximately circular in cross-section with a diameter of about 460mm and a length of 

between 850-900mm.  The columns of bricks each contain a central vertical channel for the fuel stringers.  

Interstitial positions are occupied by smaller square bricks, also containing a central bore.  Larger bore 

interstitial bricks allow passage of control rods into the core.  The larger, circular bricks are 

interconnected by loose graphite keys with the moderator fuel and interstitial bricks connected via keys 

that are an integral part of the interstitial bricks.  There is an additional, end face, keying system between 

vertically adjacent moderator fuel bricks. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  Typical arrangement of the centre of an AGR graphite core 
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During the lifetime of an AGR the graphite components of the core are subject to irradiation induced 

deformations which lead to a build up of internal stresses in those components.  The build up of internal 

stresses may eventually lead to crack initiation in some components which then has implications for the 

integrity of the core.   Therefore it is important to have reliable predictions of both the deformations and 

stress state of the graphite components together with timings of when crack initiation may occur and the 

behaviour of the components and core post crack initiation.   

 

REQUIRED DATA 

 

Calculations to predict the deformations and stresses of graphite components have developed over the 

years from simplified two-dimensional analyses to detailed three dimensional studies using finite element 

codes such as ABAQUS.  ABAQUS, and other codes, require modules that incorporate the models of 

irradiated graphite behaviour and these models themselves have developed over the years to become more 

complex and detailed as understanding of that behaviour has developed.  The finite element analyses 

require a range of data about both the component being studied, the conditions it experiences in reactor 

and the behaviour of the irradiated material. 

 

Geometry 
 

As previously noted early finite element studies of graphite moderator fuel bricks used simplified two-

dimensional plane strain models, generally aimed at representing the mid height regions of the bricks.  

Although these analyses provided valuable information on developing stresses and deformations in the 

bricks it was necessary to make allowances for the true three-dimensional geometry of the bricks as, for 

example, the complex behaviour at the ends of the bricks could not be satisfactorily represented by the 

two-dimensional simplification.  Hence three-dimensional finite element models were developed which 

have continued to be refined to include increasing detail of the brick geometry.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Typical finite element mesh of a graphite moderator brick, including representation of the 

interstitial and loose keys. (Symmetry considerations require only a half brick cross-section to be 

modelled in this case) 

 

The small stress concentrating radii of the keyway roots require a high level of mesh refinement which is 

not needed for the rest of the model.  Hence generally, a “global” model, such as that in Figure 2, will 
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only have sufficient mesh refinement at the keyway roots to indicate the relative magnitude of the stress 

at that location.  When more precise keyway root stresses are required then a sub-modelling technique is 

used in which a more highly refined finite element model of the region just around the vicinity of the 

keyway root is used with the boundaries of the model driven by the displacements calculated from the 

global model.   

 

Field Variables 
 

The deformation of the graphite components in the AGR core is driven by the irradiation damage dose 

and influenced by the irradiation temperature and the weight loss arising from radiolytic oxidation.  The 

distribution of these three “field variables” through the component being studied must be provided and is 

utilised by the modules that calculate the irradiated graphite behaviour.  The distribution of the damage 

dose, temperature and weight loss through a moderator fuel brick is complex and is influenced by a 

number of factors including the neighbouring channels, the position of the fuel element interfaces within 

the fuel stringer, coolant flow, the position of methane holes and the precise position within the brick. 

 

The field variables are calculated by a suite of codes that provide the data in a form that can be readily 

utilised by the stress analyses.  The derivation of the field variables has also developed over the years 

particularly with efforts to tune parameters against measured data, see for example Coote and Headings 

(2011) 

 

Material Properties 
 

The stress analyses require many material properties to be defined for both unirradiated and irradiated 

graphite. Many of these values are used directly, e.g. the unirradiated Young’s modulus or Coefficient of 

Thermal Expansion, whilst others are coefficients used to specify some aspect of the irradiated graphite 

behaviour in the models coded within the specific graphite module used in the finite element analyses.   

 

When the initial stress analyses of graphite components were carried out the irradiated material properties 

were largely based on data derived from material test reactors in which various grades of graphite had 

undergone irradiation in a range of conditions.  Over time data have become available from samples 

trepanned from the actual bricks in the AGR cores and these data have been used in studies by EDF 

Energy and Frazer Nash Consultancy to tune selected material properties and/or model coefficients to 

better match the actual behaviour of AGR graphite.  Development of these tuning techniques and 

updating of the material properties continues as more data become available. 

 

User Material Subroutines 
 

As previously noted the finite element analyses use specially written modules or subroutines that model 

the irradiated behaviour of the graphite.  The subroutines define the constitutive equations relating the 

stress and strain in the graphite and must account for elastic, thermal and irradiation effects.  The 

equations must also be implemented in a code that is stable and robust and does not incur large time 

penalties when running.  The Graphite User Material Subroutine (UMAT) developed by Amec Foster 

Wheeler for AGR graphite core analyses includes a range of models of graphite behaviour as set down by 

EDF Energy.  The code is updated as new information becomes available and new material models are 

defined or existing models improved upon. 

 

STRESS ANALYSIS OF SINGLE BRICKS 

 

Most stress analyses of graphite components have considered just the single component of interest, most 

commonly the graphite moderator bricks that form the bulk of the AGR cores.  Typically stress analyses 
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of graphite components model a full lifetime of reactor operation including periodic shutdowns.  For a 

graphite moderator brick the most likely sites for crack initiation are at the keyway roots and at the bore.  

Figure 3 shows that at the brick bore the stresses are initially tensile, peaking early in life before reducing 

and becoming compressive.  Conversely, near the perimeter of the brick, and particularly at the keyway 

roots, the stresses are compressive early in life, becoming tensile later in the reactor lifetime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  Typical time history of stress at the brick bore and keyway root 

 

The tensile strength of nuclear graphite is very much less than the compressive strength.  Hence, the 

tensile stresses early in life at the brick bore imply that initially it is the bore that is most susceptible to 

crack initiation.  Later in life the stress raising effects of the keyway roots become important with the 

potential for crack initiation at that location.  The timing and magnitude of the stress peaks are important 

as is a consideration of the graphite strength which gradually reduces with continued 

irradiation/oxidation.  Whilst the periphery of the brick is in compression it is unlikely that a full height 

through wall crack could develop.  However, once the outer part of the brick is in tension full height 

through wall cracking becomes possible.  In particular, at the keyway root the stress tends to rise rapidly 

later in life to a level where crack initiation may be predicted. 

 

Other potential crack initiation sites are at the methane holes, running the length of the bricks and 

trepanned holes where samples were extracted from the brick bore.  These are usually investigated via 

sensitivity studies and can generally be assessed using stress concentration factors on the within brick and 

bore stresses respectively. 

 

A Statistical Approach 
 

The magnitude of the stresses and timings of the stress peaks clearly depend on the input data used in the 

analyses.  Although a given set of data may be used in an analysis it is recognised that not all bricks in the 

core will have precisely the same material properties or experience exactly the same in-core conditions.  

A single calculation of the stresses and deformations within a brick cannot therefore represent the entire 

core since many of the analysis inputs should differ between bricks and even within an individual brick.  

Ideally, the properties, conditions and behaviour of each brick would be known and predictions of brick 

behaviour made for each.  This is neither feasible or practical and so statistical approaches have been 
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developed in which the properties and conditions are not specified as fixed values but are allowed to 

range over a specified distribution, with outputs also expressed in the form of distributions. 

In principle the best approach to a statistical assessment is to carry out a full Monte-Carlo simulation 

analysis in which a large number of finite element stress calculations are performed with all variable 

parameter values randomly selected from defined distributions of those parameters.  However, such a 

complete assessment would be impractical due to the large numbers of parameters that would need to be 

considered and the complex interactions between the different parameters.  In practice, there are only a 

limited number of parameters that have a significant influence on the analysis outcomes and these can be 

identified through sensitivity studies.  A statistical assessment can then be carried forward considering 

just those dominant parameters. 

 

The statistical methods adopted by EDF Energy and currently implemented by Amec Foster Wheeler 

within the SABRE code are based on the use of “partial derivatives”, i.e. approximate linear relationships 

between each of the selected sampled input parameters and the calculated output of interest.  The output is 

typically the calculated brick stress or time of predicted crack initiation but may also be related to 

deformations of the brick geometry. 

 

Each partial derivative defines the relationship between the change in an input parameter from its datum 

value and the associated change in an output.  The partial derivatives are obtained from finite element 

analyses which include a base case, with all parameters at their nominal, central estimate, values, and a 

series of analyses in which individual parameters are perturbed and the influence of that perturbation on 

the stresses and/or deformations of the brick determined. 

 

SABRE (Statistical Assessment of Bricks using @Risk in Excel) is a spreadsheet based tool using the 

@RISK risk analysis package, an “add-in” to Microsoft EXCEL which provides tools for setting up, 

executing and viewing the results of a risk analysis.  Within SABRE, specified parameters are sampled 

multiple times with perturbations to the stress analysis outputs obtained by multiplying the applied 

perturbations by the corresponding partial derivatives and summing the individual contributions from 

each parameter.  Correlations between parameters may be specified and various parameter distribution 

types are available if required, e.g. uniform, Normal, Weibull. 

 

 
Figure 4 Example output from SABRE 

 

Figure 4 shows an example of the output that is available from SABRE.  In this case the analysis 

concerned the timing of brick cracking in the core and the chart shows the increasing percentage of the 
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core containing cracked bricks as a function of reactor life.  Whereas a single finite element analysis 

would only provide a single time for brick cracking, the statistical approach provides a range of times 

over which increasing numbers of bricks are predicted to undergo crack initiation, allowing for the 

variability of material properties and core conditions and thus providing a more representative prediction 

of the core behaviour.  Although not shown on Figure 4, the method also provides outputs at specified 

confidence levels to provide more statistics on the feature of interest.  

 

The statistical approach described above has a number of advantages.  The methodology is relatively 

simple to implement and easy to understand providing clarity in the interpretation of the results.  The 

method is also generally applicable and, in addition to stress and timing of brick cracking, has been used 

for assessments of brick deformations such as bore shapes and key/keyway gaps.  The validity of the 

basic assumptions of the technique, i.e. use of linear relationships between input and output parameters 

and the summing of individual contributions from each parameter has been demonstrated for current 

models although further checks would be necessary following any significant model development. 

 

STRESS ANALYSES OF MULTIPLE COMPONENTS 

 

For many years the stress analysis of graphite components concentrated on isolated bricks, often 

including a representation of the radial keying system to allow the effects of the distorting brick keyways 

pinching on the loose or interstitial keys to be studied.  With improvements to contact algorithms in finite 

element codes and with the availability of increased desktop computing power, routine modelling of more 

detailed interactions between the graphite components in the core has become possible.  Hence models 

are now available that can take account of the interactions between a brick and its immediate neighbours 

both horizontally and vertically within the core.  The analyses take full account of both the radial keying 

system and the interactions through the end face keys.  Such detailed models are particularly important 

when considering the interactions that occur in the core following the fully through wall cracking of a 

moderator fuel brick.  Following cracking of a moderator fuel brick, further irradiation causes the cracked 

brick to distort, opening the crack and causing further interactions with the keying system of the 

neighbouring bricks.  This has the potential to lead to further cracking of the subject brick, or through the 

increased loading of the end face keying system, to cause cracking of vertically adjacent bricks or failure 

of parts of the keying system itself.  
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Figure 5  3x3x3 array model of a section of the graphite core 
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Teng et al (2015) describe the development and application of an array model, shown in Figure 5, that can 

be used to investigate the complex interactions between components in an array.  The large number of 

potential contact surfaces within the array, together with the lack of restraint on many of the smaller 

components, not visible in Figure 5, presented particular challenges to development of the model which 

has now been successfully applied to studies of the interactions arising from a cracked brick in the core of 

the Hinkley Point B / Hunterston B reactor cores. 

 

MODELLING CRACK PROPAGATION 
 

Stress analyses of graphite components have been used to predict the most likely positions and timing of 

crack initiation in the AGR graphite cores.  Once crack initiation is predicted then the conservative 

approach is to assume that the crack propagates through the component.  However, a more precise 

understanding of how cracks propagate through a component, including the potential for crack arrest, is 

desirable.  Modelling crack propagation is difficult and the heterogeneous nature of nuclear graphite with 

material properties varying through the component complicates the analysis.  More recent development in 

the analysis of crack propagation, including the development of the eXtended Finite Element Method 

(XFEM), have allowed analyses to be undertaken to investigate crack propagation in graphite core 

components (Booler, 2015). 

 

VALIDATION 
 

Validating the finite element stress analyses by directly comparing calculated and measured brick stresses 

has not proven possible as there are currently no measurements of the in-reactor brick stress state.  There 

are however good measurements of the brick bore diameters obtained from in-core inspections performed 

during reactor outages.  Comparison of the measured and calculated bore diameters and ovalities along 

the length of a channel provides an opportunity to validate the calculated strains in the irradiated bricks.  

If it can be shown that the existing models provide good agreement between the calculated and measured 

brick deformations then this would provide confidence that the models are giving a reasonable prediction 

of brick stresses. 

 

Ideally, a detailed analysis should be undertaken for a specific brick in a specific channel for which good 

quality measurements are available, preferably from a number of repeat inspections.  The detailed 

analysis would include brick specific field variables, power history of the channel and brick specific 

material properties using data derived from trepanned samples from the brick.  However, obtaining such 

detailed data would be difficult and time consuming and so appropriately averaged field variables and 

brick data are used with the aim of obtaining a best estimate of the actual data. 

 

Historically, comparison of calculated and measured bore shapes have shown generally good agreement 

giving confidence in the prediction of stresses in the bricks.  However, on occasion it has been noted that 

the agreement has begun to decrease after a given time indicating that although existing models for the 

material can match the past behaviour of the irradiated bricks, some adjustment to the models is required 

to provide the best agreement with more recent measurements and future predictions.  In those 

circumstances the material models are revisited and either specific material properties retuned against 

measured data or the material models themselves may be amended to reflect new understanding of the 

behaviour of the irradiated graphite. 

 

FUTURE DEVELOPMENTS 
 

As more data become available from the AGR graphite cores and representative material test reactor 

experiments it is likely that the tuning of material properties and potentially of the material models will 

continue to improve confidence in the understanding of the core behaviour later in life.  Further 
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comparisons between calculated and measured bore shapes as the properties and models are updated  will 

help to  improve confidence in the accuracy of the stress analyses and the predicted state of the core. 

 

For many years stress analyses concentrated on intact components, predicting if and when crack initiation 

in those components may occur.  Other work streams then consider the consequences of any predicted 

component failures; how they may influence the distortion of the whole core and the potential impact on 

the safe movement of fuel and control rods in the core.  Now, later in the life of the reactor cores, the 

emphasis of the stress analyses is likely to shift to increasingly consider the consequences of a failed 

component for its immediate neighbours. 

 

Hence, stress analyses of AGR graphite components are likely to continue to develop in terms of the 

complexity of the interactions that are modelled.  Analyses of components in a 3x3x3 array have become 

routine, but interpretation of results from such analyses must consider the potential for the array boundary 

to influence the results.  The use of larger arrays is desirable and as desktop computing facilities improve 

in terms of speed and memory, such analyses will become more tractable without incurring extensive 

analysis run times. 

 

Most analyses of the AGR cores have concentrated on the Hinkley Point B / Hunterston B core design as 

these are the lead stations in the AGR fleet, i.e. are the most advanced in terms of core irradiation.  Other 

designs of core have slightly different brick geometry and/or differences to the keying systems, both 

radially and between bricks in a column.  These geometries have been investigated in stress analyses of 

single components but there will be an increasing requirement to develop array models for these other 

geometries. 

 

Additionally, as the capability of modelling crack propagation improves then predictions of how cracks 

develop in the graphite components will become more significant.  The path a crack takes is important in 

determining if crack arrest may occur or if fragments can become detached from the main body of a 

component.  A clear understanding of crack morphology will therefore assist in understanding the 

consequences of cracked components for the structural response of the core. 

 

CONCLUSIONS 

 

The finite element analysis of graphite components has advanced considerably over the years to a point 

where large three dimensional analyses of interacting components can be routinely carried out. 

 

The variability in the detailed reactor conditions and material properties both between bricks and within 

bricks can be accounted for by the use of statistical assessment methods that have been developed.  These 

are applicable to a range of analysis outputs including time of predicted crack initiation and deformations 

of the component geometry. 

 

The material models describing the behaviour of irradiated graphite are updated as necessary to ensure 

that the latest understanding of that behaviour is captured in the analyses.  The material properties used in 

analyses are also updated as more data become available either from the AGR reactors or from 

representative material test reactor experiments. 

 

Improved capability in the modelling of crack propagation in general has allowed analyses to be 

undertaken to investigate crack propagation in irradiated graphite components. 

 

Techniques used for the prediction of stresses and deformations in the irradiated AGR graphite 

components will continue to be developed and applied to a wider range of geometries and to more 

detailed analysis of both intact and cracked components. 
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