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Abstract – EDF Energy operates 14 AGRs, commissioned between 1976 and 1989. 
The graphite moderators of these gas cooled reactors are subjected to a number of 
ageing processes under fast neutron irradiation in a high temperature CO2 
environment. As the graphite ages, continued safe operation requires an advanced 
whole-core modeling capability to enable accurate assessments of the core’s ability 
to fulfil fundamental nuclear safety requirements. This is also essential in evaluating 
the reactor's remaining economic lifetime, and similar assessments are useful for 
HTRs in the design stage. A number of computational and physical models of AGR 
graphite cores have been developed or are in development, allowing simulation of 
the reactors in normal, fault and seismic conditions. Many of the techniques 
developed are applicable to other graphite moderated reactors. Modeling of the 
RBMK allows validation against a core in a more advanced state of ageing than the 
AGRs, while there is also an opportunity to adapt the models for high temperature 
reactors. As an example, a finite element model of the HTR-PM side reflector based 
on rigid bodies and nonlinear springs is developed, allowing rapid assessments of 
distortion in the structure to be made. A model of the RBMK moderator has also 
been produced using an established AGR code based on similar methods. In 
addition, this paper discusses the limitations of these techniques and the 
development of more complex core models that address these limitations, along with 
the lessons that can be applied to HTRs. 

 
I. INTRODUCTION 

 
The Advanced Gas cooled Reactor (AGR) is the 

second generation of British gas cooled, graphite 
moderated reactors, sharing the CO2 primary coolant 
of the earlier Magnox reactors but achieving a higher 
temperature and thermal efficiency and greater 
overall power output. In common with High 
Temperature Gas cooled Reactors (HTGRs), there 
are both permanent and replaceable graphite 
components, with the latter (the fuel sleeves) being 
exposed to the highest temperatures and dose rates, 
but the permanent graphite bricks must withstand the 
greatest cumulative fast neutron doses, also at 
elevated temperature. Subjected to these conditions, 
nuclear graphite undergoes complex material 
properties changes, in particular dimensional change. 
When coupled with gradients in dose and 
temperature, this induces internal stresses, with the 

result that a fraction of the bricks may crack, the 
morphology depending on the brick geometry and 
irradiation history. Ultimately, brick cracking may be 
a life-limiting factor for the AGRs, so an 
understanding of the effects of cracking on safety 
functions is key to maximizing safe, economical 
generation. 

In addition to its neutronic and thermal functions, 
the permanent graphite components in the core form 
channels that direct coolant flow and allow the 
movement of fuel assemblies and control rods. The 
fundamental nuclear safety requirements against 
which graphite core structural integrity is assessed 
are therefore shutdown (control rods can be inserted 
unimpeded), cooling (maintenance of appropriate 
gas flow paths) and refueling (channels 
accommodate the movement of fuel assemblies). 
When cracked bricks are present, it is thus necessary 
to assess the behavior of a large assembly of 
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components, requiring increasingly sophisticated 
computational and physical models as the core ages.  

Although different in design, the Russian 
RBMKs also face graphite brick cracking and 
dimensional change, leading to distortion of the core 
structure. These reactors have larger cores with many 
more channels, with the moderator operating at a 
higher temperature and cumulative dose than in the 
AGRs, so degradation occurs earlier than is 
predicted in the AGRs. 

With global nuclear power operating experience 
dominated by light water reactors, any opportunity 
for comparative study of graphite core behavior is 
valuable. Graphite core safety assessment methods 
are also relatively unfamiliar to utilities and 
regulators internationally, so the advent of 
commercial HTGRs will demand further 
development of tools and understanding amongst 
such bodies.  

Given these points, it is beneficial to investigate 
the potential for extension of AGR modelling 
techniques to alternative graphite moderated reactors. 

 
II. GRAPHITE BRICK BEHAVIOUR UNDER 

IRRADIATION 
 
When subject to fast neutron irradiation at high 

temperature, graphite undergoes a process of 
dimensional change, initially shrinking and then 
swelling. When neutron dose and temperature vary, 
internal stresses develop. Although relieved to an 
extent by irradiation creep, these stresses may lead to 
cracking of bricks, and dimensional change affects 
the spacing between bricks, altering interaction 
properties and hence the behaviour of the whole core.  

The graphite bricks exposed to the greatest 
neutron doses in the AGR are the fuel channel bricks: 
These are approximately octagonal in shape, with a 
cylindrical bore into which the fuel assembly is 
inserted and radial keyways on the outside, into 
which loose and integral keys fit to hold the core 
structure together while allowing movement under 
thermal expansion [1]. End-face features similarly 
constrain movement between horizontal layers of 
bricks. 

 

 
Fig. 1: Isometric view of the central core structure at 
Heysham II and Torness AGRs 
 

 
Fig. 2: Stresses in AGR fuel bricks early (left) and 
late (right) in life 
 

In these bricks, there are a number of important 
changes under irradiation that must be accounted for, 
some of which are noted below. RBMK bricks 
similarly have a central channel containing the fuel, 
although the outside section is square, there is no 
radial keying system and there are no small 
interstitial bricks. 

 
II.A. Brick Bowing 

 
The radial distribution of flux across the reactor 

core, between channels and within channels leads to 
differential shrinkage across the brick, with resulting 
brick bowing. This can cause some distortion in a 
vertical column of bricks. 

 
II.B. Changes to Brick-to-Brick and Key-Keyway 

Interactions 
 
Shrinkage of the fuel bricks increases the space 

between bricks, while the outer edges of the keyways 
tend to close together (dovetail) faster than the keys 
shrink, reducing the gap between the key and keyway. 
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Given sufficient irradiation, this gap is expected to 
increase again. 

 
II.C. Bore Cracking 

 
Dose gradients from the centre of the brick to the 

outside mean that shrinkage is faster at the bore, 
causing tensile stresses early in life. Although these 
stresses are below the typical predicted tensile 
strength, material variability and manufacturing 
flaws mean that a small number of bricks have 
cracked at the bore. These cracks may be axial, 
circumferential or some combination of the two. 
 

II.D. Keyway Root Cracking 
 
Late in life, as the bore begins swelling while the 

outside of the brick continues to shrink, tensile 
forces will be set up at the outside of the brick. The 
tight corners at the roots of the axial keyways 
concentrate stresses, and it is expected that cracks 
will propagate from these features towards the bore. 

 
II.E. Single Axial Crack Opening 

 
If a single, full-length axial crack is present, 

swelling at the bore late in life will cause the crack to 
open, creating stresses at the end faces (where 
further keying features are present) and applying 
lateral forces to neighbouring bricks. Distortion to 
the core may result. 

 
II.F. Double Cracking 

 
Some doubly axially cracked bricks are present 

as a result of bore cracking, while more may occur 
following keyway root cracking. When a brick spits 
vertically into two parts, the local integrity of the 
keying system is reduced and greater movement of 
the parts is possible. 

 
III. AGR CORE MODELLING TECHNIQUES 

 
Initial work on AGR core modeling consisted of 

full-scale experimental rig tests on arrays of graphite 
bricks and finite element solid models, however due 
to the very large number of components, 
simplification is necessary in modeling the whole 
reactor core. The early models and tests indicated 
that displacements in arrays of bricks were 
determined predominantly by the magnitude of 
key/keyway clearances rather than elastic 
deformation of the graphite [2], so it is reasonable to 
treat the bricks as rigid bodies and to model their 
interactions with a set of nonlinear springs. Two 
models applying this approach are used for AGR 
core assessments: 

 

III.A. AGRIGID 
 

AGRIGID is a Fortran-based preprocessor for 
the Abaqus Standard finite element solver, used to 
create ‘stick and spring’ models of the AGR core for 
normal and fault operation. These are quasi-static 
models, which incorporate effects including singly 
and doubly cracked bricks, singly cracked brick 
opening, brick bowing, keyway dovetailing, changes 
to the brick spacing and the loss of parts of the 
keying system. The core restraints and support plates 
are also modeled, since these also affect core 
distortion. Extensive validation work has been 
carried out using a variety of full size and scaled 
models, in particular quarter-scale models using 
aluminium bricks [3]. 

The basic unit cell for the finite element model is 
shown in Figure 3. In this, the fuel brick is modeled 
using three octagonal layers of rigid beams to 
represent the top, middle and base of the brick, with 
a square layer representing the interstitial brick. Each 
node on these planes connects to neighbouring 
bricks or the restraint structure using JOINTC 
nonlinear spring elements, with dashpots for 
numerical stability. Duplicate nodes allow doubly 
cracked bricks to be inserted, represented as shown 
in Figure 4. 

 

 
Fig. 3: AGRIGID finite element mesh unit cell with 
node and element numbers. 
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Fig. 4: AGRIGID representation of a doubly cracked 
fuel brick 

 
III.B. GCORE 

 
As with AGRIGID, GCORE is a finite element 

method preprocessor, this time producing dynamic 
models to be solved by LS-DYNA, used in seismic 
assessment [4]. Impact stiffness and damping of the 
bricks are modeled by nonlinear springs and 
dashpots, and the core restraints, supports and fuel 
are included, along with other internal reactor 
structures coupled to the core. Brick cracking and 
distortion are modeled similarly. A number of rig 
models have been produced, with current validation 
work focusing on a highly instrumented quarter scale 
multi-layer shaking table model representing many 
of the features of a whole core [4]. 

 
III.C. Channel Shape Assessment 

 
Once the information on brick positions has been 

extracted from whole core model results, these must 
be assessed against the nuclear safety requirements. 
Of great importance is the shape of the control rod 
channels, and whether the (articulated) control rods 
can be inserted. Various methods have been used for 
this purpose, with the current models including a 
code based on linear programming that is able to 
determine safety margins for the channels in an 
entire core, and a finite element solid model used to 
check the cases of interest in more detail. These are 
validated against a full-size deformed channel rig 
using graphite bricks and a replica control rod [6].  
 

IV: AGRIGID RBMK MODEL 
 

While the RBMK core [7] is significantly 
different to that of the AGR (including the physical 
size, the lack of radial keying and the presence of 
pressure tubes containing the fuel), the mechanisms 
of brick cracking and subsequent cracked brick 
opening are qualitatively similar and cause distortion 
of the cores. The limits on core distortion are 

determined by the effect of bricks on the pressure 
tubes. Extensive brick cracking, cracked brick 
opening and core distortion has been observed in 
earlier Russian graphite moderated reactors [8] and 
similar effects are anticipated in the RBMKs. 

AGRIGID has been extended to the RBMK 
geometry by making a number of modifications to 
the existing code. It is now feasible to model the 
square bricks of the RBMK and the overall 
distortion of a core (although representative 
displacements would require accurate input data). 
The principle mechanisms modeled here are 
shrinkage and axially cracked brick opening. 
 

 
Fig. 5: Illustrative displacement plot for a horizontal 
RBMK core slice assuming 40% cracked bricks 
opening by 15mm (one quadrant). 
 

 
Fig. 6: Detail showing relative movements of square 
bricks in the horizontal slice (displacements scaled 
by factor of 10). 
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Fig. 7: detail of vertical slice of AGRIGID RBMK 
model showing central core shrinkage relative to 
peripheral channel 
 
   A number of qualitative features of interest can 
be seen from these models. One observation is that 
the greatest distortions are seen where a number of 
cracked bricks open up in a line such that the 
individual displacements are added together. Such 
lines of increased distortion can be seen in Figure 5, 
which models the effect that 40% of bricks with 
single axial cracks opening by 15mm would have. 
See also Figures 6 and 7. It is likely that the most 
onerous distortions in the core will result from such 
effects. 

 
V: ADAPTING AGRIGID METHODS TO 

MODULAR PEBBLE BED REACTOR 
 

V.A. Reactor and model description 
 

   There are two main classes of HTGR, having 
different fuel types: Prismatic HTGRs have fuel 
contained within graphite blocks, while pebble-bed 
reactors have a fixed graphite reflector forming a 
cylindrical silo containing fuel within graphite 
pebbles. The prismatic HTGR is structurally similar 
to a conventional gas cooled reactor such as the 
AGR (although typically having a hexagonal rather 
than square lattice), and core assessment methods 
could take a similar approach. Since the fuel and 
reflector bricks have a similar geometry and are 
physically close, the reflector bricks in the highest 
dose regions of a prismatic HTGR core can be 
designed to be replaced relatively easily, potentially 
avoiding many of the concerns associated with brick 
cracking and distortion. By contrast, replacement of 
the reflector graphite in a pebble bed reactor would 
require defueling and complete rebuilding of the 
core structures so it is desirable that these structures 
last for the life of the reactor. If the reflector graphite 

is not replaced, it is likely to limit the overall reactor 
lifetime. 
  In order to investigate the use of stick and spring 
finite element models to such a different reactor type, 
a simple model representing the HTR-PM [9] side 
reflector is produced using an Abaqus preprocessor 
written in Python. The reactor has a central core of 
diameter 3m, an inner ring of reflector bricks with 
each layer having 30 long, wedge shaped graphite 
bricks, and an outer ring of carbon bricks. As a 
simplification, the carbon bricks are assumed to be 
the same height as the inner bricks.   

The inner graphite bricks have a keying system 
at the edges and between these bricks and the outer 
carbon bricks, and dowels fitting in holes at the top 
and bottom faces (see Fig. 8). Each of the vertices, 
dowel holes and keyways on each brick is 
represented by a node point, with rigid beams 
between points at the same radial position and all 
nodes being part of a rigid body with a reference 
point at the estimated centre of mass. This gives a 
rigid body with 6 degrees of freedom, with each 
node being connected to its neighbours on different 
bricks by nonlinear springs, the properties being 
determined by the interaction type (i.e. resistance to 
displacement/rotation for a given magnitude of 
movement). 
 

 
Fig 8: One quadrant of the HTR-PM graphite 
reflector, showing the inner graphite bricks, outer 
carbon bricks and keying system of the side reflector 
 
   The  mesh for a single layer of bricks is shown 
in Fig. 10. Each of the vertices on each brick is 
represented by a node, with springs defined 
connecting to the nearest neighbours in the radial, 
tangential and axial directions (where a neighbour 
exists). The other nodes include those having joints 
representing the dovetail keys between inner and 
outer rings, key/keyway connections between 
adjacent graphite bricks and dowel/recess 
connections between vertically adjacent bricks. The 
outer face of the carbon brick has a number of 
features interacting with restraint structures. Each 
spring is defined with a low stiffness in the 
displacement rage(s) in which the bricks do not 
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interact, with a high stiffness defined when contact is 
established. This leads to either a bi-linear force-
displacement relationship for direct contact or a tri-
linear relationship for key/keyway and dowel/recess 
joints (Figure 9). 
  For the outer restraints, circumferential steel 
hoops and radial keys are represented using beam 
and shell elements. 

    On the inner graphite brick, the nodes of the 
inner face have concentrated radial and axial forces 
applied to represent the effect of the pebble bed. 
Masses are attached to the rigid body reference 
nodes to allow modeling of gravity, and the sizes and 
positions of the bricks can be varied to change the 
gaps between bricks. In addition, the nodes of the 
inner brick can be shifted to represent shrinkage or 
other brick distortion, which can be applied 
randomly throughout the model or in particular 
layers.  

    With the incorporation of representative 
damping and moments of inertia, seismic loading of 
a non-fuelled graphite assembly can also be 
simulated, although a more accurate description of 
the fuel and steel components would be needed for a 
whole core assessment. 
  Two separate models are  generated; one using 
JOINTC elements as in AGRIGID, and the other 
using Connector elements with nonlinear elasticity 
and damping properties in place of the springs and 
dashpots of AGRIGID. This is a feature introduced 
to Abaqus since AGRIGID development was 
initiated which grants more flexibility in usage, for 
example by allowing the use of the Abaqus/Explicit 
dynamic solver. Comparing displacements and 
rotations shows that the two methods give very 
similar results, while the model using connector 
elements takes less time to run. 
 

 
Fig. 9: Force-displacement curves for nonlinear 
springs 

 
Fig. 10: Finite element model of single layer 
showing inner and outer bricks. Circles show 
JOINTC elements, ‘X’ symbols denote rigid body 
reference points (‘RP’). 
 

V.B. Discussion of results and sensitivities 
 

  The model is set up to output displacements and 
rotations at each of the rigid body reference nodes. If 
representative capacities were used for the JOINTC 
elements, realistic forces on bricks could also be 
determined. ABAQUS/Viewer is used to visualize 
the deformed state of the graphite assembly (as in 
Fig. 11), and a script is used to extract the positions 
of particular node points from the output database to 
allow brick column shapes to be determined 
(example in Fig 12). These show an extreme case in 
which loading includes a gravitational-type force in 
the global ‘X’ (horizontal) direction in additional to 
the weight of the bricks and forces due to the fuel 
(radial pressure and vertical traction on the inner 
face nodes). While these particular plots do not 
correspond directly to a real reactor and the input 
parameters are non-representative, such a model 
could be used to help analyse the safety margins 
related to shutdown (control rod channel shapes) in a 
core subject to shrinkage and other deformation of 
bricks. 
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Fig. 11: Illustrative model of 40 layer side reflector 
region under extreme loading, top and bottom layers 
fixed. Un-scaled plot on left, horizontal deformations 
scaled 50 times on right. A single column of points is 
highlighted to show the deformed channel shape. 
 

 
Fig. 12: Illustrative channel shapes for 40-layer side 
reflector model (loading as in Fig. 11). 
 
  Overall, several conclusions are reached about 
the static behaviour of this structure: 

• In contrast to the large AGR and RBMK 
cores and other prismatic reactors, the 
relatively small number of components in 
the permanent graphite structure means that 
overall distortions are likely to be small in a 
wide range of conditions. 

• The behaviour of the side reflector is highly 
dependent on the fuel and restraint 
structures. The particular model chosen to 
describe the forces due to the fuel (which 
would in general depend on factors such as 
the pebble-to-pebble friction, the pebble-to-
wall friction and the packing fraction of the 
bed) and the properties given to the restraint 
structures have a large effect on channel 
deformation. 

• As with the AGR and RBMK models, the 
amount by which bricks can move 
unconstrained (before the stiff part of the 
nonlinear spring engages in the model) is 
more important in determining overall core 
distortion than the stiffness of the 
interaction itself. Both brick shrinkage and 
thermal expansion (of the core, reflector 
and restraints structure) will affect this. 

A 40-layer static model runs in less than an hour, 
making broader sensitivity studies possible. 
 

VI. FUTURE DEVELOPMENTS 
 

VI.A: AGR Core models 
 

  With increasing computational resources being 
available and the expectation of more onerous core 
states in the future; new models are being developed. 
As with existing models, these are split between 
quasi-static models for normal and fault assessments 
and dynamic seismic models. On the static side, the 
focus is on detailed 3D solid finite element models 
of a region of the core, incorporating all the 
interactions between bricks using general contact in 
Abaqus and modeling the evolution of materials 
properties under irradiation using an Abaqus user 
materials subroutine (UMAT), with realistic 
irradiation, temperature and weight loss fields. Such 
models will give greater understanding of the forces 
on components, indicating the likely positions and 
timing of damage and capturing the complex 
interactions in more detail than a stick and spring 
model can. Alternate models may also offer a source 
of validation for the stick and spring models. It is 
planned to drive these models using boundary 
conditions extracted from AGRIGID, allowing the 
finite element solid model to be used as a submodel 
to the whole core model. Broad sensitivity studies 
and investigations of a large number of possible core 
states (including different numbers and positions of 
singly and doubly cracked bricks) can be carried out 
using AGRIGID, allowing the identification of 
particular core regions in particular configurations 
that can benefit from further investigation. 
  A similar approach is being taken with seismic 
modeling, with 3D solid models being developed in 
SOLFEC [10] to complement and be used as 
submodels for GCORE. Solfec uses an efficient, 
parallel implementation of nonsmooth contact 
dynamics to allow high performance simulations of 
the dynamics of large numbers of interacting 
deformable bodies. Behaviour of the core in 
situations currently assumed to be intolerable such as 
separation of bricks by an amount that could permit 
key-keyway disengagement will be investigated. 
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VI.C: Requirements for extension to HTGRs 
 

  In principle, many of the general techniques 
currently under development for AGRs can be 
applied to HTGRs as well. Experience applying 
modeling techniques can inform effective strategies 
for tackling these complex structures, where many of 
the interactions are similar across different reactor 
designs, even if the larger scale behaviour is 
different. Although not a replacement for reactor-
specific validation work, cross-comparison of 
computational models using similar methods has the 
potential to improve confidence and understanding 
of these tools in general. 
  Pebble bed reactors in particular feature a 
unique core that is dissimilar to those seen in other 
graphite moderated reactors (with only one 
commercial-scale pebble bed reactor having been 
built in the past, along with two small test reactors), 
so the potential for comparison and validation is less. 
Nevertheless, the lifetime implications of 
degradation to the permanent graphite structures can 
be assessed using methods similar to those already in 
use elsewhere. Simulation of the mechanical 
properties of pebble beds has also been carried out, 
for example using discrete element methods [11], 
suggesting reasonable avenues for whole core 
modeling exist. The particular strategy would depend 
on the loading under consideration and the 
computational/time resource available. 
 

VII. CONCLUSIONS 
 

  A number of conclusions are summarised below: 
• Modeling of large-scale structures is 

required to understand the safety 
implications of loading and degradation in 
graphite reactor cores. 

• ‘Stick and spring’ models using rigid bodies 
to model graphite bricks and nonlinear 
springs/dashpots to model the interactions 
can be an efficient, versatile method of 
producing whole-core structural models. 

• An AGR whole core modeling code has 
been used to produce models of the RBMK 
core, generating apparently reasonable 
results. 

• Similar techniques have been used to 
produce a model of the HTR-PM side 
reflector and the possibility of using such a 
model to determine control rod channel 
shapes under internal loading with brick 
shrinkage has been demonstrated. A similar 
model developed by INET for seismic 
assessment [12] also shows reasonable 
results. 

• Where appropriately validated by 
experiments, stick and spring models can 
produce useful predictions of core 
distortion that can be used in a graphite 
core safety case. Cross-comparison between 
rig tests, reactor inspection results and 
computational models for a range of 
reactors can improve understanding in all 
areas of core modeling. 

• Further insight to core behaviour can be 
gained using more detailed solid models, 
which are particularly useful when used in 
conjunction with stick and spring models. 
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