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ABSTRACT 

The graphite bricks in an advanced gas-cooled reactor (AGR) core are subject to fast neutron irradiation 

which leads to significant dimensional and material properties changes. These changes vary across the 

relatively thick (~100mm) wall section of a typical graphite moderator brick due to the fluence and 

temperature profiles leading to the generation of internal stresses. In the carbon dioxide cooled 

environment of an AGR, the graphite also suffers weight loss due to the radiolytic oxidation which further 

alters the material properties. In early life the brick bore is under tension whilst the periphery is under 

compression. This state is reversed later in life leading to tensile stresses on the periphery and at the 

keyways. The keyway near 90° corners cause stress concentrations and are possible locations for crack 

initiation. Circular methane holes within the brick may provide locations for crack arrest before a crack 

could reach the brick bore, preventing detection of the crack during a routine inspection. There is a limit 

put on the number of cracked bricks that may be tolerated as part of the operating safety case. It is 

therefore desirable to ensure that keyway root cracked bricks are not missed during inspection. In this 

paper, the possibility of keyway root crack arrest at the methane holes is investigated. Numerical finite 

element models of different crack propagation scenarios are analysed. The stress levels are then used to 

predict the likelihood of the arrest of a keyway root crack before reaching the bore of a graphite fuel brick 

where a crack can be visually detected. 

INTRODUCTION 

The graphite bricks in the core of an advanced gas-cooled reactor (AGR) are subject to fast neutron 

irradiation, thermal changes and radiolytic oxidation during the reactor life. This leads to significant 

dimensional and material properties changes which are not uniform across the brick leading to the 

generation of internal stresses. The internal stresses change and reverse direction overtime. In early life 

(low to medium fluence range), the bore of the brick is under tension while the periphery (keyways) under 

compression. This stress state is reversed later in the reactor life at medium to high fluence range leading 

to tensile stresses at the periphery (keyways). The keyways’ geometries contain approximately 90° 

corners. It is known that corners cause stress concentration (Pilkey and Pilkey, 2008). The stress level at 

the corner tip is dependent on the radius of the rounded root (tip) of the corner. The smaller the radius, the 

higher the stresses. When the corner is sharp, i.e. the radius is zero, the stresses are theoretically infinite 

(moving from a stress concentration problem to a stress singularity problem). Practically, a corner with a 

very small radius could be considered sharp, because the stresses would be too larger compared to the 

material strength (Berto and Lazzarin, 2014). 

Thus, even if the AGR moderator brick keyway root has a small radius, it is expected to lead to a high 

level of stress as explained above. This makes the keyway root a possible location for crack initiation. As 

graphite is a semi-brittle material that becomes more brittle with irradiation, a crack at the keyway root is 

expected to propagate through the whole brick wall thickness. This is simply because the stresses at the 

crack tip are very high (theoretically infinite as this is a stress singularity problem). However, the brick 
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wall is not completely solid throughout. In Hinkley Point B and Hunterston B, a graphite fuel brick 

contains three layers of methane holes which are circular in shape. It is known that circular holes cause 

stress concentration hence high levels of stress, but they do not cause singularity and stresses remain 

finite at the boundary of the hole. Therefore, if a crack propagates until it reaches a circular hole, the 

stress problem changes from a stress singularity to a stress concentration, which may lead to a crack arrest 

at the hole. The possibility of a crack arrest depends on the magnitude of the stress at the hole after the 

crack has reached and broken through to the hole in question. If the stresses remain below the strength, 

then it is likely the crack would arrest. It is worth noting that a converged stress at a circular hole is 

achievable with mesh refinement when carrying out a finite element (FE) analysis, because the stresses 

are high, but finite.  

 

Crack propagation follows a path defined by the high stress region in front of the crack in order to release 

as much energy as possible. The crack path passes through the weakest links of the component; i.e. points 

of high stress and low strength. Therefore, it is a possibility that a crack developed at the keyway root 

may propagate to a nearby methane hole. If this occurs, then the crack may arrest at the methane hole, 

depending on the stress and strength at that point after the crack has reached the hole. 

 

During a routine inspection, keyway root cracks can be discovered only if the crack has reached the bore 

of the brick. This is because the inspection camera is inserted through the fuel channel (brick bore) during 

outages. Thus a keyway root crack arrested at a methane hole will be missed leading to false negative. As 

the amount of cracked bricks is one of the safety limits imposed as part of the safe operation of the AGRs, 

it is desirable that keyway root cracks are not missed during inspection. In this report, different possible 

keyway root crack propagation scenarios are explored. The possibility of crack arrest at methane holes is 

also investigated. Various FE models with different crack propagation paths are analysed to assess the 

possibility of crack arrest at methane holes. The elevation in stress levels at a methane hole after a crack 

has reached it is used to predict the likelihood of crack arrest before the crack reaches the bore of the 

brick where it can be detected during inspection. 

 

KEYWAY ROOT CRACK PROPAGATION SCENARIOS 

 
Keyway root cracking is expected to occur when fracture criteria are satisfied (stresses or energy reaching 

critical values). As explained earlier, it is expected that cracks would propagate without hindering through 

the brick wall, because graphite is a semi-brittle material that becomes more brittle with irradiation. 

However, the existence of methane holes within the brick wall may provide arrest locations if the crack 

goes through them. The circular methane holes cause stress concentration (a circular hole has a stress 

concentration factor of 3). Crack development and propagation tend to occur in highly stressed areas to 

relieve high stresses and release as much energy as possible. Therefore, a keyway crack may go through a 

methane hole where the stresses are high. When a crack reaches a methane hole, the problem changes 

from a stress singularity problem at the tip of the crack (stresses are theoretically infinite) to a stress 

concentration problem at the edge of the circular hole. Stress concentration causes the stresses to increase, 

but the stresses remain finite and convergence is achievable in finite element analyses with using finer 

meshes. To determine if the crack would continue beyond a methane hole, the stresses at the methane 

hole need to be compared with the strength of the irradiated graphite. If the stresses are higher than the 

strength, then the crack is likely to progress through the methane hole, but if the stresses are lower than 

the strength, then the crack is likely to arrest. 

 

A keyway root crack may propagate through the brick wall until it reaches the bore following one of the 

scenarios as shown in Figure 1. Obviously, the crack may not take such a straight line used for modelling 

purposes as shown in Figure 1. However, it is worth noting that the shape of the crack will not have any 

influence on the stress values at the methane hole once the crack has reached the hole. 
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Figure 1. Keyway root crack propagation scenarios. 

 

The first scenario of crack propagation is that the crack starts at the keyway root and propagates to 

methane hole No.1 (at the middle layer of methane holes) as shown in Figure 1 Case 1_1. If the stresses at 
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methane hole No.1 after the crack has reached it are higher than the strength, the crack would not arrest 

and it would continue to propagate until it reaches methane hole No.2 (at the inner layer of methane 

holes) as shown in Figure 1 Case 1_2. Similarly, if the stresses at methane hole No.2 are larger than the 

strength, the crack would continue to propagate until it reaches the brick bore as shown in Figure 1 Case 

1_3, where it can be detected during an inspection.  

 

The second scenario of keyway root crack propagation is that the crack starts from a keyway root and it 

propagates towards methane hole No.3 (at the inner layer of methane holes) as shown in Figure 1 Case 

2_1. If the stresses at methane hole No.3 as a result of the crack are larger than the graphite strength, the 

crack would continue until it reaches the brick bore as shown in Figure 1 Case 2_2. 

 

The third scenario of a crack propagating through methane holes is that the crack starts at a keyway root 

and propagates directly to methane hole No.2 (at the inner layer of methane holes) as shown in Figure 1 

Case 3_1. If the stresses as a result of this are higher than the graphite strength, then the crack would 

propagate until it reaches the brick bore as shown in Figure 1 Case 3_1. 

 

The fourth scenario is that the crack propagates from the keyway root to the bore without going through a 

methane hole. For this case, there are no arrest sites. As explained earlier, it is unlikely that a crack would 

arrest through a solid section due to the brittleness of irradiated graphite. 

 

There are other scenarios such as the crack may propagate from the keyway root to methane hole No.1 as 

in scenario 1, but then it propagates to methane hole No.3. Although this is unlikely, this scenario is 

covered in terms of crack arrest assessment by scenario 2 when the crack propagates directly to methane 

hole No.3, because as mentioned earlier the stresses at the methane hole after a crack has reached it is not 

related to the prior crack path. Another possible scenario is that the crack propagates following scenario 1 

up to methane hole No.1 and then it propagates directly to the bore without possible crack arrest sites.  

 

The aforementioned scenarios do not include all crack propagation possibilities, but they cover all crack 

arrest possibilities at a methane hole on the middle or inner layers of methane holes. In all the scenarios, it 

is assumed that another crack at different location would not develop during the duration of propagation 

of the crack under consideration. 

 

METHODOLOGY 

 

The FE software package ABAQUS (ABAQUS, 2012) was used to build the numerical models and carry 

out the analyses. The material user subroutines ManUmat (Tsang and Marsden, 2008) was used to 

provide the required material and constitutive equations for the AGR Gilsocarbon nuclear graphite to the 

ABAQUS software. ManUmat is a user subroutine written in FORTRAN 90 and is developed and 

maintained by the Nuclear Graphite Research Group (NGRG) at the University of Manchester and is 

funded by the Office for Nuclear Regulation (ONR). The ManUmat material model parameters were 

obtained by carrying out statistical analyses on data collected from material test reactors and AGR 

trepanned specimens (Eason et al., 2007, 2013a, 2013b, 2013c). The trepanned coefficient of thermal 

expansion (CTE) model in an oxidising environment was used in the analyses. The effect of strain on the 

values of the CTE is also included. The UKAEA creep model (Kelly and Brocklehurst, 1977) was used in 

ManUmat. The UKAEA creep model includes only the primary 
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 and secondary  creep strains: 
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where   is the dose,  is stress and c
E  is the creep Young’s modulus. 
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The models were built as two-dimensional (2D) realisations of a slice at mid-height of central brick at the 

Hinkley Point B (HPB) station. Two-dimensional generalised plane strain elements were used to 

discretise the models. The meshes used for the different models were similar, so any discretisation error is 

similar for all the models and would not contribute to the differences in the results. The field variables 

(temperature, fluence, and weight loss) for the meshes used in this report are similar to those expected for 

a typical AGR brick.  

 

FINITE ELEMENT MODELS AND NUMERICAL EXAMPLES 

 

To assess the possibility of crack arrest at a methane hole, the stress analyses of two cases (Case 1_1 and 

Case 2_1) are sufficient to cover all the keyway root crack arrest possibilities, because the stresses at a 

methane hole after a keyway root crack has reached it do not depend on the prior crack bath. This is due 

to the remaining intact section of the brick being the same when the crack reaches any methane hole on 

the inner layer of methane holes. If the keyway root crack reaches methane hole No.2, the remaining 

intact section is similar to the case when the crack reaches methane hole No.3. The same applies if a 

keyway root crack reaches any of the methane holes on the middle layer. Therefore, Case 1_1 covers the 

scenarios when a keyway root crack reaches a middle layer methane hole, while Case 2_1 covers the 

scenarios when a keyway root crack reaches an inner layer methane hole.  

 

It should be noted that it is not necessary to take the interactions with other components into account, as 

the stresses are generated with very small crack opening displacements and before the brick is expected to 

start interacting with other components due to the available slack. All the analyses in this report cover 

forty full power years (FPY) with shut-down and start-up steps every two full power years. 

 

Case 1_1 (Crack between Keyway Root and Middle Layer Methane Hole) 

 

 
Figure 2. Case 1_1 (deformed shape). 

Crack 
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A graphite brick with a crack between the keyway root and methane hole No.1 as shown in Figure 1 Case 

1_1 is analysed. The mesh used in the analyses is shown in Figure 2. The crack is assumed to have 

developed at the shutdown period after 28FPY. The ratio of the hoop stress over the irradiated tensile 

strength at the methane hole node indicated in Figure 3 is plotted in Figure 4. The irradiated tensile 

strength is based on the density based model (Eason et al., 2013c). When the stress/strength curve reaches 

the value 1.0, failure is expected at the methane hole and the crack would continue to propagate to reach 

the bore. It should be noted that both the stress and strength change temporally and spatially. Figure 4 

shows that the hoop stress is below the strength at the methane hole at 28FPY when the crack is created, 

but it exceeds the tensile strength at the next shutdown period at 30FPY. Therefore, if a crack develops 

between the keyway root and methane hole No.1, then the crack is likely to arrest temporarily until the 

shutdown period at 30FPY. After that, the crack is unlikely to remain arrested.  

 

 
 

Figure 3. Location of node for which results are provided for Case 1_1. 

 

 
Figure 4. Ratio of hoop stress to tensile strength at methane hole No.1 for Case 1_1. 
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Case 2_1 (Crack between Keyway Root and Inner Layer Methane Hole) 

 

 
 

Figure 5. Case 2_1 (deformed shape). 

 

In this section, a brick with a crack between the keyway root and methane hole No.3, as shown in Figure 

5, is analysed. The crack is assumed to have developed at the shutdown period after 28FPY. The ratio of 

the hoop stress over the irradiated tensile strength at the methane hole node indicated in Figure 6 is 

plotted in Figure 7. This figure illustrates that the hoop stress at methane hole No.3 is higher than the 

tensile strength from the time of the development of the crack at 28FPY. The shutdown at 28FPY is the 

second shutdown after stress-reversal at the keyways. Therefore, it can be inferred that it is highly 

unlikely that a keyway root crack that has reached methane hole No.3 after 28FPY would arrest. The 

crack is expected to propagate to reach the brick bore as shown in Figure 1 Case 2_2. 

 

 
 

Figure 6. Location of node for which results are provided for Case 2_1. 
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Figure 7. Ratio of hoop stress to tensile strength at methane hole No.3 for Case 2_1. 

 

CONCLUSIONS 

 
Different scenarios of keyway root crack propagation through methane holes are investigated to assess the 

possibility of keyway root crack arrest before the crack reaches the brick bore where it can be detected 

during an inspection. It was found that when a keyway root crack reaches a methane hole, it causes the 

stresses at the methane hole to increase. Based on the stress over tensile strength criterion of failure, it 

was found that if a keyway root crack develops soon after stress reversal and if it reaches one of the 

methane holes of the inner layer of methane holes (close to the bore), it is unlikely to arrest. The crack is 

expected to propagate to reach the bore of the brick. However, if the keyway crack develops soon after 

stress reversal and before 30FPY and it reaches a middle layer methane hole, then it may arrest 

temporarily, but it is expected to continue to propagate at the shutdown period at 30FPY to reach the bore 

of the brick. 
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