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1	 Introduction

Nuclear waste in Sweden is handled by the Swedish Nuclear Fuel and Waste Management Co, SKB. 
In the deep repository, copper canisters with a cast iron insert containing spent nuclear fuel are 
surrounded by bentonite clay and deposited at approximately 400 m depth in saturated, granitic rock.

The canisters consist of a pressure-bearing insert of nodular cast iron with a steel lid, Figure 1-1. The 
insert contains channels for the fuel assemblies, 12 in the BWR version and 4 in the PWR version. 
The insert is surrounded by an outer corrosion barrier of copper. 

In the repository the canisters will be loaded in compression by the hydrostatic pressure and the 
swelling pressure from the surrounding bentonite. During the extreme time scales, several ice ages 
are expected with a resulting maximum ice-sheet of 3 km. The design pressure for the canisters has 
been set to be 45 Mpa /SKB 2009/. A damage tolerance analysis of the insert, using pressure loads, 
has been presented in /Dillström et al. 2010/.

During melting of the ice, there is also the possibility of an earthquake induced rock shear through a 
deposition hole. The effect on the canister by such a shear load has been investigated in /Hernelind 
2010/. SKB has asked Inspecta Technology AB to perform a complementary damage tolerance analysis 
of the BWR cast iron insert. This report contains results of fracture mechanics analyses of the BWR 
insert with postulated defects. The aim of the analyses is to calculate acceptable defect sizes with 
regard to safety margins against fracture.

Figure 1-1. Canister for final depository of spent nuclear fuel.
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2	 FE analysis

The analyses of the BWR canister are conducted with the FE program ABAQUS /ABAQUS 2008/. 
A submodelling technique is used to introduce different defects in the BWR canister. When using 
a submodelling technique, a global model is used to retain the stresses and displacements of the 
canister. From these global results, the areas of interest are identified. In these areas the submodels 
containing the defects are introduced. The deformations from the global model are applied at the 
boundary of the submodel. From the submodel the J-integral results are then obtained. In the analyses 
three different setups of the global model are used and four different kinds of defects with three 
different crack depths are introduced using a submodelling technique. A total of 36 submodels are 
analyzed. Below is a summary of the examined cases.

Global models (equivalent to a rock shear perpendicular to the axis of the canister, hitting the 
canister at ¾ of the height from the bottom /Hernelind 2010/):

•	 Model6g_normal_quarter_1950ca3 (Bentonite density 1,950 kg/m3).

•	 Model6g_normal_quarter_2000ca3 (Bentonite density 2,000 kg/m3).

•	 Model6g_normal_quarter_2050ca3 (Bentonite density 2,050 kg/m3).

Submodels:

•	 Semi-elliptical surface crack with a crack depth a = 1 mm, 5 mm, 10 mm and a crack length  
2c = 6a = 6 mm, 30 mm, 60 mm.

•	 Semi-circular surface crack with a crack depth a = 1 mm, 5 mm, 10 mm and a crack length  
2c = 2a = 2 mm, 10 mm, 20 mm.

•	 Elliptical internal crack with a crack depth 2a = 1 mm, 5 mm, 10 mm and a crack length  
2c = 12a = 6 mm, 30 mm, 60 mm.

•	 Circular internal crack with a crack depth 2a = 1 mm, 5 mm, 10 mm and a crack length  
2c = 2a = 1 mm, 5 mm, 10 mm.

The crack depth parameter a and the crack length parameter c is defined in Figure 2-5 (surface cracks) 
and Figure 2-11 (internal cracks).

2.1	 Global FE-model
The global FE-model obtained from /Hernelind 2010/ is made up by 8 node brick elements (C3D8) 
and 8 node brick elements with reduced integration (C3D8R). Contact is defined between the copper 
shell and the cast iron insert. The channel tubes are assumed to be an integral part with the insert and 
therefore contribute as added material to the insert (this will probably overestimate the insert stresses 
and strains in this region). Only half the canister is modelled by using symmetry. In Figure 2-1 the 
element mesh of the canister can be seen.

2.1.1	 Boundary conditions, loading and material
Boundary conditions are defined as symmetry at the symmetry plane. Loads are applied as displace-
ment history at the outer boundary of the copper canister. These displacements are obtained from 
/Hernelind 2010/. The loading history corresponds to the shear of the BWR canister including the 
bentonite clay. Three different load steps are applied corresponding to 0, 5 and 10 cm of shear (in the 
first step there exist initial stresses corresponding to the swelling pressure in the bentonite /Hernelind 
2010/). Boundary conditions and loads are shown in Figure 2-2.
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Cast iron insert  

Copper shell  

Steel lid  

Figure 2-1. Global model of the BWR canister.

Boundary surface with applied
displacement history 

Symmetry plane with
applied symmetry condition 

Figure 2-2. Applied boundary condition and displacement loading.
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The materials are defined as elastic-plastic with isotropic hardening. The copper used for the copper 
shell is modelled with E = 120 GPa, v = 0.308 and σy = 72 Mpa /Sandström and Andersson 2008, 
Jin and Sandström 2008, Sandström et al. 2009/. The cast iron making up the iron insert is modelled 
with E = 166 GPa, v = 0.32 and σy has a strain rate dependency /SKBdoc 1195044, 1173031, 1201865/. 
The steel making up the channel tubes is modelled with E = 210 GPa, v = 0.30 and σy = 411 MPa. 
Stress-strain curves /Sandström and Andersson 2008, Jin and Sandström 2008, Sandström et al. 2009, 
SKBdoc 1195044, 1173031, 1201865/ are given in Figure 2-3 (using tension tests at lower strain 
rates up to 2∙10–4 s–1). More information on the material models is given in /Hernelind 2010/. Large 
displacement formulation is used in all analyses.

2.1.2	 Results for the global models
The results obtained from the global models in this report are compared with the results obtained by 
/Hernelind 2010/. The comparison in Table 2-1, 2-2 and 2-3 shows quite small differences. However, 
the differences can be explained by that the results are dependent on the loading history. The time 
increment with which the displacement history is applied is not that refined that it gives exactly the 
same results as those obtained by /Hernelind 2010/. The differences are considered to be small and 
not to influence the results significantly.

Table 2-1. Comparison for model6g_normal_quarter_1950ca3.

Comparison between Hernelind and Inspectas global model without bentonite clay
Iron insert
Max principal stress [MPa]
5 cm 10 cm

Hernelind 429.7 456.6
Inspecta 430.0 458.1
Difference [%] 0.0 0.3

Table 2-2. Comparison for model6g_normal_quarter_2000ca3.

Comparison between Hernelind and Inspectas global model without bentonite clay
  Iron insert
  Max principal stress [MPa]
  5 cm 10 cm

Hernelind 447.0 463.5
Inspecta 447.1 466.9
Difference [%] 0.0 0.7

Figure 2-3. True stress – strain curves for copper, steel and cast iron (given at lower strain rates up to 
2∙10–4 s–1) used in the analyses /Sandström and Andersson 2008, Jin and Sandström 2008, Sandström et al. 
2009, SKBdoc 1195044, 1173031, 1201865/.
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Table 2-3. Comparison for model6g_normal_quarter_2050ca3.

Comparison between Hernelind and Inspectas global model without bentonite clay

  Iron insert
  Max principal stress [MPa]

  5 cm 10 cm

Hernelind 455.3 469.7
Inspecta 457.2 472.6
Difference [%] 0.4 0.6

For each global model the results are investigated to decide where to introduce the defect in that 
model. The location where the max principal stress is the highest is identified, see Figure 2-4. In 
all the three global models the location identified is roughly the same. In the identified location the 
submodels containing the defects are introduced (see Section 2.2).

2.2	 Submodels at the location with max principal stress
Four different defects are modelled, each with three different crack depths. This gives a total of 
12 submodels. All submodels are made up by 20 node brick elements with reduced integration 
(C3D20R). To check this choice, a comparison was made using the elements C3D20, C3D20R 
(using reduced integration) and C3D20H (using a hybrid displacement/pressure formulation 
interpolation scheme). The difference, when comparing the calculated J-values, is quite small. 
In some cases the C3D20R elements introduced problems at the crack tip front. In these cases the 
C3D20 elements were used instead. All submodels use the same material models as their respective 
global model, see Figure 2-3. Below the modelling of the four different defects is described. Large 
displacement formulation is used in all analyses.

Figure 2-4. Identified location for submodels containing the defects.

Placement of submodel with defect  
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2.2.1	 FE-models of surface defects
Since the submodels containing surface defects are placed at the outer boundary of the cast iron 
insert, part of the copper canister is also modelled for the submodel. This is done not to neglect any 
influence from the contact between the copper and iron surfaces. All six submodels are created as 
two rectangular blocks, one for the copper canister and one for the cast iron casing. The submodels 
are created with the same external size, independent of defect and crack depth. The geometry of 
the models are shown in Figure 2-5 with H = 100 mm, w = 120 mm, tcopper = 20 mm, tiron = 30 mm, 
a = 1, 5, 10 mm, for semi-elliptical defect 2c = 6a and for semi-circular defect a = c. One extra 
model without a defect is also created to check the accuracy of the submodelling technique. The 
models are also curved to match the radius of the canister.

The element mesh is focused towards the crack tip. The crack tip is modelled with a small notch as 
can be seen in Figure 2-6.

To decide the mesh refinement of the crack tip area, a quarter model of the surface crack is created. 
For the quarter model the variables R1, R2, η, μ and MR are held constant while MF and the number 
of elements along the crack front, NA, are varied (variable definition, see Figure 2-6). From these 
analyses the J-integral is computed and compared.

Figure 2-5. Geometry of a semi-elliptical surface defect.

Figure 2-6. Focused element mesh towards the crack tip.
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In Figure 2-7 the results of these sensitivity analyses are shown. From the sensitivity analyses a 
crack tip mesh with MF = 6, MR = 10 MV = 2 and 20 elements along the crack front is used in the 
analysis (since a sufficient number of elements along the crack front is needed).

Below, in Figure 2-8, a typical element mesh of the submodel containing a surface defect is shown.

Figure 2-7. Results from the sensitivity analyses.

Figure 2-8. Element mesh for a submodel with a = 10 mm.
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Boundary conditions and loading for the submodel consist of displacements on the boundary obtained 
from the global model. These are automatically extrapolated from the global model to the boundary 
of the submodel and hence it is very important that the placement of the submodel relative the global 
model is correct. In Figure 2-9 the placement of a typical submodel relative the global model is 
shown.

To check the correctness of the transferred displacements from the global model to the submodel a 
model without a crack is used. The stresses through the thickness are compared with the correspond-
ing stresses in the global model. The results showed good agreement between the global model and 
submodel as is shown in Figure 2-10.

Figure 2-9. Placement of a submodel relative the global model.
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2.2.2	 FE-models of internal defects
The submodels containing the elliptical and circular internal defects are created as rectangular blocks 
containing the defect. Since the submodels containing internal defects are placed at the boundary 
of the cast iron inserts channel tubes, part of the steel tubes is also modelled for the submodel. The 
maximum size of the submodel is limited by the smallest thickness between the outer boundary and 
the channels in the cast iron insert. The chosen sizes used for the different defects were based on a 
size sensitivity analysis. The geometry for the submodel is shown in Figure 2-11. Three different 
geometries are used for the three different crack depths as listed below. The elliptical defect is 
modelled with 2c = 12a and the circular with 2c = 2a.

•	 2a = 1 mm: 
H = 30 mm, w = 30 mm and t = 30 mm

•	 2a = 5 mm: 
H = 45 mm, w = 45 mm and t = 40 mm

•	 2a = 10 mm: 
H = 60 mm, w = 60 mm and t = 45 mm

The element mesh is focused towards the crack tip. The crack tip is modelled with a small notch 
as can be seen in Figure 2-6. The same mesh setup as for the surface defect is used for the internal 
defects with the exception of number of elements along the crack front. For the internal defects the 
number of elements along the crack front is doubled to 40. In Figure 2-12 the element mesh for a 
typical elliptical defect is shown.

Boundary conditions and loading for the submodel consist of displacements on the boundary 
obtained from the global model. These are automatically interpolated from the global model to 
the boundary of the submodel.

Figure 2-11. Geometry of the internal defect.
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2.2.3	 Results at the location with max principal stress component
The results presented below, and in appendix A-C, are obtained using the different submodels. 
ABAQUS domain integral method is used to calculate the J-integral /ABAQUS 2008/. The 
results are given for model6g_normal_quarter_1950ca3 in Appendix A, for model6g_normal_
quarter_2000ca3 in Appendix B and for model6g_normal_quarter_2050ca3 in Appendix C. The 
results show that the density of the bentonite clay does have an effect on the results. Higher density 
gives higher J-values. It is also seen, as expected, that the elliptical surface defects give much higher 
J-values than the circular surface defects. The internal defects do not give as high J-values as the 
surface defects. These trends between the different types of defects do correspond to handbook 
solutions for simpler geometries and loading conditions. The maximum J-value for the different 
submodels is summarized in Table 2-4 to 2-7.

Table 2-4. Maximum J-value [kN/m], along the crack front, for a semi-elliptical surface defect.

Model a = 1 mm 
Shear = 5–10 cm

a = 5 mm 
Shear = 5–10 cm

a = 10 mm 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 10.42 26.97 49.16 129.00 82.41 219.30
model6g_normal_quarter_2000ca3 5.80 19.16 28.43 94.73 49.45 165.60
model6g_normal_quarter_1950ca3 3.55 10.35 18.15 56.52 31.07 96.85

Figure 2-12. Element mesh for an elliptical internal defect.

Steel

Cast iron
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Table 2-5. Maximum J-value [kN/m], along the crack front, for a semi-circular surface defect.

Model a = 1 mm 
Shear = 5–10 cm

a = 5 mm 
Shear = 5–10 cm

a = 10 mm 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 5.93 14.98 28.81 73.74 52.37 136.10
model6g_normal_quarter_2000ca3 3.28 10.67 16.46 54.06 30.80 103.40
model6g_normal_quarter_1950ca3 2.11 6.40 10.60 32.37 19.72 61.31

Table 2-6. Maximum J-value [kN/m], along the crack front, for an internal elliptical defect.

Model 2a = 1 mm 
Shear = 5–10 cm

2a = 5 mm 
Shear = 5–10 cm

2a = 10 mm 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 3.29 7.13 21.86 56.49 42.95 114.20
model6g_normal_quarter_2000ca3 2.30 6.35 15.71 49.39 34.08 107.20
model6g_normal_quarter_1950ca3 1.95 5.46 10.61 30.27 22.58 64.52

Table 2-7. Maximum J-value [kN/m], along the crack front, for an internal circular defect.

Model 2a = 1 mm 
Shear = 5–10 cm

2a = 5 mm 
Shear = 5–10 cm

2a = 10 mm 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 1.97 4.71 9.88 25.71 18.43 49.64
model6g_normal_quarter_2000ca3 1.36 4.47 7.06 22.85 13.80 44.66
model6g_normal_quarter_1950ca3 0.90 2.69 4.57 13.67 9.05 26.69
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3	 Assumptions in the damage tolerance analysis

According to SKB, postulated defects in the location with the highest principal stresses (in tension) 
should be analyzed.

3.1	 Insert geometry and postulated defects
The BWR insert geometry is obtained from the global FE-model by /Hernelind 2010/. For each 
global model (three models = Model6g_normal_quarter_1950ca3, Model6g_normal_quarter_2000ca3 
and Model6g_normal_quarter_2050ca3) the results are investigated to decide where to introduce the 
defect in that model. The location where the max principal stress component is the highest is identi-
fied (see Section 2). In all the three global models the location identified is roughly the same. In the 
identified location the submodels containing the defects are introduced.

In the damage tolerance analysis, the defects are assumed to be crack like defects even though this 
type of defects has not been found in the inserts /SKBdoc 1175208/. This is a conservative assumption 
in the analysis. Four types of defects have been postulated to exist in the insert and are included in 
the damage tolerance analysis. The geometry of these defects is summarized in Table 3-1.

3.2	 Material properties – fracture toughness
In the damage tolerance analysis, defects are postulated in the insert. Therefore, the fracture tough-
ness for the cast iron is needed to do an assessment (at the temperature 0°C, which is relevant for a 
shear load). It is observed from fracture toughness experiments by the department of solid mechanics 
(KTH) /SKBdoc 1203550/ that the crack propagation in this material experiences J-dominant stable 
crack growth (see Figure 3-1). Therefore, the fracture toughness data presented in Table 3-2 has data 
both for initiation and including 2 mm of stable crack growth /SKBdoc 1203550/. Only qualified 
data, according to ASTM E1820 (Standard Test Method for Measurement of Fracture Toughness), 
are given in Table 3-2.

Table 3-1. Postulated defects included in the damage tolerance analysis.

Type of defect Defect depth Defect length

Semi-elliptical surface crack a = 1, 5, 10 mm 2c = 6a = 6, 30, 60 mm
Semi-circular surface crack a = 1, 5, 10 mm 2c = 2a = 2, 10, 20 mm
Elliptical internal crack 2a = 1, 5, 10 mm 2c = 12a = 6, 30, 60 mm
Circular internal crack 2a = 1, 5, 10 mm 2c = 2a = 1, 5, 10 mm

Table 3-2. Fracture toughness data, at 0°C, for the cast iron used in the insert /SKBdoc 1203550/.

Fracture toughness Data

JIc [kN/m] 
At initiation

29, 43, 33, 30, 33, 37, 32, 34, 33, 33 
40, 32, 37, 32, 35, 29, 38, 39, 30, 32 
39, 43, 37, 30, 31

J2mm [kN/m] 
At 2 mm stable crack 
growth

92, 83, 97, 82, 92, 85, 93, 87, 91, 92 
99, 72, 97, 81, 77, 97, 101, 108, 92, 90 
90, 89, 98, 94, 92
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Using the fracture toughness data given in Table 3-2, we can calculate the sample mean value 
and the sample standard deviation using the equations below. The sample mean value is given as 
(n = number of samples):
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















−

−
= ∑∑

==

2

11

2 1
1

1 n

i
i

n

i
i x

n
x

n
s 	 (3-2)

From a sample we now have obtained single-valued estimates of the mean and standard deviation 
of the fracture toughness. These single-valued estimates represent our best estimate of the population 
values. In a damage tolerance analysis we want to use an estimate with a given confidence (i.e. 90%). 
Thus we are interested in the accuracy of these sample estimates. Confidence intervals represent a 
means of providing a range of values in which the true value can be expected to lie. In this investiga-
tion we will use approximate confidence intervals, using properties of the so-called Student’s 
t-distribution and the χ2-distribution /Ayyub and McCuen 1997/.

Confidence interval for the population mean µ, when the population standard deviation σ is unknown, 
has the following form:






+≤≤





− −− n

stm
n
stm nn 1,2/1,2/ αα µ 	 (3-3)

where tα/2, n–1 is the Student’s t-distribution (using a two-sided interval) with a level of significance α 
and with n–1 degrees of freedom.

Figure 3-1. Typical JR-curve from /SKBdoc 1203550/.
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The confidence intervals given above now provide an interval in which we are 100(1–α) percent 
confident that the population values lies within that given interval. Using the data from /SKBdoc 
1203550/ we now can calculate estimates and confidence intervals for different fracture toughness 
distributions (JIc or J2mm). These calculations are summarized in Table 3-3.

Table 3-3. Evaluated fracture toughness data. Estimates of the population mean (using α = 0.1, 
i.e. 90% confidence).

Case Sample mean m Population mean µ

 JIc [kN/m] 34.4 33.0 ≤ µ ≤ 35.9

 
J2mm [kN/m] 90.8 88.1 ≤ µ ≤ 93.5

Conservative fracture toughness data, to be used in a damage tolerance analysis (with 90% confidence), 
is therefore JIc = 33 kN/m or J2mm = 88 kN/m.

In this study, stress-strain data at higher strain rates are used /Hernelind 2010/. This means that one 
has to check if the fracture toughness data given above can be used also at higher strain rates. Such 
fracture toughness experiments have recently been conducted by the department of solid mechanics 
(KTH) /SKBdoc 1226428/ and the conclusion is that the data given above can also be used at higher 
strain rates /SKBdoc 1226428/.

3.3	 Failure criteria and safety margins
In the damage tolerance analysis, with postulated defects, the critical defect size is given using the 
failure criteria J = Jmat and the acceptable defect size is given using the criteria J = Jmat/SFJ. In these 
equations, J is the applied J-value as given in Section 2.3, Jmat is the fracture toughness (with or 
without some stable crack growth) of the cast iron used in the insert. SFJ is the safety factor used 
when calculating the acceptable defect size.

As shown in Section 3.2, the cast iron has predominantly ductile fracture behaviour. This means that 
the material does not break when J reaches the initiation toughness (Jmat = JIc), instead the material 
experiences stable crack growth. According to a recently published investigation from the Swedish 
Radiation Safety Authority (SSM) /Brickstad 2009/, it is reasonable to use a toughness value at 2 mm 
of stable crack growth for a ductile material. This is especially true in this case, since the insert is 
subjected to a short-term displacement controlled loading (i.e. not in load control and therefore could 
be considered as a secondary load) and there has not been found any crack-like defects in the inserts 
/SKBdoc 1175208/. Therefore, Jmat should be equal to J2mm in this case.

For the choice of safety factor SFJ, the objective has been to retain the safety margins expressed 
in ASME Sect. XI /ASME 2008/. This means that SFJ = 10 is used in the case of normal operation 
or with loads that occur quite frequently. SFJ = 2 is then used for loads with a very low probability 
of occurrence. According to the design premises for the canister /SKB 2009/, the probability of 
occurrence is approximately 6.7E-4 (in the case of a 5 cm shear movement during an earthquake). 
Therefore, SFJ should be equal to 2 in this case.
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4	 Damage tolerance analysis at the location with 
max principal stress

In this section, the results from the damage tolerance analysis (at the location with max principal 
stress) are given. In the analysis the following assumptions have been made:

•	 The fracture toughness value used is J2mm = 88 kN/m (given at 0°C).
•	 Maximum J-value, along the crack front is used in the analysis (see Table 2-4–2-7).
•	 When calculating critical defect sizes, the safety factor SFJ = 1.0.
•	 When calculating acceptable defect sizes, the safety factor SFJ = 2.0.

4.1	 Accepted defect size for internal defects

Table 4-1. Acceptable and critical defect sizes for postulated internal elliptical defects.

Model Acceptable depth 
Shear = 5–10 cm

Acceptable length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10 4.0 > 60 24.0
model6g_normal_quarter_2000ca3 > 10 4.5 > 60 27.0
model6g_normal_quarter_1950ca3 > 10 7.0 > 60 42.0

Model Critical depth 
Shear = 5–10 cm

Critical length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10   7.7 > 60 46.2
model6g_normal_quarter_2000ca3 > 10   8.3 > 60 49.8
model6g_normal_quarter_1950ca3 > 10 > 10 > 60 > 60

Figure 4-1. Damage tolerance analysis for postulated internal elliptical defects.
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Table 4-2. Acceptable and critical defect sizes for postulated internal circular defects.

Model Acceptable depth 
Shear = 5–10 cm

Acceptable length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10   8.8 > 10   8.8
model6g_normal_quarter_2000ca3 > 10   9.8 > 10   9.8
model6g_normal_quarter_1950ca3 > 10 > 10 > 10 > 10

Model Critical depth 
Shear = 5–10 cm

Critical length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10 > 10 > 10 > 10
model6g_normal_quarter_2000ca3 > 10 > 10 > 10 > 10
model6g_normal_quarter_1950ca3 > 10 > 10 > 10 > 10

Figure 4-2. Damage tolerance analysis for postulated internal circular defects.
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4.2	 Accepted defect size for surface defects

Table 4-3. Acceptable and critical defect sizes for postulated semi-elliptical surface cracks.

Model Acceptable depth 
Shear = 5–10 cm

Acceptable length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3   4.5 1.7 27.0 10.2
model6g_normal_quarter_2000ca3   8.7 2.3 52.2 13.8
model6g_normal_quarter_1950ca3 > 10 3.9 > 60 23.4

Model Critical depth 
Shear = 5–10 cm

Critical length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10 3.4 > 60 20.4
model6g_normal_quarter_2000ca3 > 10 4.7 > 60 28.2
model6g_normal_quarter_1950ca3 > 10 8.9 > 60 53.4

Figure 4-3. Damage tolerance analysis for postulated semi-elliptical surface cracks.
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Table 4-4. Acceptable and critical defect sizes for postulated semi-circular surface cracks.

Model Acceptable depth 
Shear = 5–10 cm

Acceptable length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3   8.2 3.0 16.4 6.0
model6g_normal_quarter_2000ca3 > 10 4.1 > 20 8.2
model6g_normal_quarter_1950ca3 > 10 7.0 > 20 14.0

Model Critical depth 
Shear = 5–10 cm

Critical length 
Shear = 5–10 cm

model6g_normal_quarter_2050ca3 > 10   6.2 > 20 12.4
model6g_normal_quarter_2000ca3 > 10   8.4 > 20 16.8
model6g_normal_quarter_1950ca3 > 10 > 10 > 20 > 20

Figure 4-4. Damage tolerance analysis for postulated semi-circular surface cracks.
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5	 Sensitivity study

5.1	 Influence of bentonite clay density
The results presented above show that the density of the bentonite clay does have an important effect 
on the calculations. Higher density gives higher J-values and smaller accepted defect sizes. It is also 
seen, as expected, that the elliptical surface defects give much higher J-values than the circular surface 
defects (for a given defect depth). The internal defects do not give as high J-values as the surface 
defects. Therefore, the most severe postulated defect is an elliptical surface defect as given in Figure 5-1.

When doing non-destructive testing of the inserts, a surface method may be used. In this case it is 
more interesting to consider the acceptable defect length (see Figure 5-2).

Figure 5-1. Acceptable defect depth for postulated semi-elliptical surface cracks (shear = 5 cm).  
The critical defect depth is always larger than 10 mm.
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5.2	 Comparison between different defect geometry assumptions
It is possible to calculate the most probable critical defect depth, using the four different types of defect 
geometries considered in this study. In this case we use best estimates regarding bentonite density 
(a uniform distribution) and fracture toughness (a normal distribution using data from Section 3.2) 
of the insert. The result from such an analysis, using Monte Carlo Simulation with N = 106 simulations 
/Dillström et al. 2008/, is presented in Figure 5-3.

The results given in Figure 5-3 are an estimate on how severe different types of defects are to the 
integrity of the insert. Obviously, internal defects are less important than surface defects. Also, it 
should be emphasized that all the analysed defects are oriented in the circumferential direction (this 
is the worst case), acceptable defect sizes for defects oriented in the axial direction are much larger.

Figure 5-2. Acceptable defect length for postulated semi-elliptical surface cracks (shear = 5 cm). The 
critical defect length is always larger than 60 mm.
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Figure 5-3. The most probable critical defect depth, using four different kinds of defects.
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6	 Summary and conclusions

SKB has asked Inspecta Technology AB to perform a damage tolerance analysis of the cast iron 
insert for the case of an earthquake induced rock shear load. This report contains results of a fracture 
mechanics analysis of the insert with postulated defects. The aim of the analyses is to calculate 
acceptable defect sizes with regard to safety margins against fracture.

Defects are postulated at a location where the max principal stress is the highest (at the outer surface 
of the insert).

Results from the damage tolerance analysis show that the density of the bentonite clay has an 
important effect on the calculations. The main conclusions are:

•	 Higher density gives higher J-values and smaller accepted defect sizes.

•	 It is also seen that the elliptical surface defects give much higher J-values than the circular 
surface defects.

•	 The internal defects do not give as high J-values as the surface defects.

•	 For the design case, bentonite density = 2,050 kg/m3 and shear = 5 cm, the acceptable defect 
depth = 4.5 mm and the acceptable defect length = 27.0 mm (using the most severe defect 
geometry assumption of a postulated semi-elliptical surface crack). Other defect geometry 
assumptions, defect locations and defect orientations give larger acceptable defect sizes.
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Appendix A

Calculated J-values when using a bentonite density of 1,950 kg/m3

The results below (for the model model6g_normal_quarter_1950ca3) are presented in graphs, using 
one graph for each type of defect and crack depth. In each graph results along the crack front from 
two different load magnitudes are plotted (the angle φ is defined in Figure 2-5). Each load magnitude 
corresponds to 5 and 10 cm shear of the BWR canister including the bentonite clay.
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Figure A-3. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 10 mm).
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Figure A-1. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 1 mm).

Figure A-2. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 5 mm).
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A2	 J-values for a semi-circular surface defect, using a bentonite density 
of 1,950 kg/m3

Figure A-4. J-integral for a semi-circular surface defect plotted along the crack front (a = 1 mm).

Figure A-5. J-integral for a semi-circular surface defect plotted along the crack front (a = 5 mm).

Figure A-6. J-integral for a semi-circular surface defect plotted along the crack front (a = 10 mm).
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Figure A-9. J-integral for an internal elliptical defect plotted along the crack front (2a = 10 mm).
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Figure A-8. J-integral for an internal elliptical defect plotted along the crack front (2a = 5 mm).
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A3	 J-values for an internal elliptical defect, using a bentonite density 
of 1,950 kg/m3

Figure A-7. J-integral for an internal elliptical defect plotted along the crack front (2a = 1 mm).
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A4	 J-values for an internal circular defect, using a bentonite density 
of 1,950 kg/m3

Figure A-10. J-integral for an internal circular defect plotted along the crack front (2a = 1 mm).

Figure A-11. J-integral for an internal circular defect plotted along the crack front (2a = 5 mm).

Figure A-12. J-integral for an internal circular defect plotted along the crack front (2a = 10 mm).
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Appendix B 

Calculated J-values when using a bentonite density of 2,000 kg/m3

The results below (for the model model6g_normal_quarter_2000ca3) are presented in graphs, using 
one graph for each type of defect and crack depth. In each graph results along the crack front from 
two different load magnitudes are plotted (the angle φ is defined in Figure 2-5). Each load magnitude 
corresponds to 5 and 10 cm shear of the BWR canister including the bentonite clay.
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Figure B-3. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 10 mm).
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Figure B-1. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 1 mm).

Figure B-2. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 5 mm).
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B1	 J-values for a semi-elliptical surface defect, using a bentonite density 
of 2,000 kg/m3
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B2	 J-values for a semi-circular surface defect, using a bentonite density 
of 2,000 kg/m3

Figure B-4. J-integral for a semi-circular surface defect plotted along the crack front (a = 1 mm).

Figure B-5. J-integral for a semi-circular surface defect plotted along the crack front (a = 5 mm).

Figure B-6. J-integral for a semi-circular surface defect plotted along the crack front (a = 10 mm).
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Figure B-9. J-integral for an internal elliptical defect plotted along the crack front (2a = 10 mm).
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B3	 J-values for an internal elliptical defect, using a bentonite density 
of 2,000 kg/m3

Figure B-7. J-integral for an internal elliptical defect plotted along the crack front (2a = 1 mm).

Figure B-8. J-integral for an internal elliptical defect plotted along the crack front (2a = 5 mm).
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B4	 J-values for an internal circular defect, using a bentonite density 
of 2,000 kg/m3

Figure B-10. J-integral for an internal circular defect plotted along the crack front (2a = 1 mm).

Figure B-11. J-integral for an internal circular defect plotted along the crack front (2a = 5 mm).

Figure B-12. J-integral for an internal circular defect plotted along the crack front (2a = 10 mm).
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Appendix C

Calculated J-values when using a bentonite density of 2,050 kg/m3

The results below (for the model model6g_normal_quarter_2050ca3) are presented in graphs, using 
one graph for each type of defect and crack depth. In each graph results along the crack front from 
two different load magnitudes are plotted (the angle φ is defined in Figure 2-5). Each load magnitude 
corresponds to 5 and 10 cm shear of the BWR canister including the bentonite clay.
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Figure C-3. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 10 mm).
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Figure C-1. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 1 mm).

Figure C-2. J-integral for a semi-elliptical surface defect plotted along the crack front (a = 5 mm).
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C1	 J-values for a semi-elliptical surface defect, using a bentonite density 
of 2,050 kg/m3
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C2	 J-values for a semi-circular surface defect, using a bentonite density 
of 2,050 kg/m3

Figure C-4. J-integral for a semi-circular surface defect plotted along the crack front (a = 1 mm).

Figure C-5. J-integral for a semi-circular surface defect plotted along the crack front (a = 5 mm).

Figure C-6. J-integral for a semi-circular surface defect plotted along the crack front (a = 10 mm).
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Figure C-9. J-integral for an internal elliptical defect plotted along the crack front (2a = 10 mm).
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Figure C-8. J-integral for an internal elliptical defect plotted along the crack front (2a = 5 mm).
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Figure C-7. J-integral for an internal elliptical defect plotted along the crack front (2a = 1 mm).
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C3	 J-values for an internal elliptical defect, using a bentonite density 
of 2,050 kg/m3
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C4	 J-values for an internal circular defect, using a bentonite density 
of 2,050 kg/m3

Figure C-10. J-integral for an internal circular defect plotted along the crack front (2a = 1 mm).

Figure C-11. J-integral for an internal circular defect plotted along the crack front (2a = 5 mm).

Figure C-12. J-integral for an internal circular defect plotted along the crack front (2a = 10 mm).
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