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Table 4.4: orientation and segregation test results 

 

Figure 4.27  all fracture toughness test results from the nozzle cut-out of Doel 3, showing 
that all specimens can be considered as belonging to a same population 

There is a visible effect of the segregation in laminar orientation in the fracture toughness 
properties in the ductile domain. However, these properties are of no concern to the present 
subject. 

The German programs show some effect of the segregation on the fracture toughness (up to 
20°C difference in T0). However, all fracture toughness results are bound by the regulatory 
curve (the German KTA curve is practically identical to the ASME fracture toughness curve) 
and no additional margin is required to take this effect into account. 
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Irradiation effect 
The RPV embrittlement due to neutron irradiation is monitored with the help of capsules 
containing representative specimens of the most irradiated materials (base metal, weld and 
heat affected zone) and dosimetry, inserted at locations in the vessel where they experience 
higher exposure compared to the vessel shell (see Figure 4.28). The capsules are withdrawn 
at regular intervals and are representative of the vessel at certain times in the future. 

 
Figure 4.28: position of the surveillance capsules on the thermal shield 

The 4 surveillance capsules initially in reactor have all been withdrawn from Tihange 2 and 
Doel 3. Experimental results are available for a fluence corresponding to at least 60 years of 
operation (the fluence at 40 years is 6.2 1019 n/cm2 in Doel 3 and 6.7 1019 n/cm2 in Tihange 
2). They are illustrated by Figure 4.29 and Figure 4.30 below, where they are compared to the 
FIS predictive formula.  

The FIS formula predicts the irradiation embrittlement on the basis of the copper, nickel and 
phosphorus content and of the neutron fluence. It was developed for the French RPVs, very 
similar to Doel 3 and Tihange 2 in terms of composition. In both cases, the FIS prediction is 
conservative, for example, a minimum of 10°C difference for forty years of operation (again, 
see Figure 4.29 and Figure 4.30, full lines). 
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Figure 4.29 

 
Figure 4.30 
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Irradiation effect on segregated zones 
To take into account the chemical composition of the segregation zones on the irradiation 
embrittlement, the following enrichment factors will be considered in the FIS predictive 
formula:  

%Cu segregation  = 1.25 x %Cu bulk 

%P segregation  = 1.35 x %P bulk 

%Ni segregation  = 1.08 x %Ni bulk 

These values are the upper bounds resulting from a German program on the subject referred 
to as the BMI-TB SR 76 program in which several large forged components were 
characterized. They are conservative as compared to those measured on the Doel 3 nozzle 
cut-out. 

The effect on the FIS predictions is illustrated in Figure 4.29 and Figure 4.30 (red dashed line) 
for Doel 3 and Tihange 2 respectively. 

The maximum additional RTNDT shift due to these enrichment factors, corresponding to the 
material with the most unfavourable composition (upper core shell of Tihange 2: Cu=0.05 %; 
Ni=0.73 %, P=0.012 %) at the peak fluence location is of the order of 17°C, thus relatively 
small. 

The irradiation experiment performed in the German programs showed that specimens taken 
in the segregation zone or out of the segregation zone behaved in a very similar way under 
irradiation. Although the detailed composition of the segregation zone was not reported, this 
shows that the consideration of the enrichment factors described above on the Cu, Ni and P 
contents is conservative. 

∆RTNDT irradiation= ∆RTNDT FIS, segregation 

Fracture load on large-scale specimens 
It is worth noting that besides the small-scale fracture toughness tests considered above, also 
tests on large-scale tensile specimens containing hydrogen flakes were performed in the 
framework of the German research program FKS. The results show that, although the fracture 
load of the specimens is affected when the flakes occupy a significant proportion of the 
surface, the stress on the net section corresponding to the load at fracture is still above the 
minimum tensile stress of the material. However, there is a significant reduction of the 
ductility (elongation at break and reduction of area). This qualitatively confirms the validity of 
the net section approach used to verify the ASME III criteria on the primary membrane stress 
on the section affected by defects (see Chapter 4.8). 
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4.8 Structural Integrity Assessment 
The Doel 3 RPV is fit to continue its safe operation. This is supported and 
substantiated by deterministic Structural Integrity Assessments (SIA) 
and an additional probabilistic SIA. All acceptance criteria set forth in the 
Safety Framework (see Chapter 4.2) are fulfilled. 

4.8.1 Summary 
The Structural Integrity Assessment (SIA) consists of a deterministic SIA and a 
complementary probabilistic SIA. The entire Assessment is performed using a shift of 50 °C in 
RTNDT (the reference temperature fot the transition from brittle to ductile behaviour) that 
accounts for the influence of macro-segregations on the fracture toughness properties of the 
base metal. This value is conservative as compared to the one of 17 °C resulting from the 
experimental program. Moreover, the SIA covers 40 years of operation of Doel 3. The main 
conclusions of both SIAs, deterministic and probabilistic, can be summarized as follows: 

• The verification of the primary stress limits, considering a reduced wall thickness that 
accounts for the presence of flaws, leads to the conclusion that the criteria regarding the 
primary stresses are met at all reactor pressure vessel locations. 

• Mechanical interactions between geometrically close flaws are taken into account by 
defining grouping criteria. These criteria are applied to the whole set of detected flaws 
before assessing their acceptability using fracture mechanics. 

• A conservative assessment shows that fatigue crack growth over the service lifetime of the 
Doel 3 RPV is very small. The maximum crack growth amounts to 1.72 % in the core shells 
and 2.32 % in the vessel flange, the transition ring and the nozzle shell. This means that 
the detected flaws could not have grown significantly due to fatigue during Doel 3’s 
operation (1982-2012) and will not do so in the future. Therefore, fatigue crack growth is 
not a concern and need not be considered in the Flaw Acceptability Analysis. 

• Given the number of detected flaws, it is relevant to define acceptable flaw sizes that cover 
the entire range of flaw characteristics (inclination, RTNDT, ligament) according to 
‘Acceptance Criteria Based on Applied Stress Intensity Factor’ in ASME XI. Each flaw or 
group of flaws in the Doel 3 RPV has a size that fully meets the applicable ASME XI 
acceptance criteria: 

- Lower shell: the margin to acceptable size is at least 22 % for individual flaws and 
10 % for grouped flaws. Moreover, for the latter a detailed 3D analysis shows an 
increase of the margin to acceptable size to more than 50 %. 

- Upper shell: the margin to acceptable size is at least 50 % for individual flaws and 
48 % for grouped flaws. 

- Vessel flange, transition ring and nozzle shell: a very conservative assessment 
shows that the few flaws detected in these components are acceptable. 

• Prevention against brittle failure of the pressure boundary of primary components is re-
assessed to take into account the presence of segregated zones in the reactor pressure 
vessel (RPV) material. This analysis of the Fracture Toughness Requirements shows that 
protection against low temperature overpressure is guaranteed. 

• As the Pressure-Temperature limits and the Protection Against Cold Overpressure by Mass 
Input and Energy Input are impacted by the re-assessment, the plant’s Technical 
Specifications have to be adapted accordingly. 

• The protection of the RPV against pressurized thermal shock (PTS) events is confirmed as 
the criteria on the RTNDT is met by all vessel components. 
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• The complementary probabilistic SIA concludes that the Frequency of Crack Initiation of 
Doel 3 RPV amounts to 2.3x10-8 per reactor year, which is two orders of magnitude below 
the acceptance criterion of 10-6 defined in 10CFR50.61a. 

4.8.2 Methodology 
The Structural Integrity Assessment (SIA) procedure is presented in the scheme below. 

 

Figure 4.31 Schematic presentation of the Doel 3 RPV Structural Integrity Assessment (SIA) 

All evaluations, both deterministic and probabilistic, consider an additional shift in RTNDT of 
50°C, which is conservative with respect to the results of the material investigations (see 
Chapter 4.7). 

Deterministic SIA (see 4.8.3) 
The deterministic SIA is divided into three separate assessments: 

• Flaw Acceptability Assessment: inspired by the ASME XI procedure but adapted to the 
nature and number of indications found in the Doel 3 RPV. For the indications’ grouping, a 
particular methodology has been developed. The Flaw Acceptability Assessment consists of 
three parts: 

- ASME III Primary Stress Re-evaluation: the primary stresses are re-evaluated 
according to the ASME III rules, taking into account the presence of flaw indications 
in the RPV shell. 

- Fatigue Crack Growth Analysis: assessment of potential crack growth due to 
fatigue, in accordance with the rules of ASME XI Appendix A (see also 4.6.2). 

- Flaw Acceptability Analysis: based on the ASME XI criteria but adapted to the 
particular nature of the flaws. 

• Fracture Toughness Requirements: an analysis of the fracture toughness 
requirements, as stipulated in 10 CFR 50 Appendix G, and performed according to the rules 
of ASME XI Appendix G. 

• Deterministic PTS Analysis: a deterministic pressurized thermal shock (PTS) analysis as 
requested by 10 CFR 50.61. 
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Complementary Probabilistic SIA (see 4.8.4) 
The complementary probabilistic SIA covers a probabilistic PTS analysis according to 10 CFR 
50.61a. 

4.8.3 Deterministic SIA 

Flaw Acceptability Assessment 
Electrabel decided to perform a Flaw Acceptability Assessment in line with ASME XI. The 
conclusions of this assessment can be summarized as follows: 

• The most critical criterion regarding primary general membrane hoop stress is 
still met in all Doel 3 RPV components. 

• The results have shown that fatigue crack growth is not a concern. 
• All indications encountered in the Doel 3 RPV core shells, transition ring, nozzle 

shell, vessel flange, and vessel head flange fully meet the acceptance criteria. 

From measurements to calculations 
Every single flaw detected by UT inspection is known in terms of its exact position in the RPV 
wall and its maximum dimensions in three orthogonal directions. This means that each flaw 
may be represented by a rectangular box surrounding the flaw, with the same dimensions in 
three orthogonal directions as the flaw. This principle is illustrated in the picture below. For 
visualization purposes, the detected flaw is schematically represented by an ellipse in this 
figure. 

 

Figure 4.32 Illustration of rectangular box surrounding one detected flaw 

For each flaw, i.e. each rectangular box, the corresponding circular flaw characteristics used in 
the calculations need to be defined. This is illustrated in the figure below: 
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Figure 4.33 Illustration of definition resulting flaw characteristics 

• The diameter of the circular flaw is taken as the maximum length of the two diagonals (LX, 
LY) depicted in the figure above. 

• The flaw inclination is taken as the maximum of the angles of the diagonals (αX, αY) 
depicted above. 

• The ligament S of the circular flaw is taken as the minimum distance between the box and 
the interface between the cladding and base metal. 

The definition of the resulting circular flaw is illustrated in the figure below. The dashed line 
depicts the largest flaw that may be included in the rectangular box. In general, this flaw is 
elliptical. The resulting flaw that will actually be considered in the Flaw Acceptability Analysis is 
the circular flaw (indicated by the solid line) that envelopes the elliptical flaw. 

 
Figure 4.34 Illustration of resulting flaw to be assessed 
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Flaw grouping rules 
The flaws found in the Doel 3 RPV fall outside of the ASME XI in-service framework. 
Therefore, before the Flaw Acceptability Assessment could start, the ASME XI assessment 
procedures had to be adapted to the very specific indications found in the Doel 3 RPV, i.e. 
present in large numbers and nearly laminar in shape. Two specific rules have been 
developed: 

• One for the grouping of closely spaced flaws, based on ASME XI IWB-3300 (flaw 
characterization). 

• One for demonstrating the flaw acceptability, based on ASME XI IWB-3600 (analytical 
evaluation of flaws). 

Before assessing the acceptability of flaws by fracture mechanics, closely spaced flaws must 
be grouped first. Mechanical interactions between flaws tend to increase when the distance 
between the flaws decreases. Rules are developed that enable the experts to decide whether 
two closely spaced flaws can be considered as individual flaws or have to be combined into 
one single flaw. This principle is applied for each flaw and all of its surrounding flaws. This 
sequence continues until no interaction with surrounding flaws is found anymore. 

 
Figure 4.35 Application of grouping rules to detected flaws 
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Figure 4.36 Any flaw or group of flaws is screened based on its 
H and S values 

The grouping rules have been applied to all possible pairs of 
flaws detected in the Doel 3 RPV forgings as follows: as 
explained above, every single flaw detected by UT inspection is 
represented by a rectangular box surrounding the flaw, and 
with the same dimensions in three orthogonal directions as the 
flaw. In addition, this box has a well defined position in the RPV 
wall. This principle is illustrated in the picture below for a case 
in which three flaws have to be grouped. 

 

               
Figure 4.37 Illustration of flaw grouping 

On the left hand side of this figure, the three flaws are schematically depicted as ellipses (for 
visualization purposes) together with the three red surrounding rectangular boxes. If the flaws 
are to be grouped according to the H and S rule (see sidebar), this means that the red boxes 
will be replaced by the blue box depicted on the right hand side. It is the smallest box that 
surrounds the three red boxes. 

Flaw grouping rules 

In fracture mechanics, each 
individual flaw may be 
characterized by its Stress 
Intensity Factor (SIF, see 
definition in Chapter 4.7). 
When the distance between 
flaws decreases, the 
interaction between both 
the flaws increases and 
hence so do their 
respective SIF. Experiments 
show that interactions 
between flaws may be 
considered as significant 
when the increase of a 
flaw’s SIF due to the 
presence of another flaw, is 
larger than 6 %, i.e. the 
interaction factor is larger 
than 1.06. This observation 
is the basis for the 
development of the rules 
on grouping of flaws. 

In fact, the spatial situation 
of any pair of flaws may be 
characterized by two 
geometrical parameters: 

- H: used to check the 
spacing between the two 
flaws in the direction of the 
RPV wall thickness (Z-
direction). 

- S: used to check the 
spacing between the two 
flaws in the axial (X) and 
circumferential (Y) direction 
of the RPV wall.  

Any pair of flaws in the 
Doel 3 RPV forgings is 
screened based on its H 
and S value (see scheme 
left). The values of H and S 
below which flaws have to 
be grouped are determined 
based on 2D finite element 
calculations. These 
calculations cover all 
possible configurations of 
flaw pairs that may be 
encountered in the Doel 3 
RPV forgings. For each 
configuration, the 
interaction factor related to 
the SIF is calculated and is 
compared to the threshold 
value of 1.06.  
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Thus, for each forging, the result of this operation is a combination of a list of individual flaws 
that will remain individual ones in the acceptability assessment phase and a list of flaws that 
have to be grouped. For the Doel 3 RPV as a whole, 18.6 % of the detected flaws have been 
grouped. For the lower core shell in particular, 19.7 % of the detected flaws have been 
grouped. 

Definition of combined flaw 
In exactly the same way as explained above for the individual flaws, the corresponding 
circular flaw for which the actual Acceptability Assessment will be performed needs to be 
defined. This time however, the starting point is the blue rectangular box that envelopes the 
red boxes surrounding the flaws that have to be grouped. The result of this step is illustrated 
in the figure below: 

 
Figure 4.38 Illustration of resulting flaw to be assessed in case of flaw grouping 

The dashed line depicts the largest flaw that may be included in the rectangular box. In 
general, this flaw is elliptical. The resulting flaw that will actually be considered in the Flaw 
Acceptability Analysis, is the smallest circular flaw (indicated by the solid line) that envelopes 
the elliptical flaw. 

The figures above also illustrate the conservatism of the grouping approach: the flaw size that 
is finally considered in the Flaw Acceptability Analysis, will be much larger than the size of 
each of the individual flaws in the red boxes. Among the grouped flaws of the Doel 3 RPV, 
inclinations up to 40° are encountered, while the detected individual flaws have inclinations 
between 0° and 20°. The higher the inclination of the flaw, the more the flaw moves away 
from the relatively favourable orientation that pure laminar flaws have with respect to the 
governing stress fields in cylindrical vessels, and, hence, the more conservative the analysis 
becomes. 

ASME III Primary Stress Re-evaluation 
The Doel 3 RPV has been designed in accordance with ASME III for Class 1 components. As 
such, the different stress and stress range criteria given under Subsection NB-3000 ‘Design by 
Analysis’ have been verified at the design stage. These criteria aim to prevent a number of 
pressure vessel failure modes, such as excessive plastic deformation, plastic instability leading 
to incremental collapse, and fatigue, among others. 
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The flaw indications revealed during the 2012 in-service inspection, are addressed in ASME 
Section XI. One ASME XI Article, IWB-3610(d)(2), refers to the ‘Design by Analysis’ Subsection 
NB-3000 as it requires the verification of the primary stress limits of that Subsection, 
assuming a local area reduction of the pressure retaining membrane that is equal to the area 
of the detected flaws. 

Membrane hoop stress analysis 
In each stress criterion the calculated primary stress is compared to the allowable stress. The 
original Doel 3 RPV stress analysis has shown that the criterion regarding the primary general 
membrane hoop stress in the circumferential direction is the one where the calculated stress 
comes closest to the allowable stress, i.e. 95.1 % of the allowable value. The calculated stress 
is proportional to the internal design pressure (171.6 bar) and the diameter of the reactor 
vessel and inversely proportional to its wall thickness (200 mm). The allowable stress is a 
material characteristic defined in the ASME Code and has to be taken at the design 
temperature of the vessel. 

Membrane hoop stress re-evaluation 
As requested by IWB-3610(d)(2), the calculated stress must be 
re-evaluated, thereby considering a reduced wall thickness that 
accounts for the presence of flaws in a particular location of the 
vessel wall. As long as this thickness reduction does not exceed 
4.9 % (i.e. 100 - 95.1 %), the criterion on the primary general 
membrane hoop stress will still be met. This verification has 
been done explicitly for the lower and upper core shells of the 
Doel 3 RPV, where numerous flaws have been detected. It also 
automatically covers the transition ring, the nozzle shell and the 
vessel flange where much smaller numbers of flaws have been 
detected. 

Doing so, it appears that the most critical ASME III NB-
3000 criterion regarding primary general membrane 
hoop stress is still met in all reactor pressure vessel 
locations. 

Fatigue Crack Growth Analysis 
As requested by ASME XI IWB-3610(a), Fatigue Crack Growth is 
evaluated by the analytical procedures described in ASME XI 
Appendix A ‘Analysis of Flaws’, based on linear elastic fracture 
mechanics. The objective is to calculate the growth of the 
nearly laminar flaws until the end of service lifetime of the Doel 
3 RPV.  

The results show that even when applying the very conservative 
approach (see sidebar), the maximum growth of the flaws in 
the forgings over the whole service lifetime of the RPV is limited 
to 2.32 % of their size, and for the core shells in particular, the 
maximum growth is limited to 1.72 %. This means that 
fatigue crack growth is not a concern and does not need 
to be further considered in the Flaw Acceptability 
Analysis. 

As required by the ASME 
Code, the flaws in the 
forgings are subjected to 
the ASME Level A and B 
transients with their 
maximum allowable 
number of occurrences over 
the whole service lifetime, 
as specified in the Final 
Safety Analysis Report of 
the unit. This is a 
conservative approach, 
since in reality the 
transients appear less 
frequently than supposed in 
the analyses.  

In addition, conservative 
heat transfer coefficients 
for the heat transfer from 
primary water to the 
reactor pressure vessel wall 
are considered during the 
transients. The 
temperature-time and 
stress-time histories at the 
level of the reference flaws 
are obtained from Finite 
Element modelling, and the 
crack growth is evaluated 
by the fracture mechanics 
software TEEPAC.  

The fatigue crack growth 
analysis is performed on 
the axial and 
circumferential projections 
of the flaws rather than by 
considering their real 
orientations. Comparison 
between both approaches 
has shown that the 
approach based on axial 
and circumferential 
projections is much more 
conservative. 
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Flaw Acceptability Analysis 
Since the Fatigue Crack Growth Analysis has shown that the growth of the flaws is negligible, 
the Flaw Acceptability Analysis can consider the flaws with their dimensions derived from the 
2012 ultrasonic inspections (as described above). 

This analysis has made clear that all indications encountered in the Doel 3 RPV 
core shells are acceptable. The few indications found in the transition ring, nozzle 
shell, vessel flange, and vessel head flange were accepted as well. 

As can be seen in the diagram below, the vessel shells (transition ring, core shells and nozzle 
shell) are addressed in a different way than the vessel flanges. This is because of the number 
of flaws in the vessel shells and because the stress field in the vessel flanges is differs from 
the stress field in the vessel shells (due to the presence of holes for the RPV bolting). 

 

Figure 4.39 Schematic overview of Flaw Acceptability Analysis 
for Doel 3 RPV 

Core shells 
For the Flaw Acceptability Analysis of the core shells, a 
methodology inspired by ASME XI has been developed to 
determine acceptable sizes of large numbers of nearly laminar 
flaws.  

The first step was to develop a set of curves that enable the 
assessment of the acceptability of all possible configurations of 
individual flaws or flaw groups detected in the Doel 3 RPV. As 
such, parametric analyses were made to cover each parameter 
that may take any value within a particular range. These 
parameters are: 

• The inclination of the individual flaw or group of flaws with 
respect to the cylindrical surface of the RPV. 

Lower core shell
Upper core shell

Individual and grouped flaws

Equivalent core shell 
flaw

(based on ASME XI 
App. A)

For lower core shell 
flaws with high a/ac :

3D multiple flaw 
analysis

Comparison of flaw size 2a with
acceptable core shell flaw size 2aacc

Transition ring
Nozzle shell Vessel flange

For every flaw

Next flaw

§4.7
∆RTNDT

Flaw Acceptability
Analysis according to 
ASME XI App. A and 

IWB-3612

Two individual flaws

One virtual 
conservative flawDetermination of 

acceptable core shell 
flaw sizes 2aacc

Vessel head flange

One sized flaw

Flaw Acceptability
Analysis according to 
ASME XI IWB-3510

A ligament between 
flakes is a bond of sound 
matter between flakes. By 
sound is meant: with no 
mechanical discontinuities 
such as cracks, cavities, 
etc. It can be evaluated 
along different directions, 
when not specified, the 
direction along which the 
ligament is the shortest is 
usually assumed. 

A ligament can also stand 
for the position of the flaw 
in the direction of the wall 
thickness of the RPV and 
with respect to the 
cladding-base metal 
interface. In that sense it 
corresponds to the ASME 
variable S. 
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• The RTNDT of the base metal at the location of the flaw. This 
temperature varies with the position in the RPV in a similar 
way as the neutron fluence responsible for this temperature 
shift. 

• The ligament (see sidebar) of the flaw or group of flaws, 
being the position of the flaw in the direction of the RPV wall 
thickness, measured from the interface between the 
cladding and base metal. 

Each curve gives the acceptable flaw size as a function of the 
ligament and is valid for a particular combination of inclinations 
and RTNDT values. 

 
Figure 4.40 Four acceptable flaw size curves for 4 different 

RTNDT values, and for inclinations up to 10° (ß) 

The second step consists of comparing the size (2a) of each 
individual flaw and of the grouped flaws to its acceptable flaw 
size (2aacc). This acceptable flaw size was determined based on 
the acceptable flaw size curves, and by considering the 
inclination and ligament of the flaw and the RTNDT at the flaw’s 
location, evaluated at the end of the RPV service lifetime. As 
mentioned earlier, the RTNDT at the end of the service lifetime 
includes an additional shift of 50 °C that covers the effect of 
macro-segregations on the fracture toughness properties of the 
base metal. 

Finally, the 2a/2aacc ratio for all flaws in a particular forging 
were represented in one single plot showing this ratio as a 
function of the flaw ligament. The figures below give the results 
for the lower and upper core shells of the Doel 3 RPV. 

How to determine the 
acceptable flaw size 
curves? The points of the 
curves are determined by 
numerous 3D finite element 
simulations of the flaw 
behaviour in the RPV wall. 
The key parameter is the 
Stress Intensity Factor 
(SIF) at the flaw tip. For 
the most penalizing load 
cases the RPV may be 
subjected to, an equivalent 
SIF Ke is calculated at the 
flaw tip. This equivalent SIF 
Ke considers three different 
modes of deformation that 
may be triggered by the 
stress field in the case of 
nearly laminar flaws: crack 
opening, crack shearing, 
and crack twisting 
(common ASME XI analysis 
only considers a SIF KI 
related to the crack 
opening mode I). 

Comparison between the 
equivalent SIF and the 
acceptance criteria given in 
ASME XI IWB-3612 
Acceptance Criteria Based 
on Applied Stress Intensity 
Factor indicates whether 
the analyzed flaw is 
acceptable or not. 
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Figure 4.41 Comparison of actual flaw size to acceptable flaw size for lower core shell of 

Doel 3 

 

Figure 4.42 Comparison of actual flaw size to acceptable flaw size for upper core shell of 
Doel 3 

Because all flaws have a 2a/2aacc ratio below 1, it can be concluded that all flaws encountered 
in the lower and upper core shell are acceptable. 

In order to assess the conservatiness of the grouping methodology, a number of grouped 
flaws were ungrouped, and a 3D Finite Element analysis was performed covering all individual 
flaws in the group and their mutual interactions. A typical result of such an analysis for one of 
the grouped flaws of the lower core shell is given in the figure below. The illustration below 
shows that the 20 % margin of the grouped flaw increases to more than 70 % when 
considering a 3D analysis of the multiple flaw configuration. 
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Detail from figure 4.41 

 

 

 
Figure 4.43 Comparison of grouped flaw versus multiple flaw analysis for the Doel 3 lower 

core shell 

Transition ring and nozzle shell 
The Flaw Acceptability Analysis developed for the core shells can also be applied to the 
transition ring and nozzle shell. However, because there are only a few flaws in both 
components and because both components do not have the purely cylindrical geometry of the 
core shells, the methodology had to be adapted: 

• Instead of analyzing all individual and grouped flaws separately, a virtual conservative flaw 
was defined enveloping all individual and grouped flaws. 
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This correction factor 
was obtained by comparing 
two classical Stress 
Intensity Factor analyses 
performed according to 
Appendix A of ASME XI and 
based on a 2D Finite 
Element model of the entire 
RPV. In the first analysis 
the virtual conservative 
flaw was supposed to be 
located in the core shell, 
and in the second analysis 
in the transition ring or 
nozzle shell. As such, a 
correction factor of 1.48 
was obtained for the 
transition ring, and 1.18 for 
the nozzle shell. 
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• In order to account for the geometrical differences between 
the transition ring and nozzle shell on the one hand, and the 
core shells on the other, the size of the virtual conservative 
flaw was multiplied by a correction factor (see sidebar) to 
obtain the equivalent core shell flaw size. 

The equivalent core shell flaw sizes for the transition ring and 
nozzle shell were compared to the acceptable core shell flaw 
sizes. Both flaw sizes are accepted. 

Vessel flange 
Only two flaws were detected in the Doel 3 RPV flange. These 
flaws remained ungrouped after applying the flaw grouping 
methodology. Since the vessel flange geometry is quite different 
from the core shell geometry (due to the presence of holes for 
the RPV bolting), a classical Flaw Acceptability Analysis 
according to Appendix A of ASME XI was performed. 

In this approach, the axial and circumferential projections of the 
flaws were assessed separately, which is much more 
conservative than an analysis that considers the actual 
orientation. Both flaws are accepted. 

Vessel head flange 
Three indications were detected in the Doel 3 RVH flange. Two of them were too small to be 
sized and hence are not addressed as flaws. The third indication is a volumetric indication with 
a diameter of 5 mm. This indication is acceptable through application of the ASME XI IWB-
3500 Acceptance Standards. 

Fracture Toughness Requirements 
Appendix G of 10CFR50, which is applicable to the Doel 3 RPV, defines the fracture toughness 
requirements for ferritic materials of pressure-retaining components of the reactor coolant 
pressure boundary of light water nuclear power reactors. The goal is to provide sufficient 
safety margins in any conditions of normal operation, as well as anticipated transient and 
accident conditions, to which the pressure boundary may be subjected over its service 
lifetime. As such, 10CFR50 Appendix G refers to the analysis method included in ASME XI 
Appendix G, which covers the requirements regarding Pressure-Temperature Operating Limits 
and Low-Temperature Overpressure Protection. 

Pressure-Temperature Operating Limits 
The pressure-temperature domain in which the reactor can be operated safely, is 
characterized by the pressure-temperature operating limits given in the form of pressure-
temperature (p-T) curves. 

The p-T curves have been updated to include both the embrittlement of the RPV at the end of 
its service lifetime and the additional shift in RTNDT of 50 °C that covers the effect of macro-
segregations on the fracture toughness. The update is performed based on Appendix G of 
ASME XI, Edition 1992 and Code Case N-640 Alternative Reference Fracture Toughness for 
Development of p-T Limit Curves that allows using KIc (crack initiation fracture toughness) 
instead of KIa (crack arrest fracture toughness) in the criteria of Appendix G. 

The updated p-T curves (see sidebar) and the effects of the update on the plant’s operation 
will be fully integrated into the plant’s Technical Specifications (see Chapter 4.9). 

The p-T curves are 
updated to include both the 
embrittlement of the RPV at 
the end of its service 
lifetime and the additional 
shift in RTNDT of 50°C that 
covers the effect of macro-
segregations on the 
fracture toughness.  

The update is performed 
based on Appendix G of 
ASME XI, Edition 1992 and 
Code Case N-640 
Alternative Reference 
Fracture Toughness for 
Development of p-T Limit 
Curves.  

The update of the p-T 
curves leads to more 
restrictive curves than 
those that are applicable 
today. 
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Figure 4.44 Updated p-T curves for Doel 3 

Low-Temperature Overpressure Protection 
The effect of the updated p-T curves on the Low-Temperature Overpressure Protection is 
addressed through the analysis of typical Mass Input and Energy Input transients that may 
lead to overpressures in the Reactor Coolant System (including the RPV) and Residual Heat 
Removal System at low temperature: 

• The analysis of Mass Input transients leads to more stringent operating limits for the 
Residual Heat Removal System and to a change of the maximum Safety Injection 
Accumulator’s pressure. Both effects will be integrated into the plant’s Technical 
Specifications. 

• The analysis of Energy Input transients leads to smaller allowable temperature differences 
between primary and secondary side temperatures in the steam generators that will be 
integrated into the plant’s Technical Specifications. 

Deterministic PTS Analysis 
The Deterministic PTS Analysis is restricted to the RPV core shells, since they are 
the only forgings exposed to neutron irradiation. The analysis has shown that the 
RTNDT of the base metal will remain below 132 °C at the end of its service lifetime. 

The assessment prescribed in 10CFR50.61 ‘Fracture Toughness Requirements for Protection 
Against Pressurized Thermal Shock Events’ aims to verify that the (irradiated) RTNDT of the 
base metal of the Doel 3 RPV forged components will remain below 132 °C at the end of its 
service lifetime, and that the RTNDT of the circumferential welds at the end of the RPV’s service 
lifetime will remain below 149 °C (300 °F). This assessment was performed only for the two 
core shells, as they are the only forgings exposed to neutron irradiation. 

The RTNDT of the core shells at the end of the RPV’s service lifetime was calculated as the sum 
of the RTNDT evaluated in the framework of the Doel 3 RPV Surveillance Program and the 
additional RTNDT shift of 50 °C that covers the effect of macro-segregations on the fracture 
toughness. The maximum RTNDT obtained for the upper core shell is 106.5 °C, which is still 
below the acceptable value of 132 °C. 
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For the circumferential weld material of the Doel 3 RPV, there 
was no additional shift of RTNDT due to macro-segregations to 
be considered. Hence, the RTNDT at the end of the RPV’s service 
lifetime evaluated in the framework of the Doel 3 RPV 
Surveillance Program (48.7 °C), remains valid. This 
temperature is well below the allowable value of 149 °C. 

4.8.4 Complementary 
Probabilistic SIA 

During plant operation, the walls of reactor pressure vessels 
(RPVs) are exposed to neutron radiation, resulting in localized 
embrittlement of the vessel steel and weld materials in the core 
area. If an embrittled RPV had a flaw of critical size and certain 
severe system transients were to occur, the magnitude of the 
tensile stresses (pressure and thermal stresses) could be 
sufficient to initiate a through-wall crack, thus challenging the 
integrity of the RPV. The severe transients of concern, known 
as pressurized thermal shock (PTS), are characterized by a 
rapid cooling of the internal RPV surface in combination with 
repressurization of the RPV. In such a case, the potential 
existing flaws near the inner surface of the RPV wall could: 

• In a first stage, initiate in cleavage fracture, i.e. the so-
called crack initiation phase 

• In a second stage, propagate through the RPV wall, thus 
introducing the possibility of RPV failure, i.e. the so-called 
through-wall crack stage 

NUREG-1806 
The technical basis for the revised set of PTS rules given in 
10CFR50.61a (see chapter 4.2) is described in the NUREG-
1806: Technical Basis for Revision of the Pressurized Thermal 
Shock (PTS) Screening Limit in the PTS Rule (10 CFR 50.61). 

In order to quantitatively assess the risk of the loss of RPV integrity when subjected to PTS, 
NUREG-1806 proposes a methodology to calculate two values, each of them characterizing 
the probability that existing flaws in a RPV can either initiate or become through-wall cracks 
when a RPV is subjected to a PTS event. These two values are defined respectively as: 

• The frequency of crack initiation (FCI) 
• The through-wall cracking frequency (TWCF) 

The approach for calculating TWCF proposed in the NUREG-1806 is illustrated below (figure 
extracted from the NUREG 1806). The same methodology is applied to calculate the FCI. 

Mass Input transients 
are related to operational 
events that result in an 
attempt being made to 
increase the water 
inventory in the reactor 
coolant system. The 
compressibility of water is 
such that pressure 
increases suddenly. 
Examples of such transients 
are inadvertent actuation of 
High Pressure Safety 
Injection pumps or 
inadvertent opening of 
Safety Injection 
Accumulator valves. 

Energy Input transients 
are related to operational 
events during which energy 
(heat) is suddenly 
transferred to the reactor 
coolant system, causing a 
pressure increase. Such a 
phenomenon may occur for 
instance when the average 
reactor coolant temperature 
is lower than the 
temperature of the 
secondary side of the 
steam generators before 
starting the first primary 
water circulation pump. 
When the first pump is 
started, there is not only an 
immediate pressure peak in 
the reactor coolant system 
due to the start-up of the 
pump, but also a sudden 
heat transfer from the 
secondary side of the 
steam generator to the 
primary water, which 
generates a pressure 
increase in the reactor 
coolant system. 
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Figure 4.45 Diagram of combination of probabilistic estimate of through-wall cracking 

frequency (TWCF) and a TWCF acceptance criterion to develop a proposed revision of the 
PTS screening limit 

The probabilistic approach is based on realistic inputs and an explicit treatment of 
uncertainties. The principle is the following: 

• Identify all the sequences of events leading to a PTS-type transient, namely, a transient 
leading to a rapid cooldown, or a low final temperature, or a high pressure after cooldown. 
Typical examples are primary breaks of various sizes, spurious opening of a safety valve 
that recloses after an extended cooldown, or steam line breaks. These transients are 
defined by their expected occurrence frequency. 

• Thermal-hydraulic analyses are then performed to determine the time evolutions of 
pressure, temperature, and the heat transfer coefficient for each of the scenarios identified 
in the previous step. 

• For each transient defined by pressure, temperature, and heat transfer coefficient history, 
fracture mechanics analyses are performed with the FAVOR code developed by Oak Ridge 
National Laboratory (ORNL), considering a statistical defect distribution present in the 
vessel wall and the material properties distribution. The FAVOR code calculates the 
conditional probabilities for the initiation (CPI) and for the Through-Wall Cracking (CPF) of 
postulated existing flaws based on the statistical flaws distribution, for each of these 
transients. These probabilities are called conditional because they are calculated assuming 
that the transients effectively occur. 

• The total FCI and the TWCF are then obtained by first multiplying the frequency of 
occurrence of each given transient by its conditional probability of crack initiation and of 
through-wall cracking and then by summing these results for all considered transients. 

The total TWCF is then compared to the 10CFR50.61a criterion, i.e. it must remain below 
1x10-6 per reactor year.  

The NUREG-1806 methodology has been developed based on a complete analysis of three 
specific plants (Beaver Valley Unit 1, Oconnee Unit 1, Palisades). The responses of five 
additional plants have also been investigated in NUREG-1806 to demonstrate the 
generalization of the NUREG-1806 conclusion to all PWRs. 



 

This document is the property of Electrabel S.A. Any duplication or transmission to third parties is forbidden without prior written approval 

 

85 3BThe Safety Case Roadmap 

Probabilistic assessment for Doel 3 
The probabilistic analyses of the Doel 3 RPV have been performed based on the NUREG-1806 
report and on the 10CFR50.61a. For the probabilistic fracture mechanics methodology, 
described in NUREG-1806 and applied in the framework of the PTS evaluation of the Doel 3 
RPV, the following data were used: 

• The actual materials characteristics and RPV geometry of the Doel 3 RPV. Instead of using 
the generic flaws distribution database of NUREG-1806, the actual flaw characteristics and 
distribution in Doel 3 was used. Those flaws are represented by using the same 
methodology of grouping as used in the deterministic analysis.  

• The probabilistic assessment of the Doel 3 RPV structural integrity is based on the PTS 
events of Beaver Valley Unit 1. These transients were thoroughly developed and detailed in 
the NUREG-1806. These PTS transients of Beaver Valley Unit 1 are representative of the 
Doel 3 case for the following reasons: 

- Beaver Valley Unit 1 is a 3-loop Westinghouse 900-type unit, as was the original 
reference for Doel 3.  

- The reactor coolant loops of Beaver Valley Unit 1 and Doel 3 have the same layouts 
(one hot leg, one U-tubes SG, one cross-over leg, one primary pump and one cold 
leg). 

- Concerning the safety injection system which plays a major role in the PTS events, 
the main characteristics of the Safety Injection (SI) relevant for the PTS scenarios 
are more penalizing for Beaver Valley Unit 1 than Doel 3 regarding the PTS issue 
(namely High Pressure Safety Injection pumps with higher shut-off head in Beaver 
Valley Unit 1 than in Doel 3, which produce higher pressure in the primary circuit 
during some specific PTS scenarios which in turn lead to more challenging  PTS 
conditions in Beaver Valley Unit 1 than in Doel 3). 

• The frequency of PTS events in the Beaver Valley Unit 1 were replaced by the specific 
frequency of such events in Doel 3.  

Moreover, a positive shift of 50 °C in RTNDT is applied to the irradiated RTNDT for Doel 3. This 
shift of 50 °C is the upper bound of the actual situation of the Doel 3 RPV as evidenced by the 
experimental investigations (see above). In the framework of this Safety Case, the acceptance 
criterion of the present assessment is conservatively applied on the FCI instead of the TWCF 
and becomes: FCI < 10-6 per reactor year.  

In other words, each crack that initiates is assumed to become through-wall. The result in 
terms of Frequency of Crack Initiation at End Of Life of Doel 3 amounts to 2.3x10-8, which is 
far below the acceptance criterion of 10-6 defined in 10CFR50.61a. 

The probabilistic assessment shows that the Doel 3 RPV with its actual flaw distribution and 
characteristics exhibits a satisfactory level of structural integrity regarding the PTS solicitation. 
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Material testing 
The very comprehensive material and metallurgical literature research and testing program, 
especially on archive materials of the Doel 3 reactor vessel, demonstrated that the material 
between the flaws is sound and of a normal metallurgical structure. There are no effects of 
orientation and segregation. 

Consequently, the conservative material properties used in the structural analysis are more 
than adequate to cover any local effect or peculiarity and do not need to be further 
investigated. 

In addition, Electrabel will launch a confirmatory testing program on materials from the block 
of the AREVA shell that contains hydrogen flakes. This program, still to be finalized with the 
safety authorities, will encompass two phases: 

• In the short term (about 4 months), Electrabel, together with SCK.CEN, will perform a 
test program on a series of small-scale tensile and fracture toughness specimens located in 
two zones: one in material out of the segregated zone, and the other in material located 
between flakes (ligaments) in the segregated zone. The objective is to assess the 
conservativeness of the ligament’s mechanical properties that were used in the structural 
assessment. 

• In the medium term (about one year), Electrabel will conduct a test of large tensile 
specimens containing hydrogen flakes in an orientation comparable to the orientation of 
the indications in the Doel 3 reactor pressure vessel. The objectives are: 

- To confirm that the flakes in a nearly laminar orientation do not significantly affect 
the load-bearing capacity of the specimen 

- To assess the conservativeness of the structural integrity assessment method 
- In order to be representative, the specimens need to be of large dimensions, which 

requires more time for preparation and execution 


