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Abstract

The cyclic failure observed in structural components such as pipelines subjected to extreme loading
conditions highlights some limitations concerning the application of existing fatigue damage models. The
evaluation and prediction of this type of failure in these steel components under large-scale plastic
yielding associated with high levels of stress triaxiality are not sufficiently known nor explored. This
fatigue domain is conventionally called ultra-low-cycle fatigue (ULCF) and damage features are
representative of both low-cycle fatigue (LCF) and monotonic ductile fracture. Thus, in order to
understand the ULCF damage mechanisms both monotonic and LCF tests are required to get
representative bounding damage information to model the material damage behaviour under such extreme
loading conditions. This paper aims at exploring the Theory of Critical Distances (TCD) in the LCF and
ULCEF fatigue regimes, including the application of the point, line and area methods. The application of
the TCD theories has not been explored so far in the ULCF fatigue regimes, despite its promising results
in the LCF and high-cycle fatigue. An experimental program was carried out on several specimens’
geometries made of X52 piping steel. In detail, smooth plane specimens and notched plane specimens
were cyclic loaded under tension/compression loading in order to obtain fatigue lives within the range of
10'-10* cycles. In addition, cyclic bending tests on notched plane specimens were also incorporated in

this study. Finite element simulations of all small-scale tests were conducted allowing to derive



elastoplastic stress/strain fields along the potential crack paths. The numerical data were subjected to a
post-processing in order to find characteristic lengths that can be treated as a fatigue property according to
the TCD. A unified strain-life relation is proposed for the X52 piping steel together with a characteristic
material length, consisting of a practical relation for pipeline strain-based design under extreme cyclic

loading conditions.
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1. Introduction

Extreme loads applied to steel structures can lead to monotonic ductile fracture as well as to cyclic failure
associated with large plastic deformations. Depending on the intensity of plastic deformation, cyclic
failure may occur for a significantly reduced number of load cycles, which in some cases can be lower
than 100 cycles. This is an extreme fatigue domain, the so-called Ultra-Low-Cycle Fatigue (ULCF) that is
characterized by a mix of two competing damage mechanisms, since ULCF may be understood as a
transition damage process between the monotonic ductile damage and the low-cycle fatigue (LCF) [1].
The contribution of each damage mechanism will depend on the number of cycles to failure and the
influence of monotonic ductile damage mechanisms will increase as the number of cycles to failure

approaches the unity.

Fatigue damage models for ULCF life assessment typically involve similar parameters as adopted in
monotonic ductile models, for example, the accumulated equivalent plastic strain, the fracture strain, the
stress triaxiality and the Lode angle parameters as reported by some authors [2]-[5]. Besides these
parameters, the equivalent plastic strain range typically used in LCF also assumes an important role in
ULCF modelling. Based on this set of parameters, the calibration of a ULCF model is dependent on a
very specific experimental program involving both monotonic and ULCF tests coupled with finite
element analyses. The numerical simulations are required to compute relevant parameters at locations
where cracking is likely to occur. In what concerns the ULCF modelling, controlling parameters have
been computed at nodes of the finite element model. However, this could be in contradiction with the
Theory of Critical Distances (TCD), which suggests that the average values of the critical parameters
around the specified potential critical location can be more representative of the damage process than the

peak ones.

To establish correlations for both quasi-static and fatigue failure of smooth and notched specimens, the
TCD has been originally used with specimens experiencing linear-elastic behaviour near the notch root.
This theory was initially introduced by Neuber [6][7] and Peterson [8] and has been continuously
developed and re-discovered by several researchers over extensive experimental campaigns and assuming
linear-elastic local approaches [9][10]. Besides, Whitney and Nuismer [11] defined the characteristic
length to calculate the brittle failures in notched details of composite materials, relating the smooth

material strength to material toughness. This concept was reformulated and applied to the fatigue domain



by Tanaka [12] and Taylor [13]. Ductile metals under high levels of cyclic plasticity at the critical
locations experience a reduction in the number of cycles to failure. This scenario is typically addressed
under a strain-based approach framework, where the finite element simulations represent a crucial role in
modelling the elastoplastic conditions at the damage process zone. Recent studies [14] have shown that

TCD can be successfully used to predict fatigue failure under low-cycle fatigue conditions.

Having in mind the succeeded application of the TCD on LCF modelling, this work aims at addressing
the performance of this theory on both LCF and ULCF domains. The experimental data derived from an
extensive program carried out on small-scale specimens of X52 piping steel was used for this purpose.
Besides using typical smooth specimen geometries, notched specimens were subjected to
tension/compression cyclic tests. The experimental characterization of ULCF material is enhanced by
using notched specimens since they tend to reduce instability problems typically observed at high plastic
strain levels on smooth geometries. Additionally to the uniaxial cyclic tests, cyclic bending tests were also
carried out on notched specimens, which included alternative stress/strain gradients on the results of the
tests. Consequently, based on several geometries including notched and smooth specimens loaded at
different loading scenarios, the TCD is understood as a robust data reduction approach, overcoming the
challenges of the resulting non-uniform stress/strain fields. In the first part of the paper, the TCD will be
reviewed covering the point, line and area methods to check the best appropriate TCD approaches for the
X52 material. Furthermore, a unified strain-life relation will be sought for the X52 piping steel together
with a characteristic material length, to result in a practical tool for pipeline strain-based design under

extreme cyclic loading conditions.

2. Theory of critical distances (TDC)

The failure prediction under high-cycle fatigue domain, particularly for notched details, could be too
conservative if the linear-stress conditions at the notch root are considered, as reported by Neuber [6].
The actual stress considered for the fatigue damage evolution in the process zone is not as large as the
peak value obtained using the classic continuum mechanics theory [6]. According to this author, the
cyclic damage in the process zone is governed by the effective stress that results by averaging the linear-
elastic stresses over a specified material characteristic length [15]. This assumption formulates the so-

called Line Method (LM), where the effective stress is computed over the line, defined by the maximum



principal stress/strain distribution against a certain distance from the notch root, as evidenced by the

Figure 1b.

This postulate can be extended to other fatigue regimes involving cyclic plastic deformations, such as the
LCF. To estimate the fatigue lives under this specific fatigue domain a strain-based approach has been
recommended aiming at increasing the predictive capability as originally proposed by Coffin [16] and
Manson [17]. Therefore, the classical strain-life approach to address the fatigue life for any kind of
notched components may be reformulated according to the TCD assumptions if the strain/stress field

acting on the process fatigue location is known [18].

The application of the TCD can be done following different strategies, namely the Point Method (PM),
Line Method (LM), Area Method (AM) and Volume Method (VM) [9]. The main goal of these methods
is to achieve a given “characteristic length” which is used to describe an elastoplastic stress/strain state
that is equivalent to the entire stress/strain field in the process damage zone. In detail, for the PM the
effective stress/strain is computed directly from the stress/strain function, at a certain distance from the
notch root, as proposed by Peterson [8] (see Figure 1a). Concerning the LM formulation, Neuber [6]
assumed that the effective stress/strain results from the stress/strain distribution averaged over a line with
a characteristic length, as illustrated in Figure 1b. For the implementation of the AM, the effective stress
/strain is computed by averaging the stress/strain data over an area (e.g. semicircle with the geometrical
centre coincident with the strain concentrator peak) as schematically represented in Figure 1c [13].
Similar arguments can be presented for the VM, which will not be explored in this research, therefore
disregarded from this analysis. To apply the PM, LM and AM the critical distances are expressed as Lpy
= L/2, Liy = 2L and Lay = L, respectively, where L is the material characteristic length, which does not
depend on the specific features of the stress/strain field [19]. Regarding the strain-based approach, and

adopting the nomenclature of Figure 1, the LM, PM, and AM can be expressed, respectively, as follows

[19]:
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where &, is the strain amplitude. The TCD has been demonstrated to be successful for LCF conditions
[14]. Nevertheless, the application of the TCD under ULCF conditions has never been demonstrated
before. Therefore, this paper will assess the TCD in the forms of PM, LM, and AM to conditions of LCF
and ULCF and results will be compared with those resulting from the application of the peak values of

the influent damage variables evaluated at the notch root, called in this paper as critical node approach.

3. Critical node approach

An extensive experimental program was carried out aiming at investigating the performance of the TCD
on fatigue life estimation under large plastic strain amplitudes. Specimens were cut along the longitudinal
direction of pipes made of X52 steel grade with the following dimensions: outside diameter of 168 mm
and the wall thickness of 4.78 mm. As previously referred to, smooth and notched plane specimens were
subjected to cyclic tests to result in fatigue lives under both LCF and ULCF domain (10°-10* cycles).
Fatigue tests were carried out on a servo-hydraulic INSTRON® 8801 testing machine. The tests were
performed under locally controlled displacements using an INSTRON® 2620-602 clip gauge, with limit
displacements of £2.5 mm. Constant strain or constant relative displacement rates, respectively de/dt=0.8
or do/dt=0.8, were adopted in the cyclic tests. The frequency of the cyclic tests was set as a function of
the strain or relative displacement. This resulted in controlled uniform strains for smooth specimens. For
notched specimens, the strain-field was not uniform; therefore, the locally controlled displacements were
used as input of the finite element models. Accordingly, the strain range (smooth specimens) and relative

displacement range (notched specimens) were given by:

As AS = i—ZXIOO )

0

The strain or relative displacement ratios used for each type of specimen geometries are summarized in
Table 1. The geometries of these specimens are illustrated in Figures 2 and 3. It should be noted that the
ductility of the specimens is affected by the notch configuration that in turn provide different levels of
fracture strain and stress triaxiality levels. These monotonic parameters are helpful to calibrate some
fatigue damage models (ex. Xue model) [1]. The specimens were of plane dog-bone type, with some

series showing different notches (circular and oval central holes and double side circular notches).



Additional experimental details regarding the ranges of strain/relative displacements and testing

frequencies considered for the fatigue tests can be found elsewhere [20].

The cyclic/elastoplastic properties of the X52 piping steel were already presented in a previous study
carried out by Pereira et al. [21]. Concerning the numerical simulation of the cyclic tests, a plasticity
model based on the second invariant of the stress tensor (Von Mises yield theory) with nonlinear
kinematic hardening (Chaboche model) was used [22]. The cyclic properties expressed in terms of the
mathematical relation proposed by Ramberg and Osgood, K’ and #n’, [23] and the parameters used to
define the plasticity model of the X52 piping steel are respectively presented in Table 2. A 3D geometry
with 8-noded isoparametric solid elements with reduced integration, C3D8R, available on commercial
code ABAQUS 6.12® was built to model de plane notched specimens. Taking into account the symmetry
boundary conditions, whenever possible, only 1/8 of the geometry was modelled. The displacements of
nodes laying at the symmetry planes were restrained along the direction normal to that symmetry planes.
The refined mesh, with a minimum element size of 0.17 mm was deemed suitable for the proposed

analyses to reduce the mesh size effect on the computation of stress and strain fields.

Additional details about this study, namely the fatigue testing and the calibration of the plasticity model
can be found elsewhere [21]. Before the application of the TCD, a critical node approach supported by the
strain-life Morrow’s relation [24] is followed. Morrow’s equation results from the superposition of the
elastic strain-life and plastic strain-life relations, defined respectively by Basquin [25] and Coffin-Manson
[16],[17] equations, as follows:
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In order to introduce the multiaxial effects caused by the notch presence, the equivalent strain definition

proposed by the ASME code [26] was used:
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Ag) = %J(Apn =)+ (AP = Ay )"+ (Apsy = Apyy )"+ (8, + Apis + Ap3, ) 6)

where Ap, denotes the plastic strain component variation between two consecutive load reversal points.

This formulation is proposed originally in the ASME code for the computation of the plastic component
of equivalent strain range but, in this case, it was also extended to derive the equivalent elastic strain

range.



The parameters of Morrow relation (o’ fatigue strength coefficient; b: fatigue strength exponent; &’
fatigue ductility coefficient; c: fatigue ductility exponent) were computed correlating the elastic and
plastic equivalent strain ranges with the number of cycles until crack initiation, for all tested smooth and
notched specimens and respective values are summarized in Table 3. As mentioned above, the fatigue life
was investigated until crack initiation. Therefore, a criterion to identify the number of cycles to crack
initiation was suggested, by plotting the maximum load values along with the number of cycles, as shown
in Figure 4. The fatigue crack initiation was assumed to occur when the maximum load values start to

deviate from the stable trend, which corresponds to the macroscopic fatigue crack propagation.

Figure 5 illustrates the strain-life curve correlating the experimental data points. Some scatter is found
between notched and smooth specimen series, mainly in the ULCF domain. The notch presence promotes
local strain concentration and consequent strain gradients in the plastic strain field. The use of an
equivalent strain range definition was not enough to overcome this modelling limitation. Using the
parameters of Morrow’s relation and the equivalent plastic strain ranges derived from finite element
simulations of each specimen simulation, fatigue life estimations were computed and compared with the
experimental results, as can be observed in Figure 6, including both LCF and ULCF regimes. Accuracy
bands were added to the graphs with a twice (2x) and half (0.5x) lives criteria being used for the LCF
domain and a progressive accuracy band used for ULCF, reducing its width (increasing accuracy) from
twice/half-lives in the LCF to 1.33x/0.75x of experimental fatigue lives at Ni=1 cycle. Reasonable fatigue
life estimations can be observed for notched specimens under ULCF and LCF regimes. Nevertheless, the
Morrow’s relation using a critical node approach does not provide excellent predictions for smooth

specimens in both fatigue domains addressed in this study.

4. Calibration of the TCD methods on LCF and ULCEF life prediction

In this section, the TCD is applied together with the Morrow’s relation. The PM, LM and AM are applied
to compute the elastic and plastic effective strains that will be correlated with the number of reversals
until the crack initiation. These correlations provide updated Morrow parameters that will be considered
to estimate the fatigue life of the specimens covered in this work. The total and plastic strain fields were
computed and mapped for each specimen. The resulting strain maps allowed the understanding of the
strain gradients around the hypothetical crack initiation and propagation path. The main crack

propagation direction was assumed along the specimen width/transverse to the loading direction, as



supported by the analysis of Figure 7. The analysis of the fracture surface aiming to identify the
characteristic features of a fatigue failure under large plastic strain conditions. Therefore the crack
initiation (1), the crack propagation processes characterized by the beach-marks (2) and the final plastic
failure (3) are observed. Under the ULCF domain the plastic strains are intense, thus the beach-marks are
more noticeable in the fracture surfaces. These features mark the progress of the crack at various stages of

the cyclic loading.

The simulation of the cyclic tests of smooth specimens accounted for lateral instabilities that may arise
from high compressive stress/strains, therefore the location of crack initiation could be variable despite
occurring at the specimens’ surface [21]. Thus, the crack propagation direction was set from the node
with the higher equivalent total strain (critical node). The evolution of equivalent total strain along the
crack propagation direction is represented in Figure 8. Combining the TCD formulations in Egs. (1), (2)
and (3) and the hypothetical crack path orientation at the crack propagation plane, the effective equivalent
total and plastic strains were computed for each specimen. Regarding PM, the effective strain components
were directly obtained from the evolution of the equivalent total and plastic strains along the crack path
while for the LM the effective total and plastic strains were achieved by means of numerical integration
of a polynomial function fitted to the equivalent total and plastic strain along the crack path. Moreover,
concerning the AM, the effective strain was calculated by averaging the strain data over a semicircular
area with the geometrical centre coincident with the strain concentrator/critical node, as represented in

Figure 9.

The methodology for the assessment of the critical distance L is described below. On effect, to estimate
the critical distance L to be applied with the PM, LM and AM a try and error (iterative) method was
proposed aiming at maximizing the correlation between the experimental data and the Morrow’s relation
prediction. In detail, the PM, LM, and AM were applied covering several critical distances (L values),
which resulted in several fatigue life estimations using the Morrow’s relation. The correlation between the
experimental number of cycles and numerical fatigue life predictions was measured based on the
coefficient of determination, R?, of the least-squares regression algorithm. The R? values were plotted
against the distance L, as shown in Figure 10. A polynomial function with degree six was used to fit the
data. The proposed method for identification of L corresponds to an inverse approach. The proposed
critical distances should maximize the coefficient of determination between the Morrow’s relation and the

experimental data from distinct sources/notched details. Table 4 summarizes the maximum R? and



associated critical distances (L) concerning the different TCD approaches. The resulting critical distances
(characteristic lengths) depended on the TCD approach. The PM approach was the one that resulted in the
highest R? with a characteristic length, L=0.27. Table 5 presents the parameters of Morrow’s equation
resulted in the maximum coefficient of determination and characteristic lengths shown in Figure 10 and

Table 4.

The plot of the total strain-life data using the critical distance identified from the methodology previously
described and the PM (best prediction method) is shown in Figure 11. As it can be seen, the use of
TCD/PM on fatigue life correlation of both smooth and notched specimens of X52 steel grade based on
Morrow’s relation, yields a clear improvement comparing to results obtained with the critical node
approach (see Figure 5). The analysis of this figure exhibits significant enhancements regarding the
ULCEF results correlation, mainly for the smooth specimens data. An alternative representation that allows
the assessment of the accuracy of the TCD/PM is presented in Figures 12 and 13 in the form of
experimental data versus predicted results, the latter ones obtained with the Morrow’s constants presented
in Table 5 and characteristic length presented in Table 4. A very good agreement is verified even taking
into account the progressive accuracy band for the ULCF, as could be realized by comparison with the
results of Figure 6 corresponding to the critical node method. Also, the accuracy bands could be further
narrowed. For the LCF regime, the double and half-life criterion can be replaced by a 1.75x and 0.57x
criterion. For the ULCF domain, the progressive accuracy condition can be adjusted, reducing the
accuracy band from LCF to 1.25x/0.8x of experimental fatigue life in the ULCF (N=1 cycle), and still

encompassing all experimental data.

Also, the root mean square error (RMSE) (Eq. (7)) and the mean relative error (MRE) (Eq. (8)) of the
number of cycles computed from critical node and PM/TCD approach were estimated and presented in
Table 7, according to Barbosa et al. [27,28,29]. The consistency of the results obtained confirms the
improvement of the fatigue predictions using the PM/TCD method regarding the critical node approach. It
should be noted that the major improvements are observed for the LCF regime since the elastoplastic
strain field gradient should be more noticeable in this fatigue regime rather than in the ULCF where
generalized plasticity is verified. Nevertheless, it is demonstrated that the PM/TCD could be used for LCF

data correlation and extrapolation to the ULCF can be properly admitted.
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5. Application of TCD/PM to the fatigue prediction of cyclic bending testing results

As previously presented in this paper, data of tensile/compressive cyclic tests using plane (smooth and
notched specimens) was used to investigate the performance of TCD approaches to correlate the fatigue
lives in the ULCF and LCF regimes. The previous analysis with the PM, LM and AM resulted in the
determination of different characteristic lengths associated with X52 piping steel. However, the PM
revealed to be superior in the correlation of the experimental data and this version of the TCD will be
applied in this section with the respective Morrow’s equation in the fatigue life predictions for extra

cyclic bending tests performed in the ULCF regime.

In addition to the tensile/compressive cyclic tests, bending cyclic tests were also performed on notched
plane specimens, which geometry is shown in Figure 14. As reported by Tateishi [4], Ohata [30] and Nip
[31], cyclic bending tests can be considered as an alternative procedure to investigate the cyclic/damage
behaviour of the materials under large plastic strain conditions. This observation is supported by the fact
that this testing configuration overcomes the specimen instabilities that may occur under compressive
stages of tension/compression tests, leading consequently to a reduced number of cycles until crack
initiation. The experimental program of the bending cyclic tests was carried out on an INSTRON® 8801
servo-hydraulic test machine, at room temperature, under displacement control, R; =0 and using a load
cell rated to 5kN. A grip system was designed to induce an eccentric compressive load, as shown
schematically in Figure 15a. The experimental set-up of bending cyclic tests is represented in Figure 15b.
The applied displacement range, Ad, and the number of cycles to crack initiation, N;, are summarized in
Table 6. In order to apply the formulation inherent to TCD/PM, numerical FEM elastoplastic simulations
of the bending cyclic tests were conducted aiming at reproducing the elastoplastic strain conditions where
the fatigue cracking is expected to occur. The same plastic model with kinematic hardening considered
for the numerical analysis of the tension/compression tests was used on the simulation of cyclic bending
tests. In detail, the numerical P-d curve is correlated with the experimental response in Figure 16a,

illustrating the good performance of the numerical model on the reproduction of cyclic loading.



Additional correlations between numerical and experimental evidences can be found elsewhere [32]. The
equivalent plastic strain field on the central section of the specimens was evaluated in order to assess the
location was the fatigue crack is supposed to occur, as can be observed in Figure 16b. This procedure
allowed the computation of both elastic and plastic effective strains, for the characteristic length
previously derived for the X52 piping steel (PM method) (see Table 4). The number of cycles to crack
initiation of bending cyclic tests were computed and the comparison between the numerical and
experimental results are plotted in Figure 17. The application of TCD/PM together with the Morrow’s
model resulted in the very good prediction of the number of cycles to crack initiation of the tested

specimens, inside accuracy bands proposed for ULCF.

6. Conclusions

The performance of the TCD on ULCF and LCF life prediction was investigated in this paper considering
a multiaxial strain-based method. The total, plastic and elastic strain components were computed
following a multiaxial strain approach definition, according to Morrow’s relation and it was able to
reproduce the strain-life behaviour of the X52 piping steel, covering both fatigue regimes investigated in
this work. Although generally accepted that both fatigue regimes may exhibit distinct damage
mechanisms, the Morrow relation was still able to correlate the experimental data in both regimes. The
elastoplastic TCD applied in the form of PM, LM and AM were able to predict the fatigue failure under
high plastic strain levels with more accuracy than the typical approach based on the critical node.
However, the different approaches for the TCD resulted in distinct characteristic lengths. In general,
successful results for smooth and notched specimens were obtained independently of the adopted
methodology. However, the PM revealed the most accurate TCD approach. The critical distances were
found to be different depending on the TCD approach, but the PM was considered the most representative
one due to the higher degree of correlation achieved with the experimental data. Also, it allows an easier
application than LM of AM in terms of the required post-processing. The better accuracy of the PM/TCD
was consistently demonstrated using different error criteria, the errors being smaller in the LCF than in
ULCF regimes. It was demonstrated that the PM/TCD could be identified for the LCF regime and

successfully used for ULCF predictions.

Alternative loading conditions were investigated, in particular covering bending loading of notched

specimens. Using the TCD/PM and Morrow’s based approach it was possible to get a very good



prediction of the fatigue lives for these tests, confirming the validity of the TCD for other stress/strain

gradients.

As a future research activity, it is proposed the investigation of the sensitivity of the TCD under different
levels of stress triaxialities and Lode angle parameters. In fact, the influence of these stress parameters
has been investigated under monotonic ductile fracture, but more recent studies have shown that these
parameters can assume an important role under ULCF failure [5]. The TCD also needs to be addressed
simultaneously for distinct fatigue regimes (very-low, low- and high-cycle fatigue) in order to check if the

critical distance parameter allows any generalization or if improvements of the TCD are required.
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Table 1. Strain ratios, Re, or relative displacement ratios, Rs, used in the cyclic tests.

LCF tests ULCEF tests
Smooth specimens R,=0,R =-1 R =0
Notched specimens Ry, =-1 R;=0,R; =-1

Table 2. Cyclic properties and Chaboche parameters of the X52 piping steel.

Cyclic K’ [MPa] n’
properties 951.9 0.1538
oy0.29%[MPa] C![MPa] C?[MPa] C3[MPa]
Chaboche 400 13000 150 700
parameters y! e v
150 20 1

Table 3. Parameters of Morrow’s relation for the X52 piping steel obtained with critical node approach.

Piping Steel o’f [MPa] b £ c
X52 810.34 -0.0901 1.1316  -0.7117

Table 4. Critical distances and respective determination coefficients associated with distinct TCD

methods.
Piping steel R? L [mm] TCD method
0.916 0.27 PM
X52 0.912 0.12 LM
0.908 0.25 AM

Table 5. Parameters of Morrow’s relation of X52 piping steel obtained with PM, LM and AM with
characteristic lengths of Table 4.

Piping steel o' b & c TCD method
756.21 -0.0781 0.8784 -0.6591 PM
X52 711.58 -0.0728 0.6458 -0.6406 LM
746.56 -0.0745 0.9986 -0.6643 AM

Table 6. Experimental results of notched plane specimens of cyclic bending tests (U_BNP).

Specimens Ad [mm] N; [cycles]
U_BNP_1 100 4
U_BNP_2 150 2
U_BNP_3 70 10
U_BNP_4 70 7
U_BNP_5 70 12
U_BNP_6 50 14
U_BNP_7 50 13
U_BNP_8 50 14
U_BNP_9 35 20
U_BNP_10 100 5
U_BNP_11 20 60
U_BNP_12 20 60
U_BNP_13 15 93
U_BNP_14 15 99

U_BNP_15 15 61




Table 7. Comparison of RMSE and MRE of life predictions obtained with critical node and PM/TCD
approaches considering the complete dataset, ULCF and LCF.

RMSE MRE
Critical Node PM/TCD Critical Node PM/TCD
All data 597 451 24% 21%
ULCF 14 12 24% 21%
LCF 941 711 26% 22%
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Fig 2. Smooth plane specimen geometry of X52 piping steel (X52_SP).
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Fig 4. Criterion to assess the fatigue crack initiation (X52_UQ_SP_12).
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