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As an important material property in structural integrity assessment of nuclear power
components, fracture toughness can be measured by single edge-notched bend (SENB)
specimens or compact tension (CT) specimens. However, the tested values may be
inhomogeneous with the crack size and specimen thickness. Some toughness scaling
models (TSMs) were proposed to transfer the tested value to fracture toughness under
small-scale yielding. Combined with the tested data by SENB specimens with different
crack sizes and CT specimens with different thicknesses, the scaled fracture toughness is
investigated on the global and local approaches to fracture. Using the scaled toughness
values, the Weibull scale parameter Ky is estimated and compared for the ferritic steel DIN
22NiMoCr37 widely used in nuclear power plants. The results show that the estimated
scale parameter K, using the scaled toughness obtained by the global approach on the
J-Q theory is reasonable in agreement with that of the local approach on the Weibull stress
with a relative error of about 10%.

Keywords: toughness scaling models, ferritic steel, local approach to fracture, Weibull stress, J-Q theory

1 INTRODUCTION

Fracture toughness is a very important characteristic of a structural material indicating the
resistance of a material to cracks, which is an indispensable input in the structural intensity
assessment of nuclear power components containing cracks. As a key component in nuclear
power plants, reactor pressure vessels are usually manufactured using ferritic steels, which
presents a significantly ductile-brittle transition. In addition, the embrittlement effect caused by
irradiation will increase the ductile-brittle transition temperature, which brings about the failure
risk of brittle fracture.

Several geometry configurations can be used to measure the value of fracture toughness, including
the single edge-notched bend (SENB) specimens or compact tension (CT) specimens, which are
recommended in the test standards such as ASTM E1820 (ASTM International, 2020) and ISO 12135
(International Organization for Standardization, 2016). However, the fracture resistance depends on
the specimen thickness and crack length, usually characterized by the out-of-plane and in-plane
constraints on the macroscopic fracture mechanics. Some special provisions in the specimen
thickness and crack length have been restricted in these test standards to obtain an effective
value of fracture toughness for engineering assessment. It should be noted that the tested fracture
toughness may be varied with the specimen configuration. Therefore, some toughness scaling models
(TSMs) have been proposed to transfer the tested value to fracture toughness under small-scale
yielding.
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In order to explain the effect of crack length on the fracture
toughness, a TSM is first proposed to transfer the tested value
with a certain crack length to that with another crack size, with an
assumption of the same critical stress on the crack head under
plane strain (Dodds et al, 1991). Lately, O'Down and Shih
proposed the J-Q theory to describe the stress field near the
crack tip (O’dowd and Shih 1992; O’Dowd, 1995). The Q-
parameter is now usually used to characterize the in-plane
constraint due to the crack length. Compared with the crack
opening stress, the fracture load for a certain specimen can be
determined with the in-plane constraint parameter Q. Then, the
fracture toughness can be scaled from different constraints. A
model with T-stress to account for the in-plane constraint is
provided in the R6 procedure (EDF Energy Nuclear Generation
Ltd, 2015) for engineering practice. In addition, Ishihara et al.
(2017) and Meshii and Ishihara (2018) proposed a T-scaling
method for stress distribution scaling under small-scale yielding
to scale the fracture toughness with the consideration of
temperature dependence.

However, the toughness scaling models based on 2D plane
strain models under small-scale yielding tend to overpredict the
increment in toughness due to a loss of constraint (Link and
Joyce, 1996). The thickness effect on the fracture toughness
should be considered, which is usually described with the
fracture toughness J. corrected proportionally to the -1/
2 power of thickness (Anderson et al, 1994). With the
development of 3D crack-front stress fields, Guo (1995) and
She and Guo (2007) introduced a parameter T, as a function of
thickness, which is successfully used to describe the effect of out-
of-plane constraint on the fracture toughness. It should be noted
that either parameter Q or T, is usually limited to quantifying the
in-plane or out-of-plane constraint separately. Several unified
measure parameters of constraint are proposed to describe both
in-plane and out-of-plane constraints, such as A. (Mostafavi
et al,, 2010; Mostafavi et al., 2011; Nikishkov and Matvienko,
2016), A, (Yang et al., 2013; Ma et al., 2016), and Aq (Xu et al,
2018; Zhen et al., 2021). It has been verified that these parameters
can effectively characterize both in-plane and out-of-plane
constraints.

In the above global approaches, the mean values of fracture
toughness are usually focused, which has difficulty in
explaining the scatter of the cleavage fracture toughness
over the ductile-brittle transition (DBT) region. The local
approach to fracture based on Weibull stress (Ruggieri and
Dodds, 2018) can be used to describe the statistics feature of
fracture toughness by a Weibull distribution. Then, one can
scale the fracture toughness for constraint correction between
cracked specimens of differing constraint levels with the same
Weibull stress. In addition, the cleavage fracture probability
can be calculated using the Weibull stress under different
loading levels. Using local criterion based on the
equivalence of Weibull stress, Ruggieri and Dodds (1996)
successfully predicted the combined effects of loss of
constraint. Gao et al. (1998), Gao and Dodds (2000), and
Gao and Dodds Jr (2001) gave a simplified approach to
assess constraint effects on cleavage fracture toughness of
ferritic steels in the DBT region under plane strain, small-
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FIGURE 1 | Schematic of the relationship between the J-integral values

in SENB specimens for deep and shallow cracks with those of SSY conditions
which generate equivalent opening mode stresses ahead of the crack tip.

scale yielding conditions. A non-dimensional T-function is
built up to scale fracture toughness values for constraint loss
on the Weibull stress model. Based on Weibull stress, Smith
et al. (2018) proposed an energy scaling mode to accurately
predict cleavage fracture at quasi-static loading rates. The
effect of blunt notches with varying root radii on the
fracture behavior of SE(B) specimens is investigated using
the Weibull stress-based toughness scaling model by Horn
and Sherry (2010). The results show that different Weibull
parameters will be obtained using notched specimens and
conventional specimens containing pre-cracks. The test data
and FE modeling results indicate that the effect of out-of-plane
constraint loss on notch fracture toughness can be of the same
order of magnitude as the in-plane effect of the notch radius
alone (Horn et al., 2020). The local approach based on Weibull
stress is also used to scale the fracture toughness of the sub-size
specimens and compared with the standard specimens (Qian
et al.,, 2018a; Ruggieri, 2020; Pan and Yin, 2021). Recently,
Barbosa and Ruggieri (2020) investigated the thickness effect
on fracture toughness based on the TSMs using the Weibull
stress.

The fracture toughness from different constraint levels can be
scaled by these TSMs developed by the global approach on the
critical stress or the local approach on the Weibull stress.
Therefore, the differences among these TSMs are compared
and discussed in this work. Section 2 gives some detailed
descriptions of the two types of TSMs. The data of fracture
tests and finite element models are shown in Section 3. The
scaled values of fracture toughness are obtained and discussed in
Section 4. The last section gives some conclusions.

2 TOUGHNESS SCALING MODELS
2.1 Global Approach to J-Q Theory

The variations in fracture toughness resulting from the loss of
constraint due to crack length are usually scaled by a 2D small-
scale yielding (SSY) model. According to the critical stress, the
scaling model compares the stress distribution in the tested
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specimen geometry with that of an infinite body under SSY,
especially for the crack opening stress (Dodds et al., 1991). Then,
the tested fracture toughness Jic by specimens can be transferred
to the effective fracture toughness Jssy with the 2D SSY model,
which denotes equivalent driving force for cleavage fracture on
the critical stress over a microstructurally relevant volume. The
effect of crack length on the fracture toughness tested by SENB
specimens was successfully accounted for by the 2D SSY model.
The tested fracture toughness results of deep crack specimens
with a high constraint can be appropriately scaled for that of
shallow crack specimens or structures with low constraint, as
shown in Figure 1.

The two-parameter J-Q theory can describe the near tip stress
and strain states in a range of crack tip geometries. Parameter Q is
determined from a finite element analysis and is the difference
between the actual hoop stress and reference field hoop stress as
follows:

Q-= (022)rrm — (022)Mm1L

atr =2J /oy, (1)
(o]

where (022)rg is the stress distribution computed by the finite
element method and (022) p; is the stress distribution computed
according to the boundary layer approach with the assumption of
SSY. Parameter Q based on crack-tip stress fields is widely used to
characterize the levels of in-plane constraint in specimens or
structures. According to the measured value Jc, a scaled fracture
toughness Joq with the constraint Q can be predicted as (O’dowd

and Shih, 1992)
]CQ Q >n+1
===1- . 2
]C < O'C/UO ( )

The critical stress o, can be calculated according to the test
results with different in-plane constraints. gy is the yield stress
and n is the hardening exponent in the Ramberg-Osgood
constitutive relation.

With the assumption of finite strains, Neimitz et al. (2007)
gave a modified scaling model on O’Dowd’s formula and
generalized it for the arbitrary reference state. The corrected
fracture toughness Joq by the Q parameter can be calculated by

]C_Q . ( ( olzr;ax _ QUO >n+1’ (3)

J C 0212ax )ref - Qref (4}

where J¢ is the fracture toughness measured by a specimen with
the reference state Q. 053 is the maximum opening stress in
front of the crack, computed numerically under the assumption
of finite strains.

For the thickness effect, Guo et al. proposed the T, parameter to
describe the 3D stress distribution in front of the crack, which can be
used to consider the influence of the out-of-plane constraint on the
fracture toughness. Consistent with the Q parameter for in-plane
constraint, the corrected fracture toughness /¢ by the T', parameter

can be calculated by (Neimitz and Dzioba, 2015)

]C_Q — ( 1, (Tz, 1’1) ><522 ((TZ)ref) n, 0= 0)>n+1 (4)
]C In((Tz)refa T’l) &22 (Tz,i/l,e = 0) >
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where G5, and I, are constants for the HRR stress distribution and
v is Poisson’s ration.

For the effect of thickness under the same in-plane constraint
Q, the fracture toughness can be corrected using parameter T', as
(Guo, 1995; Neimitz and Galkiewicz, 2006; Zhao and Guo, 2012)

2
214 +2(1- zv)<7“Tz<Bref>)>

]CQ 1-2T (Bt (5)
= . LT (B) )2
Jc 5(1+v)+g(1—2")(1-27“2(3))

Neimitz and Lipiec (2021) assumed that the Q parameters
along the crack front depend on the T, parameter and proposed a
corrected fracture toughness procedure, considering both the
out-of-plane and in-plane constraints. The key to the
procedure is to compute the Q parameter in the specialized
layer where the weighted average value of the T, parameter is
located. Then, we can use the 2D SSY model to scale the fracture
toughness with the Q parameter as a function of the T, parameter.

2.2 Local Approach to Weibull Stress

The fracture toughness presents a significant scatter over the
DBT region. In order to quantify the statistic characterization,
the local approaches employ a probabilistic model to define the
functional relationship between macro- and microscale
driving forces for cleavage fracture by using the scalar
Weibull stress ow. The Weibull stress is calculated by
integrating a weighted value of the maximum principal
stress over the fracture process zone, as first proposed by
Beremin. In the local approach, a two-parameter Weibull
distribution is applied to describe the scatter of fracture
toughness. The failure probability Pr is described as

0 m
Pf=1—exp<—w> , (6)
Oy
with the Weibull stress ow,
1/m
! J "dv 7)
ow=|— o ,
W VO Vepz !

where 0, and m are the two model parameters known as
Weibull modulus and the scale parameter, respectively. o, is
the maximum tensile principal stress, V, is a reference
volume, and Vgpz is the volume in the fracture process
zone (FPZ). Therefore, the Weibull stress is a synthetical
scaling parameter, including the effect of in-plane and out-
of-plane constraints.

Figure 2 shows the construction of the toughness scaling
model based on Weibull stress. In general, we can obtain the test
value of fracture toughness using a specimen with configuration
A, denoted as J&. Then, the maximum principal stress
distribution can be calculated based on finite element analysis
using the specimen with configuration A under the loading J&.
According to the local approach, the critical Weibull stress oy ¢
can be evaluated by Eq. 7, as shown in Figure 2A. Meanwhile, the
loading can be determined using the specimen with configuration
A for the critical Weibull stress gw ¢, which is the scaled fracture
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FIGURE 3 | True stress—strain curves at —100°C and —40°C.

toughness J2. For the series of tested toughness values J&, the
scaled fracture toughness ]g can be determined, as shown in
Figure 2B.

3 FRACTURE TESTS AND FINITE ELEMENT
MODELS

3.1 Fracture Tests

In order to investigate the constraint effect on fracture toughness,
several fracture toughness test results by CT and SENB specimens
have been reported. For the ferritic steel DIN 22NiMoCr37 widely
used in nuclear power plants, nearly 800 fracture toughness tests
were performed using CT specimens to study specimen size and
temperature effects on cleavage fracture toughness in the
ductile-brittle fracture transition regime (Heerens and
Hellmann, 2002). Using the same material, Gao et al. (2008)
conducted fracture toughness tests by SENB specimens with a/
W =0.1 and 0.5 at —100°C. Thereby the tested results from these

CT specimens and SENB specimens are used in this work to scale
the fracture toughness. Figure 3 shows the true stress-strain
curves transferred from the tension tests of DIN 22NiMoCr37,
as reported by Gao et al. (2008) and Wasiluk et al. (2006), which
will be used in finite element analysis.

3.2 Finite Element Models

In this work, three kinds of specimen configurations are modeled
by the finite element method using ABAQUS 2018, including the
plane MBL, SENB, and CT models, as shown in Figure 4. For the
MBL model used to model the SSY under plane strain, a detailed
description can be found in previous studies (Li et al., 2019; Zhou
et al., 2021). For the SENB and CT specimens, the quarter-
symmetric models are considered with the sizes listed in Table 1,
in which B is the specimen thickness, W denotes the specimen
width, and a is the crack length.

Consistent with the crack tip in the MBL model, the crack tip
with a radius p, = 3 mm is adopted to calculate the Weibull stress
using plane strain element CPES8R with 6017 nodes and
1916 elements. The three-dimensional, eight-node linear element
C3D8 is used to mesh the SENB and CT models with about
30,100 nodes and 25,100 elements. In order to investigate the
effect of thickness, 15 layers are arranged over the half-thickness.

On the symmetry planes at z = 0, a symmetry condition is
applied. In addition, the roller is fixed in the SENB specimen.
These finite element models are loaded by displacement
increments imposed on the loading points for the symmetry
plane. Using the domain integral procedure, ABAQUS can
calculate and output the local J values at the tip location along
the crack front.

4 RESULTS AND DISCUSSIONS
4.1 Test Results

The tested values of fracture toughness J are first described in
terms of K; using a plane strain conversion:
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TABLE 1 | Geometry sizes used in FE models.

Specimen B (mm) w/B a/lw
SENB 25 2 0.1,0.5
cT 12.5, 25, 50 2 0.57
E]
Kic = . 8
JC -2 (8)

Then, the tested values of fracture toughness K; with the rank
probabilities are plotted in Figure 5. The rank probabilities are
calculated by

i-0.3

0= o

)
where n denotes the number of toughness values in each data set
and i represents the rank number. It can be obviously found that
the crack length of single edge-notched bend (SENB) specimens
and the thickness of CT specimens have an important effect on
the fracture toughness. Higher fracture toughness presents in the
lower in-plane constraint with shallow crack (a/W = 0.1) for
SENB specimens or the lower out-of-plane constraint with thick
CT specimens. Meanwhile, the scatter of test data by the same
specimen geometry can be found with a maximum deviation of
about 230Mpa+/m by the CT specimens with the thickness of

0.25T at —40°C. It is necessary to determine a scaled fracture
toughness for the structural integrity assessment.

4.2 Toughness Scaled by Constraint

Parameters Q and T,

For the in-plane constraint, parameter Q is first calculated by
the comparisons with the stress field of SENB specimens and
MBL models, according to Eq. 1. Figure 6 shows the in-plane
constraint parameter Q with load levels at locations over the
crack front. Nevalainen and Dodds (1996) stated that
Q-values for the SENB specimen show an immediate loss
of constraint with increased loading, especially at the surface
point with z = B/2. Compared with the specimen with a
shallow crack a/W = 0.1, Q-values for the specimen with a
deep crack a/W = 0.5 exist higher constraint level at the center
of the specimen thickness. Therefore, the specimen
configuration with a deep crack a/W = 0.5 is recommended
in most test standards.

Figure 7 shows the relationship of the local J values at the
crack front and the scaled J values under SSY condition Jggy.
There is a significant difference in the scaled fracture toughness
between the surface with z = B/2 and the midplane with z =0
due to the constraint levels. The scaled fracture toughness will
strongly depend on the selected thickness location. Generally, a
Q-value at the midplane of the specimen or a specimen with the
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assumption of plane strain is adopted to scale the fracture
toughness. Therefore, a large Jssy will be predicted using the
highest constraint level, whereas the other locations have low
constraint levels. Therefore, it is necessary to determine the crack
front location, which should be used to characterize the
constraint level.

For the TSM on the in-plane constraint Q, plane strain
condition is usually assumed for the specimen. However, the
stress field varied through the thickness of the specimen
resulting in different constraint levels, especially for the
out-of-plane stress 033. The out-of-plane constraint
parameter T, is calculated to investigate the thickness effect
on the fracture toughness, which is a function of location
(7,6, z) in the polar coordinates at the crack tip. In the case of
small strains and a sharp crack tip, T, = 0.5 for plane strain
and T, = 0 for plane stress. Figure 8 shows parameter T, ahead
of the crack tip at different thickness locations z for a CT
specimen with B = 25 mm. T, values vary with the distance
ahead of the crack tip at a certain thickness location. In order

A
0.50
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0.00
-0.50 §
A
-1.00
-1.50
S —
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Q L
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0 0.002 0.004 0.006 0.008 0.01
Jlocal/Bo-O
SENB with a/W=0.5
FIGURE 6 | Variation in Q with increased loading over the crack front. (A)
SENB with a/W = 0.1. (B) SENB with a/W = 0.5

to be consistent with the calculation of Q, value T, at distance
r = 2J/0¢ from the crack tip is considered.

The three parameters (J integrity, Q, and T';) change with the
crack tip location over the thickness. Generally, an average value
along the crack front J,y. is considered for the test specimens. In
fact, the Q parameter is calculated using the stress field on each
layer with different out-of-plane constraints. Therefore, the tested
value can be corrected using J and Q on the layer where it is the
closest to the average J,,.. Figure 9 shows the corrected fracture
toughness to /¢ with Q = 0 from the average values of SENB and
CT specimens based on the global approach. The fracture
toughness values tested by different specimens are also plotted
in the figure with the scatter. In Figure 9A, the constraint level at
the midplane of the specimen (z = 0) and the average values of ]
and Q are adopted to scale the fracture toughness. It can be seen
that a lower corrected fracture toughness Joq will be obtained
using the average values of J and Q from the same specimen,
compared with that using the constraint level at the midplane. For
the two crack sizes, the scaled fracture toughness obtained on the
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FIGURE 9 | Corrected fracture toughness to Jcq with Q = 0 from the
tested values of specimens based on the global approach. (A) SENB. (B) CT.

low constrain with a/W = 0.1 may be lower than that with
a/W = 0.5. Due to the scatter of the tested values, the scaled
fracture toughness is also dispersive significantly. This will be
discussed in the following section.

For the CT specimens with different thicknesses, the corrected
fracture toughness to Jcq is shown in Figure 9B, using the
average values of J and Q along the thickness. The corrected
toughness Jcq under plane strain with Q = 0 by the test values of
0.5T specimens is the smallest among the three thickness values,
which presents a high level of constraint.

4.3 Scaled Toughness by Weibull Stress

The local approach to fracture has been successfully applied to
scale the fracture toughness tested by CT specimens with
different thicknesses, SENB specimens with different crack
lengths, or different specimen configurations. As the scale
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FIGURE 10 | Weibull stress varied with the applied J average for different
models. (A) SENB. (B) CT.

parameter in the local approach, Weibull stress should be
calculated. A solution of Weibull stress as a function of in-
plane constrain Q has been deduced by Li et al. ) 2019), but the
thickness effect is not available. Therefore, the Weibull stress
was calculated according to the stress filed from finite element
analysis. The fracture toughness tested by different specimens
can be scaled to that under the SSY condition with the same
Weibull stress.

Figure 10 shows the Weibull stress for different
configurations with the parameter m =20 (Wasiluk et al,
2006). The value of parameter m may affect the absolute
value of Weibull stress, which may depend on the specimen
configuration and temperature (Qian et al.,, 2018b). In this
work, the original Beremin local approach is adopted. The
Weibull stress values calculated by the MBL model with the
SSY under plane strain are higher than that by specimen
configurations. Because the principal stress in the fracture

process zone is considered, the Weibull stress is available to
characterize the constraint, including the in-plane and out-of-
plane constraints. From Figure 10A, it can be seen that the
Weibull stress of the SENB specimen with a depth crack a/W =
0.5 is consistent with that of the MBL model with Q = 0. For
the CT specimens shown in Figure 10B, the Weibull stress of
the CT specimen is similar to that of the MBL models. It means
that the CT specimens have a high constraint level. Meanwhile,
a thin specimen presents lower Weibull stress than a thick
specimen, which is caused by the loss of constraint.

The assumption with the same Weibull stress, the tested
fracture toughness J*¥ of a specimen with the thickness of
xT, can be transferred to be the equivalent SSY value of a 1T
specimen JSYUD . Figure 11 shows the corrected fracture
toughness to Jssy from the average values of SENB and CT
specimens with the same Weibull stress. It can be seen that
the equivalent SSY value distributes uniformly in the region of
10-50 N/mm for the SENB specimens and 100-270 N/mm for
the CT specimens.
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4.4 Comparisons of Scaled Toughness
Using the TSMs by the global approach on the J-Q theory and the

local approach on the Weibull stress, the scaled values of fracture
toughness /55 (IT) are obtained and comprised. According to Eq.
8, the scaled toughness K?SY(IT) can be calculated for a
configuration with different constraint levels. As the scatter
plots in Figure 12, the scaled toughness values are plotted
with the rank probabilities. The scaled toughness on the
Weibull stress will be higher than that on the J-Q theory.

Furthermore, a three-parameter Weibull distribution is used
to characterize the scatter of the scaled toughness, as shown in
Figure 12 by lines. The cumulative distribution function of the
scaled toughness can be described as

4
K]C - Kmin
Pr=1- - == s 10
e - (R ) (10)
where K, = 20MPay/m for common ferritic steels (Wasiluk
et al, 2006), and K is a scale parameter of the Weibull

Scaled Toughness on Weibull Stress

TABLE 2 | Estimated scale parameter Kq by two approaches (MPa+/m).

Temperature -100°C -40°C
J-Q theory 85.88 184.09
Weibull stress 94.62 205.00

distribution. According to the maximum likelihood estimation,
Ky can be estimated using the scaled toughness by

1/4
& (Kic = Kunin)'
K, = ~JCH  min/ 20, 11
0 <Z  — 0.3068 * (an)

i=1

where 1 denotes the number of toughness values in each data set with
the number of uncensored tests (six minimum) (Gao et al., 1999). For
the CT specimens with a thickness other than 1T, the scaled
toughness values should be adjusted to their 1T equivalent values by

xT

K]C(IT) = Kmin + (K}(g - Kmin)(%): (12)
where B! denotes the 1T specimen size with the thickness of 25 mm
and B*! denotes the corresponding thickness of the test specimen.
According to Eqs 10-12, we can estimate the scale parameter
K using the scaled toughness obtained by the global approach on
the J-Q theory and the local approach on the Weibull stress.
Figure 12 shows the cumulative failure probability with the
estimated scale parameter K, as listed in Table 2. At the
temperature of —100°C near the ductile-brittle transition
temperature, there is a slight absolute error between the K
values on the J-Q theory and Weibull stress compared with
that at —40°C. However, the relative error is about 10% at
either —100°C or —40°C. This may be caused by the
application of the average of J and Q, which gives a lower
corrected fracture toughness Joq than that at the midplane
z =0, as discussed in Section 4.2. In addition, an m-th power
of the principal stress 0; near the midplane z = 0 brings about a

high weight during the calculation of Weibull stress.

5 CONCLUSION

Some toughness scaling models (TSMs) were proposed to transfer
the tested value to fracture toughness under small-scale yielding.
Combined with the tested data by SENB specimens with different
crack sizes and CT specimens with different thicknesses, the
scaled fracture toughness is investigated on the global and local
approaches to fracture. Some conclusions can be summarized as
follows:

1) The Q parameter depends on the thickness location. A corrected
Q value with the average J should be used to characterize the
constraint level, combined with the thickness effect.

2) A lower corrected fracture toughness Jog will be obtained
using the average values of J and Q from the same specimen,
compared with that using the constraint level at the midplane.
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3) Using the single variable of Weibull stress oy, the toughness
can be scaled, including the effect of in-plane and out-of-plane
constraints.

The estimated scale parameter K, using the scaled toughness
obtained by the global approach on the J-Q theory is
reasonable in agreement with that of the local approach on
the Weibull stress with a relative error of about 10%.
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