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ARTICLE INFO ABSTRACT
Keywords: Design net cross-section resistances for numerical design analyses of weakened tensile plates with real material
Fi“ife element analy?“ ) properties have been established. Datasets of possible resistances for each considered geometry type were
Design net cross-section resistance generated using a Monte Carlo-based procedure, combining a numerical-analytical approach with statistical

Reduction safety factor
Reliability analysis
Structural steel

functions of real material properties and real thicknesses reported in the literature. The generated datasets and
the applied numerical - analytical approach were validated against experimental results. Subsequently, the
datasets were statistically evaluated in accordance with EN 1990, and design net cross-section resistances with
partial safety factors for tensile resistance were determined. The maximum obtained partial safety factor is 1.22,
closely matching the recommended value of 1.23 reported in the literature. The most critical geometry types
were smooth double notches, round double notches, and either sharp double notches or a narrow slotted hole.
Plates with single holes or slotted holes exhibit lower design resistance than comparable double-notch plates.
Additionally, staggered holes reduce resistance, whereas multiple holes in line have little effect. The results
provide statistically guaranteed criteria suitable for numerical design analyses with real material properties and
support harmonization with Eurocode-based practice.

The findings of this study, particularly the derived design resistances, form a foundation for establishing
design failure criteria for numerical design calculations performed with nominal material properties and nominal
geometry in a future study.

initiation of microcracks within the specimen [10]. However, this
parameter cannot be directly controlled during a continuous tensile test
and plastic instability can be defined by the onset of necking [11], which
corresponds to the attainment of the ultimate tensile strength at any
point of the weakened cross-section.

In unweakened elements, such as coupon test specimens, the ulti-
mate strength is reached almost simultaneously across the entire cross-
section. In contrast, the ultimate strength in weakened elements is
reached first at the edge of the weakening due to stress peaks arising
from local geometric discontinuities [12], while the remainder of the net
cross-section remains in the plastic response. A graphical representation
of the failure criterion is shown in Fig. 1.

The vertical axis represents the load, which is more convenient for
analytical solutions. The horizontal axis represents the equivalent
plastic strain, reflecting the accumulated local plastic deformations
throughout the simulation process [13], and is typically employed as a
failure criterion in finite element method (FEM) analyses. The onset of
necking is defined by the net cross-section resistance Nx and the

1. Introduction

Elements with weakened cross-sections are widely used in building
structures, and their load-bearing capacity remains an important issue
[1-3]. The load-bearing capacity depends on material properties,
structural geometry, the type of loading, and external conditions. Vari-
ations in these factors can lead to changes in rigidity, ductility, and
toughness, which in turn may result in different failure modes, such as
geometrical, fracture, or plastic instabilities [4].

Geometrical instability, for example buckling, is a typical failure
mode for elements primarily subjected to compression [5]. Fracture
instability is manifested by brittle fracture initiation [6] or unstable
crack propagation in ductile metals [7]. For elements made of structural
steel, i.e. with yield strength up to 460 MPa [8], subjected to constant
tensile loading, the dominant failure criterion is plastic instability [9].
This type of instability strongly depends on the stress and strain state as
well as on boundary conditions [4], and its onset is associated with the
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Nomenclature

SCF stress concentration factor

SCFpir  stress concentration factor in the elastic response
Omax maximum local stress

Onom nominal stress in the unaffected region

h depth of the weakening

R radius of the weakening

Nr net cross-section resistance

NEXP experimental net cross-section resistance

Nrd design net cross-section resistance

£R equivalent plastic strain limit

ERd design equivalent plastic strain limit

&y statistically guaranteed minimum ultimate strain
&y yield strain

Esh hardening strain

Anet nominal net cross-section area

M2 partial safety factor for net cross-section resistance
7x reduction safety factor for design plastic strain limit
fy-fu yield and ultimate strengths

E young's modulus

u mean value

Stdv standard deviation

X; individual sample in the dataset

P number of samples in the dataset

Xd statistically guaranteed value of the dataset

a sensitivity factor of the First-order reliability method

p reliability index for a reference period of 50 years and
structural members of class RC2

M material properties in statistical representation

G geometry factor

U uncertainty factor

fnea{M,G,U} statistical representation of the design resistance

fena{M, G, U} statistical representation of the design strain limit

Oeng:€eng  Stress and strain in engineering stress - engineering strain
format

Otrue, Etrue  Stress and strain in true stress - true strain format

fi(uy, Sdtvy) statistical representation of parameter i

treal, thom real and nominal thicknesses

w minimum width of a plate with a single central hole

e transverse edge distance from the hole center to the plate
edges

d hole diameter

(Anetfs) nominal resistance with perfect nominal geometry
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Fig. 1. Graphical representation of the failure criteria for a tensile weakened element,
illustrating the onset of necking and fracture.
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Fig. 2. Examples of stress concentration factor in the elastic response for elements with weakened cross-sections.
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equivalent plastic strain limit eg.

Local stress peaks in the elastic response have been studied primarily
within the framework of elasticity theory [14-17] and in the context of
fatigue [18-20]. The magnitude of these peaks depends strongly on the
geometry and location of the weakening and is quantified by the stress
concentration factor SCF, which is expressed as the ratio of the
maximum local stress oy, to the nominal stress 6,0, in the unaffected
region of the element, as illustrated in several examples in Fig. 2. Mur-
akami [21] proposed a simplified equation to predict the SCFj;; in the
elastic response based on the geometry of the weakening:

SCFic = o-max/o-nom =1+2y h/R (€8}

where h is the depth of the weakening and R its radius. The subscript init
indicates that this value was determined for the elastic response.

Many studies have examined the stress concentration factor in the
elastic response for various geometries of weakened plates. A finite-
width plate with a single central hole was reported in [16], and one
with an elliptical hole in [22]. Local stress peaks near double-edge
notches in both tension and bending plates [23], as well as in cylindri-
cal bars [24], were studied by Nishitani and Noda. The stress concen-
trations in plates with notches under tension and those with semi-
circular notches were presented in [25,26], respectively. The SCF for a
plate containing a single notch was provided in [27]. Stress fields in
specimens with notches under torsion and uniform antiplane shear
loading were investigated by Lazzarin et al. [28,29].

The experimental determination of the net cross-section resistance
Nr and the equivalent plastic strain limit eg for a narrow range of
geometrical configurations is possible but the need to use additional
tools to measure plastic strain on the specimen surface, such as the
digital image correlation method [30]. The common adoption of the
ultimate load as the onset of necking is incorrect. Results reported in
[17,31,32] show permissible deviations of up to 4.5% in force and
inadmissible deviations in strain of up to approximately 30% between
these two points.

However, the precise experimental determination of their design
values Nry and erq, which statistically guarantee a probability of
occurrence of a lower value of 0.1184% [33], is unrealistic. Achieving
this level of statistical confidence would require a wide-ranging tensile
testing program, which would be prohibitively expensive. Therefore, the
testing program is commonly simplified and limited to extreme cases,
and the obtained results are evaluated statistically, for example using
the First-order reliability method described in Appendix C of EN 1990
[34]. This approach is presented in Eq. (2), where the analytical ex-
pressions of the design failure criteria from FprEN 1993-1-1 [8] and
FprEN 1993-1-14 [35] are given on the left-hand side, while the general
statistical function f;{M, G, U} of the corresponding parameter is defined
on the right-hand side:

Nra = Anatfu/?’Mz :fNR,d {M7 G, U}

ERd = Yx€u :fé'kd {M= G, U} 2

Here, A, is the nominal net cross-section area; f,, €, are the ultimate
strength and ultimate strain, respectively; y,.,, yx are safety factors; M, G
denote material and geometry; and U is an uncertainty factor.

The main objective is to define a partial safety factor that guarantees
the required probability of 0.1184%. In the 1980s, Snijder et al. evalu-
ated experimental test results of weakened specimens [36] and bolted
connections [37]. Based on these findings, the partial safety factor for
the net cross-section resistance in tension y,;, was established as 1.25 in
the current EN 1993-1-1 [38]. More recently, combined approaches
employing both numerical simulations and experimental data have been
applied to generate databases. Snijder et al. [33,39] refined y);, to 1.23,
and Sinur and Beg [40] subsequently confirmed this value for cases with
the extreme permitted edge distance from the hole center. Moze [41,42]
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investigated the influence of the edge distance on the failure mode of
weakened elements, while Hradil and Talja [43] demonstrated that a
partial safety factor of yy, = 1.25 is statistically sufficient for all steels
with an ultimate strain of at least 6%.

By contrast, the reduction safety factor yyx has been the subject of
only limited investigations with a relatively narrow scope [31]
[32,44,45], mainly due to the complexity of the testing procedures. The
most comprehensive contribution was provided by Solonick [46], who
proposed values of yx in the range from 0.2 to 0.5 for global, local, or
concentrated plastic strain limits.

The improved determination of the safety factor y, is a critical issue
for the precise design of steel structures and for material savings. This
study presents a procedure for determining the design net cross-section
resistance of weakened tensile plates with real material properties using
the authors' numerical - analytical approach combined with reliability
analysis according to EN 1990 [34].

The proposed procedure eliminates the disadvantages of limited
experimental tensile testing program, such as considering only extreme
cases, and enables the creation of a reliable dataset of structural re-
sponses under loading for various combinations of {M, G, U}. The in-
fluence of different variables on the final resistance can thus be analyzed
in greater detail. Simultaneously, the use of experimentally validated
analytical relationships reduces the number of highly time-consuming
numerical simulations. Unlike common data-generation procedures,
the proposed approach does not limit the number of samples in the
generated datasets. The obtained partial safety factor is compared with
the experimentally determined recommended value of 1.23 reported in
the literature [33,39], thereby validating the proposed procedure.

The results of this study provide a foundation for establishing a
design equivalent plastic strain limit, specifically the reduction safety
factor yx, for numerical design calculations performed with nominal
material properties and nominal geometry in future work.

2. Methodology

The determination of design net cross-section resistance is directly
linked to the reliability analysis of a broad dataset of real possible re-
sistances Ng. In this study, the procedure consisted of several main steps:

(1) Selection of geometrical configurations of weakened tensile
plates

Representative geometry types were defined to cover various stress
concentration conditions.

(2) Experimental analysis

Static tensile tests were conducted to obtain experimental load —
displacement responses and to validate both the numerical - analytical
approach and the numerical simulations.

(3) Determination of individual possible resistance

A numerical-analytical approach [47] was applied to calculate the
possible resistance of each weakened tensile plate based on its material
properties, geometry and uncertainty factor.

(4) Generation of possible resistance and partial safety factor
dataset

A Monte Carlo-based procedure was used to generate large datasets
of possible resistances and corresponding safety factors. Material prop-
erties and real thickness inputs were defined by statistical functions
constrained by European standard conditions. Individual possible re-
sistances were determined by iteratively applying the numerical-
analytical approach of three million times. Load - equivalent plastic
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Fig. 3. Geometrical configurations of weakened tensile plates.

Fig. 4. Weakened specimens prepared for static tensile testing
a) geometry type V5 (after experiment) and b) geometry type V6
(before experiment).

strain responses were obtained through numerical simulations.
(5) Reliability analysis

The datasets were statistically evaluated in accordance with Ap-
pendix C of EN 1990 [34] using the First-order reliability method to
derive design resistances and partial safety factors yy, for various
geometrical configurations. The analytical equations used to determine
the design values in this study are given as follows:

ﬂ:in/p
stv =[S -2/ -1

Xq = p — af Stdv

3

where, X; is an individual sample in the assessed dataset, p is the number
of samples and x4 is the statistically guaranteed value of the dataset. The
coefficients @ and f represent the sensitivity factor and the reliability
index, respectively, with values of 0.8 and 3.8.

3. Selection of geometrical configurations of weakened tensile
plates

A total of nine geometry types with different weakening

configurations were considered, specifically double notches, holes, and
slotted holes, as illustrated in Fig. 3.

Selected geometrical configurations were designed with the same net
cross-sectional area; consequently, their analytical resistances, calcu-
lated according to Eq. (2), are identical. All geometry types were
defined with the maximum permitted weakening of 41.7%, derived from
EN 1993-1-8 [38]. The minimum width w of a plate with a single central
hole is equal to twice the transverse edge distance e, from the hole
center to the plate edges. The minimum permitted edge distance is 1.2
times the hole diameter d. Therefore, the maximum permitted weak-
ening corresponds to 41.7% of the total net cross-section area:

w=2e =24d—>d=w/2.4=0417w 4)

The nominal plate thickness was set to t,o, = 5 mm, as this nominal
thickness exhibits the largest percentage deviations of real to nominal
plate thickness t.,. These deviations were adopted from the maximum
permitted tolerances for hot-rolled steel plates specified in EN 10029
[48].

for 5 mm < tyom < 8 mm

6)

thom — 0.6 mm < treal < tnom + 1.2 mm

4. Experimental analysis

In 2024, static tensile tests of weakened specimens, shown in Fig. 4,
were conducted at the Faculty of civil engineering of the Brno university
of technology. The tested specimens corresponded to geometry types V5
and V6, as defined in Fig. 3. All specimens were cut from a single hot-
rolled plate of either S235 or S355 steel with a nominal thickness of 6
mm. The total specimen length was 500 mm, with a width of 100 mm.
The gauge length of the observed region was 300 mm, which satisfies the
minimum required distance from the machine grips to eliminate the
influence of boundary conditions on local stress and strain concentra-
tions [21].

The specimens were fabricated in two stages: preparation of rect-
angular blanks and drilling of the weakening holes. The blanks were cut
by laser with an accuracy of 0.01 mm, and the holes were drilled
manually using a standard twist drill. No additional post-processing was
carried out.

The real weakening diameters and plate thicknesses were measured
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Fig. 5. Measurement layout with gauge rigidly attached to the specimen by point magnets for displacement monitoring a) during the experiment and b) after

the experiment.
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Fig. 6. Experimental load-displacement responses of tested specimens.

at several locations using a digital caliper. The maximum deviation
between nominal and real diameter was observed in specimen V5-
$355-2 and was equal to 0.23 mm. The largest thickness deviations were
found in specimens made of S235 steel. The real weakening diameter
statistical ~ distribution =~ was  determined as  dea = fallg =
20.08 mm; Sdtvy = 13.36%) and for the real thickness was t.a =
fe(p, = 5.85 mm; Sdtv, = 25.63%), calculated according to Eq. (3). Both
distributions exhibit significant standard deviations, which are probably
caused by the low number of specimens reporting large deviations from
the nominal values. Nevertheless, these deviations are still within the
permitted tolerances specified in EN 10029 [48], see Eq. (5).

A total of 12 specimens were tested, consisting of six of geometry
type V5 and six of geometry type V6. The tests were conducted on a
LaborTech testing machine with a maximum force capacity of 1 MN at a
constant loading rate of 1 mm/min. Both tensile force and vertical
displacement were monitored. The force was recorded directly by the
testing machine, while displacement was measured using a linear vari-
able differential transformer gauge with an offset tip rigidly attached to
the specimens by point magnets, as shown in Fig. 5. The experimental
load - displacement responses are presented in Fig. 6. The responses
exhibited a high degree of similarity, particularly up to the attainment of
the ultimate force. In all cases, fracture occurred within the net cross-
sections.

All measured geometric dimensions, and experimental resistances
are summarized in Table 1. The experimental resistance is defined as the
maximum force achieved during the static tensile test.

The real material models were determined through coupon tests
conducted in accordance with ISO 6892-1:2009 [49]. The coupon
specimens were cut from the steel plates during the preparation of
rectangular blanks. A total of six specimens were tested: three of steel
grade S235 and three of steel grade S355. Each coupon specimen had an
overall length of 120 mm and a gauge length of 80 mm. The overall
width was 20 mm, reduced to 10 mm in the gauge section. The nominal
thickness was 6 mm. The loading rate was set to 1 mm/min. All values
were recorded directly by the testing machine.

The resulting material stress-strain curves are presented in Fig. 7.
The dashed lines represent individual test results, while the thick solid
lines indicate their average values. The yield and ultimate strengths of
both steel grades correspond to the recommended mean values obtained
from the results of the Safebrictile project [50].

5. Determination of individual possible resistance
The individual resistance of a weakened tensile plate with a defined

weakening geometry and a given real thickness was expressed using the
numerical-analytical approach from [47] as follows:
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Table 1
Measured geometric dimensions and experimental resistances of tested
specimens.

Geometry Steel Specimen  Real Real Experimental
type grade weakening thickness resistance NE"P
diameter treal
dreal
- - - mm mm kN
V5 S235 V5- 19.94 5.50 146.7
$235-1
V5-235- 20.06 5.49 147.5
2
V5- 20.12 5.54 147.8
§235-3
S355 V5- 20.10 5.95 210.2
$355-1
V5- 20.23 5.95 205.8
$355-2
V5- 20.15 5.83 208.0
$355-3
Vé6-
$235-1 20.05 5.76 146.4
V6-
§235 $235-2 20.08 5.88 146.9
V6-
$235-3 20.10 5.81 147.2
V6 V6.
$355-1 20.15 6.26 209.6
V6-
$355 $355-2 19.83 6.19 210.1
Vé6-
$355-3 20.10 6.06 208.3
NR = (Ane(fu)GU (6)

Here, (Anetfu) notes the nominal resistance of a tensile element with
perfect nominal geometry. The geometry reduction factor G reduces this
nominal resistance to account for the most unfavorable permitted
combination of weakening production deviations. In practice, produc-
tion deviations are not always at their worst, and the applied
manufacturing technology also influences the load resistance. These
variations are incorporated into the uncertainty factor U.

Nominal resistances (AneJu) were determined from load — stress re-
sponses under loading by numerical simulations with perfect geometry,
employing the linear elastic - linear hardening plastic material model
shown in Fig. 8. This material model was chosen because it allows sta-
tistically guaranteed strain values to be determined at characteristic
points according to Eq. (7) for material M with defined yield strength f,
ultimate strength f,,, and Young's modulus E [34].

600
500
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&y &n e

Fig. 8. Linear elastic - linear hardening plastic material model [51].

&y :fy/E
e = O.lfy/fu ~0.055 but 0.015 < &, < 0.03 @
£ = O.6<1 ffy/fu) but &, > 0.06

Here, &, is the yield strain, &g, is the hardening strain and ¢, is the
ultimate strain. These values are expressed in the engineering stress-
engineering strain format, which is typically used in numerical design
calculations, since the reduction of cross-sectional area due to the
Poisson effect can be neglected in small-displacement solutions [52].
However, numerical simulations must remain valid for all displacement
levels, and the reduction of cross-sectional area is considered through
conversion of the material model to the true stress - true strain format as
follows:

Otrue = Ueﬂg(l + geng) 8
Etrue = ln(l + geng) ®

The geometry is defined by the real thickness, which may differ from
its nominal value, and by the accuracy of weakening production.
Permitted deviations in the shape and location of weakening for Euro-
pean steel structures are specified in Chapters 6.6 and 6.7 and in Ap-
pendix B of EN 1090-2 [53] and are summarized in Fig. 9.

The analytical relationships for the geometry reduction factor G of
the selected geometry types were established in [47] based on the results
of 198 numerical simulations with varying thicknesses and different
permitted combinations of weakening production deviations. The ob-
tained functions were expressed as a function of resistance with respect
to the real-to-nominal thickness ratio. For geometry types V2 and V3,
the results were subsequently validated against experimental data. The
graphical representations of these functions are shown in Fig. 10.

The statistical function of the uncertainty factor U was determined
by comparing 178 experimental and numerical - analytical resistance
values obtained with U = 1. The experimental specimens varied in
thickness, manufacturing procedure, and steel grade. The resulting
statistical function is presented in Fig. 11.

After determination of real possible resistance for random combi-
nation of inputs {M, G, U}, partial safety factor y;, was calculated as a
nominal (AneJu) resistance to real possible resistance Ny (ratio)

—S235

S355

400
300

Stress, MPa

200

100

0 0.05 0.1 0.15

0.2 0.25 0.3 0.35 0.4

Strain, mm/mm

Fig. 7. Stress-strain curves obtained from coupon test results of $235 and S355 steel grades.
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Fig. 9. Permitted deviations in the shape and location of weakening
for European steel structures, as specified in EN 1090-2 [53].
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Fig. 10. Geometry reduction factor G as a function of the real to nominal thickness ratio [47].

[fu(iy = 1.115; Sdtv, = 3.69 %)

<10
é 8 > A\
g /
g6 / .
Q: // \\
R )
5 2
4
1.000  1.025 1.050 1075 1.100  1.125 1150 1175  1.200

Uncertainty factor U, -

Fig. 11. Relative frequencies of the uncertainty factor U [48].

6. Generation of possible resistance and partial safety factor
dataset

6.1. Material properties input

Statistical distributions of individual material properties have been
studied in many works [54-56], however the results of the Safebrictile
project [50] were adopted in Annex E of FprEN 1993-1-1 [8] and were
used in this study. These statistical functions for structural steel, i.e. steel
with a yield strength up to 460 MPa, are summarized in Table 2 by mean
values y; and standard deviations Stdv;. All functions follow a normal
distribution. The probability of occurrence of individual values is gov-
erned by the density of their original distributions [57]. Therefore, the
yield and ultimate strengths are treated as pseudorandom variables.

In addition, European structural steels must satisfy the ductility
requirement from [8], expressed as the ratio of yield to ultimate strength
limited to f, /fy > 1.1. Young's modulus was taken as a constant value of
210 GPa.

Statistically guaranteed extreme values of the material properties are
also presented in Table 2. The yield strength f, and the ultimate strength
fu were determined according to Eq. (3). with a reliability index af of

+3.04. The minimum f, /f, ratio corresponds to the ductility require-

ment, while the maximum ratio was calculated using the extreme

Table 2
Statistical parameters and guaranteed extreme values of yield strength, ultimate
strength, ultimate-to-yield strength ratio and ultimate strain.

Yield Ultimate Ultimate-to- Ultimate
strength strength f,, yield strain g,
fy, MPa MPa strength mm,/mm
fu/fy: -
S235 Mean 294 432
value
Standard 16.2 21.6
deviation
Minimum 244.84 372.90 1.1 0.06
Maximum 343.16 491.10 2.01 0.30
Mean 426 529
value
s355 Standard ) g 21.2
deviation
Minimum 361.25 476.73 1.1 0.06
Maximum 490.75 581.27 1.61 0.23
Mean 529 594
value
sapp  Standard 54 20.8
deviation
Minimum 456.73 535.31 1.1 0.06
Maximum 601.37 652.69 1.43 0.18

opposite values of strengths. The ultimate strains were determined ac-
cording to Eq. (7) based on the same extreme values.

Material properties, represented by three million pseudorandom
pairs of yield and ultimate strengths, were generated from statistical
functions constrained by the ductility requirement, as illustrated in
Fig. 12a). Performing such a large number of simulations is computa-
tionally demanding; therefore, the possible yield and ultimate strengths
for each steel grade were grouped according to their f, /f, ratios based on
standard mathematical classification rules. Relative frequencies were
then established for each group, as shown in Fig. 12b). Six ratio groups -
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Fig. 12. Possible material properties for European structural steels
a) real representation and b) simplified representation.
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Fig. 13. Relative frequencies of the real-to-nominal thickness ratio for a nominal thickness of 5 mm.

Tensile force:
Fx=0-300 kN,
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Fixed support:

Fig. 14. Example of boundary conditions applied in the numerical simulations, geometry type V5.

& 800 £ 800
E// E 600 E o
§ 400 é 400
© 200 § 200
8235 & 8355 & S460
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Fig. 15. Material models applied in the numerical simulations of the simplified representation of $235, S355, and S460 steel grades from Fig. 12a) in the true stress-

true strain format.
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Axis of symmetry

7
o

Height=1 mm
/Nominal thickness 5 mm

Fig. 16. Finite element mesh of the numerical specimen generated with 20-
node cubic elements and a uniform element size of 1 mm, geometry type V5.

1.1,1.2,1.3,1.4,1.5, and 1.6 - were defined for the S235 and S360 steel
grades. Ratios larger than 1.6 were treated as 1.6. For the S460 steel
grade, only five groups were defined, with a maximum ratio of 1.43.

6.2. Real thickness input

The real thickness t., of a tensile element may differ from its
nominal value and depends on both the type of structural element and
the measurement location. The largest deviations are typically observed
in the flange thicknesses of I- and H-profiles, [50,58]. The statistical
function describing the distribution of real thicknesses is presented in
Fig. 15 and follows a normal distribution. The maximum permitted
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deviations for hot-rolled steel plates are specified in EN 10029 [48] and
are expressed in Eq. (5). These tolerance limits were adopted as the
boundaries for the real thickness values.

6.3. Numerical simulations

The numerical simulations were performed in Ansys 2022 R2 using
the Static structural analysis system. All simulations were carried out as
static tensile tests up to the onset of necking, corresponding to the force
at which the ultimate strength was attained at least at one point. One
end of the numerical specimen was fully constrained (fixed support),
preventing displacements and rotations, while a longitudinal tensile
force was applied at the opposite end. An example of the boundary
conditions for geometry type V5 is shown in Fig. 14. The numerical
specimen had an overall length of 500 mm, a gauge length of 300 mm,
and a gauge width of 100 mm, with widened ends of 140 mm. The
thickness was set to 5 mm.

Simulations with numerical specimens for each geometry type were
performed using material models in true stress-true strain format, cor-
responding to simplified representations of the S235, S355, and S460
steel grades shown in Fig. 12. The engineering material models were
determined according to Eq. (7), using the statistically guaranteed
minimum ultimate strengths f, from Table 2 and the yield strength f;,
calculated based on the required ultimate-to-yield strength ratio. If the
calculated yield strength fell outside the range of statistically guaranteed
extreme values, the models were instead defined by the minimum yield
strength, with the ultimate strength calculated to satisfy the required
ratio. The material properties obtained in this manner represent statis-
tically guaranteed minimum values for each f,/fy ratio. The linear
elastic - linear hardening plastic model defines statistically guaranteed
minimum strains [51]. Accordingly, the resulting engineering material

. 395 0.1
% o
[} o=
£ 0.09 &
w385 2 é
2 g 0.08 Z g
= S E
=] 375 = - o
g —— Maximunm stress at the weakening edge || 0.07 i
= —— Maximum strain at the weakening edge
Mo 365 0.06

5%5 4x4 3x3

2x2 1x1 0.5x0.5

Horizontal sizes of mesh element: lengthxwidth, mmxmm

Fig. 17. Mesh sensitivity study for geometry type V3 [47].
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Fig. 18. Experimental and numerical load-displacement responses for specimens a) V5-S235-1 and b) V6-S355-1.
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models represent the statistically guaranteed strain minima for each
steel grade and required f,, /f; ratio. These models were then converted
into the true stress—true strain format and are presented in Fig. 15.

The Isotropic elasticity and Multilinear isotropic hardening material
tools were used in Ansys to define the material behavior. Elastic
modulus was set to 210 GPa and Poisson's ratio to 0.3. Nonlinear plastic
deformation was described by a stress-plastic strain table, starting at the
yield strength with zero plastic strain.

The numerical modeling procedure was adopted from the numerical-
analytical approach [47], where they had been validated by comparing
experimental and numerical load - displacement responses, showing
deviations in resistance of up to 7%. The numerical mesh was generated
using 20-node cubic elements (SOLID186) with a uniform element size
of 1 mm in all directions, as illustrated in Fig. 16.

The recommended mesh parameters were determined through a
sensitivity study on geometry type V3 in [47], which produces the
highest local stress and strain peaks; therefore, even small changes were
clearly observable. The maximum stress and equivalent plastic strain at
the weakening edges were evaluated under a load of 100 kN. The mesh
element height was kept constant at 0.2t,om, i.e. 1 mm. The results,
presented in Fig. 17, show that both parameters stabilized and remained
nearly constant for mesh sizes of 1 mm x 1 mm and finer.

The numerical modeling procedure was validated against the
experimental results for specimens V5-S235-1 and V6-S355-1 from this
study. The geometry of the numerical specimens was identical to that of
the tested specimens, including the real thickness and weakening di-
ameters. Numerical simulations were performed using the real material
model (Real MC) obtained from the coupon tests shown in Fig. 7, as well
as an artificial material model. The artificial material model (Artificial
MC) represented the linear elastic-linear hardening plastic material
model from Fig. 8 calibrated with the real material properties obtained
from the coupon tests.

The experimental and numerical load-displacement responses are
presented in Fig. 18. Both simulations reproduced the experimental re-
sults with high accuracy. The numerical simulation with the Real MC
model underestimated the net cross-section resistance by up to 2.9%,
while the simulation with the Artificial MC model deviated by up to
6.3%. Although the Artificial MC simulations are more conservative,
their accuracy remains sufficiently high.

A total of 153 simulations were performed. Firstly, the stress con-
centration factor SCFi,; in the elastic response were determined
numerically for each geometry type to distinguish their behavior, which
was calculated as the ratio of the maximum stress at the weakening edge
of the net cross-section to the nominal stress measured at the mid-width
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of the plate, 100 mm away from the weakening. The obtained values are
presented in Fig. 19. The selected geometry types cover the majority of
the broad range between uniaxial and biaxial local stress states.

The main results of the numerical simulations were load - equivalent
plastic strain responses, obtained for each combination of geometry
type, steel grade, and ultimate-to-yield strength ratio. The load, or
tensile force, was defined as the applied force, while plastic strains were
measured at the weakening edge of the net cross-section, i.e. at the local
strain peak. An example of these responses for geometry type V1 is
shown in Fig. 20. These responses were subsequently used to generate a
reliable and wide-ranging dataset of possible resistances Ny for each
geometry type.

6.4. Monte Carlo simulation

The datasets were generated using a Python 3.10 script in Visual
Studio Code, following an approach analogous to Monte Carlo simula-
tion. Input sets of possible ultimate-to-yield strength ratios, real thick-
nesses, and uncertainty factors were generated independently as
pseudorandom parameters, i.e. the probability of occurrence of each
value followed its original statistical function and limiting condition. All
sets contained the same number of samples. Once a geometry type was
selected, one f; /f, ratio and randomly corresponding values of thickness
t.eal and uncertainty factor U were assigned to determine an individual
possible resistance Ny using the numerical-analytical approach, as
expressed in Eq. (6). The relevant load - equivalent plastic strain
response was selected from the set of numerically determined responses,
and the nominal resistance of a tensile element with perfect geometry
(Anetfu) was established. The geometry reduction factor G was calcu-
lated based on the geometry type and the ratio of real to nominal
thickness, as shown in Fig. 10. Finally, the nominal resistance was
multiplied by the geometry reduction factor and the uncertainty factor
to obtain the possible resistance Ngr. The partial safety factor y;, were
calculated by dividing the obtained resistance by the nominal resistance
for each considered combination of {M,G,U}, the latter determined
according to Eq. (2). The four resulting values were then stored in their
respective datasets. The entire numerical-analytical procedure was
applied to all randomly generated combinations of f,/f, ratios, real
thicknesses t..,; and uncertainty factors U.

Validation of the numerical-analytical approach and of the number
of samples in the input sets was a crucial step of the procedure. Vali-
dation was carried out by comparing experimental resistances with
possible resistances determined according to Eq. (6). Experimental re-
sistances and real material properties were taken for geometry types V2
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and V3 from [47] and from the experimental analysis in this study.
Nominal resistances (AneJu) were calculated using numerical simula-
tions with the linear elastic - linear hardening plastic material model
combined with real material properties obtained from coupon tests.
Possible resistances Nx were determined using an uncertainty factor of
1. The ratios of experimental to predicted resistance are shown in
Fig. 21. All ratios exceed 1.0, with the majority of values clustering
around 1.1, corresponding to the mean value of the uncertainty factor U.

The required number of samples was determined by a sensitivity
study on the design net cross section resistance Ny 4 for geometry V3 of
S235 steel grade, which produces the largest local stress peak, similarly
to the right example shown in Fig. 2. Input sets were generated for
selected sample numbers, and dataset of possible real resistances Ny was
obtained using the numerical - analytical approach. The lowest 0.1184%
of possible resistances were excluded, and the last remaining value was
taken as Np 4. Each procedure was repeated ten times per sample size,
and deviations from the mean were evaluated according to Eq. (3).

The target of a maximum deviation of 0.01 was obtained with around
2.8 million samples in input sets and rounded to three million in this
study, as presented in Fig. 22.

Finally, input sets were generated with three million samples each.
The input set of possible ultimate-to-yield strength ratios f,/fy, pre-
sented in Fig. 12, was created as a pseudorandom parameter based on
the statistical function and ductility requirement given in Table 2. The
distribution of possible real thicknesses t., followed the statistical
function given in [58] and the maximum permitted deviations specified
in EN 10029 [48], and is presented by the relative frequencies shown in
Fig. 13. The probability distribution of uncertainty factor U was taken
directly from the original function in Fig. 11 (thick black line), within
the range 1.00 to 1.20 and using a step size of 0.01.

All three input sets were generated independently, resulting in
random combinations of material properties, geometry, and weakening
production accuracy. Consequently, possible resistances Nr were
generated as random values in accordance with the rules of Monte Carlo
simulation. An example of the generated resistances for geometry type
V3 with all considered steel grades is shown Fig. 23, where colored dots
represent the simulated results. Dark red crosses indicate experimental
resistances of specimens with various combinations of permitted de-
viations from [47]. Experimental specimens were produced with three
thicknesses: 5 mm, 4.55 mm, and 4.4 mm. The last thickness represents
the lowest permitted deviation from the nominal thickness of 5 mm. In
addition, specimens made of S355 steel exhibited porous defects, which
increased the scatter of the measured values.

The lowest possible resistances in all generated datasets form oblique
lower bounds against the ratio of real to nominal thickness depended on
bounds arising from the material ductility requirement of 1.1. Possible
resistances with the same values but various thickness ratios represent
the nominal resistances (Ane,fu), obtained from numerical simulations
with perfect geometry. If a calculated possible resistance exceeded the
nominal resistance, the nominal value was adopted.

At the same time, datasets of the partial safety factor yy, were
calculated as the ratio of the nominal resistance (Anetfu), defined as the
maximum resistance in the load - equivalent plastic strain responses in
Fig. 20, to the real possible resistance Ny for each random combination
of input values {M, G, U}.

7. Reliability analysis

The dataset of possible resistance for each selected geometry type
were statistically evaluated to establish design net cross-section resis-
tance in accordance with EN 1990 [34]. The permitted probability of
occurrence below the design value is 0.1184% (af = 3.04). The design
criterion was therefore defined as the lowest value after excluding
0.1184% of outcomes. Fig. 23 illustrates the procedure for geometry
type V3: colored dots represent possible resistances relative to the
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thickness ratio, dark gray dots mark the filtered values, and the red line
indicates the guaranteed design resistance.

Obtained design resistances are summarized in Fig. 24, categorized
by the strength ratio f, /fy and the stress concentration factor SCFipj; in
the elastic response. The lowest design resistances, normalized by f. /fy,
inversely follow the frequency distribution of steel grades in Fig. 12:
more frequent ratios yield lower resistances. This reflects the interaction
of the generation process and reliability analysis, which applies less
stringent criteria to rare ratios.

Grouping by SCF;y;; factors show no major dependence, only almost
negligible reducing with increasing of stress concentration factor.
However, comparison of geometry types V2 vs. V4, V3 vs. V7, which
have similar weakening in the critical cross-section but differ in their
locations, shows that a single weakening — such as a central or slotted
hole - reduces the resistance more than double notches. This effect is
caused by stress redistribution during the plastic response in the critical
net cross-sections, indicated by the red lines in Fig. 19.

In geometries with notches, stresses in the critical section gradually
increased, with the plastic zone slowly expanding from the notch edge
inward. After approximately 75% of the cross-section had plasticized, a
local stress peak started to form at the notch edge, as shown in the left
image of Fig. 25. In contrast, in geometries with a single internal
weakening, a local stress peak appeared almost immediately after the
onset of plasticity, restricting the effective use of the entire cross-section,
as shown in the right image of Fig. 25. Consequently, the ultimate
strength in the geometries with holes was reached locally earlier, and
the resistance was about 12.2 % lower.

Geometry types with several internal holes exhibit nearly identical
resistances, but type V6, with staggered holes, shows slightly lower
resistance than the corresponding types V5 and V9.

This behavior corresponds to the trends observed in the geometry
reduction factor G, indicating that permitted deviations in the shape and
location of the weakening lead to larger local changes in the stress field
for the geometry type with staggered holes.

In both cases, the differences in resistance were caused by different
redistributions of the stress field within the critical weakened cross-
section during the plastic response. These redistributions resulted in
different local stress peaks, which can be described by a stress concen-
tration factor in the plastic response rather than in the elastic response.
In real steel elements, higher local stress peaks promote increased
microcrack initiation, which subsequently leads to a faster onset of
plastic instability.

Subsequently, the partial safety factor factors corresponding to
0.1184% of the lowest possible resistances in Fig. 23 were also filtered
out. The maximum remaining value was accepted as design partial
safety factor yy, for each considered geometry type, presented in
Fig. 26. The maximum yy, was 1.22 for V3, consistent with the rec-
ommended 1.23 [33,39].

Safety factors vary with steel grade and the frequency of f, /f, ratios:
a wide scatter (S235) increases resistance variability Ng, requiring larger
reductions by yy,. These patterns distinguish structural from high-
strength steels, where lower ratios mean local fracture may precede
ultimate strength.

The most critical geometry types are V1, V2, and either V3 or V7. The
absolute values of the design resistances primarily depend on the
nominal ultimate resistance Apef,, which reflects the stress redistribu-
tion capacity of the weakened tensile plate. Additionally, they inversely
follow the distribution of the relative frequencies of the f,/f; ratios
within each steel grade. The partial safety factor yy, was found to be
sensitive to the permitted geometrical tolerances.

8. Conclusion

This study established design net-section resistances for plates sub-
jected to static tensile loading with stress concentrators, incorporating
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real material properties. Datasets of possible resistances Nr were
generated using a Monte Carlo-based procedure that combined hybrid
numerical - analytical approach with statistical distributions of real
material properties and plate thicknesses reported in the literature. The
generated datasets and the applied numerical - analytical approach
were validated against experimental results. Subsequently, the datasets
were statistically evaluated in accordance with EN 1990, and design net-
section resistances N4 together with partial safety factors yy, were
determined for each geometry type.
The main conclusions are as follows:

e The proposed Monte Carlo-based procedure offers an efficient
alternative to extensive tensile testing programs or large-scale nu-
merical simulations,

The maximum obtained partial safety factor, yy, = 1.22, is in

excellent agreement with the recommended value of 1.23 proposed

by Snijder et al. [33,39],

The resistance of weakened tensile plate is depended on stress con-

centration factor in plastic response, which explained stress redis-

tribution in critical cross-section,

The resistance of a weakened tensile plate depends on the stress

concentration factor in the plastic response, which reflects the stress

redistribution in the critical cross-section,

Plates with a single internal discontinuity, such as a hole or slotted

hole, exhibited lower resistance than comparable double-notch

configurations,

e The number of holes aligned along the same longitudinal axis had
little influence on resistance, whereas staggered holes reduced it
significantly,

e The most critical geometries were V1 (smooth double notches), V2
(round double notches), and either V3 (sharp double notches) or V7
(narrow slotted hole).

Numerical design calculations are performed using statistically
defined nominal material properties recommended in FprEN 1993-1-1,
which are generally more conservative than the real properties consid-
ered in this study. Furthermore, the adopted numerical modeling
approach may influence local stress and strain concentration. The results
presented here, particularly the derived design resistances, provide a
solid foundation for establishing design failure criteria applicable to
numerical design calculations based on nominal material and geometric
parameters in future work.
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