As-Built Geometry Imperfections and
Misalignments in Maritime Structures
A Probabilistic Approach to Fatigue Assessment

By

Sjors Kremer

to obtain the degree of

Master of Science
in Offshore and Dredging Engineering
with a specialization in Structural Analysis and Design
at Delft University of Technology

to be defended publicly on Thursday October 9, 2025

Student number: 4963369

Thesis committee: Dr. ir. J.H. den Besten = TU Delft Chairman
Ir. R.L.G. Slange TU Delft Supervisor
Ir. P.T. Nobel Nevesbu B.V.  Supervisor

Prof. dr. M. Veljkovic = TU Delft



As-Built Geometry Imperfections and Misalignments in Maritime
Structures: A Probabilistic Approach to Fatigue Assessment

S. Kremer®?, R.L.G. Slange“, J.H. den Besten?, P.T. Nobel” and A.Zambon”

“Delft University of Technology, Mekelweg 5, Delft, 2628 CD, The Netherlands
®Nevesbu B.V. , Kelvinring 48, Alblasserdam, 2952 BG, The Netherlands

ARTICLE INFO

Keywords:

maritime structures

fatigue

imperfections and misalignments
stress concentration factors
probabilistic framework

spectral representation

ABSTRACT

Fatigue design for maritime structures currently relies on deterministic models of idealised ge-
ometries, which do not account for the substantial variability introduced by misalignments and
imperfections. A probabilistic framework is presented that models imperfections as spatially varying
random fields or random variables, using the Stochastic Hungry Horse model, Spectral Representation
Method, Halton sampling, and Bayesian updating. Applied to a finite element model of a stiffened
panel with Non-Watertight details, results show that local plate distortions reduce stresses under
water pressure but increase them under global hull girder bending. Stiffener distortions govern the
Hot Spots at the Non-Watertight details, producing both tensile and compressive stress concentration
factors. Comparison with guidelines indicates that current safety factors are non-conservative, as
secondary bending effects are not addressed. The framework captures fabrication- and assembly-
induced variability and supports data-driven refinement of fatigue criteria.

1. Introduction

Maritime structures are continuously exposed to cyclic
loading and response conditions due to e.g. waves, wind and
equipment. Fatigue is a cyclic loading and response-induced
mechanism that causes localized, progressive structural
damage, ultimately resulting in fracture [1]. As such, fatigue
is a governing limit state for such structures and accounts for
a large proportion of failures [2]. Traditionally, the structural
member assemblies of maritime structures are connected by
(arc-) welded joints. Local (arc-)welded geometries often
exhibit geometric discontinuities, i.e. notches, that act as
local stress raisers, accelerating crack initiation and growth
under repeated loading cycles [3, 4, 5]. Ensuring accurate
fatigue performance therefore requires a thorough treatment
of the uncertainties that are inherent to all structural mod-
elling approaches.

Structural assemblies in maritime structures comprise a
broad range of structural components and details. The com-
bination of involved fabrication and assembly processes, in-
cluding workmanship and welding processes, unequivocally
leads to various misalignments and imperfections. In gen-
eral, misalignments and imperfections can be categorised
as (1) non-uniform material properties, (2) welding-induced
subsurface imperfections, (3) in-service degradations, (4)
welding-induced distortions and (5) workmanship-induced
misalignments. The focus of this work is specifically on
deviations from the idealised geometry caused either by
welding or poor workmanship. To narrow the range of poten-
tial misalignments and imperfections, the scope is restricted
to the orthotropic stiffened panel configuration typical of
maritime structures.

While the terms misalignment and imperfection are
often used interchangeably, the following definitions are
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adopted to ensure a clear distinction between the two.
Misalignments refer to the deviations of structural com-
ponents from their intended relative positions as a result
of the assembly process, including both angular and linear
misalignments. Geometric imperfections refer to the devi-
ation of an individual structural member from its idealized
geometry. Such imperfections typically originate from the
fabrication process and may include, for example, weld
geometry irregularities and out-of-plane distortions in struc-
tural elements. In particular, distortions refer to thermally
induced deformations caused by the welding process and
associated residual stresses

Geometric imperfections and misalignments are a pri-
mary concern because, in an imperfect geometry, the local
neutral axis is shifted relative to that of the idealised geom-
etry. This shift induces a straightening effect under in-plane
tensile loading, generating additional nonlinear secondary
bending stresses that influence local hot spot (HS) stresses
and, consequently, fatigue strength [6, 7].

As-built misalignments and imperfections remain un-
known during the design phase, and explicitly incorporating
all such deviations into a finite element model would be a
significant effort. Consequently, fatigue assessment methods
rely on approaches concerning an idealised, determinis-
tic geometry, where design integrity is assured indirectly
through the application of safety factors and conservative
S — N curves.

Industry guidelines, including those from DNV [8],
BV [9], and ISO [10], incorporate the limit values of assem-
bly tolerances specified in IACS No. 47 [11] and the welding
tolerances defined in ISO 5817 [12] into conservative .S — N
curves and safety factors applied to stress concentration
factors (SCFs). However, inspection results consistently
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show that imperfections and misalignments in as-built struc-
tural assemblies often exceed the values assumed during
the fatigue testing from which these S — N curves are
derived [8, 13]. Furthermore, ISO 5817 [12] classifies weld
quality levels that are not technically justified, as their
primary purpose is to serve as inspection criteria [14].

This highlights a pronounced disconnect between as-
built conditions and their explicit influence on fatigue re-
sistance, underscoring the need to establish a clear and
technically justified relationship between them.

Transitioning from current deterministic methodolo-
gies to a probabilistic approach allows HS stresses to be
represented as distributions rather than fixed values. Such
a framework is advantageous because it explicitly incor-
porates the inherent geometrical randomness of as-built
structures, a feature that traditional deterministic assessment
methodologies fail to do. Although recent advances have
been made in stochastic modelling for the buckling and
ultimate strength analysis of plates and shell elements [15],
equivalent developments for fatigue assessment remain lim-
ited, despite the well-established influence of geometric
misalignments and imperfections on fatigue resistance.

Aiming to establish a probabilistic framework for fatigue
assessment that explicitly incorporates stochastic imperfec-
tions in (arc-)welded maritime structures, relevant misalign-
ments and geometric imperfections for stiffened panel con-
figurations are identified in Section 2. A combination of
random variables and random fields, detailed in Section 3, is
employed to derive SCF distributions through a benchmark
studies in Section 4, conducted using finite element mod-
elling and the PyMAPDL interface. This framework expresses
SCFs as probability distributions rather than fixed values,
enabling a direct evaluation of safety margins.

2. Imperfections and Misalignments

Limiting the scope of this work to a stiffened panel
configuration, reduces the range of potential misalignments
and imperfections compared to more complex assemblies.
Nevertheless, a substantial amount of geometric variation
remains. It is therefore essential to distinguish between rel-
evant misalignments, i.e. those expected to affect fatigue
strength, and those considered negligible in this context.

ISO 5817 identifies more than 40 types of weld-related
imperfections and misalignments, while IACS No. 47 pro-
vides assembly tolerances for over 50 types of structural
members. Considering the structural hierarchy of a stiffened
panel, relevant misalignments and imperfections are catego-
rized at (1) plate level and (2) plate-to-support member level.

2.1. Plate level

The imperfections that relate to the plate geometry are
either dimensional variations or welding-induced defects.
As this study does not consider variability in material prop-
erties, only deviations in plate thickness and initial out-of-
plane distortions are included at this hierarchical level.

2.1.1. Plate thickness

In thin-walled open sections, such as stiffened panel
configurations, the plate thickness 7, is the dominant pa-
rameter influencing the stiffness distribution at plate level.
The bending stiffness D is proportional to the cube of the
plate thickness, meaning that even small deviations in 7, can
significantly affect the structural behaviour.

In addition, both the membrane and bending components
of the linearised structural stress are inversely proportional
to the plate thickness. Therefore, reduced deviations in I
relative to the idealised value result in higher local stress
levels, which are not captured in current deterministic design
models. The critical influence of plate thickness on stiffness
and stress levels justifies the inclusion of 7, as a parameter
in this work.

2.1.2. Out-of-plane distortion

It is well established that plates distort as a result of
the welding process [16, 17, 18, 19, 20, 21]. This out-
of-plane plate distortion shifts the neutral axis from the
original symmetry plane, leading to additional secondary
bending stresses particularly when subjected to in-plane
tensile stresses. While out-of-plane plate distortions have
been widely investigated in terms of their effect on buckling
behaviour, their role in fatigue strength has seen limited
attention.

Distortion profile

A wide variety of distortion profiles for plate fields
is available in the literature to model initial out-of-plane
plate distortions [22], most of which were developed for
ultimate strength assessments, where the primary aim is to
initiate buckling in a specific mode or to ensure conservative
ultimate strength predictions.

Among the various distortion profiles fo’pl(x, y), the
Hungry Horse (HH) mode is particularly relevant, as it is
derived from full-scale measurements conducted on board
car- and bulk carriers. Originally proposed by Ueda and
Yao [19], the HH mode has been validated in several recent
studies [17, 20, 21, 22, 23]. It describes the initial plate
distortion using a Fourier series composed of eleven com-
ponents, as defined in Equation 2. The HH mode reflects
observed plate behaviour by combining a half sine wave
across the breadth b with multiple sine wave components n
along the length a [22]. An illustration of the HH mode is

provided in Figure 1.
7 I/\A/\

Hungry horse mode X

centre line

Figure 1: Hungry horse (HH) mode along the plate centre
line [24]
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wO,pl(x’ y) = ng;i(f()’p](xs y) (1)
11 zy
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The deterministic plate distortion profile wo pi(x, ) is
defined in Equation 1, where the amplitude wom;i‘ is de-
termined from the plate slenderness parameter § (Equa-
tion 3) following the empirical formulation by Hughes [25].
Equation 4 provides expressions for three severity levels —
slight, average, and severe — with comparisons to full-scale
measurements indicating that actual distortion magnitudes
generally fall between the slight and average levels [26].

_b.Jo
b=\ E 3

0.0254%t, for slight level
= O.IOOﬂztp for average level 4)

w(),pl
0.30042%¢ , for severe level
Recent studies

Lillem#e [23] examined initial plate distortions in a
cruise ship superstructure deck with a plate thickness of
3 mm, modelling various distortion shapes while assuming
flat-bar stiffeners, girders, and web frames to be perfectly
straight. The study found that, in stiffened panels, a realistic
initial distortion shape—and in small welded specimens,
both the shape and magnitude significantly influence local
stresses near welds. It also noted that nonlinear finite ele-
ment analysis is of limited priority in large-scale structural
models, as the straightening and amplification of initial
distortions under global hull girder bending are negligible
compared to small-scale specimens.

Similarly, Mancini [27] investigated the fatigue impli-
cations of welding-induced plate distortions using 3D laser
scan measurements of a stiffened panel cut from a ship-
deck demonstrator block (tp = 4 mm), concluding that such
distortions must be modelled to accurately predict local weld
stresses.

Although both studies focus on relatively thin plates,
their findings, combined with the limited attention given
to the influence of plate distortions on fatigue strength,
underscore the importance of incorporating initial plate dis-
tortions in the present study. Neither of the two studies
applied a probabilistic method to quantify the influence of
these distortions and both relied on deterministic modelling
approaches.

2.2. Plate-to-support member level
At the next hierarchical level, plate-to-support mem-
ber combinations are considered, including plate—stiffener,

plate—frame, and plate—girder assemblies. These members,
often standardised profiles such as angle bars, tee bars, and
bulb flats (commonly referred to as Holland Profiles (HP)),
influence both local and global stiffness and can introduce
misalignments or imperfections during fabrication. Among
their geometric parameters, web height is particularly impor-
tant due to its contribution to the Steiner term in the moment
of inertia; reductions increase flange stresses, often at HS
locations. No measurements, tolerances, or statistical data
quantifying web height variability are currently available.

2.2.1. Web- and flange distortion

Webs and flanges of stiffening members may also un-
dergo distortions during welding, particularly when flanges
are welded rather than hot-rolled. Data on web distortions
is scarce, with only one source referenced earlier providing
quantitative information. These out-of-plane distortions, in
combination with cyclic loading, may cause a phenomenon
known as breathing: local flexing during loading and unload-
ing cycles [28]. This effect, illustrated in Figure 2, induces
secondary bending stresses that influence local stresses at
potential HS locations, motivating the inclusion of stiffener
sideways distortion in this study. Similarly, out-of-plane
distortions in the flange can also lead to secondary bending
stresses.

Secondary bending stresses

Out-of-plane deflection
due to web breathing

Figure 2: Breathing of stiffener web under cyclic loading [28]

Distortion profile
The sideways distortion of stiffeners, denoted as wy ((x, z),

is modelled using a maximum distortion magnitude w'™*
and a corresponding distortion profile fo’s(x, Z), as defined
in Equation 5. The ISSC specifies a maximum distortion
magnitude of wis* = 0.0015 a (Equation 7), where a is the
panel length. The distortion profile is represented as a single
sinusoidal half-wave along the stiffener length, with the
web distortion increasing linearly from the plate—stiffener
connection to its maximum value at the web height 4, as

given in Equation 6.

wo s (x, 2) = w's fo,s(x, 2) 5)
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Z . X
fos(x.2) = 7= sin (7) ©6)
wy™ = 0.0015a @)

The sinusoidal half-wave implies that the deflection pro-
file corresponds to simply-supported boundary conditions.
While this assumption may be appropriate in certain cases,
it does not represent all structural configurations. In some
situations, the boundary conditions more closely resemble
those of a clamped—clamped member. To define a distortion
profile for such cases, the space-dependent part of the free-
vibration solution of an Euler—Bernoulli beam, given in
Equation 8, is solved to obtain the formulation of the first
mode shape ¥(x).

o4 t 0% t
_ W(x,)+pA. wx, 1) _

EI
ox* s or2

0 (®)
2.2.2. Combined plate-to-support member distortion
Plate-to-support members, as part of a larger structural
assembly, can exhibit a characteristic distortion pattern
known as a column-type of initial deflection [22, 21]. This
distortion, illustrated in Figure 3, represents the combined
out-of-plane deformation of the support member and the at-
tached plating. It is typically modelled as a single sinusoidal
half-wave in both longitudinal and transverse directions.

Figure 3: Enter Caption

This column-type distortion, denoted as wy .(x, y), is
modelled using a maximum distortion magnitude and an
associated distortion profile, as defined in Equation 9.

wO,c(xv y) = wom’ixf(),c(xv y) (9)

The maximum distortion magnitude, womi"‘, is prescribed
by the ISSC, which provides the value given in Equation 10.
The corresponding distortion profile, f.(x, y), is given in

Equation 11.

wgﬁx =0.0015a (10)

foelx,y) = sin(%)sin(%) a1

When such column-type distortions occur in combi-
nation across a larger structural field, they result in what
from now on is referred to as a global plate distortion. As
with local distortions, global plate distortion can introduce
additional secondary bending stresses, providing motivation
for its inclusion in the present study.

2.2.3. Welded-joint geometries

The plate-to-support member geometries are typically
connected through butt, T, and cruciform joints. Within
these joint types, two common forms of misalignment are
identified: linear misalignment and angular misalignment.
Similar to initial out-of-plane plate distortions, both in-
duce secondary bending stresses under loading. Studies by
Mancini [29] and Lillemae [30] have shown that such im-
perfections increase local stress concentrations at the weld,
potentially reducing fatigue strength.

Imperfections related to weld geometry were investi-
gated by Bartsch [31], who applied 3D laser scanning to
quantify recurring weld imperfections and assess their in-
fluence on stress concentrations. The relevant imperfections
and misalignments include excessive convexity, undercut,
linear and angular misalignment, asymmetry of the fillet
weld, and incorrect weld toe geometry.

Imperfections and misalignments associated with joint
geometry, as well as deviations in the weld geometry itself,
are not included within the present scope.

2.3. Overview

In modelling, a distinction is made between geometric
parameters, global distortions, and local distortions. The
only geometric parameter included is the shell plate thick-
ness 7, due to its strong influence on stiffness and stress.
Out-of-plane plate distortions are represented by a global
profile w . (column-type deflection) and a local profile w,
(deflection between adjacent stiffeners), both of which can
induce secondary bending stresses under in-plane tensile
loading. In addition, stiffener sideways distortion wy is
included, as it can cause breathing effects in the web and
further raise stresses at potential HS locations. Imperfections
related to weld geometry, while known of influence [31], are
excluded from the current scope. An overview of the selected
imperfections are illustrated in Figure 4.

Figure 4: Overview of included distortions [24]
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3. Probabilistic Framework

Developing a probabilistic framework requires a system-
atic reformulation of conventional deterministic methodolo-
gies into probabilistic representations. For the distortions
under consideration, this involves translating their deter-
ministic magnitudes into probability distribution functions.
Ideally, such distributions are derived from high-fidelity
measurements, such as those obtained via 3D laser scanning,
capturing the actual as-built condition of structural com-
ponents. In the absence of such data, however, literature-
based measurements and fabrication tolerances specified
by classification societies and design codes offer a viable
alternative. The proposed framework therefore also facil-
itates a direct comparison between fatigue performance
based on prescribed tolerances and that of actual as-built
configurations.

3.1. Deterministic to Probabilistic

In the proposed framework the misalignments and im-
perfections are probabilistic by nature. As the actual dis-
tortion profiles might display local spatial variations, recent
studies [15, 32] utilized random field theory to closely
approximate uncertain initial distortions. A random field
based approach complements classical probability theory,
combining both methodologies allows to make the desired
translation of deterministic to probabilistic.

3.1.1. Random Field Based Modelling

Based on the data of Ueda and Yao [19], Georgiadis
[15] observed that regarding the local plate deflection the
HH mode is dominant, but that local variations are present.
The Stochastic Hungry-Horse (SHH) imperfection model
was developed to capture local plate distortions within
the HH mode, incorporating stochastic variations along
the effective plate length. In the SHH model, these local
variations are represented using the Spectral Representation
Method (SRM), rooted in random field theory. The model
has been validated for application in buckling analyses. To
the authors’ knowledge, however, the application of random
field theory in the context of fatigue strength assessment
remains largely unexplored.

The SHH model represents the deflection along the
effective length, w.x(x), as the sum of a deterministic mean
component w, and a zero-mean, homogeneous Gaussian
random field £(x), as shown in Equation 12 and illustrated
in Figure 5. Realisations of this random field are generated
using the SRM.

Wegg(X) = wy + f(x) (12)

The full analytical local plate distortion profile is defined
as:

Wopt

N-1
b FO@) = VEY Aycos(k,z+ 6L
n=0 - - wy + f(z)

1
I
I
i
|
Wo |- or==TSmmr oo mmor == oo oo oo oo 7—-*-:—:[/-\- ------ B e N
| - = |
! random field
. T

Figure 5: Stochastic Hungry Horse Model [26]
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Wopi(X, ¥) = 4 Wegr(x) sin <T>

sin < ”(’;Zeﬁ') )

The Spectral Representation Method

Using the SRM, random field f(x) is represented as a
summation of N cosine terms, i.e. as a series expansion,
with deterministic amplitudes and random phase angles. In
general, any random field can be decomposed into a deter-
ministic mean uy = E[X(x)] and a zero-mean component
F(x), such that f(x) = w.g(x) — px. A single realisation,
representing one possible outcome of the random field, is
generated using the series expansion given in Equation 14.

Wy

13)

N-1

@) =v2 Y A, cos@,x + ¢ (14)
n=0
A, = /2S(w,)Aw (15a)
w, = nAw (15b)
a)u
Aw = ~ (15¢)
Ay=0 or S(wy) =0 (15d)

The amplitudes A, are deterministic power spectral den-
sity dependent amplitudes and ¢,, are random phase angles
uniformly distributed in [0, 2x]. The cut-off frequency w,
defines the upper-limit of the active region of the power
spectral density function S(w). The cut-off frequency is
obtained using Equation 16 [15], where € represents the
fraction of ignored spectral density. It is typically denoted
by a very small number in the order of ®@ ~ 1072 to 1073,

/ ' S(@ydo = (1 - €) / S(w)dw
0 0

The power spectral density S(w) is associated with the
autocorrelation function R (7) proposed by Shinozuka and
Deodatis [33], which ensures both boundedness and sym-
metry, as defined in Equation 17. In this formulation, /,

(16)
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denotes the correlation length and = the lag, i.e. the relative
spatial distance between two positions [34]. The correlation
length represents the characteristic distance over which two
points in the field remain significantly correlated before their
statistical dependence becomes negligible.

12 (12 = 3|72
Rf(r) - GZM (17)

T2+ ey

The required spectral density formulation S(w) is ob-
tained by taking the Fourier transform of the autocorrela-
tion function in equation 17, also known as the Wiener-
Khintchine theorem. The resulting analytical formulation of
the spectral density is defined in Equation 18, where o
denotes the variance of the measured field.

2
[0}
-y

Sw) = -

Swz exp(—I.|w|) (18)

The length over which the SRM discretises the random
field corresponds to the effective length of the plate field,
a.;. Both the effective length and the correlation length
are expressed as functions of the aspect ratio, as defined in
Equations 19, 20, and 21 [19, 34].

agr = a — 2ay (19)
0208, if V2<a/b<6
le _Jo277. if V6 <a/b< /12 0)
a o311, if V12<a/b<+/20
0332, if V20<a/b<+/32
a/4 if V2<a/b<6
L _Jase it V6 <a/b< /12 o
0~ a/8 if \/ESa/b<\/%
a/10 if V20<a/b<+/32

Ideally, the correlation length is determined by min-
imising the root mean square error between the proposed
autocorrelation function in Equation 17 and a polynomial
fit of the spatial autocorrelation of the measured deflections,
as defined in Equation 22, where d denotes the measured de-
flections and u and o represent the first and second statistical
moments of the measured plate field, respectively.

) 1 &, —
Pa(0) = — > -

i=1

Xitr - M)
(22)

o

3.1.2. Random Variable-Based Modelling

For the remaining identified imperfections, namely plate
thickness, global plate distortion, and stiffener sideways
distortion, no measurement datasets are available to sub-
stantiate local spatial variations in their deflection profiles.
Therefore, a random variable based approach is adopted.

The analytical profile functions defined earlier describe
the shape of each imperfection along the element length.
Uncertainty is introduced by treating their maximum ampli-
tudes as normally distributed random variables:

Wi ~ N (. 0%)

wosX ~ N, 0%)

Woo(x.y) = W™ fo (x.y) =

w()’s(xa Z) = ngsxf(),s(x7 Z) d

Since steel plates are hot rolled, the plate thickness 7, is
assumed uniform across the plate:

I, ~ N(u, 0'2)

In the absence of comprehensive measurement data, the
normal distribution provides a mathematically convenient
and widely accepted first approximation for representing un-
certainty. If future measurements confirm local spatial vari-
ability for these imperfections, the present random variable
formulation can be extended to a random field representation
using the SRM.

This approach allows efficient uncertainty propagation
in numerical simulations and complements the random field
based models used for local imperfections, enabling a com-
prehensive probabilistic framework that represents the initial
distortions.

3.2. Bayesian Inference

A probabilistic approach requires large data sets. How-
ever, measurements of imperfections and misalignments in
maritime structures are scarce and may only become avail-
able over time. Once new observations are obtained, they can
be incorporated with prior knowledge to refine estimations.
This process follows the Bayesian Inference framework,
which systematically updates prior beliefs as new data
becomes available removing the uncertainty present in prior
beliefs.

When a new set of measured data points (x;, x, ..., X,,)
becomes available. The likelihood L of observing these data
points, given the hyper-parameter 0, is the joint probability
of the individual observations under the assumption of inde-
pendence. It is computed as the product of fy(x; | 6) evalu-
ated at all data points, as defined in equation 23 [35, 36].

This posterior distribution represents the updated knowl-
edge of @ after incorporating the new data, thereby reducing
the uncertainty in model parameters and improving the
accuracy of probabilistic fatigue assessment.

S. Kremer et al.
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£© =[] fxx10 (23)
i=1

The posterior function, denoted by f”/(9), of the hyper-
parameters is then obtained similarly to Bayes’ theorem
using equation 24, in which k is a normalizing constant.

I"(©0) = kL©O)f'(0) 24
+o0 -1
k = [ / £O) 6 dG] (25)

Bayesian inference is particularly valuable when only a
few high-fidelity measurements are available (e.g., 3D scan
data). It enables robust probabilistic modelling by continu-
ously refining distributions without requiring large datasets
from the outset.

Within the current framework, the input consists of prob-
ability distributions of imperfections and misalignments,
and the output consists of SCF distributions. The update is
therefore recommended to be applied to the input distribu-
tion functions to maintain causality between the increasingly
certain inputs and the resulting SCFs. This preserves the
physical link between fabrication variability and structural
response and ensures that the input distributions remain
applicable to different geometries and loading scenarios.

3.3. Halton Sequences

To evaluate the influence of misalignments and im-
perfections a substantial amount of combinations must be
simulated. A key challenge arises in the fact that the required
number of simulations increases exponentially with both the
number of misalignments as well as the discretization points
of each individual misalignment or imperfection.

To avoid full factorial sampling, Halton Sequences are
utilized to generate sample points that are uniformly dis-
tributed across a multidimensional space. Halton sequences
are deterministic low-discrepancy sequences where dimen-
sion is associated with a distinct prime number base, and
sample values are constructed using the radical inverse
function in that base. This structure ensures that points are
distributed more evenly than with purely random sampling
[37, 38].

Consider the first elements of a Halton sequence in base
2 and base 3. In base 2, the interval [0, 1] is divided into
halves, fourths, eighths, and so on. Similarly, in base 3, the
interval is divided into thirds, ninths, twenty-sevenths, and
so on. Figure 6 demonstrates the space-filling property of a
2D Halton sequence for N = 1000 samples.

Halton Sequence in 2D (N=1000)

. . . . . -
22 tetae e e N e, o
. ] ° L . .o . °

10

Dimension 2

s o . . P
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
Dimension 1

Figure 6: Halton Sequence in 2D

While Halton sequences provide good space-filling prop-
erties in low dimensions, they may perform less in higher
dimensions due to closely spaced prime bases. In higher
dimensions it is recommended to make use of the scrambled
Halton Sequence.

3.4. Framework Overview

The previously described methods are integrated into a
comprehensive probabilistic fatigue assessment framework,
as illustrated in Figure 7. The framework facilitates the
evaluation of geometric imperfections and misalignments on
the fatigue strength of (arc-)welded maritime structures, by
linking stochastic modelling techniques with finite element
analysis. The key steps of the framework are defined as
follows:

1. Definition of Distortion Profiles and PDFs
The relevant geometric imperfections and misalign-
ments are identified and analytically described. Each
imperfection is assigned a distortion profile based on
physical assumptions, validated models or measured
data. From statistical analysis the relevant statistical
moments and distributions are obtained.

2. Stochastic Sample Generation
A large number of statistically independent input
samples are generated. For imperfections modelled
via random fields, realizations are constructed using
the Spectral Representation Method. For scalar ran-
dom variables, values are sampled using a Halton
sequence, ensuring uniform coverage of the high-
dimensional parameter space. If measurement data
becomes available during or after this step, Bayesian
inference is applied to update the assumed distribu-
tions. This enables the framework to refine the input
space in light of new observations, ensuring that the
generated samples remain consistent with both prior

S. Kremer et al.
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knowledge and observed as-built variability.

3. Finite Element Model Assembly

A parametric finite element model of a representative
stiffened panel is assembled using PyMAPDL, which
enables efficient use of coded functions and loops
to systematically evaluate different combinations of
imperfections and misalignments. Sampled imperfec-
tions are embedded directly into the model geometry
by defining keypoint positions.

4. Application of Loads and Boundary Conditions
The structure is subjected to two distinct loading
cases: global hull girder bending (GHGB) and water
pressure (WP), with boundary conditions defined
according to the specific geometry.

5. Structural Stress Evaluation at Hot Spots
Nodal forces and moments from the finite element
model are used to extract HS structural stresses at
fatigue relevant details. Three assessment methods are
used:

e Type A: Extension of the virtual node method [39]

e Type B: Local notch-affected zone assessment
using an artificial plate thickness t;

e Type C: Structural stress evaluation along weld
paths based on Dong’s matrix formulation [40]

6. Post-Processing and Statistical Evaluation
SCFs are computed by normalizing local HS stresses
with respect to a reference stresses. The resulting
SCF distributions quantify the influence of geometric
uncertainty on fatigue critical stress response and can
be used to inform tolerance development and design
margins.

4. Benchmark Study

The proposed probabilistic framework, which models
initial distortions using a combination of random variables
and random fields, is theoretically applicable to any struc-
tural configuration. To evaluate its applicability, a bench-
mark case study is conducted in which all theoretical com-
ponents and procedural steps outlined in Figure 7 are inte-
grated.

4.1. Stiffened Panel Geometry

The benchmark case study is conducted on a classical
stiffened panel configuration. This configuration, compris-
ing two transverse frames and three longitudinal stiffeners,
is representative of a typical structural panel found in highly
loaded regions of the bottom hull amidships. The geometric
layout is shown in Figure 8, with key dimensions and pa-
rameters illustrated in Figure 9 and summarised in Table 1.
Symmetry conditions are present along all outer edges of this
panel.

1 Preparing model input

Self obtained

Establish probability distribution
measurements

functions of distortion amplitudes

2

Literature based

+ measurements

Establish distortion profile Class guidelines and

Societies
Y
2 Probabilistic Modelling methodology

Random Variable Classical Probability

approach Theory
+
Random Field < Spectral Representation
approach Method
+
Bayesian
Inference { ------------
Y *
3 Simulations
Probabilistic Stress
Distributions
Halton Sampling +
+ —_— Probabilistic SCF

Distributions

\nsys -
PyMAPDL

Probabilistic
Lifetime Estimate N

Figure 7: Overview of the proposed probabilistic framework

Figure 8: Stiffened Panel Configuration

The longitudinal stiffeners in the study are bulb (HP)
stiffener profiles, while the transversal frames are T-stiffener
profiles. The longitudinal bulb stiffeners are continuous over
the length, penetrating the transversal T-stiffeners with the
Non-Watertight connection detail illustrated in figure 10.

The selected stiffened panel geometry was chosen be-
cause it represents panels found in highly loaded hull re-
gions, where fatigue-critical connections frequently occur.
It includes the Non-Watertight (NWT) connection detail,

S. Kremer et al.
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X

Figure 9: Layout Stiffened Panel Configuration

Transversal
stiffeners

Table 1

Geometric and material properties of the assembly
Parameter  Description Value
Plate Properties

a Length of a bay 344 m
b Width of a bay 0.78 m
1, Plate thickness 0.011 m
Longitudinal Stiffener (HP 200x10)

Ry tong Web height 0.200 m
tlong Web thickness 0.010 m
b long Flange width (equivalent) 0.033 m
!/ long Flange thickness (equivalent) 0.020 m
Transversal Stiffener (T-profile)

Ry trans Web height 0.400 m
! iptrans Web thickness 0.010 m
b trans Flange width 0.150 m
1/ trans Flange thickness 0.012 m
NWT Cutout

r Radius Mouse Hole (MH) 0.044 m
ry Upper smaller radius 0.020 m
rs Upper larger radius 0.035 m
d Frame-bulb spacing 0.071 m
Fillet weld

I, Leg length 0.006 m

Material Properties (Steel)

E Young's modulus 210-10° N/m?
v Poisson’s ratio 0.3 []
p Density 7800 kg/m?

intersecting stiffeners, and plating, which together capture
the main features influencing the interaction between imper-
fections and stress concentrations. This makes it a realistic
and relevant case for evaluating the probabilistic framework.

r, r,

-

b/2

b

b r
-

b/2
- [

f——
d

Figure 10: Non-Watertight (NWT) cutout detail

Assumptions

The benchmark case study presented in this section are

based on the following assumptions:

(i) Welding is performed using the arc-welding method,
where the welding parameters including current, volt-
age, speed and heat input are constant

(i) The assumed welding sequence of the configuration is:
(a) Longitudinal bulbs are positioned on the plates at
their ideal positions
(b) Frames are positioned over the bulbs at their ideal
positions
(c) The bulbs and frames are temporarily connected
by tack welds
(d) The longitudinal bulbs are welded to the plates
(e) The transversal frames are welded to the plates
(f) At last, the NWT detail connections are arc-
welded
(iii) The twelve plate fields are modelled as as single plate
to avoid the presence of butt welds
(iv) Because the bulb-frame connections are tack welded,
clamped-clamped boundary conditions are assumed to
correspond to the initial stiffener sideways distortion
profile

(v) The longitudinal bulb stiffeners are modelled as an
angle bar stiffener with an equivalent flange width and
thickness so the moments of inertia match

(vi) Webs of distorted stiffener profiles remain ideally
straight over the web height

(vii) Flanges of distorted stiffener profiles remain perpen-

dicular to the stiffener web

(viii) As the assembly resembles a bigger configuration. The

transversal frames are assumed to be three times as
long. The sideways distortion of the frames is modelled
as the middle third part of a half sine wave

(ix) Residual stresses resulting from the welding process
are omitted

S. Kremer et al.
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4.2. Benchmark Study: Probabilistic
Representation

To define the necessary input for the simulation frame-
work, both the distortion profiles and the associated proba-
bility distribution functions are established. While the most
robust approach would involve high-fidelity measurements
of the entire structure, such as 3D laser scanning followed
by statistical analysis, the present benchmark case study is
based on a solid foundation of publicly available datasets
and fabrication tolerances provided by classification society
guidelines and standards.

Due to the lack of representative data, both global plate
distortions and plate thickness variations are excluded from
the present benchmark study. Nevertheless, these features
have been implemented in the FE simulation framework,
allowing for their inclusion in future analyses with minimal
additional effort.

4.2.1. Local Plate distortion

The SRM, as previously introduced, allows the genera-
tion of random fields with a prescribed correlation structure.
This is based on a specified spatial autocorrelation function
and the standard deviation of an observed field. In the present
study, input data are taken from experimental measurements
reported by Ueda and Yao [19]. These measurements, shown
in Figure 11, were obtained from six plate fields with di-
mensions 3440 x 780 x 11 mm, which are adopted in this
benchmark case study. Visible in Figure 11, the dominant
deformation profile corresponds to the HH mode, while
local variations are evident along the effective plate length,
substantiating the statement statement made before.

Initial deflection wo(x) — 3440x780x11

—— Panel 1
Panel 2

T

i
i
1
]

\ : —— Panel 3

' —— Panel 5

' Panel 6

! a0 & 2a0
'
\ 1
{ i
1
i
]
'
'
i
1
\
\

-1

|
N

-3

wo(x) [mm]

Figure 11: Profiles derived from the amplitudes presented by
Ueda and Yao [19]

Based on the measured deflection profiles and corre-
sponding spatial correlation, the SRM is employed to gen-
erate sample functions, e.g. realizations. As an illustration,
a total of N = 1000 realisations are produced. Statistical
comparison between the measured data and the realization of
the SRM confirms the robustness of the method. As shown in
Figure 12, the generated fields exhibit closely-matching first-
and second-order statistical moments, demonstrating that the
correlation structure and variance are accurately preserved.
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Figure 12: SRM realizations versus measurements

In the FE simulation framework, each simulation pre-
scribes twelve new SRM realizations to each plate individu-
ally, with each plate field treated as statistically independent.
The realizations are defined in PyMAPDL as splines using the
SHH formulation defined in equation 13.

4.2.2. Stiffener Sideways Distortion

In the absence of representative measurement data on
sideways distortions of continuous stiffeners, both longitu-
dinal and transverse, the tolerances specified in IACS No.
47 are adopted as the initial estimate for maximum distor-
tion amplitudes. Two ranges are defined: a Standard range,
which reflects the deviations expected to occur under normal
fabrication conditions, and a Limit range, which specifies the
maximum allowable deviation beyond the Standard range.

The prescribed Standard tolerance corresponds to +1 mm
per metre length of the structural member, and the Limit
tolerance to +2.5 mm. By assuming that the maximum
allowable distortions correspond to +2¢ of the respective
probability density functions, normal distributions can be
defined to represent the distortions. It should be noted that,
although the bulb stiffener is continuous over the full length,
distortions occur locally between adjacent frames, i.e., over
the length of a single bay. The resulting normal distribution
parameters for both longitudinal and transversal stiffener
distortions are summarised in Table 2.

Table 2

Normal distributions of f"* corresponding to the IACS

No. 47 Standard range

Stiffener profile Length  MN'(u,0?) [mm]
Longitudinal bulb stiffener a N(0,1.72%)
Transversal T-stiffener 9b N(0,3.51%)

Assuming the longitudinal bulb stiffeners are tack-welded
to the transversal frames prior to final welding, their distor-
tion shape is approximated using the mode shape derived
from clamped—clamped boundary conditions. The profile is
first normalised and subsequently scaled by the normally
distributed maximum amplitude:

S. Kremer et al.
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; P(x)

Y(x) = 26
) max | ¥(x)| (26)
wos. long(x) = wg}gﬁong@(x) - wOm,sﬁong ~ N(”S’ O-sz)

(27

For the transversal T-stiffeners, a simply-supported mode
shape is adopted where the central third of a half-sine wave
is modelled.

4.2.3. Halton Samples

The structural configuration includes 12 plate fields,
with distortions in the nine longitudinal stiffener segments
and two transverse frames represented by 11 independent,
normally distributed random variables. In each simulation,
plate field distortions are generated separately using the
SRM, while the Halton sequence samples the stiffener and
frame distortion amplitudes within bounds of +2 standard
deviations, covering approximately 95.4% of the probability
density. It was verified that the generated samples adequately
cover the intended sample space.

4.3. Finite Element Simulations

With the probability distributions and distortion profiles
established, the required input for the finite element simu-
lations was prepared. The benchmark study was conducted
for two loading conditions: (1) hydrostatic water pressure
(WP), and (2) global hull girder bending (GHGB), the latter
approximated by a membrane stress component. For both
load cases, five distinct simulation cases were analysed:

Idealised geometry without imperfections
Including local plate distortion only
Including longitudinal bulb distortion only
Including transversal frame distortion only
Including all imperfections simultaneously

M

This approach serves not only to evaluate the perfor-
mance of the simulation framework, but also to gain insight
into the individual contribution of each imperfection type on
the local structural stress response.

4.3.1. Loading- and Boundary Conditions

Figure 9 illustrates the stiffened panel assembly, which
applies symmetry boundary conditions on all four edges
to simulate continuity with the surrounding structure. The
boundary conditions are selected to realistically approximate
the structural response under both loading conditions.

Under water pressure loading, symmetry is enforced on
all edges, and vertical translation (u,) is restricted at the
bottom edges of the transverse frames. In the case of GHGB,
the same symmetry conditions are maintained; however,
an additional constraint is introduced in the longitudinal
direction (u,) on one side to prevent rigid-body motion
under axial tensile loading. The complete set of boundary
conditions for both load cases is summarised in Table 3.

Table 3
Boundary conditions for Water Pressure (WP) and
Global Hull Girder Bending (GHGB), corresponding to
Figure 9

Location Direction  Constraint
Water Pressure:

x=0, x=2a U, @, 0
Global Hull Girder Bending:

x=0 U, @, 0
Both Load Cases:

y=0,y=3b U, @, 0
x=2,y=0,2z=0 u, 0
x=%,y=0,z=0 u, 0
x=%,y=3h2z=0 u, 0
x=3,y=3bz=0 u, 0

Both loading cases are subjected to a unit load of
1 N/mm? (or 1 MPa), as the objective is to evaluate the
relative influence of geometric distortions on the stress dis-
tribution, rather than to assess in-service loading conditions.

In the WP load case, the pressure is applied as a surface
load on all elements located at the bottom face of the panel.
For the GHGB case, the load is implemented by applying
a nodal force through a master—slave node relationship at
the unconstrained longitudinal edge of the panel, ensuring a
uniform membrane stress field representative of a unit load
hull girder bending stress.

4.3.2. Fatigue Assessment

The NWT detail used in this study presents several
considerations relevant to fatigue assessment. The structural
behaviour of this detail is primarily governed by shear
stresses, as it facilitates the transfer of loads from the longi-
tudinal bulb stiffener to the transversal frames. Notably, the
absence of a collar plate implies that the load transfer occurs
entirely through the single side of the connection. A total of
four potential HS locations at the NWT detail are identified
where fatigue-critical stress concentrations may develop, as
illustrated in Figure 13:

i. The upper notch of the bulb-to-frame connection,
ii. The lower notch of the bulb-to-frame connection,
iii. The lower notch of the MH of the frame-to-plate con-
nection,
iv. The lower notch of the cutout of the frame-to-plate
connection.

Each simulation the PyMAPDL framework assesses all four
potential HS locations, as the governing location may shift
depending on the specific distortion combination introduced
in the model. Depending on the direction of the assumed
crack path two types of HS’s are assessed; type A and B.
Additionally, HS type C is assessed along the transverse
frame—plate connection at x = £ and x = 3 in Figure 9,
hereafter denoted as type Cgp, as well as at the NWT detail
along the weld between locations i and ii, hereafter denoted

S. Kremer et al.
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Figure 13: Four potential Hot Spot locations

as type Cywr-

Within displacement-based finite element formulations,
the most reliable results are typically the nodal displace-
ments and nodal forces, as equilibrium is explicitly satisfied
at nodal locations. Consequently, as shell elements are used
in this benchmark study, nodal forces are utilized to extract
structural stresses at the HS locations [39].

Structural Stress Extraction - HS Type A

The Hot Spot Type A assessment is based on the virtual
node method proposed by Dong [39], which redistributes
nodal forces into a line force acting over the plate thickness
of the connection plate, including the weld seam, denoted
as L. This redistribution is only valid if the element size is
sufficiently large. However, when modelling misalignments
and distortions, a fine mesh is required to accurately capture
geometric variations and to avoid triangulation in the regions
of interest. As a result, the original virtual node method
becomes inapplicable.

To address this limitation, the nodal forces acting over
L, are averaged and redistributed into an equivalent line
force f, as illustrated in Figure 14(a). The effective length
L, is defined in Equation 28, where ¢, denotes the thick-
ness of the connection plate. Both the equivalent line force
and the corresponding moment are obtained through this
averaging procedure. The structural stress components are
subsequently determined using Equation 29, where ¢, is the
thickness of the base plate, and f,, and m,, represent the nodal
forces and moments in the relevant directions. The structural
HS stress is evaluated on both sides of the connection plate.

t Y F,

Li==<+1, = u 28
f 6m

Com =71 O p=— (29)

Structural Stress Extraction — HS Type B
In a Hot Spot Type B assessment, illustrated in Figure
14(b), the membrane- and bending components o ,, and o

(a) HS Type A o, extraction

(b) HS Type B o, extraction

Figure 14: HS Structural stress ¢, extraction methods

are determined over an artificial plate thickness t:) , denoting
the notch-affected zone. The notch-affected zone is typically
taken as a fraction of the actual plate thickness, ranging from
0.17, to 0.2z, with a typical value of 20 mm.

Similar to a type A assessment, the nodal forces acting
over t; are redistributed into an equivalent line force after
which the membrane and bending components are obtained
using equations 30 and 31, where n denotes the relevant
direction.

£ F .
Cym = h’ fi= _mt (30)

t t

p p

t/2
6<ny,i *Xi = Ogm - %)
oyp = = (31)
p

Structural Stress Extraction — HS Type C

The HS Type C assessment follows the structural stress
recovery procedure proposed by Dong [39]. Structural stresses
along a weld line are obtained through interpolation of
nodal forces and moments using an element size dependent
interpolation matrix [L], which for an open weld path takes
the following matrix form:

[F]=[LI[f]
Y 0 0]
F /31 11J6r12 I . . /i
13 O O TR | EA B
_ 2 oty
1*'“3 =10 o 3 . 10 }T3
. . . n—1 :
: 6
Fn _0 O ln6—1 %_ fn

Solving this for both the nodal force vector [ F] and the
nodal moment vector [ M ], the membrane and bending stress
vectors are determined as:

=L m (33)

1
(o] = ~1/] o] =5
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Reference Stresses

As the SCFs denote the magnitude of the HS stress
with respect to the reference stress, the reference stresses
are required. The reference stress of the WP loading case
is determined using beam mechanics, and that of the GHGB
case is equal to the applied tensile stress of 1 N/mm?.

Mesh Convergence

As mentioned, a fine mesh is required to avoid trian-
gulation near HS locations. A mesh convergence study is
performed on the four previously mentioned HS locations.
lustratively, the mesh convergence of cutout 2 is shown
in table 4. In the final simulations, a mesh size of 0.003 is
used around the locations of the cutouts and of 0.006 in the
remaining areas.

Table 4

Mesh Convergence of Detail 2 of HS Type B under WP loading
HS Location 0.005 [m] 0.004 [m] 0.003 [m]
I -0.751 -0.710 -0.673

II 0.492 0.464 0.443

I 0.518 0.502 0.486

v 0.485 0.471 0.463

4.4. Results

Incorporating the structural stress extraction methods
within the PyMAPDL simulation framework results in 72 Type
A and B evaluations and 1562 Type C evaluations per
simulation and loading condition. This section presents the
governing HS results for the previously defined geometric
imperfection cases and loading scenarios. The tables pro-
vide the governing HS distributions with reference to the
locations specified in Section 4.3.2. Due to space limitations,
only the governing distributions are included here; the com-
plete set of results is available upon request.

4.5. Effect of Local Plate Distortions

The first simulation set isolates the influence of local
plate distortions as described by the SHH, excluding other
imperfection types and global misalignments. This is the
only simulation set directly based on measurement data.
SCFs of the governing HS for both loading conditions,
together with the SCF of the idealised geometry, are sum-
marised in Table 5.

In all cases, the presence of local plate distortion leads
to deviations in SCF values. Under WP loading, a reduction
in mean SCF is observed at all assessed locations relative to
the idealised geometry. In contrast, all HS type C locations
under GHGB show a relative increase in SCF, whereas HS
type A and B locations exhibit both modest increases and
reductions. Results and corresponding SCF distributions for
the governing HSs under WP and GHGB loading are shown
in Figures 15 and 16.

Table 5
SCFs of the governing Hot Spot due to w,, only

HS  Detail Location N (Uscrps 2 p) SCFideal

Water Pressure

A 1 IV: b

B 1 1AY

Cywr 6 z~ 0.1 [m]

Cep - x = %, y = 0.28 [m]

Global Hull Girder Bending
A 1 IV: b

N'(1.30,0.0612) 2.24
N(0.52,0.027%) 0.93
N'(0.98,0.0582) —0.49
N(1.63,0.074%) 2.84

N'(0.29,0.011%) 0.37

B 6 I N(0.11,0.018%) 0.07
Cawr 2 z~ 0.1 [m] N'(1.30,0.023%) 0.90
Cep - x =12, y~230 [m] N(1.92,0.105%) 1.03
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Figure 15: Governing SCF distribution for local WP and wy,,
only

— [ Data (N=100)
: —— Normal fit
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w
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N

Figure 16: Governing SCF distribution for GHGB and wy,, only

4.5.1. SCF Reduction in WP loading

Ideally straight plates primarily resist WP loading through
bending. The introduction of initial out-of-plane distortions
in the SHH profile alters the load transfer mechanism by
redistributing part of the applied load into in-plane mem-
brane stresses. Since the bending stiffness of a plate scales
cubically with plate thickness (~ Etf}), whereas the mem-
brane stiffness scales linearly (~ Etp), in-plane membrane
strain requires more energy in thin plates, providing a stiffer
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response than pure bending. The distorted panels modelled
using the SHH therefore exhibit a higher effective stiffness
under WP loading than the idealised geometry.

To verify this effect, a dedicated FE simulation was
performed on a single plate field with same dimensions as
in the benchmark study and clamped—clamped boundary
conditions along all edges. In this simulation the distortion
amplitude was gradually increased from zero (ideal plate) to
a full realization of the SHH plate field. Figure 17 presents
the mid-plate deflection along the span for each imperfec-
tion amplitude. The results show that increasing distortion
amplitude reduces the overall deflection, demonstrating that
the panel response is more stiff than the idealized plate
under WP loading. This mechanism contributes directly to
the observed reduction in mean SCF.

————— 0.0-wop
0.1-wopr
— 0.2 wop

— 0.3 wop
— 0.4-woy
— 0.5:wop

0.6 wop
— 0.7 wopl

0.8 wopr
—— 0.9-woy
— 1.0-wop

® e SHH realization

15 2 25 30 35
Position along plate [m]

Figure 17: Mid plate deflection for increasing SHH distortion

Examining the stress contributions of the governing type
Cpp HS in Figure 18 shows that the bending stress com-
ponent in the imperfect geometry is significantly reduced
relative to the idealised case, while the membrane stress
component becomes more tensile. These observations are
consistent with the previously stated explanation.
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Figure 18: Membrane-, bending- and structural stress compo-
nents of governing HS Type Cgp in WP loading

4.5.2. SCF increase in GHGB loading
When subjected to GHGB loading, tensile in-plane
membrane stresses cause a straightening effect on initially

out-of-plane distorted plates, inducing secondary bending
moments that elevate local stress levels and increase SCF
values. This mechanism is supported by the stress decom-
position at the governing type Cgp HS, as illustrated in
Figure 19. In the idealised geometry, the structural stress
is dominated by the membrane component. In contrast, for
imperfect geometries the observed increase in total structural
stress arises predominantly from an increase in the bending
stress component, leading to an SCF almost twice as high,
aligning with physical expectations.

o_sm (u=1.002, 0=0.009, N=100)
— = o_sm perfect = 1.023

0_sb (1=0.917, 0=0.106, N=100)

o_sb perfect = 0.009
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— = o_sperfect = 1.031
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Figure 19: Membrane-, bending- and structural stress compo-
nents of governing HS Type Cgp in GHGB loading

4.6. Effect of Longitudinal Bulb Distortion

The second simulation set isolates the influence of
longitudinal bulb stiffener distortions, modelled using the
first mode shape for clamped—clamped boundary conditions.
Distortion amplitudes were sampled from normal distri-
butions corresponding to the Standard range defined in
IACS No. 47. Across both WP and GHGB loading, the
results showed only minor deviations from the SCFs of
the idealised geometry, indicating that under the present
assumptions these distortions exert negligible influence on
the local stress response. To further explore modelling
sensitivity, additional simulations were carried out with
amplitudes corresponding to the Limit range of IACS No.
47 to assess the effect of distortion magnitude, and with
simply supported shapes to evaluate the role of boundary
conditions.

The simply supported and clamped—clamped mode shapes
produced comparable results in GHGB, with mean SCFs
remaining close to the idealised values. Both shapes, how-
ever, showed noticeable variability at HS Type C of the
NWT details, suggesting that the influence of bulb stiffener
distortions is governed primarily by distortion magnitude
rather than by the assumed mode shape.

The resulting SCFs for the governing HSs under both
loading conditions for the clamped—clamped case, together
with those of the idealised geometry, are presented in Ta-
ble 6. For consistency with the adopted assumptions, and
since SCF variability was similar across both distortion
shapes and loading conditions, the clamped—clamped shape
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with amplitudes corresponding to the Limit range is applied
in the remainder of the study.

Table 6
Results of the governing Hot Spot for

long

05 only

HS Detail Location SCFidea!

N(ﬂscp’ Gécl,‘)

Water Pressure

A 4 IV: b N'(2.24,0.000%) 2.24
B 1 v N'(0.93,0.000%) 0.93
Cawr 4 z~0.15m N(1.97,0.031%) 1.97
Cep x=% ymLl[m] N(1.2500022) 2.84
Global Hull Girder Bending

A 6 IV: b N'(0.37,0.004%) 0.37
B 3 11 N'(0.08,0.001%) 0.08
Cowr 3 z~0.15m N(1.52,0.149%) 1.52
Cep - x = g, y~0.20 [m] WN(1.02,0.003%) 1.02

The imperfect scenarios show negligible influence at
HS Types A and B, which are attributed to the assumed
boundary conditions. In the present model, longitudinal
stiffener distortions are represented by clamped—clamped
mode shapes, while bulb—frame intersections are assumed
to remain ideally straight. As a result, the shear transfer path
at these intersections is unaffected, even when longitudinal
stiffeners are distorted. HS type Cpp is likewise unaffected,
as the imperfections are located elsewhere. In contrast, HS
type Cywr displays variability caused by secondary bending
effects in the GHGB load case.

The governing HS in GHGB loading is a Type Cywr
located near the top of the bulb—frame connection, as shown
in Figure 20. The corresponding stress decomposition in
Figure 21 shows that SCF variability originates from the
bending component, confirming that variability is driven by
secondary bending effects associated with the straightening
of longitudinal stiffeners under GHGB loading.
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Figure 20: Governing SCF distribution for GHGB (l)‘_’:g only
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Figure 21: Membrane-, bending- and structural stress compo-
nents HS Type Cywr

4.7. Effect of Transversal Frame Distortion

The third series of simulations considers only the distor-
tions of the transverse frame stiffeners, represented by the
central third of a half sine wave. SCFs at the governing HS
locations under both loading conditions are summarised in
Table 7, alongside the corresponding SCFs for the idealised
geometry.

Table 7
Results of the governing Hot Spot for f;*" only

HS  Detail Location Nuscp,0%.,) SCF

Water Pressure

A 4 IV: b N(2.24,0.003%) 2.24
B 4 v N(0.93,0.000%) 0.93
Cuwr 1 z#~0.15m N'(2.30,0.503%) 2.91
Cep - x= % y~1.5[m] MN(1.64,0.012%) 1.64
Global Hull Girder Bending

A 4 IV: b N(0.37,0.000%) 0.37
B 3 I N(0.08,0.000%) 0.08
Cuwr © z~ 0.05 m MN(1.58,0.234%) 1.61
Cep - X = %, y~02[m] N(1.02,0.000%) 1.02

In the GHGB load case, the limited influence of trans-
verse frame distortions on HS Types A and B is, similar
to longitudinal stiffener distortions, primarily attributed to
the assumed boundary conditions. In the present model,
the u, displacement is constrained at the lower outer edges
of the frames. Relocating this constraint further away may
increase the contribution of frame distortions, particularly
for WP loading where the distortion direction aligns more
closely with the applied load. In contrast, under GHGB
loading the primary load direction is not aligned with the
distortion direction, and no significant secondary bending is
introduced, resulting in negligible SCF variation at these HS
locations.

The type Cywrt HSs exhibit significant variability in
both loading cases, with SCFs spanning tensile and com-
pressive values. The results reported in Table 7 correspond
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to the tensile SCFs. Figure 22 illustrates this behaviour for
WP loading, together with normal fits through the tensile
and compressive results. No consistent relation is observed
between distortion direction and the sign of SCF in the
GHGB loading scenario. In WP loading, however, a clear
trend emerges: distortions in the positive x-direction corre-
spond to tensile SCFs, while distortions in the negative x-
direction correspond to compressive SCFs, when assessing
the governing HSs of type C at the negative x-side of the
frame—plate and frame—bulb connections.

161 All data (N=47)

= All values p=1.283, 0=3.683
[ Positive data (N=28)

—— Positive fit u=4.295, 0=0.503
[ Negative data (N=19)

== Negative fit y=-3.157, 0=0.304
== Idealised SCF = 2.907
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Figure 22: Normal distributions of tensile and compressive SCF
values corresponding to f;*"* of HS type Cyyt

Additionally, although the influence on HS Types A and
B is negligible at the governing locations, HS Type A at
location I of the NWT details exhibits slight increases under
WP loading. At this location (in reference to Figure 13),
the distortion is considerably larger than at other NWT
locations, which alters the shear load path and results in
modest increases in SCFs as shown in Figure 23.

104 [ Data (N=47)
—— Normal fit
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Figure 23: Increase of HS type A at location I corresponding
to f&;ans

4.8. Effect of All Distortions
In the final simulation series, all previously defined geo-
metric imperfections were applied simultaneously, including

local plate distortions, longitudinal bulb distortions, and
transverse frame distortions. Amplitude combinations were
generated using Halton sequences to ensure uniform cover-
age of the input space and subsequently implemented in the
finite element model. The resulting SCFs of the governing
HSs for both loading conditions, together with those of the
idealised geometry, are summarised in Table 8.

Table 8
Results of the governing Hot Spot for all distortions

HS  Detail Location N(uscp,02ep) SCF

Water Pressure

A 1 IV: b

B 1 v

Cawr 6 z~0.15m

Cep - x = %, y~ 0.3 [m]

Global Hull Girder Bending
A 4 IvV: b

N(1.30,0.057%) 2.24
N(0.52,0.025%) 0.93
N(1.86,0.209%) 3.74
N(1.65,0.074%) 2.84

N(0.29,0.012%) 0.37

B 4 I N(0.11,0.0422) 0.07
Cawr 5 2~ 0.05 [m] N'(1.57,0.088) 1.61
Cep - x=12y~230 [m] AN(1.92,0.113) 1.03

For WP loading, SCFs were consistently lower than
those of the idealised configuration across all governing
HSs. This trend mirrors the case with only local plate
distortions, where mean SCFs decreased due to increased
plate stiffness in distorted SHH realisations. At the type
Cnwt HSs, however, the response is dominated by frame
distortions, producing both tensile and compressive SCFs.

Under GHGB loading, the SCF response was more
varied: some HSs showed reductions, while others exhibited
increases relative to the idealised geometry. The type A and
B HSs at the NWT detail remain largely unaffecte while
the increases of the type Cgp HS are primarily caused by
secondary bending effects induced by local plate distor-
tions, and were observed at all assessed type Cgp locations.
Transversal frame distortion dominates the type Cgp SCF
distributions, while longitudinal bulb distortion contributes
to the variability., where longitudinal bulb distortion con-
tribute to the variability. The results are consistent with
those obtained when only transversal frame distortions were
modelled, in that both compressive and tensile SCFs occur.
Table 8 reports only the tensile SCFs.

Although all presented results are based on static anal-
yses, complementary nonlinear simulations revealed non-
negligible deviations in SCF values, including both increases
and decreases in stress levels. The associated standard devi-
ations remained of similar magnitude, indicating that non-
linear analysis is recommended for accurate SCF prediction,
particularly since secondary bending is inherently nonlinear,
whereas static analysis is sufficient for quantifying SCF
variability. d
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4.9. Comparison with Guidelines and Standards
The framework enables a direct comparison of the dis-
tortion magnitudes and resulting SCFs from the benchmark
studies with relevant fabrication tolerances and safety factors
prescribed by classification society guidelines. This provides
opportunities to assess whether guidelines adequately reflect
unknown variability of imperfections in the design phase.

The assumed maximum distortion magnitudes of longi-
tudinal stiffener sideways distortions adopt the Limit values
from IACS No. 47, whereas transverse stiffener sideways
distortions use the Standard values. For local plate distor-
tions, the maximum amplitude is derived from the profiles
of Ueda and Yao [19], with a mean value of 4.3 mm that
slightly exceeds the IACS No. 47 limit of 4.0 mm and lies
between the specified Standard and Limit ranges.

Existing fatigue assessment guidelines provide only lim-
ited coverage of the imperfections considered in this work,
which are primarily welding-induced distortions. DNV [§]
specifies additional safety factors only for plate butt welds,
cruciform joints, and the gross geometry of the NWT detail,
prescribing a value of 1.14 for the latter. BV [9] applies the
same value for the same detail. No safety factors are provided
for the specific imperfections modelled in the benchmark
studies, and secondary bending effects are not addressed.
As emphasised by Lillemie [23], secondary bending should
be incorporated in design guidelines, consistent with the
present findings.

4.10. Bayesian Inference

To evaluate the performance of Bayesian inference
within the proposed framework, posterior distributions were
constructed for local plate distortion, as well as for the
longitudinal and transverse stiffener distortions.

To establish the prior distribution for local plate distor-
tion, measurement data from Panel 4 in [19] was excluded.
This withheld panel was subsequently treated as newly ob-
served data to update the prior and obtain the corresponding
posterior distribution.

For the longitudinal and transverse stiffener distortions,
the initial prior distributions were derived from the Limit
tolerances specified in IACS No. 47. These priors were
then updated using distortion measurements obtained via 3D
laser scanning in [21]. However, the measured stiffeners in
that study differ from those in the current configuration: the
longitudinal stiffeners are discontinuous T-profiles, and the
transverse stiffeners are approximately three times shorter.
As a result, the new data used for updating may not be fully
representative of the geometry analysed in this study.

Figure 24 illustrates the the Bayesian updating process
for local plate distortion. The resulting prior and posterior
distributions for all three imperfection types are summarised
in Table 9.

Bayesian Update wqp including panel 4

=== Prior N(—4.32,0.45)
1754 Likelihood (scaled)
—— Posterior N(-3.03, 0.04)

Density / Relative Likelihood

Deflection [mm]

Figure 24: Bayesian update on local plate distortion including
panel 4 [19]

Table 9
Prior and posterior distributions

Distortion Prior [mm] Posterior [mm]

Wop N(4.32,0.67%) N(3.03,0.212%)
o N(0.00,4.30%) N (=0.10,0.03%)

wtrens N(0.00,3.51%) N'(=0.10,0.07%)

0s

Using the posterior distributions, new imperfection
fields are generated via the SRM and using an updated
Halton sequence, and subsequently employed as input for
the updated simulation framework.

Results

SCFs of the governing HSs for both loading conditions,
alongside the SCF values for the idealised geometry, are
summarised in Table 10. Figures 25 and 26 illustrate the cor-
responding governing SCF distributions based on prior and
posterior imperfection inputs for WP and GHGB loading,
respectively.

Table 10
Results of the governing Hot Spot for all imperfections

HS  Detail Location N (scrs 03ep) §CFideal

Water Pressure

A 1 IV: b

B 1 v

Cywr 6 z~0.15m

Cep - x = %, y~ 0.3 [m]

Global Hull Girder Bending
A 4 IV:»b

N'(2.07,0.0482) 2.24
N(0.84,0.022) 0.92
N(2.08,0.067%) —1.79
N'(2.57,0.0552) 2.84

N(0.31,0.0042) 0.37

B 1 I N(0.09,0.006%) 0.07
Coawr 2 z~0.05m N(1.37,0.021%) 1.01
Cep - x=12y~230 [m] N(1.67,0.029%) 1.03

Similar to the prior distributions, the type Cywr HSs
show significant variability in the posterior distributions
for both loading cases, with SCFs ranging from tensile
to compressive values. The results reported in Table 10
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correspond to the tensile SCFs.

Under WP loading, the posterior SCF distribution shifts
closer to the idealised SCF value. This is primarily due
to the updated local plate distortion distribution displaying
both a lower mean and reduced variance, thereby reducing
the extent of SCF reduction observed earlier. Furthermore,
the posterior distributions for both the longitudinal and
transversal stiffener distortions show variances approaching
zero, minimising their respective influence.

8 I Prior p=1.652, 0=0.074 (N=37) —
[0 Posterior p=2.565, 6=0.055 (N=33)

== Idealised = 2.835
| \
6

Probability Density

&
|
|

1.6 18 2.0 2.2 2.4 2.6 2.8
SCF[-]

Figure 25: Prior and posterior distributions of governing SCF
distribution for WP loading

A similar trend is observed under GHGB loading. The
secondary bending effects introduced by the prior distribu-
tions are less pronounced in the posterior case, resulting
in a reduced contribution to SCF magnitude and variation.
Nevertheless, their combined presence still leads to an in-
crease in the posterior mean SCF compared to the idealised
configuration of the HSs type C.

14 | =3, Posterior p=1.668, 0=0.029 (N=33)

B Prior p=1.921, 0=0.113 (N=51)
= =/ Idealised = 1.031 N

= =
o N
L L

Probability Density
o

o

l 11

10 12 14 16 18 2.0 2.2
SCFI[-]

Figure 26: Prior and posterior distributions of governing SCF
distribution for GHGB loading

5. Conclusions and Outlook

The probabilistic modelling framework developed in this
study distinguishes between different types of geometric
imperfections by treating some as random variables, such
as stiffener distortions, global plate distortions, and plate
thickness, and others as spatially varying random fields, such
as local plate distortions. By combining these two repre-
sentations, the framework effectively captures the inherent
randomness of imperfections, even in the absence of an
extensive measurement database.

A benchmark finite element study was conducted on a
representative stiffened panel typical of bottom shell plat-
ing in ship structures, including realistic Non-Watertight
(NWT) penetration details. Stochastic imperfections were
implemented in PyMAPDL using SHELL181 elements, and their
effects were assessed both individually and in combination.
Local plate distortions were found to reduce HS stresses
under WP loading due to increased stiffness associated with
the SHH profile, while GHGB amplified stresses as a result
of straightening effects.

Longitudinal stiffener distortions, when isolated, showed
limited influence when amplitudes were based on the Stan-
dard range of IACS No. 47. However, amplitudes from the
Limit range produced significant variability in SCFs while
leaving the mean value unaffected. Similar results were
obtained for distortion shapes corresponding to clamped-
clamped and simply-supported boundary conditions, indi-
cating that the effect of longitudinal bulb stiffener distortions
is governed primarily by magnitude rather than distortion
shape.

Transversal stiffener distortions, represented by the cen-
tral third of a sinusoidal half-wave, had a pronounced effect
on HSs Type C at the bulb—frame connection. In both loading
scenarios these distortions resulted in tensile as well as
compressive SCF values at different locations. In GHGB no
consistent trend was identified between distortion direction
and SCF sign. In WP loading a clear relation was observed,
where positive distortion directions corresponded to tensile
SCFs and negative distortion directions corresponded to
compressive SCFs in the local coordinate system of the
benchmark study.

When all imperfections were applied simultaneously,
SCFs consistently decreased in WP loading, dominated by
the effect of local plate distortions, while GHGB produced
both decreases, and increases due to secondary bending.
These findings demonstrate that imperfections do not neces-
sarily degrade fatigue performance and may, in some cases,
reduce local stresses.

The present results are based on static analyses. Com-
plementary nonlinear simulations indicated that mean SCFs
increased while variability remained of similar magnitude.
This suggests that nonlinear analysis is recommended for
accurate SCF prediction, whereas static analysis is sufficient
for quantifying SCF variability.
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The findings highlight a gap in current fatigue assess-
ment guidelines, such as DNV [8] and BV [9], which do not
provide safety factors for welding-induced distortions and
fail to account for secondary bending effects. This suggests
that current standards may underestimate the influence of as-
built distortions on fatigue-critical stresses. More broadly,
existing standards focus primarily on gross misalignments
and geometric deviations, while overlooking local plate
distortions and stiffener sideways distortions that introduce
SCF variability not currently addressed. In particular, gov-
erning HS Type C results revealed significantly elevated
SCFs due to secondary bending, an effect absent from
current guidelines but, as also recognised by Lillemie [23],
essential to include.

The developed framework combines physical modelling
with efficient uncertainty quantification, using Halton se-
quences to sample the high-dimensional imperfection space
without the computational cost of full factorial approaches.
It is the first to integrate SRM-based local imperfections,
quasi-random Halton sampling, and Bayesian inference
for (arc-)welded maritime structures within the context of
fatigue assessment. The inclusion of Bayesian updating
enables systematic incorporation of fabrication data, such
as 3D laser scans, allowing for yard- or process-specific
fatigue assessments and supporting a shift toward data-
driven fatigue resistance evaluation. The findings demon-
strate the value of a stochastic approach that captures the
inherent variability in fabrication and assembly processes.
They also show that deterministic models based on idealised
geometries, as assumed in current design guidelines, can ei-
ther overpredict or underpredict fatigue-critical HS stresses
depending on the loading conditions and imperfections
present.

Several recommendations arise from this work. First, to
validate the adopted distortion profiles and statistically char-
acterise distortion magnitudes, a benchmark investigation
on a real structure using three-dimensional laser scanning
should be carried out to provide direct validation of the
simulation results. In the present benchmark study, stiffener
sideways distortions and local plate distortions were treated
as statistically independent. It is, however, expected that
stiffener distortion amplitudes and adjacent plate fields fol-
low joint probability density functions. Once a sufficiently
large measurement database becomes available, such joint
distributions can be established and applied as input, en-
abling the results to more accurately reflect as-built statisti-
cal behaviour. Furthermore, if representative measurement
data are obtained that capture local spatial variability in
distortion profiles, these should be incorporated using a
random field theory-based approach. This is particularly rel-
evant for imperfections associated with weld geometry and
stiffener profiles, where local spatial variation is expected to
significantly influence the local structural stress response.

To improve accuracy of hot spot stress assessments,
welding residual stresses should be included through thermo-
mechanical analyses. The input variables of this thermo-
mechanical analyses should be treated in a probabilistic man-
ner to remain consistent with the probabilistic context of this
work. Accuracy should be further improved by modelling
the weld with inclined shells or applying a substructure
approach in which local solid models simulate imperfections
related to weld geometry. This substructure approach could
complement the current Hot Spot Structural Stress method
by the Averaged Effective Notch Stress Concept to better
account for size effects and geometric details at HS locations.

Another recommendation is to improve the represen-
tation of boundary conditions. In the benchmark study,
the u, displacement was constrained only at the bottom
of the frames. Future simulations should constrain the u,
displacement along the full web height, as shear transfer
occurs over the entire height rather than at a single point.

The probabilistic framework should be extended to in-
clude further imperfections such as linear misalignments,
weld geometry irregularities, and distortions in stiffener
webs and flanges. A dedicated sensitivity study is recom-
mended to establish technically justified acceptance limits
for fabrication tolerances given in ISO 5817 and TACS No.
47. This study should examine the influence of varying
boundary conditions and measured distortion profiles on
fatigue performance, using the same cutout details but with
different dimensions of the associated plate fields and asso-
ciated stiffener profiles.
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