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Abstract. Wind turbine rotor blades are exposed to complex multiaxial stress states due to the aero-(hydro-)servo-elastic

behaviour of the turbine. The dynamic response of
::::
wind

::::::
turbine

:
rotor blades can result in

:::::::::
multi-axial,

:
non-proportional

stress histories in the adhesive joints. These are not properly considered in current design guidelines and standards. However,

knowledge about the degree
:
In

::::
this

:::::
paper,

::::
the

::::::
concept

:
of non-proportionality is crucial for choosing an appropriate fatigue

analysis framework.5

This paper investigates the
:::::
factors

::
is

:::::::
utilized

::
for

:::
the

::::::::::::
quantification

::
of

:::
the degree of non-proportionalityof three-dimensional

stress histories in trailing edge adhesive joints of wind turbine rotor blades. For the quantification of non-proportionality,

the concept of so-called non-proportionality factors is utilized. Existing approaches show weaknesses for the application to

adhesives. Hence, a novel non-proportionality factor is introduced in this work that combines two formulations from literature.

After a concise verification, it is applied to analyze the
:
.
::
A
:::::

novel
:::::::::::

formulation
::
is

::::::::
proposed

::::
and

:::::::
verified,

::::::::
followed

:::
by

:::
its10

:::::::::
application

::
to

:::
the

:::::::
analysis

:::
of trailing edge adhesive joints of three different blade designs in the framework of a numerical

comparative study
:::
with

:::::::
varying

:::::
blade

::::
size.

::::
Two

::::::
simple

::::::
fatigue

:::::::
analysis

::::::::
concepts,

::::
one

:::::
based

::
on

::::::
global

:::::::::
equivalent

::::::
stresses

::::
and

::
the

:::::
other

::
on

:::
the

::::::
search

:::
for

:
a
::::::
critical

:::::
plane,

:::
are

::::::::
evaluated

::::
with

::::::
respect

::
to

::::
their

::::::
ability

::
to

::::::
account

:::
for

::::::::::
multi-axial,

::::::::::::::
non-proportional

::::
stress

::::
time

::::::
series.

The results do not reveal any correlation between
:
A

::::
clear

::::::::::
correlation

::
of the degree of non-proportionality and

::::
with the blade15

size . General conclusions are hard to draw
:::
was

:::
not

:::::
found, as the blade response does not only depend on the turbine size, but

also on the blade design philosophy. Each blade
:
A

::::::::::
remarkable

:::::
degree

::
of
:::::::::::::::::
non-proportionality

:::
was

::::::::
observed

:::
for

::
all

:::::
three

::::::
blades.

:::
The

::::::
fatigue

:::::::
damage

::::::
criteria

:::::::::
employed in this study shows significant degrees of non-proportionality that may be important to

take into account in a fatigue analysis
:::::::
revealed

:::
that

:::
the

::::::
critical

:::::
plane

::::::::
approach

:::
can

::::
deal

::::
with

::::::::::::::
non-proportional

:::::::::
multi-axial

:::::
stress

::::
time

:::::
series

:::
and

::::::::
therefore

:
is
:::::
more

::::::
precise

:::::
when

::::::::::::::::
non-proportionality

::
is

::::::::
involved.

:::
The

::::::
global

:::::::::
equivalent

:::::
stress

:::::::
approach

::::::
seems

::
to20

::::::
provide

:::::::::::
conservative

::::::::::
predictions.

::::::::
However,

::::
there

:::
are

:::::::::::
implications

::::
from

::::::::
literature

:::
that

::::::
global

:::::::::
equivalent

:::::
stress

:::::::::
approaches

::::
can

::::
result

:::
in

::::::::::::::
non-conservative

::::::::
estimates

:::::
under

:::::::
specific

::::::::::::
circumstances,

::
so

::::
that

::::::
further

:::::::
research

::::::::
including

:::::::::
validation

::
of

::::::::::
appropriate

::::::
models

::
is

::::::::
necessary

:::
for

::::
final

::::::::::
conclusions.
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1 Introduction

During a wind turbine’s lifetime, rotor blades and their adhesive joints are subjected to multiaxial
:::::::::
multi-axial

:
stress states.25

According to current design guidelines for wind turbine rotor blades (e.g., DNV GL, 2015), fatigue analyses of adhesive joints

have to take into account these multiaxial stress states
::::
these

::::
into

:::::::
account. However, these regulations lack of clear descriptions

of associated analysis procedures. Picking up research challenges formulated by van Kuik et al. (2016); van Kuik and Peinke

(2016); Veers et al. (2019, 2023), the question arises if failure of adhesive joints exposed to multiaxial
:::::::::
multi-axial

:
fatigue loads

can be well predicted. A thorough understanding of the nature of stress states in the adhesives throughout their lifetime is30

inevitable for choosing (or developing) an appropriate fatigue analysis framework and for designing validation test methods.

1.1
::::::

Fatigue
:::::::
analysis

::::::::
concepts

Fatigue analyses may be based on global stress-strength relationships (Beltrami, 1885; von Mises, 1913; Schleicher, 1926; Drucker and Prager, 1952; Stassi-D’Alia, 1967; Raghava et al., 1973; Christensen, 2004)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Rankine, 1857; Beltrami, 1885; von Mises, 1913; Schleicher, 1926; Drucker and Prager, 1952; Stassi-D’Alia, 1967; Raghava et al., 1973; Christensen, 2004)

. Some of these have already been applied to rotor blade adhesives (Noever Castelos and Balzani, 2016a; Antoniou et al., 2018;35

Eder et al., 2020) and take into account the coupling between different three-dimensional stress components. They translate the

stress tensor to the scalar-valued global equivalent stress, which is easy to handle in a cycle counting scheme such as rainflow

counting (Endo et al., 1974; Downing and Socie, 1982; Rychlik, 1987; Lee and Tjhung, 2012). However, the transition from

an engineering stress space to an equivalent stress space must thoroughly consider potential tension-compression asymmetries,

which are present in epoxy-based adhesives (Wentingmann et al., 2022). Moreover, the method is only valid for proportional40

stress histories (Kuhn et al., 2023). In this case, the major principal stress direction is not changing with time, but the amplitude

may vary (Stephens et al., 2001).

The loads acting on rotor blades are strongly dynamic (Söker, 2013; Liu et al., 2017) and non-linear (Manolas et al., 2015;

Noever Castelos and Balzani, 2016b). E.g., lead-lag bending (also known as edgewise bending), which
::::::::
Edgewise

:::::::
bending is

governed by the rotor blades’ inertia ,
:::
and

:
is mostly deterministic and harmonic

:
, with an excitation frequency of the rotor45

rotation speed and multiples thereof. On the other hand, fore-aft bending(also called flapwise bending) is triggered
:::::::
Flapwise

:::::::
bending,

::::::::
however,

:
is
::::::
caused

:
by aerodynamic forces. These ,

::::::
which are more stochastic in the time domain , due to the turbulent

wind inflow (White and Musial, 2004). Speaking more clearly, the
:::
The

:
normal stress in spanwise direction is

::::::
usually dominant

in trailing edge adhesive joints, and is mainly caused by lead-lag
:::::::
edgewise

:
bending (Noever Castelos and Balzani, 2016a). The

fore-aft
::::::
flapwise

:
bending contributes to the normal stress to a minor extent due to a smaller offset from the related principal50

bending axis (Bak et al., 2013), but is, besides torsion, predominantly responsible for shear stresses in the trailing edge adhesive

joint. Since the lead-lag and the fore-aft loads are generally not in phase
::::::::
edgewise

:::
and

:::
the

::::::::
flapwise

::::
loads

:::::::::
generally

::::::
exhibit

:
a
:::::
phase

::::
shift, the share of each stress component in the three-dimensional stress tensor will change in

:::::::
changes

::::
over

:
time.

Consequently, the orientations of the principal stresses change as well, which, by definition (e. g., Socie and Marquis, 2000),

results in non-proportional stress time series. These cannot be captured by global equivalent stress approaches (Fatemi and55

Shamsaei, 2011; Kuhn et al., 2023).

2



A physically more meaningful way is to apply the critical plane approach (Socie and Marquis, 2000; de Castro and Meg-

giolaro, 2016; Deng et al., 2022, 2023). Therein, the damage calculation is restricted to the plane on which a physical crack

will appear, which is called the critical plane. Such concepts evaluate local equivalent stress functions that are formulated on

the critical plane and take into account the normal stress perpendicular and the two shear stresses (or the resulting shear stress)60

parallel to such plane. However, the orientation of the critical plane may change with
::::
over time, which is linked to the orien-

tation change of the first principal stress (Anes et al., 2014). It is thus not known a priori in non-proportional stress histories

and needs to be a result of the fatigue analysis. A computationally efficient method for the determination of the critical plane

orientation was proposed by Wentingmann et al. (2018).

It may be obvious to believe that the use of global equivalent stresses for non-proportional time series is conservative, as65

damage is accumulated on all effective planes. The result should therefore be significantly greater damage than with the critical

plane approach, where the damage is only accumulated on the actual critical plane. However, it has been experimentally

proven for an epoxy resin-based rotor blade adhesive at coupon level that neutral material behaviour occurs (Kuhn et al., 2023)

. This means that the fatigue life does not depend on the degree of non-proportionality (Sonsino, 2020). This behaviour can

be reproduced with the critical-plane approach, but not with the global approach. On the contrary, it could be shown that70

the fatigue damage in the case of the global equivalent stress approach is not higher for increasing non-proportionality, but

significantly lower (Kuhn et al., 2023). In this respect, the global approach not only incorrectly predicted the basic fatigue

behaviour (i. e., it did not capture the neutral behaviour), but also significantly overestimated the fatigue life. The prediction

was therefore substantially non-conservative.

Consequently, the choice of an appropriate fatigue analysis concept depends on the degree of non-proportionality. It is thus75

important to gain deep knowledge of the characteristics of stress histories in rotor blade adhesive joints.

1.2 Quantification of non-proportionality

To quantify the degree of non-proportionality in the stress histories, so-called non-proportionality factors denoted by fNP

are commonly used. These are scalar-valued magnitudes with values between 0 (for purely proportional stress histories) and

1 (for purely non-proportional stress histories). Socie and Marquis (2000) presented a selection of approaches to calculate a80

non-proportionality factor. They have in common that each time instance in a stress time series is plotted in the stress domain.

The conglomeration of all these points forms a body in the six-dimensional stress space if the whole stress tensor is considered,

and reduces to less dimensions if stress components are neglected.

One approach is to consider the non-proportionality factor as the aspect ratio of a minimum size convex surface surrounding

this body. This convex surface is an ellipsis in the two-dimensional case. The concept is visualised
::::::::
visualized

:
for three different85

artificial 2D cases in Figure 1, where the shear stress τxy is combined with the normal stress σx. The convex hull method is easy

to apply in the 2D stress space. However, it becomes more complicated with increasing dimension, as one needs to consider

ellipsoids in the 3D stress space or hyper-ellipsoids in the general case (Zouain et al., 2006). Besides, the non-physical and

rather geometric nature of this method is linked with a loss of information on the cyclicity of the stress time series due to the
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(a) (b) (c)

Figure 1. Minimum size convex hull surrounding the body spanned by the stress states in each time instance of a stress time series in the

two-dimensional case (reproduced from Socie and Marquis (2000)): (a) proportional stress time series with fNP = b
a
= 0 (expressed by a

straight line, i. e., b= 0); (b) stress time series with 90◦ phase shift and fNP = b
a
= 1 (expressed by a circle, i. e., a= b); (c) arbitrary time

series with 0< fNP < 1, as b < a.

generalizing hull, and can lead to poor predictions of fNP depending on the load path complexity (Meggiolaro and de Castro,90

2012).

Kanazawa et al. (1979) presented a different approach estimating fNP by means of a rotation factor, which is defined by the

inverse of the ratio between the maximum shear strain range and the shear strain with an orientation of 45◦ to the maximum

shear strain range. This factor represents the ellipticity of the load path in the bi-axial τxy-σx stress space and depends on

both the phase angle and the amplitude (Socie and Marquis, 2000). Following a similar idea, Itoh et al. (1995) evaluated the95

temporal integral of the product of the largest principal strain in each time instance (denoted by ε1) and the angular deviation

between ε1 and its time-related maximum in the time series. This approach, originally introduced for 2D load paths, was later

extended to a 3D representation (Itoh et al., 2013), but is not applicable for the general six-dimensional case.

Bishop (2000) introduced an analogy to mass moments of inertia. Using Mandel notation, the state of stress for each time

instance was mapped as a point in the six-dimensional stress space. The rectangular moment of inertia (RMOI) matrix of the100

accumulation of these points for a complete time series was calculated with respect to the mean stress. The non-proportionality

factor was then defined by the square root of the ratio between the largest and second-to-largest eigenvalue of the RMOI matrix.

Meggiolaro et al. (2016) concluded the following drawbacks of this approach: (i) The Bishop non-proportionality factor is

formulated in the stress space instead of a more appropriate plastic strain space; (ii) the 6D formulation implicitly assumes an

influence of the hydrostatic pressure, which is wrong for materials with pressure-insensitive yield functions; (iii) the rectangular105

moments of inertia are calculated with respect to a mean, which produces errors for certain load paths; (iv) the Bishop non-

proportionality factor gives wrong results for tension-torsion load paths, where it describes a circle in a σii versus
√
2σjk

diagram, with j ̸= k, and not for the well-known 90◦ phase shift with a circle in the σii versus
√
3τjk diagram. Meggiolaro
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and de Castro (2014) represented the stresses in a 5D deviatoric subspace and calculated the RMOI matrix of the resulting

5D stress path independently of a mean. In this way, the aforementioned drawbacks were eliminated. This approach showed110

good agreement with experimental results for metals (Meggiolaro and de Castro, 2014). However, polymers are sensitive

to the hydrostatic pressure (Adams, 2005; Amos Gilat et al., 2005; Hu et al., 2003; Beber et al., 2017). A combination of the

approaches from (Bishop, 2000; Meggiolaro and de Castro, 2014) is thus proposed in this work to adapt the non-proportionality

factor to a polymeric adhesive.

1.3 Fatigue in trailing edges of wind turbine rotor blades115

A variety of damage types is observed in rotor blades in operational settings (Katsaprakakis et al., 2021; Boopathi et al., 2022).

The following ones are found to occur predominantly on trailing edges: Longitudinal cracks along the adhesive joint and

transverse cracks within the adhesive and the surrounding laminate structures (Ataya and Ahmed, 2013).

The longitudinal cracks can manifest as a cohesive crack through the adhesive or as a detachment of the adhesive from

the substrates. In some cases, these phenomena may occur as a combination of both possibilities. Such cracks are caused, for120

instance, by peel stresses in the adhesive resulting from a pumping motion of the trailing edge panels (Eder et al., 2014), which

is associated with the warping of cross-sections in the cross-sectional plane and is also called blade breathing (Balzani and

Gebauer, 2023). To characterise
:::::::::
characterize

:
the peel strength and toughness, tests were conducted at the coupon or small-

scale structural level (Eder and Bitsche, 2015; Fan et al., 2024). Rosemeier et al. (2020) put forth a pragmatic methodology

for evaluating peel stresses in rotor blade adhesive joints. In addition to blade breathing, geometrically non-linear undulating125

deformations of the trailing edge associated with the transition to buckling may occur in a region around the maximum chord

length. Such deformation can also result in the formation of longitudinal cracks in the trailing edge adhesive joint due to a

mixture of shear and peel stresses. This type of damage was observed in full-scale blade tests and could be reproduced in

numerical simulations (Haselbach and Branner, 2015; Haselbach et al., 2016; Haselbach and Branner, 2016; Haselbach, 2017).

Subsequently, a series of sub-component tests were conducted, in which trailing edge segments were subjected to eccentric130

axial compression, which was representative for trailing edges in a blade, in order to induce buckling (Lahuerta et al., 2018;

Chen et al., 2019a, b; Wang et al., 2021; Wu et al., 2023). The tests revealed that, as a consequence of the trailing edge

buckling, debonding in the adhesive joint and subsequent cracks in the trailing edge panels occurred, mostly on the suction

side and particularly in the sandwich core. Numerical simulations using the finite element method could represent the damage

behaviour
::::::
behavior

:
observed during most of the tests (Lahuerta et al., 2018; Chen et al., 2019a, b). Ashish et al. (2023) have135

proposed an analytical method to describe debonding of a trailing edge adhesive joint under simplifying assumptions, which

is useful for quick assessments without detailed finite element simulations. However, all the aforementioned studies on sub-

component level were limited to static loads.

Transverse cracks were observed in operating wind turbines (Ataya and Ahmed, 2013) and in full-scale rotor blade tests

(Rosemeier et al., 2022b). In terms of fatigue, the majority of analysis was conducted numerically (Rosemeier et al., 2019a, b).140

It can be concluded that these cracks are a consequence of the predominant occurrence of cyclic longitudinal strains in the

trailing edge, which results in the generation of high longitudinal normal stresses in the adhesive. These stresses exceed the
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fatigue-related load-carrying capacity of the adhesive over time. However, it should be noted that thermal residual stresses can

also exert a significant influence on the formation of cracks. It has been demonstrated that the exclusion of thermal residual

stresses can result in an underestimation of fatigue damage by up to 30-40% (Antoniou et al., 2020). It was reasonably deduced145

that the thermal residual stresses are responsible for the majority of the mean stress, while the mechanical loads resulting

from turbine operation are responsible for the majority of the stress amplitudes (Rosemeier et al., 2022b). Furthermore, it was

highlighted that in exceptional circumstances, thermal residual stresses can result in the formation of transverse cracks even

during the manufacturing process (Rosemeier et al., 2022a). In the aforementioned publications, however, the thermal resid-

ual stresses were calculated under simplifying assumptions. Relaxation for instance, which has the potential to significantly150

reduce the thermal residual stresses, necessitates intricate characterisation and has yet to be addressed. Furthermore, it is not

possible to determine thermal residual stresses directly through experimentation; instead, they must be recalculated based on

the diversions of deformation measurements. This was demonstrated in coupon experiments (Jørgensen et al., 2019). However,

the corresponding deformations of a rotor blade trailing edge are likely to be very small and therefore challenging to measure,

which complicates the validation of thermal residual stresses in a full-scale rotor blade structure.155

The investigations into the occurrence of transverse cracks, as previously referenced, were conducted utilising global equiv-

alent stresses in order to account for the interactions between stress components. As previously stated, these methods do not

sufficiently address non-proportionality in the stress time series. The topic of non-proportional fatigue in wind turbine rotor

blades has been explored by several researchers (Vassilopoulos, 2013; Hu et al., 2016; Rubiella et al., 2018; Hu et al., 2020).

However, the subject has not been extensively investigated yet. The aforementioned publications are limited in scope, focusing160

exclusively on non-proportional fatigue in the composite laminate components of wind turbine blades and neglecting fatigue

damage in adhesive joints. There is very little literature that specifically investigates non-proportional fatigue in trailing edge

adhesive joints (Balzani, 2018; Wentingmann, 2018). However, a comprehensive analysis of the non-proportionality charac-

teristics in the adhesive joint was not conducted. To the best of the authors’ knowledge, there is no existing publication that

studies the degree of non-proportionality in the stress time series of a trailing edge adhesive joint.165

1.4 Research objective
:::::::::
objectives

The objective of this study is to address the aforementioned gap in knowledge. The underlying hypothesis is that a significant

amount of non-proportionality can occur in stress time series of trailing edge adhesive joints. The aim is not to study the fatigue

damage itself, but to
::
to thoroughly analyze the stress time series that serve as the basis for calculating the fatigue damage in

adhesive joints and to derive an equivalent value for their lifespan. This fundamental knowledge is crucial for choosing an170

appropriate fatigue analysis framework during the design of wind turbine rotor blades.
:::::::
Another

:::
aim

:::
of

:::
this

:::::
paper

::
is

::
an

::::::
initial

:::::::::
comparison

:::
of

:::
the

:::::::::
qualitative

::::::::
difference

:::
in

::::::
fatigue

:::::::
damage

::::::::
estimates

:::::
based

:::
on

:::::
either

:
a
::::::

global
:::::::::
equivalent

::::::
stress-

::
or

::
a

::::::
critical

::::::::::
plane-based

:::::::
concept. The overall methodology employed in this study is outlined in the following section.

2 Methodology
::::::::
Methods
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The aim of this work is to study the degree of non-proportionality in fatigue-related stress time series in trailing edge adhesive175

joints of wind turbine rotor blades. The fatigue analysis itself or the choice of a fatigue analysis framework based on the
:
In

::::
this

::::::
section,

:::
the

::::::::
methods

::::
used

::
in

::::
this

:::::
paper

:::
are

::::::::
described.

:::
In

:::
the

::::::::
following

:::::::::::
subsections,

:::
the

::::::
overall

:::::::::::
methodology

::
is

:::::::::::
summarized,

::
the

::::::::::::
mathematical

::::::::::
formulation

::
of

::
a non-proportionality analysis are not subject of this paper and will be addressed in future

work
:::::
factor

:::::::
suitable

:::
for

::::::::::
epoxy-based

:::::::::
adhesives

::
is

:::::::
derived,

:::
the

::::::::::
application

::::::::
examples

:::
are

::::::::
outlined,

:::
and

:::
the

:::::::
overall

::::::
strategy

:::
in

::::
finite

:::::::
element

::::::::
modeling

::
of

:::
the

::::::
blades

:::::
under

::::::::::
investigation

:::
are

:::::::::
presented.180

2.1
:::::::::::

Methodology

For the quantification of the degree of non-proportionality in the adhesive, the concept of non-proportionality factors is em-

ployed. The mathematical formulation of the approach used in this study is derived in section 2.1. A novel non-proportionality

factor is proposed that combines two existing formulations. The main benefit is that the new formulation accounts for the

dependency of the fatigue behavior of an epoxy-based adhesive on the hydrostatic stress state. The new non-proportionality185

factor is verified using numerical examples from literature.

Application examples are then selected in section 2.1 for which the analyses are carried out. Three blades are considered:

(i) the 86 m DTU 10 MW Reference Wind Turbine Blade (Bak et al., 2013), (ii) the 80 m IWES IWT-7.5-164 Reference Wind

Turbine Blade (Popko et al., 2018) from the Smart Blades project (Teßmer et al., 2016), and (iii) the 20 m Demonstration Blade

(Bätge, 2016) from the SmartBlades2 project (called SB2-DemoBlade in the following). The latter
:
,
:::
two

::
of

:::::
which

::::
have

::
a
::::::
similar190

::::
size,

:::
and

:::
the

:::::
third

:
is
:::::::::::

considerably
:::::::
smaller.

::::
The

::::::
smaller

:
blade has a pre-sweep in the rotor area for introducing a geometrical

bend-twist coupling. The sweep is supposed to introduce a higher portion of shear stresses in the adhesive due to torsion and

thus a higher degree of non-proportionality. The blades were selected because the first two are similar in size and the third is

significantly smaller. In this way we can
:
,
:::::::
offering

:::
the

:::::::::
possibility

::
to

:
compare different blade sizes while taking into account

different
:::
and

:
design philosophies.195

The methodology for the calculation of non-proportionality factors consists of three steps: (i) Determination of loads through

turbine simulations, (ii) calculation of 3D stress tensors in the adhesive, and (iii) evaluation of the degree of non-proportionality

by means of the non-proportionality factor. The loads analyses are limited to the normal operation design load case
:::::
power

:::::::::
production

:::::
(DLC

::::
1.2)

:::::::::
according

::
to

:::
the

::::
IEC

::::::::
standard

::::::::
61400-1

:::::::::::::::::::::::::::::::::::::::::
(International Electrotechnical Commission, 2019). The ex-

tracted blade loads, which are internal forces and moments according to beam theory, are transformed to 3D stress time series200

in the adhesive, as these are the required input for the non-proportionality factor. The transfer was done via 3D finite element

simulations of each blade and application of external loads according to a methodology that has been published previously
::
is

::::::::
described

::
in (Noever Castelos and Balzani, 2016b). The stress time series are used to calculate the non-proportionality factor

in each finite element
::
the

:::::
finite

:::::::
elements

:
representing the adhesive at different wind speeds.

The distribution of the non-proportionality factor along the blade is then investigated as a function of the wind speed.205

An attempt is made to correlate the degree of non-proportionality with the stress time series in elements representing the

adhesive. The distribution of the non-proportionality factor in the cross-sectional direction are
:
is
:

also discussed, and a wind

velocity-weighted
::::::::::::
speed-weighted

:
mean non-proportionality factor is introduced for comparison between the different blades.
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::
To

:::::
study

:::
the

::::::
impact

:::
of

:::
the

::::::
choice

::
of

::::
the

::::::
general

::::::
fatigue

::::::::
analysis

:::::::
concepts

:::::::::
described

::
in

::::::
section

::::
1.1

::
on

::::
the

::::::
fatigue

:::::::
damage

:::::::
estimate,

::::
one

:::::::::::
representative

::
of

::::
each

:::::::
concept

::
is

:::::::
chosen,

:::
and

:
a
::::::
fatigue

:::::::
damage

:::::::
analysis

::
is

::::::::
executed.

:::
The

::::::
results

::
of

::::
both

::::::::
concepts210

::
are

:::::::::
compared

::
by

::::::::
analysing

:::
the

:::::::::
difference

::
in

::::::
fatigue

:::::::
damage

::
in

::::::
relation

:::
to

::
the

::::::
degree

::
of

:::::::::::::::::
non-proportionality.

An attempt to derive conclusions from the comparisons is made at the end of the paper.

3 Mathematical formulation of the non-proportionality factor

2.1
:::::::::::

Mathematical
:::::::::::
formulation

::
of

:::
the

::::::::::::::::::
non-proportionality

:::::
factor

For the quantification of non-proportionality we follow the concept of a scalar-valued non-proportionality factor fNP as out-215

lined in the introduction. We start the derivation of a mathematical formulation with the concept of Bishop (2000), who intro-

duced an analogy to mass moments of inertia. Mandel notation is used to replace the symmetric stress tensor, whose metric is

expressed by a 3× 3 matrix, with a six-dimensional vector σM ∈ R6 according to

σ3×3 =


σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 ⇒ σM =
(
σ11,σ22,σ33,

√
2σ12,

√
2σ13,

√
2σ23

)T
. (1)

The state of stress for a given time instance can be mapped as a point in the six-dimensional stress space. The collection of these220

points for a complete stress time series, i. e., the accumulation of such points for all time instances along a time series, results in

a six-dimensional body, which is referred to as stress body in the following. The rectangular moment of inertia (RMOI) matrix

of the stress body is denoted by I ∈ R6 and is calculated using the expression

I =

∮
Σ

(σM −σ)(σM −σ)T |dσ| . (2)

Herein, the RMOI matrix is calculated with respect to the mean stress σ, which is determined by the relationship225

σ =
1

L

∮
Σ

σM |dσM | , with L=

∮
Σ

|dσ| . (3)

Provided that |dσ| represents the Euclidean distance between two time steps, L reflects the complete Euclidean arc length of

the stress path Σ that connects all points of the stress body in chronological order. Calculation of the n eigenvalues λi of the

RMOI matrix I and sorting them in decreasing order, i. e., λ1 > λ2 > ... > λn, yields the non-proportionality factor defined

by230

fNP =

√
λ2

λ1
, (4)

see Bishop (2000). A reformulation was introduced by Meggiolaro and de Castro (2014), in which the stresses are represented

in a 5D deviatoric subspace given by

σdev = (S1,S2,S3,S4,S5)
T , (5)235
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where

S1 = σ11 −
σ22 +σ33

2
, S2 =

√
3
σ22 −σ33

2
, S3 =

√
3τ12 , S4 =

√
3τ13 , and S5 =

√
3τ23 . (6)

In contrast to equation (2), the RMOI matrix I ∈R5 of the 5D stress path Σ is calculated independently of a mean and is given

by the expression

I =
1

L

∮
Σ

σdev σ
T
dev |dσ| . (7)240

The non-proportionality factor fNP is then calculated according to equation (4). This reformulation overcomes some general

deficiencies of Bishop’s formulation identified by Meggiolaro et al. (2016): It represents the plastic strain space, disregards the

hydrostatic component, the RMOI matrix is independent of a mean, and a circle in the σ versus
√
3τ diagram is recognized as

such. It thus shows good agreement with experimental results for metals (Meggiolaro and de Castro, 2014). However, polymers,

such as epoxy-based adhesives considered in this study, are sensitive with respect to the hydrostatic pressure (Adams, 2005;245

Amos Gilat et al., 2005; Hu et al., 2003; Beber et al., 2017). That is accounted for in equation (2), but not in equation (7).

However, the RMOI matrix should not be related to a mean, because that produces errors for certain load paths. We thus

redefine

I ∈ R6 =

∮
Σ

σM σT
M |dσM | . (8)

In the latter expression, we combine the advantages of equation (2) and equation (7) by omitting the mean stress σ and250

including the full stress tensor in Mandel notation in order to account for the hydrostatic pressure. Hence, the problem that a

90◦ phase shift path is not represented by a circle in the σ versus
√
3τ diagram still exists. However, we assume linear elastic

material behavior of the adhesive when transforming load time series into stress time series as described in (Noever Castelos

and Balzani, 2016b). A plastic strain path representation is thus not necessary. The non-proportionality factor fNP is still

computed following equation (4).255

In order to compare the three approaches described above, 20 different synthetic stress paths are evaluated, see Figure 2.

The choice of these paths is discussed in Itoh et al. (1995) and Meggiolaro and de Castro (2014). The characteristics of the

underlying stress histories and the corresponding test case numbers are summarized in Table 1. The first 15 paths were taken

from Itoh et al. (1995) and consider general factors like different or rotating principal stress directions, full reversed loadings

or step length influences. From Meggiolaro and de Castro (2014), 5 additional critical paths were extracted, addressing e. g. a260

90◦ phase shift or the influence of the mean stress.

Table 2 shows computational results of the fNP test cases for the approaches according to Bishop (2000) and Meggiolaro and

de Castro (2014) as well as the formulation proposed in this paper. These show that the derived method behaves in exactly the

same way as the approach from Bishop (2000) for all load paths which are symmetric to the origin. Similar to Meggiolaro and

de Castro (2014), it correctly predicts a nearly proportional stress path for test case 16 of fNP = 0.054, where the formulation265

of Bishop (2000) recognises
::::::::
recognizes

:
an ellipsis in the Mandel notation around a mean value and computes the same value as

9



Case 1 Case 2 Case 3 Case 4 Case 5

Case 6 Case 7 Case 8 Case 9 Case 10

Case 11 Case 12 Case 13 Case 14 Case 15

Case 16 Case 17 Case 18 Case 19 Case 20
Figure 2. Load history test cases used for comparison of the non-proportionality factor approaches, extracted and reproduced from Itoh et al.

(1995) and Meggiolaro and de Castro (2014).

for test case 15 (fNP = 0.858). This difference becomes also clear for the random loading centered in the origin (test case 20)

compared to test case 19, where an offset was introduced. Test case 18 provokes the same problem for Bishop’s approach

(Bishop, 2000) considering the mean value but with the result that equation (2) only leads to one non-zero eigenvalue and

10



Table 1. Stress history characteristics of the applied 20 test cases. Test cases are taken from Itoh et al. (1995) and Meggiolaro and de Castro

(2014) and are plotted in Figure 2.

Characteristics of stress histories Test case number

Proportional loading 1,6

Only two principal stress directions 1-6

Full reversed loading 2-5

Rotating principal stress direction 2,6,9-15,17

Step length 6-10

90◦ phase shift 15

Small principal stress direction variation 7,16

45◦ principal stress direction variation 18

Mean value influence 9,10,16,18,19

Random path 19,20

thus to fNP = 0, which represents proportional loading. However, this path is characterized by a 45◦ variation of the principal270

stress direction. For this stress path the method proposed in this work yields fNP = 0.555, reflecting a similar value as the

approach of Meggiolaro and de Castro (2014). In general, the non-proportionality factor proposed in this paper computes the

same values for stress paths without mean values as Bishop’s approach (Bishop, 2000) and tends to results of the formulation of

Meggiolaro and de Castro (2014) for non-zero mean values. However, there is still some discrepancy to Meggiolaro’s approach

(Meggiolaro and de Castro, 2014) due to the different representation of the stress space.275

Comparison of the non-proportionality factors computed for the stress histories shown in Figure 2 according to Bishop (2000)

, Meggiolaro and de Castro (2014), and the approach proposed in this paper. 10.0000.0000.00020.7381.0000.73830.7381.0000.73840.8161.0000.81650.8161.0000.81660.0000.0000.00070.1210.1230.12180.2310.2300.23190.4781.0000.859100.4781.0000.859110.8591.0000.859120.4180.4300.418130.8171.0000.817140.8171.0000.817150.8581.0000.858160.8580.0550.054170.4080.5020.408180.0000.5770.555190.5180.2310.195200.5180.6540.518

3 Application examples

2.1
:::::::::

Application
:::::::::
examples

The analysis of non-proportionality in fatigue stress histories for adhesive joints in wind turbine rotor blades is crucial for the280

understanding of the physical nature of fatigue damage and therefore for the choice of a reasonable method for the fatigue

damage calculation. Therefore, three
:::::
Three different blades were analysed in order

:::
with

:::
the

::::
aim to avoid blade-specific con-

clusionsobtained from the study.

Two rotor blades
:
.
:::
Two

:::
of

::::
these

:
were chosen to compare similar-sized blades, one

:
;
:::
one

:::
has

::
a

:::::
length

::
of

:::
86

::
m

:::
and

::
is

:::::::
adapted

from the DTU 10 MW reference turbine (Bak et al., 2013)with a length of 86 m, and the other one ,
:::
the

:::::
other

::
is

::
80

:::
m

::::
long285

:::
and

::
is

:::::
taken

:
from the IWES IWT-7.5-164 reference turbine (Popko et al., 2018)with a length of 80 m. Additionally,

:
.
::::
The

::::
third

:::::
blade

:::::
under

:::::::::::
consideration

::
is
:
the 20 m long demonstrator blade (Bätge, 2016) from the SmartBlades2 project (Tessmer

et al., 2021), which is called SB2-DemoBlade in the following, is used .
::::

The
:::::
latter

::::
was

::::::
chosen to broaden the investigations
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Table 2.
:::::::::
Comparison

::
of

:::
the

::::::::::::::
non-proportionality

::::::
factors

::::::::
computed

::
for

:::
the

:::::
stress

::::::
histories

::::::
shown

::
in

:::::
Figure

::
2

:::::::
according

::
to
:::::::::::

Bishop (2000)
:
,

::::::::::::::::::::::::
Meggiolaro and de Castro (2014),

:::
and

:::
the

:::::::
approach

:::::::
proposed

::
in

:::
this

:::::
paper.

Test case Bishop (2000) Meggiolaro and de Castro (2014) Proposed formulation

:
1

::::
0.000

::::
0.000

::::
0.000

:
2

::::
0.738

::::
1.000

::::
0.738

:
3

::::
0.738

::::
1.000

::::
0.738

:
4

::::
0.816

::::
1.000

::::
0.816

:
5

::::
0.816

::::
1.000

::::
0.816

:
6

::::
0.000

::::
0.000

::::
0.000

:
7

::::
0.121

::::
0.123

::::
0.121

:
8

::::
0.231

::::
0.230

::::
0.231

:
9

::::
0.478

::::
1.000

::::
0.859

::
10

::::
0.478

::::
1.000

::::
0.859

::
11

::::
0.859

::::
1.000

::::
0.859

::
12

::::
0.418

::::
0.430

::::
0.418

::
13

::::
0.817

::::
1.000

::::
0.817

::
14

::::
0.817

::::
1.000

::::
0.817

::
15

::::
0.858

::::
1.000

::::
0.858

::
16

::::
0.858

::::
0.055

::::
0.054

::
17

::::
0.408

::::
0.502

::::
0.408

::
18

::::
0.000

::::
0.577

::::
0.555

::
19

::::
0.518

::::
0.231

::::
0.195

::
20

::::
0.518

::::
0.654

::::
0.518

to different blade sizes. The latter blade has
:
It
:::::::

exhibits
:
a pre-sweep in the rotor area towards the trailing edge,

:
resulting in a

geometric bend-twist coupling, i. e., the thrust forces result in torsion introducing shear stresses in the trailing edge adhesive.290

Finite element (FE) models of the selected blades were generated with the in-house tool MoCA (Model Creation and Anal-

ysis tool). The modeling strategy was validated in detail using the SB2-DemoBlade (Noever Castelos et al., 2022). Mesh

convergence studies were carried out with respect to static deflections, natural frequencies, mode shapes, blade mass, and lo-

cation of the center of gravity for all blades to ensure converged and reliable solutions. Figure 3 shows coarse versions of the

blade meshes (the used FE meshes were too fine for visualization) of all three blades, highlighting the size differences. Ansys295

was used as the FE solver. The post-processing, i. e. the calculation and analysis of non-proportionality factors, was executed

using own routines in Matlab.

All composite components of the blades were represented by 4-noded
:
4
:::::
node shell elements. The trailing edge adhesive

joints were modelled with 8-noded
:::::::
modeled

::::
with

::
8

::::
node

:
solid elements, see the detail view in Figure 4 exemplarily for the

IWES IWT-7.5-164 blade. Since the transitions from the root sections to the thin aerodynamic airfoils were different for the300
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Figure 3. Finite element models of the three investigated rotor blades : a) DTU 10 MW (Bak et al., 2013), b) IWES IWT-7.5-164 (Popko

et al., 2018), c) SB2-DemoBlade (Bätge, 2016)

three blades (including the design of the trailing edge adhesive joints), the analyses were limited to the outboard regions of

the blades at normalized radii of 0.45< r/R < 0.9, where r is the local radius and R is the rotor radius. Note that the radii

are measured from the blade root, i.e., the hub radius is neglected. The FE meshes were further refined
::::::
locally

::::::
refined

::
at

:::
the

::::::
trailing

:::::
edges in the analysis regions in order to obtain better stress resolutions and stress convergence (local mesh refinement

which is not displayed in the FE mesh images).
::::::
Figures

:::::
3-4).

::::
Note

::::
that

:::
we

::::::::
excluded

:::
the

::::::::
outermost

::::
row

:::
of

:::::::
elements

:::
in

:::
the305

:::::::::
calculation

::
of

::::::::::::::::
non-proportionality

:::::::
factors

::
or

::::::
fatigue

::::::::
damages.

:::
In

:::
this

::::
way

:::
we

:::::::
ensured

::::
not

::
to

:::::::
consider

:::::
stress

:::::::::::::
concentrations

::::
close

::
to

::::::::::
singularities

:::::::::
associated

::::
with

:::::::::
geometric

::::::
corners

::
or

:::::::
discrete

:::::
jumps

:::
of

:::::::
material

:::::::::
properties.

Figure 4. Visualization of the analysis region and a detailed view of the trailing edge FE mesh of the IWES-IWT-7.5 reference turbine blade.
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::::::::
Although

::::::::
transverse

::::::
fatigue

:::::
cracks

::
in
:::
the

::::::
trailing

:::::
edge

:::::::
adhesive

::::::::
normally

:::::
occurs

::
in

:::
the

::::::
vicinity

:::
of

::
the

:::::::::
maximum

:::::
chord

::::::
length,

:::
see

::::::
section

:::
1.3,

:::
the

::::::::
outboard

::::::
region

:::
was

::::::::
primarily

::::::::
selected

::
to

::::::
provide

::::::::::::
comparability

:::::::
between

:::
the

::::::::
different

::::::
blades.

:::::::::
Moreover,

::::
there

:::::
were

::::::::
structural

::::::
details

::
in

:::
the

:::::::::
maximum

:::::
chord

::::::
region

:::
of

:::
the

:::::::::::::::
SB2-DemoBlade,

::::
such

::
as

:::::
balsa

:::::
wood

::::::
inlays

::
to

:::::
limit

:::
the310

:::::::
adhesive

::::::::
thickness,

::::
that

::::
were

::::
not

:::::::
possible

::
to

:::::
model

::::
with

:::
the

:::::
finite

:::::::
element

::::::
model

::::::::
generator

::::::
without

:::::::::
excessive

:::::
effort

:::
that

::::
was

:::::::::
considered

:::::::::
unjustified.

:

3 Results and discussion

2.1
:::::::::

Calculation
:::
of

::::::
fatigue

:::::::
damage

The
:::
Two

:::::::
models

::::
were

:::::::
applied

::
to

::::::::
calculate

:::
the

::::::
annual

::::::
fatigue

:::::::
damage.

::::
The

::::
first

:::
one

::::
was

:
a
::::::
global

:::::::::
equivalent

:::::
stress

::::::::
approach315

::::::::
neglecting

:
non-proportionalityof the adhesive joints was analysed on the basis of the fatigue load time series calculated for the

design load case power production (DLC 1.2) according to the IEC standard 61400-1 (International Electrotechnical Commission, 2019)

. These load time series were translated to stress histories for each finite element representing the trailing edge adhesive joints

according to
:
,
:::
and

:::
the

::::::
second

::::
was

:
a
:::::::
critical

::::
plane

::::::::
approach

::::::
taking

::::::::::::::::
non-proportionality

::::
into

:::::::
account.

::
In

:::
this

:::::
way,

::
we

:::::
were

::::
able

::
to

::::
carry

:::
out

:
a
::::::::::
comparison

:::::::
between

:::
the

::::::::
different

:::::::::
approaches

:::
and

:::::::
evaluate

:::
the

::::::
impact

::
of

:::::::::::::::::
non-proportionality

::
on

::::::
fatigue

::::::::
analyses.320

:::
The

:::::::
Rankine

::::::
theory

::::::::::::::
(Rankine, 1857)

:::
was

::::
used

::
as

:
a
::::::
simple

:::::::::::
representative

::
of

::
a

:::::
global

:::::::::
equivalent

::::
stress

::::::::
criterion.

:::
The

:::::::::
maximum

:::::::
principle

:::::
stress

::::
was

:::::::::
evaluated

::
in

::::
each

:::::
time

::::
step

::
of

:::
the

:::::
stress

:::::
time

::::::
series.

:::::
After

:
a
::::::::

rainflow
:::::
count,

::::
the

::::::
fatigue

:::::::
damage

::::
was

::::::::
calculated

:::::
using

::::::
normal

:::::
stress

::::
S-N

::::::
curves

:::
and

::::::::
applying

::::::
Miner’s

::::
rule

::
of

:::::
linear

:::::::
damage

:::::::::::
accumulation

::::::::::::
(Miner, 1945)

:
.
::::::::
Although

::
the

::::::::
direction

::
of

:::
the

:::::::::
maximum

:::::::
principle

:::::
stress

::
is

::::::::
changing

::::
with

::::
time

:::
due

::
to

:::
the

::::::::::::::::
non-proportionality

:::::::
content,

:::
the

:::::
partial

::::::::
damages325

::::
were

:::::::
globally

:::::::::::
accumulated,

:::::::::
neglecting

:::
the

::::::
impact

::
of

::::::::::::::::
non-proportionality.

:

::
In

:::
the

::::::
critical

:::::::::::
plane-based

:::::::::
approach,

:::
the

::::::
fatigue

:::::::
damage

::::
was

:::::::::
calcuated

:::
on

:::::::
material

::::::
planes

::::
with

::
a
:::::::
discrete

::::::::::
orientation

::::::::
increment

::
of

:::::
15◦.

::::
The

:::::
shear

::::::
stresses

:::
on

:::
the

::::::::
material

::::::
planes

::::
were

:::::::::
neglected.

:::::
Note

::::
that

:::
this

::::::::::::
simplification

::::
was

:::::::
applied

:::
for

:::::::::::
comparability

::::
with

:::
the

::::::
global

::::::::
equivalent

:::::
stress

::::::::
approach

::::
and

::::::
should

:::
not

::
be

::::::
subject

::
of

::
a
::::::
regular

::::::
fatigue

::::::::
analysis,

::
as

:::
the

::::::
fatigue

::::::
damage

::
is

:::::::::::::
underestimated.

::::
The

:::::::
rainflow

:::::::
counting

:::
and

:::::::
damage

:::::::::::
accumulation

::::
was

:::::::
executed

:::
on

::::
each

:::::::
material

::::
plane

::::::::::::
indiviudually.330

:::
The

:::::
plane

::::
with

:::
the

:::::::::
maximum

::::::
damage

::::
was

::::
then

:::::::::
interpreted

::
as

:::
the

::::::
critical

:::::
plane

:::::
where

::::::
fatigue

:::::::
damage

::
is

::::::::
expected

::
to

:::::
occur.

::
In

::::
case

:::
that

:::
the

:::::
stress

:::::
time

:::::::
histories

:::
are

::::::::
perfectly

:::::::::::
proportional,

::::
both

:::::::
methods

:::::
result

::
in

:::
the

:::::
same

::::::
fatigue

::::::::
damage.

::::::::
However,

::::
when

::::::::::::::::
non-proportionality

::
is

::::::::
involved,

:::
the

::::::
fatigue

::::::
damage

::
is

:::::::
expected

::
to

:::
be

::::::
smaller

:::
for the methodology described in (Noever Castelos and Balzani, 2016b)

.
::::::
critical

:::::
plane

::::::::
approach,

::::::::
meaning

:::
the

::::::
critical

:::::
plane

::::::::
approach

::
is
::::
less

:::::::::::
conservative

:::::
which

::::
can

:::::
justify

::::
the

::::::::
additional

:::::
effort

:::
of

::::::
finding

:::
the

:::::
actual

::::::
critical

:::::
plane.

:
335

3
::::::
Results

::
In

:::
this

:::::::
section,

::
the

::::::
results

::
of

:::
the

:::::::
analyses

:::
are

::::::::
presented

::
in

::::::
detail.

::
In

:::
the

::::::::
following

::::::::::
subsections,

:::
the

::::::
degree

::
of

::::::::::::::::
non-proportionality

:
is
:::::::::

presented
:::
by

::::::
means

::
of

:::
the

:::::::::::::::::
non-proportionality

::::::
factor,

:::
the

::::::::::
correlation

::::
with

:::
an

:::::::::
exemplary

::::
and

::::::::::::
representative

::::::
excerpt

:::
of
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::::
stress

:::::
time

:::::
series

::
is
:::::::

shown,
::
a

::::
wind

::::::::::::::
speed-weighted

:::::
mean

::::::::::::::::
non-proportionality

::::::
factor

::
is

:::::::::
introduced

:::
to

:::::::
compare

::::
the

::::::
degree

::
of

::::::::::::::::
non-proportionality

::
in

:::
the

:::::
three

::::::::
analyzed

::::::
blades,

::::
and

:::
the

::::::
results

::
of

:::
the

:::::::
fatigue

:::::::
analysis

:::::
using

:::
two

::::::::
different

::::::::
concepts

:::
are340

::::::::
presented.

:

3.1
:::::::::::::::::

Non-proportionality
::
in

:::::::
trailing

::::
edge

::::::::
adhesive

:::::
joints

The non-proportionality factors fNP were then calculated according to the newly proposed formulation introduced in section

2.1.

Contour plot of the non-proportionality factors as a function of the normalized radius r/R (on the x axis) and the wind345

velocity v (on the y axis): (a) DTU-10MW reference turbine blade (Bak et al., 2013); (b) IWES IWT-7.5-164 reference

turbine blade (Popko et al., 2018); (c) SB2-DemoBlade (Bätge, 2016). Colour scale presented on the left, Weibull frequency

of occurrence distribution of the wind velocity on the right.

3.2 Non-proportionality in trailing edge adhesive joints

In Figure 5, the maximum non-proportionality factors fNP,max found in the trailing edge adhesive elements in each cross-350

section along the span of the blade are illustrated as a contour plot for all three blades. Therein, the normalized radii r/R are

plotted on the x axes
::::::
abscissa

::::
axis

:
and the wind velocities

:::::
speeds

:
v on the y

:::::::
ordinate axes. The colour scale is given on the

left, and the corresponding Weibull frequency of occurrence distributions of the wind velocities
::::::
speeds, hW , on the right.

Figure 5 (a) depicts the results for the DTU 10 MW reference blade. A generally low degree of non-proportionality can

be observed with a global average of about fNP,max = 0.2. In a region close to the blade tip (r/R > 0.85), the local average355

reaches a maximum value of the non-proportionality factor of fNP,max = 0.4 for wind speeds of 12< v < 19 m/s. When it

comes to the contribution of fatigue damage(which is not evaluated in this paper), it is important to consider the frequency

of occurrence of the wind velocity, as this
:::::
speed,

::
as

::::
that

:
will be used for the damage extrapolation in the assessment of the

fatigue life. In the case of the DTU 10MW blade, an offshore Weibull distribution
:
a
:::::::
Weibull

::::::::
frequency

::::::::::
distribution

:::::::::
associated

::::
with

::
an

::::::::
offshore

:::
site

:
is used with a scaling factor of A= 10.2 m/s and a shape factor of k = 2.2. In this case, the wind360

velocities
::::::
speeds resulting in higher non-proportionality factors (12< v < 19 m/s, see above), covers approximately 25 % of

the year, whereas the lower wind velocities
::::::
speeds (4< v < 11 m/s) appear in 64 % of the year, but result in much lower

fNP,max values. However, the higher wind velocities
::::::
speeds are normally associated with higher stress amplitudes. Hence,

the non-proportionality may have a significant influence on the damage evolution, at least in the regions where higher degrees

of non-proportionality are present
:
,
::
so

::::
that

:
it
::

is
:::::::
difficult

::
to
::::
say

:::::::
whether

:::
the

:::::
higher

:::::
stress

:::::::::
amplitude

::
or

:::
the

::::::
higher

::::::::
frequency

:::
of365

:::::::::
occurrence

::
is

::::::::
governing

:::
the

::::::
fatigue

:::::::
damage.

Although the IWES 7.5 MW blade is similar in length, the design is qualitatively very different to the DTU blade, see also

Figure 3. The distribution of the non-proportionality factor along the span of the blade and the wind velocities
:::::
speeds hence also

appears very much different. The degree of non-proportionality generally reaches much higher values than that in the DTU

blade, see Figure 5 (b). In general, the degree of non-proportionality increases with the radius and the wind velocity
::::
speed.370

However, there are two hot spots at a normalized radius of 0.5< r/R < 0.55 and a wind velocity
::::
speed

:
of 9< v < 12 m/s and
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(a)

(b)

(c)

Figure 5.
:::::
Contour

::::
plot

::
of

:::
the

::::::::::::::
non-proportionality

::::::
factors

::
as

:
a
:::::::

function
::
of

:::
the

::::::::
normalized

:::::
radius

::::
r/R

:::
(on

:::
the

::::::
abscissa

:::::
axis)

:::
and

:::
the

::::
wind

::::
speed

::
v

:::
(on

::
the

:::::::
ordinate

::::
axis):

:::
(a)

::::::::::
DTU-10MW

:::::::
reference

::::::
turbine

::::
blade

:::::::::::::
(Bak et al., 2013)

:
;
::
(b)

:::::
IWES

::::::::::
IWT-7.5-164

::::::::
reference

:::::
turbine

:::::
blade

::::::::::::::
(Popko et al., 2018)

:
;
::
(c)

:::::::::::::
SB2-DemoBlade

::::::::::
(Bätge, 2016)

:
.
:::::
Colour

::::
scale

:::::::
presented

:::
on

::
the

:::
left,

::::::
Weibull

::::::::
frequency

:::::::::
distribution

::
of

::
the

::::
wind

:::::
speed

::
on

::
the

:::::
right.

at 0.7< r/R < 0.77 and 13< v < 16 m/s, respectively. The Weibull frequency of occurrence distribution is associated with a

high wind speed near shore site (i.e.
::
i. e., A= 9.0 m/s and k = 2.0). Hence, the high non-proportionality is present also at wind

speeds with non-negligible probability.
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The SB2-DemoBlade is much shorter than the other two blades. It is a pretty
:::::::::
comparably

:
stiff blade design, but includes a375

pre-sweep for geometrical bend-twist coupling. The contour plot of the non-proportionality factor is shown in Figure 5 (c). The

non-proportionality is generally higher than in the DTU blade, but not as high as in the IWES blade. Two hot spots are present at

high wind velocities
::::::
speeds (v > 18 m/s) in two regions along the blade(i.e.,

:
,
:::
i. e.,

:
0.45< r/R < 0.55 and 0.73< r/R < 0.82).

The design site ,
:::::::::::
respectively.

:::
The

:::::::
external

::::::
design

:
conditions for this blade are

::::::::
associated

::::
with

:
a
:
low wind speed and onshore

::::::
onshore

::::
site, hence A= 6.8 m/s and k = 2.0. The aforementioned Weibull parameters were derived from measurements of380

the field research validation site of NREL’s CART3 turbine (Jager and Andreas, 1996) that the blade was designed for and

set into operation for some time. Consequently, the wind velocity
:::::
speed frequencies of occurrence are very low for the two

non-proportionality hot spots. The non-proportionality at the aforementioned positions may thus be irrelevant for the fatigue

assessment. However, there ,
:::
but

::::
that

:::
will

:::
be

::::::::
analyzed

::::
later.

:::::
There

:
is a third hot spot at a radial position of 0.68< r/R < 0.8

and a low wind speed of about 5 m/s. The frequency of occurrence of the wind speed in this location is very high
:
in

::::
this385

::::::
location, so the non-proportionality may

::::::::::
significantly affect the fatigue damagesignificantly here.

3.2 Correlation with stress
::::::
Stress time series

Figure 6 shows a representative excerpt (duration 50 s) of the stress time series in the trailing edge adhesive of all blades
:::
with

::
a

:::::::
duration

::
of

::
50

::
s. A normalized radial position of r/R= 0.77 and the wind speed with the highest frequency of occurrence are

chosen exemplarily . The
:::
were

::::::::::
exemplarily

:::::::
chosen.

::::
The

:::::
radial

:::::::
position

:::
was

::::::
chosen

::
to

:::::::
capture

::::
high

::::::::::::::::
non-proportionality

::::::
factors390

::
in

:::
the

:::::
IWES

:::::
blade

:::
and

:::
the

:::::::::::::::
SB2-DemoBlade.

::::
The

::::::::::::::::
non-proportionality

:::::
factor

::
in

:::
the

:::::
DTU

:::::
blade

:
is
::::::::
generally

::::::::::
comparably

::::::
small,

:::
and

:::
the

::::::
hotspot

::
is

::::::
located

:::::
close

::
to

:::
the

::::
blade

:::
tip,

::::::
which

::
is

:
a
:::::::
location

:::
that

::
is

:::
not

:::::::::
commonly

:::::
prone

::
to

::::::
trailing

:::::
edge

::::::
fatigue

:::::::
damage.

::::::
Hence,

::::
there

::::
was

::
no

:::::
need

::
to

::::
pick

:
a
:::::::
different

:::::::
location

:::
for

::::
this

:::::
blade.

::::
The stress time series are plotted for the element with the

highest fNP factor for the considered cross-sections and wind speeds. Note that we neglected the outermost row of elements

in order to ensure not to consider stresses close to singularities associated with geometric corners or discrete jumps of material395

properties. The stress results are calculated in the blade coordinate system according to DNV GL (2015), meaning that the z

axis is pointing from the blade root to the blade tip, the y axis from the leading to the trailing edge, and the x axis from the

pressure to the suction side. Hence, σx is the through-thickness normal stress in the adhesive, σy is the normal stress along

the width of the adhesive, σz is the longitudinal normal stress, and τxy , τxz , and τyz are the in-plane and the transverse shear

stresses, respectively.400

The stress time series for the DTU blade is plotted in Figure 6 (a). It can be seen that the longitudinal stress σz is domi-

nating the time series with an amplitude of approximately 1.5 MPa, a mean stress of approximately 1 MPa and a 1/revolution

frequency. The mean stress is caused by the torque resulting in power output of the turbine. The oscillation is due to a high

edgewise bending moment originating from the blade mass in rotation. The other stresses have negligible amplitudes and mean

stresses. The dominating longitudinal normal stress corresponds to the small non-proporitonality factor of fNP = 0.159 (i.e.,405

almost proportional stress history) in the trailing edge adhesive displayed in Figure 5 (a), as this results in a very pronounced

RMOI in z direction and far smaller RMOIs in the other directions.

17



(a)
(b)

(c)
t (in s)

Figure 6. Stress histories of the finite element in the trailing edge adhesive joints with the highest non-proportionality at a normalized radial

position of r/R= 0.77 for all investigated blades, related to the blade coordinate system according to DNV GL (2015): (a) DTU 10 MW

reference blade, v = 8 m/s, fNP = 0.159; (b) IWES IWT-7.5-164 reference blade, v = 7 m/s, fNP = 0.465; (c) SB2 Demo blade, v = 5 m/s,

fNP = 0.766.

Figure 6 (b) presents the stress time series for the IWES blade. The major excitation frequency is again 1/revolution and is

of the same magnitude as that in the DTU blade, as the blade size and the tip speed ratio are very similar. The longitudinal

normal stress is still the dominant stress component. The amplitude is much lower compared to the DTU blade (approximately410

0.75 MPa), as well as the mean stress (approximately 0.25 MPa). The reason is the different design philosophy expressed in

the general blade shape (see Figure 3) resulting in a different mass distribution and a stiffer trailing edge girder reducing the

strain and consequently the stress in the trailing edge adhesive. The through-thickness transverse shear stress τxz is remarkably

higher than in the DTU blade, and also remarkably higher than all other stress components, but still significantly smaller than

the longitudinal normal stress. However, it does contribute to the non-proportionality factor, especially since there is a 90◦415
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phase shift with respect to σz , see also test case 15 in section 2.1. Consequently, the non-proportionality factor is fNP = 0.465,

which is about three times higher than that in the DTU blade, see also Figure 5 (b).

The stress time series of the SB2-DemoBlade is presented in Figure 6 (c). It can be seen that the governing 1/revolution

excitation frequency is much higher compared to the DTU and the IWES blades. This is due to the much smaller rotor diameter

(tip speed ratio is a bit smaller, but the rotor diameter is about one fourth). The longitudinal normal stress σz has the highest420

amplitude of about 0.25 MPa and mean stress of approximately 0.15 MPa. In contrast to the DTU and the IWES blades, other

stress components are much higher. E. g., the normal stress in width direction, σy , is about half as much as σz , which is not

negligible. Moreover, the inplane and transverse shear stress in thickness direction, namely τxy and τxz , respectively, contribute

notably with respect to amplitude. It is worth mentioning that the major part of the longitudinal normal stress is deterministic

in nature, i. e., it shows a low amount of temporal variations from a sinusoidal signal. The other stress components have425

a much higher fluctuation, i. e., a higher stochastic content. The stress history for this blade results in a higher degree of

non-proportionality expressed by a high non-proportionality factor at the exemplary location and wind speed of fNP = 0.766.

The reason for that is the higher contributions of stress components apart from the longitudinal stress. Some of these are in

phase. E. g., the normal stresses σy and σz have the peaks and valleys at the same time. This normally results in a proportional

stress history. However, the higher variability of σy contributes to non-proportionality. Other stress components, e. g., the shear430

stresses τxy and τxz , respectively, show a 90◦ phase shift to the aforementioned normal stresses, which naturally results in

non-proportionality. The phase shift is due to the different excitation: The normal stresses σy and σz are governed by the blade

mass in rotation, resulting in peaks and valleys when the blade is in 3 o’clock and 9 o’clock azimuthal position. The shear

stresses τxy and τxz , however, are influenced by asymmetries in the wind field, namely the wind shear, resulting in peaks and

valleys at azimuthal positions of 6 and 12 o’clock, respectively.435

One might be forgiven for assuming that investigating the non-proportionality degree in the adhesive is an unnecessary

exercise, given that transverse cracks are a common occurrence in operating turbines (Ataya and Ahmed, 2013; Rosemeier et al., 2022b)

. This is evidently due to the dominant longitudinal normal stress. In such a scenario, the search for the critical plane is

rendered unnecessary, as its existence is already known. This is currently the case since adhesive joints in rotor blades are

often designed for shear stress transfer only. To circumvent the formation of transverse cracks, it would be prudent to reinforce440

the trailing edge laminate, for instance, through the incorporation of additional unidirectional material. As a result, the strains

in the trailing edge and, consequently, the longitudinal normal stress in the adhesive would be decreased. A reduction in the

longitudinal normal stress would result in an increase in the degree of non-proportionality, with the relative contribution of

other stress components also rising. While there is a possibility that thermal residual stresses may become a critical issue if

the trailing edge is excessively stiff (Rosemeier et al., 2022a), it should be feasible to identify an optimal solution through a445

process of compromise. It should be noted that the present study did not account for thermal residual stresses, which introduces

an error in the stress histories (Rosemeier et al., 2019b, a). However, as recently highlighted by Kuhn (2023), the bi-axial

combination of a constant stress in one direction and a cyclic stress in the other direction results in non-proportionality. This

finding can be readily extended to a multi-axial stress state. The constant thermal residual stress in the longitudinal direction

(Rosemeier et al., 2022b), superimposed by the cyclic shear stress components, would thus result in a further increase in the450
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degree of non-proportionality. Therefore, the simplification is conservative with respect to the non-proportionality factor. It can

be concluded that considering non-proportional fatigue should be of even greater importance in properly designed rotor blades

(meaning, designed for shear stress transfer and longitudinal strain) when thermal residual stresses are taken into account, in

light of the results presented in this study.

3.3 Weighted mean non-proportionality455

Up to here, the non-proportionality factor was given for each wind velocity
::::
speed. However, it is necessary to evaluate the degree

of non-proportionality for the entire service life of the wind turbine including all possible wind velocities
:::::
speeds. A weighted

mean value of the non-proportionality factor is thus calculated
::::::::
introduced employing the wind velocity frequency of occurrence

distribution function
:::::
speed

:::::::::
frequency

:::::::::
distribution

:
as a weighting factor. Introducing the cut-in and cut-out wind velocities

:::::
speeds

:
by vin and vout and an integer number i identifying a wind speed bin, the weighted mean of the non-proportionality460

factor, f̄NP , is given by the relationship

f̄NP =

vout∑
i=vin

fNPi hWi

vout∑
i=vin

hWi

. (9)

Herein, fNPi is the non-proporitonality factor for the given wind speed bin i and hWi is the frequency of occurence of said

wind speed bin according to the Weibull distribution functions given in Figure 5.

Figure 7 shows f̄NP distributed across the cross-section of the trailing edge adhesive joint at a radial position of r/R= 0.77465

for all three blades, corresponding to the radial position of the stress history excerpt given in Figure 6. The cross-sectional

views show parts of the suction side shells (at the top) and the pressure side shells (at the top
::::::
bottom). The trailing edge is

on the right, respectively. As already concluded from the contour plots of Figure 5 and the stress histories in Figure 6, the

DTU 10 MW blade shows the lowest and the SB2-DemoBlade the highest degree of non-proportionality. However, for all

blades the distribution in the cross-section is qualitatively similar. The inner face of the adhesive joint has the highest degree470

of non-proportionality which is decreasing towards the trailing edge. This is due to the increasing distance to the principal

bending axis and consequentially increasing longitudinal normal stresses σz from edge wise bending. The dominance of σz is

thus increasing towards the trailing edge, making the stress histories more proportional.

It is important to exercise caution when interpreting the stresses in the corners of the adhesive, as it is widely acknowledged

that stresses do not converge with the mesh density in such singularities (geometric sharp corner and/or sudden jump in475

material properties in the interface between adhesive and shell laminates). Given that the non-proportionality factor is a direct

consequence of the stress state, it is similarly prudent to exercise caution when considering the non-proportionality factor in

the corners. However, in the subsequent analysis, the non-proportionality factor in the outermost elements of the adhesive were

excluded from the results, ensuring that the conclusions are valid and not affected by spurious stress components.

The maximum weighted mean non-proportionality factor in each cross-section, f̄NP,max, is plotted as a function of the480

normalized radial position for all three blades in Figure 8. In the DTU blade, the degree of non-proportionality factor is
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0.0
0.5

(a) (b) (c) (d)
Figure 7. Contour plots of the weighted mean non-proportionality factor f̄NP in the trailing edge adhesive for all three blades (cut-out with

the visible cross-section at a radial position of r/R= 0.77) : (a) DTU blade; (b) IWES blade; (c) SB2-DemoBlade; (d) color code.

Figure 8. Maximum weighted mean non-proportionalty factor f̄NP,max in the trailing edge adhesive joint plotted as a function of the

normalized radial position r/R for all three blades.

very low, see the explanations above. It is more or less constant at a value of 0.11< f̄NP,max < 0.18 along the blade, but

increases towards the blade tip to its maximum of about 0.28. The IWES blade, which has a similar length, has moderate

non-proportionality values of 0.3< f̄NP,max < 0.4 with a more distinct variability along the blade. The SB2-DemoBlade has

a peak of non-proportionality at a radial position of 0.6< r/R < 0.8 with a maximum value of about 0.58. In this region,485

the non-proportionality factor is higher than in the other blades, whereas at smaller and larger radial positions, the degree of

non-proportionality is lower than that in the IWES blade, and close to the tip also lower than that of the DTU blade. The large

blades (DTU and IWES blade) behave somewhat similar close to the tip, where the degree of non-proportionality is increasing.

Contrarily, the SB2-DemoBlade’s non-proportionality is decreasing towards the blade tip. Generally speaking, it can be seen

that the distributions of the maximum weighted mean non-proportionality factor along the blade is significantly different for490

the three blades analyzed in this work.
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In this paper, a non-proportionality factor was proposed that serves to quantify the degree of non-proportionality in a fatigue

stress time series. Two different formulations from literature were combined. The non-proportionality factorwas evaluated for

20 test cases on which the new formulation was benchmarked against other formulations. The agreement was excellent for

those test cases where no difference was expected. It was further shown that the non-proportionality calculated with the new495

formulation is independent of a mean stress (which is an important feature) and accounts for hydrostatic pressure states. The

new formulation is thus an improvement for materials that are sensitive to the presence of hydrostatic pressure in fatigue, as is

the case for an epoxy-based adhesive investigated in this paper.

3.4
::::::

Fatigue
:::::::
damage

The
:::::
Figure

::
9
::::::
shows

:::
the

:::::::
relative

::::::
fatigue

:::::::
damage

::::::::::
differences,

:::::
∆D,

::::::
plotted

:::::::
against

:::
the

::::::::
weighted

:::::
mean

:
non-proportionality500

factor was then applied to evaluate the degree of non-proportionality in trailing edge adhesive joints of three different rotor

blades
:::::
factor, two of which having a similar blade size and the third one being smaller and being equipped with a pre-sweep

in the rotor plane. The characteristics of the degrees of non-proportionalities were analyzed in detail and were correlated

with excerpts of
::::
f̄NP ,

:::
for the load time series

::::
three

:::::::::::
investigated

::::::
blades.

:::
The

:::::::
relative

::::::
fatigue

:::::::
damage

:::::::::
difference

::
is

::::::
defined

:::
by

::::::::::::::::::::
∆D = (Dg −Dcp)/Dg,

:::::
where

:::
Dg::::

and
::::
Dcp :::

are
:::
the

::::::
fatigue

::::::::
damages

:::::
based

::
on

:::
the

::::::
global

::::::
critical

:::::
stress

::::
and

:::
the

::::::
critical

:::::
plane505

::::::::
approach,

::::::::::
respectively.

:

::::
Each

:::
dot

:::
in

::::::
Figure

:
9
:::::::::

represents
::::
∆D

:::
in

:::
one

:::::
finite

::::::::
element.

:::::::::
Trendlines

:::
are

:::::
added

::::
for

:::
the

:::::
DTU

:::
and

:::
the

::::::
IWES

::::::
blade,

:::
cf.

:::::
Figure

::::::::
9 (a)-(b).

:::::
Their

::::::::
functions

:::
are

:::::
given

::
in

:::
the

::::::::
respective

:::::::
legends

::
in

::::::
Figure

::
9.

:
It
::::
can

::
be

::::
seen

::::
that

:::
the

::::::
relative

::::::
fatigue

:::::::
damage

::::::::
difference

::::::::
increases

:::::::::::
exponentially

::::
with

:::
the

:::::::
weighted

:::::
mean

::::::::::::::::
non-proportionality

:::::
factor

:::
for

::::
these

::::::
blades.

::::
For

::
the

:::::::::::::::
SB2-DemoBlade,

:::::::
however,

:::
we

:::
do

:::
not

:::::::
observe

:
a
:::::
clear

:::::
trend,

:::
so

:::
that

::
a

:::::::
trendline

::::
was

:::
not

:::::
fitted

::
in

::::
this

::::
case.

:::::::::
However,

::::::
Figure

:
9
:::
(c)

::::::::
confirms

:::
the510

::::::
general

::::
trend

:::
of

:::::
higher

::::
∆D

::::::
values

:::
for

:::::
higher

::::::::::::::::
non-proportionality

::::::::
contents.

:::
The

:::::::
relative

::::::
fatigue

:::::::
damage

:::::::::
difference

::
is

::::::::
generally

:::::::
positive

:::
and

:::::::
reaches

::::::
values

::
of

::
as
::::::

much
::
as

:::::
70%.

::::
This

::::::
means

::::
that

:::
the

::::::
fatigue

::::::
damage

::
is

:::::
much

:::::
higher

:::::
when

:::
the

::::::
global

::::::::
equivalent

:::::
stress

::::::::
approach

::
is

:::::::
utilized,

:::::
while

:
it
::
is

::::::
smaller

:::::
using

:::
the

::::::
critical

:::::
plane

:::::::
approach.

4
:::::::::
Discussion515

Generally, the non-proportionality degrees in the three blades are very different. It is thus difficult (or impossible) to draw

general conclusions on the degree of non-proportionality. The higher degree of non-proportionality in the SB-DemoBlade

could be triggered by the geometrical bend-twist coupling originated by the pre-sweep in the rotor area. The DTU and IWES

blades are numerical blade models that were developed for the research community. They may thus not be representative

for a commercial blade designed for operation in the field. The SB2-DemoBlade, however, was designed for field testing of520

geometrical bend-twist coupling. The structural design was thus executed on a much higher level of detail, but due to the small

size may not be representative for modern utility-scale wind turbines.
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: :

::::
(a)

::::::::::::::::::::::::::::::::::
(b)

::::::::::::::::::::::::::::::::::
(c)

:

Figure 9.
::::::
Relative

:::::
fatigue

::::::
damage

::::::::
difference

:::::
(∆D)

::::::
plotted

:::::
against

:::
the

:::::::
weighted

:::::
mean

::::::::::::::
non-proportionality

:::::
factor

:::::
(f̄NP )

:::
for

:::
(a)

::
the

:::::
DTU

::::
blade,

:::
(b)

:::
the

:::::
IWES

:::::
blade,

:::
and

:::
(c)

:::
the

:::::::::::::
SB2-DemoBlade.

:::
The

::::::
fatigue

::::::
damage

::::::::
difference

:::::::::
(difference

::::::
between

:::
the

:::::
global

::::::::
equivalent

:::::
stress

:::
and

::
the

::::::
critical

::::
plane

::::::::
approach)

:
is
:::::::::

normalized
::
by

:::
the

:::::
fatigue

:::::::
damage

::::
based

::
on

:::
the

:::::
global

::::::::
equivalent

::::
stress

::::::::
approach.

::::::
Positive

:::::
value

::::::
indicate

:::
that

::
the

:::::
global

::::::::
equivalent

:::::
stress

:::::::
approach

:
is
:::::::::

inaccurate,
::
but

::::::::::
conservative.

::::
Each

::::
blue

:::
dot

:::::::
indicates

::
the

::::::
fatigue

::::::
damage

::::::::
difference

:
in
::::

one
::::
finite

::::::
element.

:::
The

:::::::
trendline

::::
fitted

::::::
against

::
an

:::::::::
exponential

::::::
function

::
is

:::::
plotted

::
in
:::::
green

:::
and

:
is
:::::
given

::
in

::
the

::::::::
respective

::::::
legend.

:
A
::::
clear

::::
trend

::::::
cannot

::
be

::::::
observed

:::
for

:::
the

:::::::::::::
SB2-DemoBlade,

::
so

:::
that

::
no

:::::::
trendline

:::
was

:::::
fitted

:
in
:::
this

::::
case.

A correlation between the degree of non-proportionality and the blade size was not substantiated. The reason is that the stress

response in a blade depends on a large variety of influencing factors, such as the choice of the fatigue analysis methodology

(global equivalent stress vs. critical plane approach), the choice of the underlying equivalent stress criteria, the quality of the525

material database, the general design policy of the blade designer, the design targets with respect to aero-elastic performance

and cost, the risks the designer is willing to accept, the overall turbine concept, the dynamic response not only of the blades

but also of the entire turbine, different inflow conditions of small and large rotor diameters, etc. Hence, the degree of non-

proportionality in a rotor blade has to be analyzed for each turbine individually.

However, it was shown that non-proportionality is generally present in each of the analysed blades. While it was very530

low in the DTU 10 MW blade, the degree of non-proportionality was significant in the IWES 7.5 MW blade and in the

SB2-DemoBlade. A common finding for all three blades was that the longitudinal normal stress was the predominant stress

component, which agrees well with the observation of transverse cracks in operating wind turbines. A major goal in blade

design should thus be to avoid excessive longitudinal strain and stress. This cannot be realized by increasing the bondline

::::::::
bond-line width, which is the usual design parameter for adhesive joints, but by increasing the stiffness of the trailing edge.535
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When doing this, care must be taken not to implement excessively high stiffness in order to avoid damages from thermal

residual stresses. However, if the longitudinal stress is reduced, the other stress components not affected by the stiffening of

the trailing edge girder will become more significant and the degree of non-proportionality will increase.

::
In

:::
the

::::
DTU

:::::
blade,

::
a
::::::::::
comparably

:::
low

::::::::::::::::
non-proportionality

::::::
content

::::
was

::::::::
generally

::::::::
observed,

:::
see

::::::
Figure

:
5
:::
(a).

::::
The

:::::
stress

::::::
history

:
is
::::::
almost

:::::::::::
proportional.

::::
The

::::::::
weighted

:::::
mean

::::::::::::::::
non-proportionality

:::::
factor

::
is

:::::
below

:::
0.2

::::::::::
throughout

:::
the

:::::
blade.

::::
This

:::::::::
correlates

::::
with540

:
a
:::::::
strongly

::::::::::
dominating

::::::::::
longitudinal

::::::
normal

:::::
stress

::
in

:::
the

::::::
trailing

:::::
edge

::::::::
adhesive,

:::::
which

::::::
results

::
in

:
a
::::
very

::::::::::
pronounced

::::::
RMOI

::
in

::
z

:::::::
direction

::::
and

::
far

:::::::
smaller

::::::
RMOIs

::
in

:::
the

:::::
other

:::::::::
directions.

:::::
Close

::
to

:::
the

:::
tip,

:::
the

::::::::::::::::
non-proportionality

::::::::
increases

:::
up

::
to

:::::::::::
f̄NP ≈ 0.27,

:::
see

:::::
Figure

:::
8.

:::::
There,

:::
the

:::::::::::
longitudinal

:::::
stress

:::::::::
associated

::::
with

:::
the

:::::
blade

::::::
weight

::::::::
becomes

:::::::
smaller,

::
so

::::
that

:::
the

::::::::
influence

::
of

:::::
other

::::
stress

:::::::::::
components

:::::::
becomes

:::::
more

:::::::::
significant.

:

::::::::
Although

:::
the

:::::::::::::::
through-thickness

:::::::::
transverse

:::::
shear

:::::
stress

::
is

::::::::::
significantly

:::::::
smaller

::::
than

:::
the

:::::::::::
longitudinal

::::::
normal

:::::
stress

:::
in

:::
the545

:::::
IWES

:::::
blade,

::
it
::
is

:::::
much

::::::
bigger

::::
than

::
in

:::
the

:::::
other

::::::
blades

:::
and

::::::::::
contributes

:::::
much

::::
more

:::
to

:::
the

::::::::::::::::
non-proportionality

::::::
factor.

::::
This

::
is

:::::::::::
accompanied

::
by

::
a
:::
90◦

::::::
phase

::::
shift

::::
with

::::::
respect

:::
to

:::
σz ,

:::::
which

::::::
further

::::::::::
contributes

::
to

:::
the

:::::::::::::::::
non-proportionality

:::::::
content,

:::
see

::::
also

:::
test

::::
case

::
15

::
in

::::::
section

::::
2.1.

::::::::::::
Consequently,

:::
the

::::::::::::::::
non-proportionality

:::::
factor

::::::
reaches

::::::::::::
fNP = 0.465,

:::
see

::::::
Figure

:
5
::::
(b),

:::::
which

::
is

:::::
about

::::
three

:::::
times

::
as

:::::
much

::
as

::
in

:::
the

::::
DTU

::::::
blade.

:::
The

::::::
highest

:::::::::::::::::
non-proportionality

:::::
factor

::
is

::::::
located

::
in

:::
the

::::
outer

::::
third

:::
of

::
the

:::::
blade

::::::
length

:
at
:::::
high

::::
wind

::::::
speeds.

::::
This

::
is
:::::::
because

::
in

::::
this

::::
blade

::::::
region,

:::
the

:::::::::::
longitudinal

:::::
stress

:::::::::
originating

::::
from

::::::::
edgewise

:::::::
bending

::
is

:::::::
smaller,550

:::
but

::
at

::::
high

::::
wind

::::::
speeds

:::
the

:::::::
flapwise

:::::::
bending

::::
and

::::
thus

:::
the

::::::::::::::
through-thickness

:::::
shear

:::::
stress

::::::::
becomes

:::::
larger.

::::
The

::::::::
weighted

:::::
mean

::::::::::::::::
non-proportionality

:::::
factor

:::::::
exceeds

:::::::::
f̄NP = 0.4

::
at

::::::
several

::::::::
positions

:::::
along

::
the

::::::
blade.

:::
The

:::::
stress

::::::
history

:::
for

:::
the

:::::::::::::::
SB2-DemoBlade

:::::
results

::
in
::

a
::::::
higher

::::::
degree

::
of

::::::::::::::::
non-proportionality

::
of

::::::::::::
fNP = 0.766,

:::
see

::::::
Figure

::
5

:::
(c).

:::
The

::::::
reason

:::
for

:::
that

::
is
:::
the

::::::
higher

:::::::::::
contributions

::
of

:::::
stress

::::::::::
components

:::::
apart

::::
from

:::
the

::::::::::
longitudinal

::::::
stress,

:::
see

::::::
Figure

::
6.

:::::
Some

::
of

::::
these

:::
are

::
in

::::::
phase.

::::
E. g.,

:::
the

::::::
normal

:::::::
stresses

:::
σy :::

and
:::
σz ::::

have
:::
the

:::::
peaks

:::
and

::::::
valleys

::
at

:::
the

:::::
same

::::
time.

::::
This

::::::::
normally

::::::
results

::
in555

:
a
::::::::::
proportional

:::::
stress

:::::::
history.

::::::::
However,

::
the

::::::
higher

:::::::::
variability

::
of

::
σy::::::::::

contributes
::
to

::::::::::::::::
non-proportionality.

:::::
Other

:::::
stress

:::::::::::
components,

::::
e. g.,

:::
the

::::
shear

:::::::
stresses

:::
τxy:::

and
::::
τxz ,

::::::::::
respectively,

:::::
show

:
a
::::
90◦

:::::
phase

::::
shift

::
to

:::
the

:::::::::::::
aforementioned

::::::
normal

:::::::
stresses,

:::::
which

::::::::
naturally

:::::
results

::
in

:::::::::::::::::
non-proportionality.

:::
The

:::::
phase

::::
shift

::
is
::::
due

::
to

:::
the

:::::::
different

:::::::::
excitation:

:::
The

::::::
normal

:::::::
stresses

:::
σy :::

and
::
σz:::

are
::::::::
governed

:::
by

::
the

:::::
blade

:::::
mass

::
in

:::::::
rotation,

::::::::
resulting

::
in

:::::
peaks

:::
and

::::::
valleys

:::::
when

:::
the

:::::
blade

::
is

::
in

:
3
:::::::
o’clock

:::
and

::
9

::::::
o’clock

:::::::::
azimuthal

:::::::
position.

::::
The

::::
shear

:::::::
stresses

:::
τxy:::

and
::::
τxz ,

::::::::
however,

:::
are

::::::::
influenced

:::
by

::::::::::
asymmetries

::
in
:::
the

:::::
wind

::::
field,

:::::::
namely

:::
the

::::
wind

:::::
shear,

::::::::
resulting

::
in

:::::
peaks560

:::
and

::::::
valleys

::
at

::::::::
azimuthal

::::::::
positions

::
of

::
6

:::
and

:::
12

:::::::
o’clock,

::::::::::
respectively.

:

:::
The

:::::::
increase

:::
of

::::
f̄NP:::::::

towards
::::

the
:::::
inner

::::
edge

:::
of

:::
the

::::::::
adhesive,

:::
see

::::::
Figure

:::
7,

::
is

::::::
caused

:::
by

:::
the

:::::::::
increasing

:::::::
distance

:::
to

:::
the

:::::::
principle

::::::::
edgewise

:::::::
bending

::::
axis

:::::::
towards

:::
the

:::::::
trailing

:::::
edge.

::::::::::::
Consequently,

:::
the

:::::::::::
longitudinal

::::::
normal

:::::
stress

:::
σz:::::

from
::::::::
edgewise

::::::
bending

::::::::
increases

:::::::
towards

::::
the

::::::
trailing

:::::
edge,

::::::
which

::
is

::::::::::::
accompanyied

::
by

:::
an

:::::::
increase

:::
of

::
its

::::::::::
dominance

:::
and

::::::
hence

:
a
::::::::
decrease

::
of

::::::::::::::::
non-proportionality.

::::
The

:::::::
increase

::
of

:::::
f̄NP :::::::

towards
:::
the

::::::
suction

::::
side

::
is

::::::
caused

::
by

::::::::
flapwise

:::::::
bending.

::::::
Hence,

:::
the

:::::::::::
longitudinal565

::::::
normal

:::::
stress

::::
from

:::::::
flapwise

:::::::
bending

::::::::
increases

:::::::
towards

:::
the

::::::
suction

::::
side,

:::::::::
increasing

:::
the

:::::
stress

:::::::::::::::::
non-proportionality.

:::
The

:::::::
interior

::::::
surface

::
of

:::
the

::::::::
adhesive

::::
was

:::::::
modeled

:::
by

:
a
::::::::

concave
:::::
shape,

::::::
which

::::
may

:::::
seem

:::::::::
unrealistic

:::::
given

:::::
what

::
is

::::
seen

::
in

:::
the

:::::
field.

::::
The

::::::
trailing

::::
edge

::::::::
adhesive

::::
joint

::
is

::
a

::::
blind

:::::::::
bond-line,

:::::::::
especially

::
in

:::
the

::::::::
outboard

::::::
region

::
of

:::
the

::::::
blade.

:::
The

::::::::
adhesive

::::
thus

::::::::
becomes

:::::::
squeezed

::::
into

:::
the

:::::
inside

:::
of

:::
the

:::::
blade,

:::::::
forming

::
a
:::::
rather

::::::
convex

:::
or

:::
clip

:::::
shape

::
at
:::

the
:::::::

interior
:::::::
surface.

::::
The

:::::
corner

:::::
stress

::
in
:::::

such

:::::::::::
configurations

::::
was

:::::::
studied

::
in

:::::::::::::::
(Rosemeier, 2024)

:
.
::
It

:::
was

::::::
shown

::::
that

:::
the

:::::
stress

:::::::::::
concentration

::::
due

::
to

:::
the

:::::::::
geometric

:::::::::
singularity570
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::
in

:::
the

:::::
inner

::::::
corners

:::
of

:::
the

:::::::
adhesive

::
is
:::::

more
::::::
severe

:::
for

::::::
convex

::::
and

:::::::
clip-like

:::::::
shapes.

::::
This

:::::
gives

::::
rise

::
to

:::
the

::::::::::
implication

::::
that

::::::::
modeling

:::
the

::::::
correct

:::::
shape

::::
may

::
be

:::::::::
important.

::::::::
However,

::
it

:::
was

::::
also

::::::
shown

:::
that

:::
the

:::::
stress

::::::::::::
concentration

:::::::
vanishes

:::::
along

::
a

::::
very

::::
short

:::::::
distance

::::
from

:::
the

::::::
corner.

:::::
Since

:::
the

::::
first

:::::::
element

:::
row

::::
was

::::::::
excluded

::
in

:::
the

::::::
fatigue

::::::
damage

::::::::::
calculation

::
in

:::
this

:::::
paper,

::::::
which

:::::
avoids

:::::
issues

:::::
with

:::
the

:::::
corner

:::::
stress

::::::::::::
concentration,

:::
the

::::::
related

:::::
effort

::
to

::::::
model

::::
more

:::::::
realistic

:::::::
interior

::::::::
geometric

::::::
shapes

::::
was

:::
not

:::::::
justified.

:::::::
Besides,

:::
the

:::::::
interior

:::::
shape

::
of

:::
the

::::::::
adhesive

:::
can

:::
be

:::::::::
influenced

::
by

::::::::
applying

:::::
foam

:::::
strips

::::::
during

:::::
mould

:::::::
closure,

::::::
which575

::::
helps

::
to

:::::
avoid

:::
the

::::::::::
squeeze-out

::::
into

:::
the

:::::
inside

::
of

:::
the

:::::
blade,

:::::::
forming

::
a
:::::::
concave

:::::
shape,

::
as

::::
was

:::::::
modeled

:::::
here.

:::
One

::::::
might

::
be

::::::::
forgiven

:::
for

::::::::
assuming

::::
that

:::::::::::
investigating

:::
the

::::::::::::::::
non-proportionality

::::::
degree

:::
in

:::
the

::::::::
adhesive

::
is

::
an

:::::::::::
unnecessary

:::::::
exercise,

:::::
given

:::
that

:::::::::
transverse

:::::
cracks

:::
are

:
a
::::::::
common

:::::::::
occurrence

::
in

::::::::
operating

::::::
turbines

::::::::::::::::::::::::::::::::::::::::::
(Ataya and Ahmed, 2013; Rosemeier et al., 2022b)

:
.
::::
This

::
is

::::::::
evidently

::::
due

::
to

:::
the

:::::::::
dominant

::::::::::
longitudinal

:::::::
normal

:::::
stress.

:::
In

::::
such

::
a
::::::::
scenario,

:::
the

::::::
search

:::
for

:::
the

:::::::
critical

:::::
plane

::
is

:::::::
rendered

:::::::::::
unnecessary,

::
as

:::
its

::::::::
existence

::
is

::::::
already

:::::::
known.

::::
This

::
is
::::::::
currently

:::
the

::::
case

:::::
since

::::::::
adhesive

:::::
joints

::
in

:::::
rotor

::::::
blades

:::
are580

::::
often

::::::::
designed

::
for

:::::
shear

:::::
stress

:::::::
transfer

::::
only.

:::
To

:::::::::
circumvent

:::
the

::::::::
formation

::
of

:::::::::
transverse

::::::
cracks,

::
it

:::::
would

::
be

:::::::
prudent

::
to

::::::::
reinforce

::
the

:::::::
trailing

::::
edge

::::::::
laminate,

:::
for

:::::::
instance,

:::::::
through

:::
the

:::::::::::
incorporation

:::
of

::::::::
additional

::::::::::::
unidirectional

:::::::
material.

:::
As

::
a

:::::
result,

:::
the

::::::
strains

::
in

:::
the

::::::
trailing

::::
edge

::::
and,

::::::::::::
consequently,

:::
the

::::::::::
longitudinal

::::::
normal

::::::
stress

::
in

:::
the

:::::::
adhesive

::::::
would

::
be

:::::::::
decreased.

::
A
:::::::::
reduction

::
in

:::
the

::::::::::
longitudinal

::::::
normal

:::::
stress

::::::
would

:::::
result

::
in

:::
an

:::::::
increase

::
in

:::
the

::::::
degree

::
of

:::::::::::::::::
non-proportionality,

::::
with

:::
the

:::::::
relative

::::::::::
contribution

:::
of

::::
other

:::::
stress

::::::::::
components

::::
also

::::::
rising.

::::::
While

::::
there

::
is

::
a

:::::::::
possibility

:::
that

:::::::
thermal

:::::::
residual

:::::::
stresses

::::
may

:::::::
become

:
a
::::::
critical

:::::
issue

::
if585

::
the

:::::::
trailing

::::
edge

::
is
::::::::::
excessively

::::
stiff

:::::::::::::::::::::
(Rosemeier et al., 2022a),

::
it

::::::
should

::
be

:::::::
feasible

::
to

:::::::
identify

:::
an

::::::
optimal

:::::::
solution

:::::::
through

::
a

::::::
process

::
of

:::::::::::
compromise.

::
It

:::::
should

:::
be

:::::
noted

:::
that

:::
the

::::::
present

:::::
study

:::
did

:::
not

:::::::
account

::
for

:::::::
thermal

:::::::
residual

:::::::
stresses,

:::::
which

:::::::::
introduces

::
an

:::::
error

::
in

:::
the

:::::
stress

::::::::
histories

:::::::::::::::::::::::
(Rosemeier et al., 2019b, a).

:::::::::
However,

::
as

:::::::
recently

::::::::::
highlighted

:::
by

:::::::::::
Kuhn (2023)

:
,
:::
the

:::::::
bi-axial

::::::::::
combination

::
of

::
a
:::::::
constant

:::::
stress

::
in

::::
one

:::::::
direction

::::
and

:
a
::::::
cyclic

:::::
stress

::
in

:::
the

::::
other

::::::::
direction

::::::
results

::
in

:::::::::::::::::
non-proportionality.

::::
This

::::::
finding

:::
can

::
be

:::::::
readily

:::::::
extended

:::
to

:
a
:::::::::
multi-axial

:::::
stress

:::::
state.

::::
The

:::::::
constant

:::::::
thermal

:::::::
residual

:::::
stress

::
in

:::
the

::::::::::
longitudinal

::::::::
direction590

::::::::::::::::::::
(Rosemeier et al., 2022b)

:
,
:::::::::::
superimposed

:::
by

:::
the

:::::
cyclic

:::::
shear

:::::
stress

:::::::::::
components,

::::::
would

::::
thus

:::::
result

::
in

:
a
::::::
further

::::::::
increase

::
in

:::
the

:::::
degree

::
of

:::::::::::::::::
non-proportionality.

:::::::::
Therefore,

:::
the

:::::::::::
simplification

::
is

::::::::::
conservative

::::
with

::::::
respect

::
to
:::
the

::::::::::::::::
non-proportionality

::::::
factor.

::
It

:::
can

::
be

:::::::::
concluded

:::
that

::::::::::
considering

::::::::::::::
non-proportional

::::::
fatigue

::::::
should

::
be

::
of

::::
even

::::::
greater

::::::::::
importance

::
in

:::::::
properly

::::::::
designed

::::
rotor

::::::
blades

::::::::
(meaning,

::::::::
designed

:::
for

::::
shear

:::::
stress

:::::::
transfer

::::
and

::::::::::
longitudinal

::::::
strain)

::::
when

:::::::
thermal

:::::::
residual

:::::::
stresses

:::
are

:::::
taken

:::
into

::::::::
account,

::
in

::::
light

::
of

:::
the

:::::
results

:::::::::
presented

::
in

:::
this

:::::
study.

:
595

:::
The

::::::
finding

::::
that

:::
the

:::::
global

:::::::::
equivalent

:::::
stress

::::::::
approach

:::::
yields

::::::
higher

::::::
fatigue

:::::::
damage

::::::::
estimates,

:::
see

::::::
Figure

::
9,

:::
lets

:::
the

:::::::
method

:::::
appear

:::::::::::
conservative.

:::::
This

:
is
:::::::
because

:::
the

::::::
fatigue

:::::::
damage

::
is

:::::::::::
accumulated

::
on

:::
all

:::::::
material

::::::
planes

:::
and

:::
not

::::
only

:::
on

:::
one

:::::::::
particular

::::
plane

::::
that

::
is

:::::::::
considered

::::::
critical

:::::
(i. e.,

:::
the

:::::
plane

::::
with

:::::::::
maximum

::::::
fatigue

::::::::
damage),

::
as

::
is

:::
the

::::
case

::
in

:::
the

::::::
critical

:::::
plane

:::::::::
approach.

::::::::
Assuming

::::
that

:::
the

::::::
critical

:::::
plane

::::::::
approach

::
is

:::::
more

::::::::
accurate,

:::
the

::::
∆D

:::::
values

:::
of

::
up

:::
to

::::
70%,

::::::::
however,

:::::::
indicate

::::
that

:::
the

::::::
global

::::::::
equivalent

:::::
stress

::::::::
approach

::
is
:::::

quite
:::::::::
inaccurate

::
in

::::
case

::::
that

:
a
:::::::::

significant
::::::

stress
::::::::::::::::
non-proportionality

::
is

::::::::
involved.

:::::::::
Anyways,

:::
the600

::::::
fatigue

::::::
damage

::::::
results

::::
must

::
be

::::::
treated

::::
with

:::::::
caution,

::
as

::::
they

:::::::
strongly

::::::
depend

::
on

:::
the

::::::
applied

::::::
criteria

:::
for

::::
both

:::
the

:::::
global

:::::::::
equivalent

::::
stress

::::
and

:::
the

::::::
critical

:::::
plane

::::::::
approach.

::
It
:::
has

:::::
been

::::::::::::
experimentally

::::::
proven

:::
for

:::
an

:::::
epoxy

::::::::::
resin-based

::::
rotor

:::::
blade

::::::::
adhesive

::
at

:::
the

::::::
coupon

::::
level

::::
that

::::::
neutral

::::::::
material

:::::::
behavior

::::::
occurs

::::::::::::::::
(Kuhn et al., 2023).

:::::
This

::::::
means

:::
that

:::
the

:::::::
fatigue

:::
life

::::
does

::::
not

::::::
depend

:::
on

::
the

::::::
degree

:::
of

::::::::::::::::
non-proportionality

::::::::::::::
(Sonsino, 2020).

::::
This

::::::::
behavior

:::::
could

:::
be

:::::::::
reproduced

:::::
with

:::
the

:::::::::::
critical-plane

:::::::::
approach,

:::
but

:::
not

::::
with

:::
the

:::::
global

::::::::
approach.

:::::
Note

:::
that

::::::::
different

::::::
criteria

::::
from

:::::
those

::::
used

::::
here

:::::
were

::::::
applied

::
in

::::
that

:::::
study,

:::::
which

:::::::::
highlights

:::
the605
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:::::::
necessity

::
to

::::::::
carefully

::::::
choose

:::
the

::::::::
respective

::::::
fatigue

:::::::
damage

::::::
criteria.

:::::
Even

::::
more

:::::::::
important,

::
it

:::
was

::::::
shown

:::
that

:::
the

::::::
fatigue

:::::::
damage

::
in

:::
the

::::
case

::
of

:::
the

:::::
global

:::::::::
equivalent

:::::
stress

::::::::
approach

::::
was

:::
not

::::::
higher

:::
for

::::::::
increasing

:::::::::::::::::
non-proportionality,

:::
but

:::::::::::
significantly

:::::
lower

:::::::::::::::
(Kuhn et al., 2023)

:
.
::
In

:::
this

:::::::
respect,

:::
the

:::::
global

::::::::
approach

:::
not

::::
only

:::::::::
incorrectly

::::::::
predicted

:::
the

::::
basic

::::::
fatigue

::::::::
behavior

::::
(i. e.,

::
it

:::
did

:::
not

::::::
capture

:::
the

::::::
neutral

:::::::::
behavior),

:::
but

::::
also

::::::::::
significantly

::::::::::::
overestimated

:::
the

::::::
fatigue

::::
life.

::::
The

::::::::
prediction

::::
was

::::::::
therefore

:::::::::::
substantially

::::::::::::::
non-conservative.

:::::::::
Obviously,

::::::
further

::::::::::::
investigations

::::
need

:::
to

::
be

::::::
carried

:::
out

::
to
::::::

finally
::::::::
conclude

:::
the

:::::::
abilities

:::
and

::::::::::
deficiencies

:::
of610

::
the

::::::
fatigue

:::::::
analysis

::::::::::
procedures.

:

5 Conclusions

::
In

:::
this

::::::
paper,

:
a
::::::::::::::::
non-proportionality

::::::
factor

:::
was

::::::::
proposed

::::
that

:::::
serves

::
to
::::::::
quantify

:::
the

::::::
degree

::
of

::::::::::::::::
non-proportionality

::
in

::
a

::::::
fatigue

::::
stress

::::
time

::::::
series.

::::
Two

:::::::
different

:::::::::::
formulations

::::
from

::::::::
literature

:::::
were

::::::::
combined.

::::
The

::::::::::::::::
non-proportionality

:::::
factor

::::
was

::::::::
evaluated

:::
for

::
20

:::
test

:::::
cases

:::
on

::::::
which

:::
the

::::
new

::::::::::
formulation

:::
was

::::::::::::
benchmarked

::::::
against

:::::
other

:::::::::::
formulations.

::::
The

:::::::::
agreement

::::
was

::::::::
excellent

:::
for615

::::
those

::::
test

::::
cases

::::::
where

::
no

:::::::::
difference

::::
was

::::::::
expected.

::
It

:::
was

::::::
further

::::::
shown

::::
that

:::
the

::::::::::::::::
non-proportionality

:::::::::
calculated

::::
with

:::
the

::::
new

:::::::::
formulation

::
is
:::::::::::
independent

::
of

:
a
:::::
mean

:::::
stress

::::::
(which

::
is
:::
an

::::::::
important

:::::::
feature)

:::
and

::::::::
accounts

:::
for

:::::::::
hydrostatic

::::::::
pressure

:::::
states.

::::
The

:::
new

::::::::::
formulation

::
is

::::
thus

::
an

:::::::::::
improvement

:::
for

::::::::
materials

::::
that

:::
are

:::::::
sensitive

::
to

:::
the

:::::::
presence

:::
of

:::::::::
hydrostatic

:::::::
pressure

::
in

:::::::
fatigue,

::
as

::
is

::
the

::::
case

:::
for

:::
an

::::::::::
epoxy-based

::::::::
adhesive

::::::::::
investigated

::
in

:::
this

:::::
paper.

:

The
:::::::::::::::
non-proportionality

:::::
factor

::::
was

::::
then

::::::
applied

::
to

:::::::
evaluate

:::
the

::::::
degree

::
of

::::::::::::::::
non-proportionality

::
in

::::::
trailing

::::
edge

::::::::
adhesive

:::::
joints620

::
of

::::
three

::::::::
different

::::
rotor

::::::
blades,

::::
two

::
of

::::::
which

::::::
having

:
a
:::::::
similar

::::
blade

::::
size

::::
and

:::
the

::::
third

::::
one

:::::
being

::::::
smaller

::::
and

:::::
being

::::::::
equipped

::::
with

:
a
:::::::::
pre-sweep

::
in

::
the

:::::
rotor

:::::
plane.

::::
The

:::::::::::
characteristics

:::
of

::
the

:::::::
degrees

::
of

:::::::::::::::::
non-proportionalities

:::::
were

:::::::
analyzed

::
in

:::::
detail

:::
and

:::::
were

::::::::
correlated

::::
with

:::::::
excerpts

:::
of

:::
the

::::
load

::::
time

::::::
series.

::::
The distribution of the non-proportionality factor in the cross-section plane

was similar in all cases and increased from the trailing edge towards the inner face corner on the suction side. It was observed

that a dominating longitudinal normal stress, which can appear in real blades, reduces the degree of non-proportionality (which625

is also the reason for the cross-sectional distribution of the non-proportionality factor).

It was shown in
::
In

:::
the

:::::::
present

:::::
study,

::
it

:::
was

::::::
shown

::::
that

:::
the

::::::::
difference

::
in
:::::::

fatigue
::::::
damage

:::::
when

:::::
using

:::
the

::::::
global

:::::::::
equivalent

::::
stress

::::::::
approach

::
or

:::
the

::::::
critical

:::::
plane

::::::::
approach

::::::::
increases

::::
with

:::
the

:::::
degree

::
of
:::::::::::::::::
non-proportionality.

:::::
While

:::
the

::::::
critical

:::::
plane

:::::::
concept

:
is
::::::::::
understood

::
to

:::
be

::::
more

::::::::
accurate,

::
it
::
is

:::::::::
associated

::::
with

::::::
higher

::::::::::::
computational

::::
cost.

::::
The

:::::::::
equivalent

:::::
stress

::::::::
approach

::::::::
provided

::::::::::
conservative

::::::::
estimates

:::
in

:::
the

::::::
present

::::::
paper.

::::::::
However,

::::
this

:::::::
finding

:::::::
strongly

:::::::
depends

:::
on

:::
the

::::::::
materials

:::::
used

:::
and

::::
the

::::::
failure630

::::::
criteria

::::::::
embedded

::
in
:::
the

::::::
fatigue

::::::::
analysis.

::
In

:::::::
contrast

::
to

:::
the

::::::
current

:::::
study,

::
it

:::
was

::::::
shown

::
in literature that the choice of a suitable

fatigue analysis framework depends on the degree of non-proportionality . For proportional stress histories,
::::::
(which

:
is
:::::::::
supported

::
by

:::
the

::::::
current

::::::::
findings),

::::
and

:::
that

:
a global equivalent stress approach gives reasonable and accurate fatigue damage estimates

::
for

:::::::::::
proportional

:::::
stress

:::::::
histories. However,

:
it

:::
was

::::
also

::::::
shown

::::
that if there is a lot of non-proportionality involved, the critical

plane approach needs to be utilized(which is computationally very intense), because the error of the global equivalent stress635

approach increases with the level of non-proportionality , and the error
:::
and is not necessarily conservative.

The non-proportionality factor as proposed in this paper can be utilized to quantify the degree of non-proportionality in

rotor blade adhesive joints, and it can be adapted for other materials and sub-structures as well. The blade designer is then
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able to select an appropriate fatigue analysis methodology, e. g., the critical plane approach, only for spots with a high degree

of non-proportionality. On the contrary, the global equivalent stress approach can be applied elsewhere. As the wrong choice640

of the fatigue analysis method can be non-conservative, the non-proportionality factor can thus serve to improve the overall

structural reliability of wind turbine rotor blades.

Further research is necessary to find a threshold above which non-proportionality needs to be considered. Future work will

have to clarify in how far the non-proportionality factor can be utilized as a decision-making metric in choosing
::::
work

:::::
could

::
be

::::::
utilized

::
in
:::

the
::::::
future

::
as

:
a
::::::
metric

::
to

::::::
choose

:
an appropriate fatigue analysis procedure, finding the best compromise between645

accuracy and computational cost before actually carrying out the fatigue analysis.
:::::::
Further

:::::::
research

::
is

::::::
needed

:::
to

::::::
clarify

:::
the

::::::::::
applicability

::
of

::::::::
different

::::::
fatigue

:::::::
analysis

::::::::
concepts

:::::::::
depending

:::
on

:::
the

::::::
degree

::
of

:::::::::::::::::
non-proportionality.

:::::::::
Moreover,

:::::::::::
experimental

::::::::
validation

::
is

:::::::::
imperative

::
to

:::::::::::
substantialize

:::
the

:::::::
findings

::
of

::::
this

:::::
paper

:::
and

:::::
future

::::::
studies.
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