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Fatigue life prediction methodology for L-flange connection under different 
preload levels based on crack growth analysis

Iman Shakeri *, Hagar El Bamby , Trayana Tankova , Milan Veljkovic
Department of Engineering Structures, Delft University of Technology, 2628CN Delft, The Netherlands

A R T I C L E  I N F O

Keywords:
Fatigue life
S-N curve
Fatigue crack growth
Bolted flange connection
Preload
Stress intensity factor

A B S T R A C T

Bolted flange connections in wind turbine towers are subjected to cyclic loading, making fatigue a critical 
concern for their structural integrity. Bolt preload helps mitigate fatigue damage, but actual preload levels often 
deviate from design values due to uncertainties in the tightening process and geometric imperfections. This study 
evaluates the fatigue life of bolts L-flange connections under varying preload levels using a numerical fracture 
mechanics approach. A comprehensive three-dimensional finite element analysis (FEA) is conducted to assess the 
effects of preload on the stress intensity factor (SIF), crack propagation behaviour, and load transfer function 
(LTF). Additionally, the influence of thread helix angle, as well as combined axial and bending loads, on SIF and 
crack front evolution is examined. Experimental validation of the numerically obtained LTF is performed. A 
methodology for predicting S-N curves is proposed by deriving normalised solutions for LTF and SIF. The results 
indicate that increasing preload up to 90 % significantly reduces the SIF range, thereby decelerating crack 
growth and enhancing fatigue life. However, beyond 90 %, the improvement in fatigue life becomes less pro
nounced. Furthermore, the findings suggest that Eurocode 3 provides conservative fatigue life predictions, as it 
neglects bending effects, which are less detrimental than axial loading. Notably, even minor preload loss 
considerably shortens fatigue life, an effect that becomes more pronounced at higher preload levels. This 
research contributes to the development of predictive fatigue models for the bolted L-flange connection, 
providing insights into incorporating preload effects into fatigue life assessments.

1. Introduction

The increasing global demand for renewable energy has driven ad
vancements in wind turbine technology, with offshore wind farms 
playing a crucial role in sustainable power generation. A critical 
component in wind turbine support structures is the bolted L-flange 
connection, which serves to join tower segments and transmit complex 
loads generated during operation [1], as illustrated in Fig. 1a. These 
connections are subjected to cyclic axial and bending loads, making 
them susceptible to fatigue failure. A comprehensive understanding of 
their fatigue behaviour is essential to ensure structural integrity, opti
mise design, and improve long-term reliability, particularly under 
varying preload conditions and dynamic loads. The fatigue behaviour of 
L-flange connections is primarily governed by the bolt preload level, 
stress concentration at the thread roots, load eccentricity leading to 
combined axial and bending stresses and geometric imperfections.

Preload in a bolted connection refers to the initial tensile force 

applied to the bolt during tightening, which induces a clamping force 
between connected components, as shown in Fig. 1b. This force allows 
external loads to be primarily transferred through friction at the inter
face rather than through the bolt itself, thereby reducing stress fluctu
ations under cyclic loading. As a result, preload serves as a key factor in 
mitigating fatigue failure by minimising stress amplitude variations and 
preventing loosening due to dynamic effects.

The load transfer function (LTF) describes the relationship between 
the external force acting on the tower shell, Fext , and the force experi
enced by the bolt, Fb, as shown schematically in Fig. 1c. Under ideal 
geometric conditions, flange tightening increases surface pressure be
tween the mating faces, leading to a centric clamp force around the 
longitudinal bolt axis, which acts as a counterpart to the preload, as 
depicted in Fig. 1b. Due to the combined effects of preload and load 
eccentricity, the transfer of external loads to the bolt follows a nonlinear 
pattern [2]. In cases where a symmetric clamp force exists around the 
bolt axis, external forces initially reduce the clamp load before being 
fully transmitted to the bolt.
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Several studies have investigated the role of preload in bolted flange 
connections. Schaumann and Seidel [3] examined failure modes in 
bolted steel flanges, emphasising the importance of precise preload 
application for effective load transfer and fatigue performance. Seidel 
[5] and Seidel & Schaumann [6] analysed fatigue loads in ring flange 
connections, highlighting the critical role of bolt preload in distributing 
operational stresses. Mehmanparast et al. [1] reviewed fatigue chal
lenges in offshore wind turbine bolted connections, identifying preload 
optimisation as a key strategy for mitigating premature failures. 
Although high preload application causes measurable plastic deforma
tion [7], studies have reported that this does not compromise the joint’s 
structural integrity [8], as its effect on ultimate load capacities is 
generally insignificant [9]. Shahani and Shakeri [10] experimentally 
investigated the effect of preload on the endurance limit of bolts under 
pure axial loading. Their results demonstrated that the high mean stress 
resulting from increased preload levels does not reduce the endurance 
limit due to localised plasticity at the thread roots. Glienke et al. [11] 
and Maljaars and Euler [12] have studied the impact of mean stress on 
bolt fatigue life, noting variations in fatigue properties across different 
standards due to insufficient design guidelines for bolts with different 
materials and assemblies [13], as well as the limited available data on 
high mean stress levels [12].

In practice, the actual preload in bolts often deviates from design 
specifications due to uncertainties in the tightening process, geometric 
imperfections [14], or improper installation. These deviations increase 

stress fluctuations, leading to accelerated fatigue damage [15,16]. 
Additionally, preload loss over time is commonly observed due to set
tlements, prolonged vibrations, cyclic loading, or plastic strain accu
mulation in the bolt and flange [17]. However, there is no information 
available in existing fatigue prediction standards, such as Eurocode 3 
[18] and DNV-RP-203 [19], especially about the lack of preload loss and 
explicit influence of bending interaction in L-flange connections. The 
newest results about geometric imperfection of L-flanges, preload loss 
and bolt force and moment calculation model are included in IEC 
61400-6 [17]. Therefore, understanding the extent to which preload loss 
affects fatigue life is essential for improving bolted connection design 
and developing accurate predictive models.

While standards such as Eurocode 3 [18] provide baseline fatigue life 
predictions for bolted connections, their conservative nature often leads 
to an underestimation of fatigue life, as they do not account for the 
bending loads in flange connections caused by eccentricity [20]. Lochan 
et al. [21] reviewed the fatigue performance of bolted connections in 
offshore wind turbines, highlighting the limitations of current standards 
and the need for more comprehensive fatigue models. Schwarz et al. 
[22] experimentally demonstrated that neglecting the bending effect on 
the stress range in L-flanges leads to a significantly shorter fatigue life 
prediction when using fatigue data from axially loaded bolt-nut con
nections. These studies underscore the importance of considering load 
transfer mechanisms when predicting flange connection fatigue life.

Numerical simulations have contributed significantly to 

Nomenclature

A Constant of S-N curve
a Crack depth
As Stud cross section
At Tensile-stress area
a0 Intrinsic crack length
ac Critical crack length
ai Initial crack length
b Arc half-length of the crack
C Material parameter in NASGRO equation
c Crack half-length
Cth Empirical constant
D Stud nominal diameter
Dmajor Stud major diameter
Dminor Stud minor diameter
DCmean Mean detail category
DCTable Design (characteristic) detail category
E Young’s modulus
FB Internal stud force
FB,trans Portion of external load transferred to the stud
Fext External force applied to the flange
FPL Stud force caused by preload
Fu Ultimate strength of the stud
Fy Yield force of the stud
I Second-area moment
Jint Interaction integral
KC Critical stress intensity factor
KI Stress intensity factor of mode I
KII Stress intensity factor of mode II
KIII Stress intensity factor of mode III
ks Size factor
L Stud length
Lc Contact length
M Bending moment
m Inverse slope of S-N curve
N Number of cycles

n Material parameter in NASGRO equation
Nf Number of cycles to failure
NutFree Free nut rotation
P Thread pitch
p Material parameter in NASGRO equation
q Material parameter in NASGRO equation
R Stud radius
Rext External load ratio
RB Load ratio of the stud
s Standard deviation
Su Ultimate Strength
Sy Yield Stress
tl One-sided tolerance limit factor
Wf Flange width
YB Dimensionless stress intensity factor for bending
YA Dimensionless stress intensity factor for axial force
α Constraint factor
γ Crack opening function
γM Adjustment factor from design to mean curve
ΔKI,th Threshold stress intensity factor range
ΔKth,0 Threshold stress intensity factor range at RB = 0
ΔNut Effective nut rotation
ΔSaxial Axial stress range in the stud
ΔSext External stress range applied to the flange
ΔSnom nominal stress range
εe Engineering strain
εt True strain
θ Angle of strain gauge in regards to x́  axis
σA Axial stress
σB Bending stress
σe Engineering stress
σF Flow stress
σt True stress
λ Plane strain/stress factor
ν Poisson’s ratio
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understanding the structural integrity and fatigue performance of bolted 
connections in wind turbines [23–27]. Global methods, such as the S-N 
approach used in standards, do not explicitly consider key factors such 
as actual bolt geometry, stress redistribution due to cracking, loss of bolt 
pretension, and changes in loading conditions, emphasising the need for 
advanced methods to ensure reliable fatigue and structural assessment 
[28,29]. Okorn et al. [30,31] examined the influence of geometric im
perfections in preloaded flange connections using finite element analysis 
(FEA), highlighting their impact on fatigue loads and bolt integrity. 
However, their model did not account for detailed bolt geometry. Yang 
et al. [32] studied tensile loading effects on damage initiation using 
fracture simulations that incorporated detailed thread geometry. 
Wegener et al. [33,34] analysed ring flange connections and numeri
cally evaluated preload loss due to high single loads and plastic defor
mation in the flange or bolt. Cheng et al. [35,36] conducted detailed FEA 
of ring flange connections, identifying critical stress distributions and 
deformation patterns under varying loading conditions. These studies 
demonstrate the effectiveness of FEA in capturing complex interactions 
between preload and cyclic loading, thereby aiding design optimisation 
and predictive maintenance strategies.

An important aspect of fatigue analysis in bolted connections is the 
characterisation of crack propagation. Annoni et al. [37] examined fa
tigue life in threaded connections for offshore wind turbines, demon
strating that accurate modelling of crack propagation is pivotal for 
understanding the fatigue behaviour of bolted joints. Stranghöner et al. 
[38] and Zhang et al. [39] performed fracture mechanics-based analyses 
to evaluate crack propagation in high-strength bolts, revealing the in
fluence of parameters such as bolt diameter and initial crack location on 
stress intensity factor (SIF) and fatigue life. Eichstädt [40] investigated 
fatigue assessment methods for large-size bolted assemblies, demon
strating the interplay between bolt geometry, material properties, and 
preload levels in determining fatigue resistance of wind turbine support 
structures. However, research on the impact of varying preload levels on 
fatigue crack propagation using detailed modelling remains limited.

Based on the author’s research and the state-of-the-art study, the 
following key research gaps in the fatigue assessment of L-flange con
nections have been identified: (i) the effect of bending caused by load 
eccentricity on fatigue behaviour and crack propagation, (ii) the influ
ence of preload loss on fatigue life, and (iii) the lack of SIF solutions for 
an equivalent 3D semi-elliptical crack subjected to combined axial- 

bending loading in a bolted connection, considering realistic thread 
geometry. This study addresses these gaps by evaluating the fatigue life 
of bolts in L-flange connections under varying preload levels utilising a 
fracture mechanics approach. A comprehensive three-dimensional 
fracture mechanics analysis is performed on an L-flange connection 
subjected to different preload levels and external loads. To predict the 
fatigue life of bolted connections using a fracture mechanics approach, 
both LTF and SIF should be determined. Prediction fatigue models based 
on fracture mechanics are used in welded connections but not so 
frequently in bolted connections. To address this gap, the study sys
tematically examines the effects of preload on crack propagation, SIF 
ranges, and LTF, while also assessing the impact of thread helix angle 
and combined axial and bending loads on SIF and crack front evolution. 
The LTF obtained from numerical simulations, which account for pre
load effects, is validated against experimental data. The results 
demonstrate that preload significantly influences crack growth, SIF 
range, and fatigue life, ultimately affecting the associated S-N curves. By 
deriving normalised solutions for LTF and SIF, a methodology for pre
dicting S-N curves is proposed. The novel findings of normalised solu
tions for LTF and SIF contribute to the development of fracture 
mechanics in L-flange connections, enabling their application to a wider 
range of axial-bending loading scenarios and supporting improved 
design guidelines that enhance the long-term reliability of L-flange 
connections in wind turbine towers.

2. Models and Methods

This section presents the methodology for predicting the fatigue life 
of an L-flange bolted connection subjected to various preload levels, 
involving a sequence of numerical analysis steps. It begins with an 
overview of the geometry and material properties used in the case study, 
followed by a description of the finite element (FE) model developed to 
simulate preload application. The modelling approach for fatigue crack 
growth (FCG) and fatigue life prediction is then detailed, and finally, the 
procedure for constructing the S-N diagram is described.

2.1. The considered L-flange connection

An L-flange connection, shown in Fig. 2a, was modelled using 
ABAQUS 2023 [41]. The M48 partially threaded stud and ISR nut, both 
of class 10.9 with a 5 mm pitch, were modelled with threads featuring a 
tolerance class of 6g and 6H, respectively, according to ISO 965-1 [42]. 
The major and minor diameters of the stud are 47.7 mm and 41.9 mm, 
while those of the nut are 48.5 mm and 42.9 mm. The stud includes a 
112 mm long unthreaded section with a diameter of 45 mm, and the nut 
has an outer diameter of 92 mm.

All parts were assigned a modulus of elasticity of E=210 GPa and 
Poisson’s ratio ν=0.3. The flange, stud, and nut were modelled with 
elastic-plastic material behaviour with isotropic hardening. The flange 
was assumed to be made of steel grade S355, with material properties 
taken from the Swedish design handbook BSK07 [43]. For the 10.9-class 
bolt and nut, a parabolic engineering stress-strain curve was assumed for 
the pre-necking plastic region [44]. Since the numerical analysis re
quires the true stress-strain relationship as input, the pre-necking engi
neering stress-strain curves for the various components were converted 
into pre-necking true stress-strain curves using the following equations: 

εt = ln(1+ εe) (1) 

σt = σe(1+ εe) (2) 

where the subscripts t and e denote true and engineering values, 
respectively. Fig. 2b shows the true stress-strain curves up to the ulti
mate strength for the L-flange, stud, and nut in the pre-necking region.

Fig. 1. (a) Typical ring flange connection in a wind turbine tower (adopted 
from [3]) (b) L-flange connection, (c) Load transfer mechanism under perfect 
geometric conditions (adapted from [4]).
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2.2. The FE model of preload application

First, a global model of the L-flange was created in ABAQUS. In Step 
1, preload was applied using the turn-of-nut method. The hexagonal 
edges of the lower nut were coupled to a reference point at its centreline 
via a kinematic (rigid) coupling constraint. Various rotation angles were 
applied to the lower nut to achieve different preloading forces in the 
stud, while the upper nut was kept fixed and merged with the stud for 
computational efficiency (Fig. 3a).

General contact was defined for all interactions, including flange-to- 
flange, nut-to-flange, and stud-to-nut threads. Normal behaviour was 
modelled using hard contact, while tangential behaviour was defined 
using a penalty friction formulation with a friction coefficient of 0.2, 
which is commonly used for steel-on-steel threaded interfaces [45]. 
Sensitivity studies conducted in Refs. [39,46] have shown that the 

friction coefficient between threads has minimal influence on the mode I 
SIF for a crack length of 1 mm. Due to contact nonlinearity, an explicit 
method with nonlinear geometry effects was used.

The stud and nut were meshed with quadratic tetrahedral elements 
(C3D10M), while the flanges were meshed with eight-node hexagonal 
elements (C3D8R) with reduced integration and hourglass control. In 
Step 2, after preload application, an external load Fext was applied to the 
top flange, while the bottom surface of the lower flange was fixed 
(Fig. 3a).

2.3. FCG simulation

To determine the fatigue life of the stud using a fracture mechanics 
approach, a three-dimensional FCG simulation was performed using 
ABAQUS 2023 [41] and ZENCRACK 9.3-1 [47] commercial software. 

Fig. 2. (a) Exploded (left) and assembled (right) views of an L-flange connection featuring an M48 stud and nut. (b) Nominal pre-necking true stress-strain curves of 
the L-flange, stud and nut.

Fig. 3. Details of the 3D FE simulation: (a) BCs applied to the global model of the L-flange connection during the stud preloading (Step 1) and the external loading 
(Step 2), (b) Submodel extracted from the critical region of the stud, (c) Semi-elliptical crack introduced at the thread root, (d) Ring elements surrounding the 
crack front.
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Due to the complexity of the model and the large amount of elements, a 
submodelling technique was applied. As illustrated in Fig. 3b, the sub
model extracted from the critical region encompassed the first engaging 
thread between the stud and the lower nut. This critical region selected 
for submodelling was determined based on the maximum stress con
centration observed at the root of the first engaged thread, at the loca
tion where it is expected to initiate the first crack because of the peak 
tensile stress.

An un-cracked submodel was first created in ABAQUS. To ensure that 
the nodal locations in the submodel exactly match those in the global 
model, the submodel was created by copying the global model and then 
removing all parts except the region of interest. Using the submodel 
boundary condition (BC), the results from Step 2 of the global model of 
the L-flange were mapped onto the outer submodel’s surfaces, which 
were cut from the global model. To verify the transfer of loading and BCs 
from the global to the submodel, the resultant force in the stud cross- 
section at the root of the first engaged thread was compared between 
the two models exposed to an external load of 500 kN without consid
ering the pretension force. A difference of 1.5% was observed, indicating 
successful transfer of loading and BCs.

To perform the FCG analysis, the submodel was then imported into 
ZENCRACK, where an initial semi-elliptical crack with an aspect ratio of 
ai/ci=1 and an initial crack depth ai=1 mm was introduced at the root of 
the first engaging thread between the stud and nut, as shown in Fig. 3c. 
The procedure of the iterative 3D FCG simulation using the remeshing 
technique is schematically illustrated in Fig. 4.

The maximum energy release rate was used as the criterion to predict 
the crack growth direction. The energy release rate was computed at 
each node along the crack front, and the node with the highest energy 
release rate determined the crack propagation direction. Subsequently, 
the crack growth increment was calculated, and the crack front was 
updated [48]. Due to potential variations in the growth increments 
among different nodes on the crack front, the shape of the crack front 
could change. The simulation continued until the crack reached a pre
defined length.

Wedge elements with a square root singular shape function were 
assigned to the crack front, arranged in a spider-web pattern as shown in 
Fig. 3d. Four surrounding rings of quadratic hexagonal solid elements 
(ABAQUS type C3D20R) were used to compute the J-integral. The mesh 
size was chosen based on a mesh convergence study near the crack front. 
It was found that a characteristic element size of 0.125 mm in the 

vicinity of the crack front yields converged SIF calculations, with dif
ferences in SIF values between successive refinements remaining below 
1%. The final submodel contained 89223 elements and 133146 nodes. 
Hard contact and frictionless conditions were assigned to the crack 
faces. A modified Newton-Raphson solver was adopted to submodel 
within the ABAQUS general static step.

Values of SIFs were obtained from the J-integral using the interaction 
integral method [41] as follows: 

KI =
E

2(1 − λν2)
JI

int (3) 

KII =
E

2(1 − λν2)
JII

int (4) 

KIII =
E

2(1 + ν)J
III
int (5) 

where Jint represents the interaction integral and λ=0 for plane stress or 
λ=1 for plane strain. Since ratios KII/KI and KIII/KI were both below 
0.05, mode I was dominant, and only KI was used for fatigue life cal
culations.

2.4. FCG prediction

A cyclic external load with a ratio of Rext = Fmin
ext /Fmax

ext = 0 was 
applied to the flange. The crack growth rate was determined using the 
NASGRO equation [49], originally proposed by Foreman and Mettu 
[50]: 

da
dN

= g(a) = C
[(

1 − γ
1 − RB

)

ΔK
]n

(

1 −
ΔKI,th
ΔKI

)p

(

1 −
KI,max

KC

)q (6) 

where C, n, p and q are material-dependent parameters. KC and ΔKI,th 

represent the critical SIF and threshold SIF range, respectively. The load 
ratio RB of the stud is defined based on the internal stud force FB as 
follows: 

RB =
Fmin

B
Fmax

B
(7) 

It should be noted that due to the presence of an initial preload in the 
stud, Fmin

B ∕= 0, leading to RB ∕= Rext. The crack opening function γ, which 
accounts for the crack closure effect, was formulated by Newman [51] 
for RB ≥ 0 as Eq. (8): 

γ =
KI,op

KI,max
= max

(
RB,A0 +A1RB +A2RB

2 +A3RB
3) (8) 

where the coefficients are defined as follows: 

A0 =
(
0.82 − 0.34α+0.05α2)

[

cos
(

π
2

σmax

σF

)]1/α

(9) 

A1 = (0.415 − 0.071α) σmax

σF
(10) 

A2 = 1 − A0 − A1 − A3 (11) 

A3 = 2A0 + A1 − 1 (12) 

where σF is the flow stress, defined as σF =
(
Sy + Su

)
/2, and α varies 

between 1 for plane stress state and 3 for plane strain state. The 
threshold SIF range is given by: 

Fig. 4. Iterative procedure for 3D FCG simulation using ABAQUS 
and ZENCRACK.
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ΔKI,th =

ΔKth,0

̅̅̅̅̅̅̅̅
a

a+a0

√

[
1− γ

(1− A0)(1− RB)

]1+RBCth
(13) 

where ΔKth,0 is the threshold SIF range at RB = 0. The parameter a0 is 
introduced to account for the effect of crack length on the threshold 
value in the short crack growth regime, representing an intrinsic crack 
length set to a constant value of 0.0381 mm [52]. The parameter Cth is an 
empirical constant.

It should be noted that the bolted connection in wind turbine is 
primarily subjected to high cycle fatigue. In such cases, after the initial 
few load cycles, the material behaviour stabilises within the elastic 
regime due to shakedown [40]. Therefore, the use of LEFM remains 
valid for modelling fatigue crack growth in this context. Also, axial and 
bending loads applied to the flange typically result in mode I-dominated 
crack propagation. However, in cases of mixed-mode loading, an 
effective SIF may be used instead of KI in Eq. (6).

2.5. S-N diagram

To generate an S-N curve, the number of cycles to failure was 
computed by numerically integrating the crack growth rate (Eq. (6)) 
using the trapezoidal rule with uniform spacing as follows: 

Nf =

∫ac

ai

1
g(a)

da ≈
ac − ai

2k
∑k

j=i+1

(
1

g
(
aj− 1

)+
1

g
(
aj
)

)

(14) 

where k is the number of terms in the series. Failure of the L-flange is 

assumed when the crack reaches 25% of the stud diameter, i.e., 12 mm. 
The material parameters used for fatigue life estimation are listed in 
Table 1 [38,46].

The S-N curve is described by a linear relationship between the 
number of cycles to failure (Nf ) and the nominal stress range in a log-log 
plot as follows: 

Nf = A(ΔSnom)
− m (15) 

where logA and m and are the intercept and inverse slope of the S-N 
curve in the log-log plot. The slope m is obtained via linear regression by 
plotting logN against logσ, treating Nf as the dependent variable [53].

It should be noted that S-N curves obtained from experiments include 
both crack initiation and propagation life, whereas Eq. (14) accounts 
only for crack propagation, leading to a conservative prediction. How
ever, large-diameter studs manufactured by thread rolling often contain 
pre-existing crack-like defects (~10-100 µm) at the thread roots, as 

reported for M30 bolts [46], making the crack initiation period rela
tively short compared to the overall lifetime. Therefore, a fracture 
mechanics-based approach provides a reasonable estimation of fatigue 
life for such bolts.

3. Experimental Determination of LTF for the L-Flange 
connection

In order to validate the FE model, the LTF at a given preload level 
was determined experimentally. Fig. 5a illustrates the tested L-flange, 
which has the same dimensions as those used in the FEA. The experiment 
utilised an M48 hot-dip galvanised stud with an ISR nut. The flange was 
mounted on an Instron 2 MN testing machine, and a hydraulic tensioner 
applied the preload. As preload is partially lost after tensioner removal, 
a higher preload than required was initially applied, reaching a pressure 
of 2000 bar. After tensioner removal, an external load of Fext=550 kN 
was applied to the shell section of the L-flange, as shown in Fig. 5a.

3.1. Preload measurement

To measure preload, the stud was instrumented by strain gauges 
(SGs) glued to the unthreaded stud surface (Fig. 5b). Three SGs were 
positioned 120◦ apart around the circumference, as shown in Fig. 5c. 
Comparing the strain measured by SGs at 2000 bar pressure, with the 
expected strain calculated from the load-pressure diagram provided by 
the hydraulic tensioner supplier, the difference is approximately 1.6%.

The axial force and bending moments in the stud were calculated 
using Eq. (16) (details of calculation has been provided in Appendix):    

where D is the diameter of the unthreaded section and θ is the SG1 angle 
relative to the xʹ axis.

3.2. Gap measurement

To validate the FE model, the gap between the flange contact sur
faces under external loading was experimentally measured using two 
methods. Three LVDTs1 were mounted on one side of the flange 
(Fig. 6a), while the other side was coated to measure the displacement 
field around the flange contact surfaces by employing 2D digital image 
correlation (DIC). As illustrated in Fig. 6b, the side surfaces of the 
flanges were coated with a thin layer of white matt paint, followed by a 
sprayed black speckle pattern, to prepare the measurement surface for 
digital image correlation (DIC) analysis. A 21-megapixel camera was 
positioned to capture images of the flanges at both zero and maximum 
external loads. Polarised blue light was utilised during the test to ensure 
consistent illumination conditions for accurate measurements. A small 
reference block was attached to the upper flange to provide a reference 
length for the DIC analysis. The captured images were imported into the 
ZEISS INSPECT Correlate software, where the displacement of the flange 

Table 1 
FCG parameters used for the fatigue life estimation.

KC 

(MPa
̅̅̅̅̅̅̅̅̅
mm

√
)

C Cth ΔKth,0 

(MPa
̅̅̅̅̅̅̅̅̅
mm

√
)

n p q α

4743.4 1.231×10− 12 1.2 316.2 2.8 0.5 0.5 2.5

⎡

⎣
FB
Mxʹ

Myʹ

⎤

⎦ = EA

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
3

1
3

1
3

D
̅̅̅
3

√

36

(
− cos

(
θ +

π
3

)
+ sin

(
θ +

π
6

)) D
̅̅̅
3

√

36

(
− cos(θ) − sin

(
θ +

π
6

)) D
̅̅̅
3

√

36

(
cos

(
θ +

π
3

)
+ cos(θ)

)

D
̅̅̅
3

√

36

(
sin

(
θ +

π
3

)
+ cos

(
θ +

π
6

)) D
̅̅̅
3

√

36

(
sin(θ) − cos

(
θ +

π
6

)) D
̅̅̅
3

√

36

(
− sin(θ) − sin

(
θ +

π
3

))

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

⎡

⎣
ε1
ε2
ε3

⎤

⎦ (16) 

1 Linear Variable Differential Transformer

I. Shakeri et al.                                                                                                                                                                                                                                  Thin-Walled Structures 217 (2025) 113893 

6 



contact surfaces was tracked and measured relative to the reference 
stage.

4. Validation

This section presents the validation of the numerical models devel
oped in this study in two steps. First, the global FE model of the L-flange 
is validated by comparing the numerically predicted LTF with experi
mental measurements, ensuring that the applied BCs and preload 
simulation are representative of perfect L-flange behaviour. Then, the 

FCG simulation is validated by comparing the SIF results with reference 
solutions from literature.

4.1. Validation of the FE global model of the L-flange

Fig. 7 presents experimental and FE results for stud force FB, during 
preload application and external loading. In the experiment, the stud 
was initially loaded to 1387 kN. Upon removal of the tensioner, FB 
decreased to 1123 kN. It can be observed that for external loads up to 
260 kN, FB remains unchanged, however, as the external load increases 
beyond this point, FB starts to rise.

In the first step of the FE global model of the L-flange, a rotational 
displacement of 1.65 radians was applied to the nut to achieve a resul
tant stud preload consistent with the experimental value. In the second 
step, an external load of 550 kN was applied. A strong agreement is 
observed between the FB values obtained from the experiment and the 
FEA. The maximum discrepancy between the two occurs at an external 
load of 550 kN, resulting in a 1.2% error.

Fig. 8 shows the gap along the flange contact surfaces under an 
external load of 550 kN, as measured by LVDTs and DIC, compared to 
FEA results. As can be seen, the gap values near the flange endpoint at X 
= 215 mm are negative, indicating a small compressive strain. The re
sults demonstrate good agreement between the FEA and the experi
mental measurements. Comparing the gap values obtained from DIC and 
FEM with the LVDT located at X = 32 mm, the errors are 1.7% and 
0.22%, respectively.

4.2. Validation of FCG simulation

To the best knowledge of the authors, no SIF data exist in the open 
literature for a semi-elliptical crack in a stud of an L-flange connection, 
considering the actual 3D geometry of threads. Therefore, to validate the 
adopted 3D FE simulation method for FCG, an M48 threaded rod ge
ometry with a length-to-minor-diameter ratio of L/Dminor = 1.65 
(Fig. 9a) was selected in this section, as the SIF data for this geometry 
have been reported by James and Mills [54], Toribio et al. [55,56] and 
the NASGRO software, originally developed by Mettu et al. [57]. To 
ensure consistency with Refs. [54–57], an additional model featuring an 
axisymmetric thread with zero helix angle was created. Fig. 9c illustrates 
the dimensionless SIF values as a function of normalised crack length for 
the deepest point (“A”) on the crack front of a semi-elliptical crack 
(Fig. 9b) subjected to pure bending. The present study’s results exhibit 
good agreement with the literature data. It is observed that discrep
ancies between NASGRO predictions and the current study increase for 
larger crack lengths. This can be attributed to NASGRO’s assumption of 
a constant crack aspect ratio during propagation.

Fig. 5. (a) Experimental setup for measuring the LTF in an L-flange connection 
using an M48 stud and ISR nuts (b) SG glued to the unthreaded surface of the 
stud (c) Arrangement of SGs around the circumference of the stud, positioned at 
120◦ interval in a local xʹ − ý  coordinate system.

Fig. 6. Measuring the gap between the flange contact surfaces during external loading using (a) three LVDTs mounted at different positions along the flange contact 
surfaces (b) DIC.
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5. Results and discussion

This section presents and analyses the numerical results obtained 
from the FE simulations. To develop a predictive model and correlate the 
results for various cases, it is essential to determine the contributions of 
axial force and bending moment to the SIF. First, the effect of the thread 
helix angle on the SIF and crack front evolution is investigated for axial 
and bending loading. The influence of bolt preload on the LTF is then 
evaluated, followed by its effect on the SIF. By deriving normalised 
equations for both LTF and SIF, and following the methodology 
described in Section 2, S-N curves are generated for various preload 
levels. Finally, the impact of preload on fatigue life is quantified and 
discussed based on the predicted S-N curves.

5.1. Effect of thread helix angle and loading on the SIF and crack front 
shape

To investigate the effect of thread helix angle and loading on the SIF, 
results for a threaded rod with helical and axisymmetric threads 
(Fig. 9a) are compared for a crack subjected to axial force and bending 
moment in Fig. 10. In this section, the FCG simulation in the threaded 
rod was continued until the crack reached 75% of the diameter to 
generate a wide range of data. For short cracks, the thread helix angle 
has no significant effect on the SIF. However, for longer cracks under 
axial loading, neglecting the thread helix angle in the geometry results 
in a slight increase in the SIF.

It is also observed that for short cracks (a/Dminor < 0.05), the 
dimensionless SIFs under axial force and bending moment are nearly 
identical. However, as the crack length increases, the SIF under axial 
force grows at a higher rate than under bending, indicating that pure 

Fig. 7. Comparison of stud force FB as a function of external load applied to the flange, obtained from experiment and FEA.

Fig. 8. (a) Distribution of vertical displacement of the flanges obtained from DIC analysis. (b) Comparison of the gap between flange contact surfaces, obtained from 
DIC, LVDT and FEA.
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bending is less damaging. This is because, in a bending-loaded specimen, 
part of the ligament experiences compressive loading, which does not 
contribute to crack opening. In addition to this, the stress gradient across 
the ligament in bending reduces the effective crack driving force 
compared to uniform tensile loading [58].

The SIF at the deepest node (point “A” in Fig. 9b) along the crack 
front can be expressed as Eq. (17): 

KI = (σAYA + σBYB)
̅̅̅̅̅̅
πa

√
(17) 

where σA and σB represent stresses due to pure axial force and bending 
moment, respectively, and are obtained as follows: 

σA =
4FY

πD2
minor

(18) 

σB =
32MZ

πD3
minor

(19) 

where FY and MZ are axial force along the Y-axis and the bending 
moment around Z-axis, respectively. The geometry factors for axial and 
bending loading, YA and YB, also referred to as dimensionless SIFs, can 
be calculated for helical (HT) and axisymmetric (AT) threads as follows: 

YAT
A =

1.232
(

a
Dminor

)2

+ 0.01487
(

a
Dminor

)

+ 0.1356
(

a
Dminor

)3

− 1.978
(

a
Dminor

)2

+ 0.8268
(

a
Dminor

)

+ 0.1516
,0.01

≤ a

/

Dminor ≤ 0.75 (20) 

YAT
B =

− 0.2996
(

a
Dminor

)2

+ 0.3268
(

a
Dminor

)

+ 0.03324
(

a
Dminor

)3

− 1.871
(

a
Dminor

)2

+ 0.8411
(

a
Dminor

)

+ 0.0349
,0.01

≤ a

/

Dminor ≤ 0.75 (21) 

Fig. 9. (a) Geometry of an M48 axisymmetric threaded rod used for verification with a crack at the centre of the thread root. (b) Characteristic parameters of a semi- 
elliptical crack at the thread root. (c) Comparison of SIF values for a semi-elliptical crack subjected to bending, obtained from the present study and Refs [54–57] at 
the deepest point on the crack front.
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YHT
A =

− 0.01435
(

a
Dminor

)2

+ 0.1373
(

a
Dminor

)

+ 0.04894
(

a
Dminor

)3

− 1.463
(

a
Dminor

)2

+ 0.4833
(

a
Dminor

)

+ 0.05438
,0.01

≤ a

/

Dminor ≤ 0.75

(22) 

YHT
B =

− 0.0369
(

a
Dminor

)2

+ 0.3027
(

a
Dminor

)

+ 0.07709
(

a
Dminor

)3

− 2.195
(

a
Dminor

)2

+ 1.097
(

a
Dminor

)

+ 0.08538
,0.01

≤ a

/

Dminor ≤ 0.75 (23) 

The SIF solutions provided in Eqs. (20) to (23) account for the crack 
front transition from a semi-elliptical to a straight profile for an initial 
crack with a/c = 1 and a = 0.5 mm. Fig. 11 presents the SIF distribution 
along the crack front in the axisymmetric thread model for various crack 
growth stages under pure axial force and bending moment. It is evident 
that the SIF at the corner nodes is higher than at the middle nodes due to 
stress concentration at the thread root, resulting in accelerated crack 
growth at the corners. Consequently, the crack front evolves from a 
semi-elliptical to a straight profile. Fig. 12 illustrates the history of the 
crack propagation profile under axial and bending loading. Initially, the 
half-circular crack front gradually transitions into a half-ellipse. The 
deepest point of the crack front grows more slowly under pure bending 
compared to pure axial force.

Fig. 13 depicts the variation of aspect ratios c/a and b/a, along with 
the straightness ratio xB/a, for a semi-elliptical crack as a function of 
crack length in the axisymmetric thread model. It is seen that the tran
sition from a semi-elliptical to a straight crack front occurs around 
a/Dminor=0.4, with this transformation occurring earlier under bending 
loading.

Fig. 10. Influence of thread helix angle and loading conditions on the SIF for a 
crack subjected to axial force and bending moment.

Fig. 11. SIF distribution along the crack front in the axisymmetric thread model at different crack growth stages under (a) axial and (b) bending loading.
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5.2. Effect of preload on LTF

Fig. 14 illustrates the variation in stud force caused by nut rotation 
during FEA. The secondary vertical axis represents the preload level, 
calculated as FB/Fy, where Fy = AtSy is the yield force based on the 
tensile-stress area At of the stud. As can be seen, initially, no force 

develops in the stud due to the clearance between the stud and nut 
threads. After approximately 1.7 radians of nut rotation, the rate of in
crease in stud force decreases due to localised plastic deformation at the 
thread roots.

The stud force induced by nut rotation can be expressed as Eq. (24): 

Fig. 12. Evolution of the crack front shape in the axisymmetric thread model under axial force and bending moment: (a) top view (b) 3D view.

Fig. 13. Variation of crack front parameters with crack length, (a) aspect ratio c/a, (b) aspect ratio b/a, (c) straightness ratio xB/a, for a semi-elliptical crack 
subjected to axial force and bending moment.
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FB =
ΔNut
1000

(
83.34ΔNut4 − 489.7ΔNut3 +895.4ΔNut2

− 615.3ΔNut+864.2
) (24) 

ΔNut = NutRotation − NutFree (25) 

where NutFree represents the amount of free nut rotation before fully 
engagement between the stud and nut threads.

Fig. 15 presents the variation in stud force for different preload 
levels, including the case of no preload. Fig. 15a shows that upon 

applying an external load, the stud force initially remains unchanged 
(plateau region) before increasing. Fig. 15b illustrates the LTF for 
different preload levels, where the plateau region widens as preload 
increases. As the external load increases, the LTFs for various preload 
levels converge at a critical point (denoted as static failure), where the 
stress in the stud approaches its ultimate strength. Fig. 15c depicts the 
portion of the external load transferred to the stud, which can be 
determined as: 

FB,trans = FB − FPL (26) 

where FPL is the stud force due to preload. As shown in Fig. 15c, beyond a 
certain external load threshold, denoted as Fini,F

ext , the force in the stud 
begins to increase. As preload increases, the initiation of external load 
transfer to the stud occurs at a higher external load. The required 

external load for the initiation of load transfer to the stud is shown in 
Fig. 15d in terms of preload level, and their relationship can be 
described by a four-term polynomial function as follows: 

Fini,F
ext

FPL
=

(
FPL

Fy

)[

0.4682+1.232
(

FPL

Fy

)

− 3.395
(

FPL

Fy

)2

+2.062
(

FPL

Fy

)3]

(27) 

The stud force at various preload levels can be obtained from the 
external load using the LTF as follows:  

where Fu is the force corresponding to the ultimate strength of the stud. 
The coefficients Bi are listed in Table 2. It should be noted that the LTF 
coefficients provided in Table 2 were determined using least squares 
fitting over a preload range of 37% to 94% and for external loads up to 
the ultimate limit state, as shown in Fig. 15b. The validity of the LTF 
polynomial coefficients is within these ranges.

Fig. 15e presents the variation in the stud moment around the Z-axis 
(MZ,B) as a function of external load, which can be calculated as follows:  

Fini,M
ext

FPL
=

(
FPL

Fy

)[

1.206 − 6.415
(

FPL

Fy

)

+19.2
(

FPL

Fy

)2

− 24.76
(

FPL

Fy

)3

+11.07
(

FPL

Fy

)4] (30) 

where Fini,M
ext represents the external force at which the stud moment 

begins to increase, and Fu
ext denotes the external load causing static 

failure of the stud, i.e. FB→Fu. The coefficients Ci are provided in Table 2.
The flange gap due to the external load is another critical parameter 

in flange connections. Fig. 16a illustrates the gap distribution along the 
flange contact surfaces for different external loads at a preload level of 
62%. The gap values at each load are normalised by the maximum gap 
observed at that load, which occurs on the flange shell side (X = 0). It 
can be seen that as the external load increases, the contact initiation 
point shifts, leading to a reduction in the contact length between the 
flanges. Fig. 16b presents the normalised gap for various preload levels 
under an external load of 400 kN. It is evident that increasing the pre
load extends the contact length. However, for preloads exceeding 90%, 
further increases have a negligible effect on contact length. The varia
tion in contact length, Lc, as a function of the ratio of external force to 
stud preload force (Fext/FPL) for different external load and preload 
combinations is shown in Fig. 16c and is expressed by Eq. (31): 

Fig. 14. Stud force and preload as a function of nut rotation.

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

FB

FPL
= 1 +

(
Fext − Fini,F

ext

Fu

)2[

B1

(
Fext − Fini,F

ext

Fu

)2

+ B2

(
Fext − Fini,F

ext

Fu

)

+ B3

]

Fext ≥ Fini,F
ext

FB

FPL
= 1 Fext ≤ Fini,F

ext

(28) 

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

MZ,B

Fu
ext × decc

=

(
Fext − Fini,M

ext

Fu

)

C1

(
Fext − Fini,M

ext
Fu

)3

+ C2

(
Fext − Fini,M

ext
Fu

)2

+ C3

(
Fext − Fini,M

ext

Fu

)

+ C4

Fext ≥ Fini,M
ext

MZ,B = 0 Fext ≤ Fini,M
ext

(29) 
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Fig. 15. (a) Evolution of stud force during preload application and external loading for various preload levels. (b) Variation of stud force with external load at 
different preload levels. (c) Portion of external load transferred to the stud as a function of external load. (d) Required external load for the initiation of load transfer 
to the stud as a function of preload. (e) Variation of stud moment around the Z-axis with external load for different preload levels.
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⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Lc

Wf
= 1 +

Fext

FPL

[

0.7388
(

Fext

FPL

)2

− 0.3866
(

Fext

FPL

)

− 1.2822
]

Fext ≤ FPL

Lc

Wf
= 0.07 Fext ≤ FPL

(31) 

where Wf is the flange width along the X-axis, as shown in Fig. 8a.

5.3. Effect of preload on SIF

To develop a predictive model and correlate the results for various 
cases, it is essential to determine the contributions of axial force and 
bending moment to the SIF. The geometry factors for axial and bending 
loads were obtained using Eq. (17), as shown in Fig. 17a, and are stated 
as follows: 

Table 2 
Coefficients of LTF.

Preload B1 B2 B3 C1 C2 C3 C4

37 % − 22.75 − 3.728 15.55 − 1321 1432 − 522.1 81.64
48 % − 38.23 11.62 8.997 − 1079 1033 − 348.3 60.96
62 % − 51.82 24.07 3.614 − 232.1 40.47 − 22.85 34
75 % − 45.25 21.98 1.593 224.6 − 374.2 48.29 44.14
90 % 13.06 − 10.77 4.72 193.3 55.16 − 304.1 120
94 % 64.71 − 34.91 7.278 1629 − 1254 6.197 105.3

Fig. 16. (a) Normalised flange gap distribution for different external loads under a preload of 62 %. (b) Normalised flange gap for various preload levels under an 
external load of 400 kN. (c) Variation of contact length as a function of the ratio of external force to stud preload force Fext/FPL, for different load-preload 
combinations.
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YA =
1

(

1 − a
Dminor

)3/2

⎡

⎢
⎢
⎣

0.05124
(

a
Dminor

)

+ 0.001077
(

a
Dminor

)2

− 0.002986
(

a
Dminor

)

+ 0.00192

⎤

⎥
⎥
⎦, 0.02

≤ a

/

Dminor ≤ 0.3

(32) 

Employing Eqs. (32), (33) and (17), the SIF can be determined for 
different combinations of preload and external load. Fig. 17b illustrates 
the effect of preload on the SIF for an L-flange subjected to a maximum 
external load of 500 kN and a minimum external load of 0 kN. The re
sults show that as the preload level increases up to 75%, the maximum 

SIF exhibits a slight increase, whereas the minimum SIF rises signifi
cantly due to the axial stud load induced by the preload. This results in a 
substantial reduction in the SIF range, as shown in Fig. 17c, which may 
considerably reduce the crack propagation rate and, consequently, 
extend the fatigue life.

5.4. Effect of preload on fatigue life (S-N curve)

Based on the results obtained in the previous sections, S-N curves for 
different preload levels can be generated following the sequential steps 

outlined in Fig. 18.
The S-N curves were obtained using a Python [59] script, allowing 

for efficient parameterisation. Fig 19a presents the S-N curves based on 
the external stress range applied to the tower shell (ΔSext). The results 
indicate that increasing the preload enhances fatigue life, primarily due 

Fig. 17. (a) Geometry factors for axial and bending loading. (b) Variation of SIF with preload level for a crack of a = c = 1 mm subjected to an external load of 500 
kN and 0 (c) Changes in SIF range in terms of preload level.

YB =
1

(

1 − a
Dminor

)3/2

⎡

⎢
⎢
⎣

0.0003131
(

a
Dminor

)

+ 0.00001949
(

a
Dminor

)3

− 0.2002
(

a
Dminor

)2

+ 0.0173
(

a
Dminor

)

− 0.0002349

⎤

⎥
⎥
⎦,0.02 ≤ a

/

Dminor ≤ 0.3 (33) 

I. Shakeri et al.                                                                                                                                                                                                                                  Thin-Walled Structures 217 (2025) 113893 

15 



to the reduction in the SIF range, as shown in Fig. 17b and 17c. The trend 
in Fig. 19a reveals a nonlinear improvement in fatigue life with 
increasing preload, which becomes less pronounced beyond 90% of the 
yield preload. For instance, at an external stress range of 120 MPa, 
increasing the preload from 48% to 62% results in a 179% improvement 
in fatigue life. This effect is even more pronounced at lower stress 
levels-at an external stress range of 100 MPa, the same preload increase 
results in a 327% improvement in fatigue life. However, it is observed 
that for preload levels exceeding 90%, the improvement in fatigue life 
becomes marginal compared to levels below 90%.

Fig. 19b illustrates S-N curves based on the axial stress range in the 
stud (ΔSaxial). For comparison, an S-N curve derived from Eurocode 3 
[18] is also included. The mean value for a detail category is calculated 

using the following expression: 

DCmean = γM × ks × DCTable (34) 

where DCTable is the design (characteristic) detail category provided in 
Eurocode 3. For a bolt that is rolled after heat treatment, this value is 71 
MPa. The size factor ks accounts for diameter effects and is given by: 

ks =

(
30
D

)0.25

(35) 

The factor γM adjusts the design S-N curve to estimate the mean curve 
and is calculated as: 

Log(γM) =
tl × s

m
(36) 

where tl is one-sided tolerance limit factor calculated based on the sur
vival probability and number of specimens and s is the standard devia
tion of Log(N). In several areas of applications, design codes refer to the 
mean minus two standard deviations, corresponding to a survival 
probability of 97.7%. Then, value of tl = 2 is used based on 20 test 
specimens [60], s is typically set at 0.162 for high-strength steel [19], 
and m = 3 is the inverse slope of the S-N curve. Using these parameters, 
a mean detail category of 81 MPa is obtained for the M48 bolt, and the 
corresponding mean S-N curve is plotted in Fig. 19b.

Fig. 18. Procedure for predicting S-N curves at different preload levels.

Fig. 19. S-N curves for different preload levels based on (a) the external stress range applied to the tower shell and (b) the axial stress range in the stud.

Fig. 20. Variation of fatigue life as a function of preload for different external 
stress ranges applied to the tower shell.
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The fatigue life predicted by Eurocode 3 is lower because the values 
are derived from axial tests with centric loading, where no bending is 
present. However, in flange connections, bending occurs alongside axial 
loading, and as discussed in Section 5.1, bending is generally less 
damaging than pure axial loading.

To examine the effect of preload loss on fatigue life, Fig. 20 illustrates 
fatigue life as a function of preload for constant external stress ranges 
applied to the tower shell. It should be noted that Fig. 20 shows the effect 
of the final preload value after any potential causes of loss, on the fatigue 
life, regardless of the reasons leading to reaching that value. The results 
reveal that even a slight loss of preload significantly reduces fatigue life. 
For example, at an external stress range of 120 MPa, a reduction in 
preload from 75% to 62% (a 17.3% decrease) results in a 73% reduction 
in fatigue life. This effect becomes more pronounced at higher preload 
levels.

It should be noted that the nominal material parameters from the 
literature were used in the crack propagation model to estimate the 
various preload effects on fatigue lifetime. Using the measured material 
parameters explicitly obtained from the bolts of interest would improve 
the accuracy of fatigue life predictions. Additionally, an initial elliptical 
equivalent crack length of 1 mm was conservatively assumed in this 
study to account for all imperfections that might appear in the first 
engaged thread, thereby modelling the critical crack growth. The nu
merical model in this study examines a single stud within an L-flange 
segment, and it is widely accepted [3,16,20,33,35,36] as an effective 
method for addressing the governing stress state in the critical stud. The 
derived SIF solutions are expressed as functions of the axial force and 
bending moment contributions on the stud’s behaviour, enabling their 
use in other flange designs through superposition, provided that the 
internal load distribution is known.

6. Conclusions and recommendations for future work

This study investigated the effect of bolt preload levels on load 
transfer, crack propagation, and fatigue life in a flange connection using 
3D numerical fracture mechanics analysis. A methodology was devel
oped for predicting S-N curves based on normalised solutions, involving 
the following sequential steps: (1) determining the bolt force and 
moment for a given preload level and applied shell load using LTF, (2) 
calculating the SIF as a function of crack length and axial/bending 
stresses obtained from the LTF solution, and (3) estimating the number 
of cycles to failure using the FCG rate equation and the computed SIF.

The findings of this study quantify the effect of preload loss for 
improving current fatigue design guidelines. In particular, the derived 
normalised solutions for LTF and SIF enable more precise fatigue life 
predictions under combined axial and bending loading. This, in turn, 
reduces excessive design conservatism. Moreover, the strong influence 
of preload loss on fatigue life highlights the need for accurate mainte
nance strategies that monitor and preserve preload levels in service, 
especially in critical L-flange connections.

The proposed methodology was demonstrated through a case study 
involving M48 L-flange connections. The key findings of this study are 
summarised below: 

‑ For short cracks, the thread helix angle has no significant impact on 
the SIF. However, for longer cracks under axial loading, neglecting 
the thread helix angle slightly increases the SIF. It was also observed 
that the dimensionless SIFs for short cracks (a/Dminor < 0.05) under 
axial force and bending moment are nearly identical, but the 

difference becomes more pronounced as the crack length increases. 
The SIF increases more quickly under axial force than under bending 
moment, indicating that pure bending is less damaging due to the 
presence of compressive loading in parts of the ligament.

‑ It was observed that as the preload level increases up to 75%, the 
maximum SIF exhibits a slight increase, while the minimum SIF rises 
significantly due to the axial stud load induced by the preload. This 
leads to a substantial reduction in the SIF range, which in turn can 
significantly slow crack growth and extend fatigue life.

‑ The effect of preload on fatigue life is more noticeable at lower 
external loads. Additionally, for preload levels exceeding 90%, the 
improvement in fatigue life becomes less pronounced compared to 
preload levels below 90%.

‑ Eurocode 3 provides a conservative estimate of fatigue life for flange 
connections, as it is based on axial tests without bending. However, 
flange connections experience bending, which is less damaging than 
pure axial loading.

‑ The results demonstrated that a small loss of preload leads to a sig
nificant reduction in fatigue life (e.g., a drop from 75% to 62% 
resulted in a 73% decrease), with this effect becoming more pro
nounced at higher preload levels.

It should be noted that the proposed methodology offers a general 
framework for predicting S-N curves considering preload effects, making 
it applicable to various flange connections. However, the specific solu
tions presented in this study have certain limitations. The flange ge
ometry was idealised in the FEA analysis, and potential geometric 
imperfections were not considered. The analysis considers a single 
equivalent semi-elliptical crack at the thread root, which simplifies the 
problem by considering a single dominant crack. While this approach 
could be perceived as conservative, it paves the way for more complex 
consideration based on stochastic crack initiation to capture possible 
distributed thread damage. Moreover, the same initial crack size located 
at the centre of the thread root was assumed for generating S-N data 
across various preload levels, though in practice this may vary due to 
manufacturing inconsistencies. A manufacturing-induced thread toler
ance deviations, surface roughness, residual stresses resulting from the 
thread rolling process, temperature effects, and corrosion were not 
included in the numerical model. While idealisation facilitates para
metric exploration, incorporating these effects would enhance model 
realism and accuracy. Further investigations incorporating these factors, 
along with experimental data are required to generalise the approach to 
other flange geometries, as the LTF may be geometry-dependent.
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Appendix

Based on the coordinate system shown in Fig. 5c, the normal stress at a point i on a circular cross section subjected to axial force, FB, and bending 
moment M in the x́ ý  plane, can be obtained by superposition as follows: 
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σi = σFB ,i + σMx́ ,i + σMý ,i =
FB

As
+

Mxʹyʹ
i

I
+

Myʹxʹ
i

I
(A1) 

where As = πR2 and I = πR4/4 are the cross section and the second-area moment, respectively. The bending moment components about the xʹ and yʹ 

axes are expressed as: 

Mxʹ = Mcos(θ) (A2) 

Myʹ = Msin(θ) (A3) 

The positions of points 1, 2, and 3, where the SGs are located in the xʹ − yʹ coordinate system, are given by: 

xʹ
1 = Rcos(θ), yʹ

1 = Rsin(θ) (A4) 

xʹ
2 = Rcos

(

θ −
2π
3

)

, yʹ
2 = Rsin

(

θ −
2π
3

)

(A5) 

xʹ
3 = Rcos

(

θ −
4π
3

)

, yʹ
3 = Rsin

(

θ −
4π
3

)

(A6) 

By substituting the strain expression εi = σi/E and the coordinates from Eqs. (A4)-(A6) into Eq. (A1), the equation can be rewritten in terms of the 
strains measured by the three SGs as: 
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Substituting I = AsR2/4 and R = D/2 into Eq. (A7) gives: 

⎡
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Using the inverse matrix, the axial force and bending moments can be determined in terms of strains as: 
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