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ABSTRACT

With the rapid expansion of the installed offshore wind capacity around the world, it is essential to improve the
structural integrity of these energy structures for reduced electricity cost and prolonged operational lifespans. An
important part of the offshore wind turbine structures is the connection between the monopile foundation and
the transition piece. Currently the dominant technology for connecting the monopile to transition piece is using L
flanges held together with large-scale bolts. Threaded connections have emerged as a prevalent technology for
linking sections of wind turbines, boasting commendable performance despite some inherent drawbacks. This
study conducts a comprehensive review of the recommended fatigue design curves for threaded connections in
international standards and compares them with the existing fatigue data on medium to large scale bolt sizes.
Additionally, the fatigue behaviour of M72 threaded connections has been further analysed by performing new
tests with two different values of mean stress. The obtained data from this study have been discussed in terms of
the level of conservatism in the recommended fatigue design curves available in international standards for
threaded connections. Moreover, the experimental analysis has been combined with numerical and analytical
investigations to provide further insight into the life prediction of the threaded connections under fatigue loading

conditions.

1. Introduction

Given the escalating threat of global warming to the future of the
planet, an internal alliance was established in 2015 to combat climate
change by pursuing efforts to restrain the temperature increase below
1.5 °C above pre-industrial levels (Tougher et al., 2017). Following this
agreement, several countries, including the UK, have set national targets
to achieve net-zero emissions by 2050, underscoring the pressing ne-
cessity to address climate impacts. One of the most important sources of
clean energy, which is crucial for achieving the pathway to a net-zero
target, is offshore wind (HM Government 2020). This form of renew-
able energy has garnered substantial attention over the past two decades
and is experiencing exponential growth worldwide. Offshore wind tur-
bine (OWT) structures generally consist of three main parts, which
include: the foundation, transition piece, and tower (see Fig. 1). The
foundation connects the structure to the seabed while the transition
piece transfers the loads from the tower to the foundation. The dominant
majority of the existing OWTs are supported using monopile foundations
which are fabricated by forming large-thickness structural steel plates
into cylindrical shapes which are subsequently welded in longitudinal
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and circumferential directions. During the operational phases, the OWT
structures are subject to severe cyclic loads coming from the wind, wave
and current, which introduce damage into the material. Therefore, en-
gineers and researchers concentrate on diverse facets such as material
durability, fatigue damage and environmental effects to refine the
design and functionality of the OWT structures. An important area of
research which has received a lot of attention in offshore wind industry
in recent years is the connection point between the monopile foundation
and the transition piece, which is often referred to as MP-TP connection.
This is a crucial part of the structure to ensure integrity of the OWT.
Hence, a comprehensive engineering analysis is vital to assess fatigue
damage and determine the remaining life of this part of the OWT
structure.

The first MP-TP connection technology utilised in OWTs was the
grouted connection, which has been historically employed in the
offshore Oil and Gas foundation piles. This design employs a tube-in-
tube connection with the space between filled with the grout
(Mehmanparast et al., 2020). Load transfer primarily occurs through
shear friction induced by normal stress from surface imperfections and
roughness, as well as compression of the grout. However, in 2009 many
of the MP-TP grouted connections in various offshore wind farms were

Received 17 July 2024; Received in revised form 12 September 2024; Accepted 21 October 2024

Available online 31 October 2024

0141-1187/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ali.mehmanparast@strath.ac.uk
www.sciencedirect.com/science/journal/01411187
https://www.elsevier.com/locate/apor
https://doi.org/10.1016/j.apor.2024.104287
https://doi.org/10.1016/j.apor.2024.104287
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2024.104287&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Annoni et al.

Applied Ocean Research 153 (2024) 104287

Sm Mean stress in a fatigue cycle
Smax Maximum stress in a fatigue cycle
Shmin Minimum stress in a fatigue cycle

S, (or S) Stress range in a fatigue cycle
Surs (or UTS) Ultimate tensile strength

BL Black (i.e. uncoated) bolts

HTG High temperature galvanised bolts

MP-TP  Monopile-Transition piece connection
NTG Normal temperature galvanised bolts
OWT Offshore wind turbine

SCF Stress concentration factor

SD Standard deviation

YS Yield stress

Nomenclature

A Cross sectional area

Ag Fast fracture area

Frax Maximum load

Frin Minimum load

log a Intercept of mean S-N curve

log a (or logCy) Intercept of design S-N curve

m S-N curve inverse slope

R? Coefficient of determination

Ry 0.2,n0m 0.2 % proof stress (often taken as the yield stress)
Sa Stress amplitude

SL Fatigue endurance limit
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Fig. 1. A typical layout of an OWT.

observed to be failing. The absence of shear keys on straight MP and TP
surfaces was identified as a key issue resulting in failure of the grouted
connections. Moreover, the bending load complexity in offshore wind
structures, compared to Oil & Gas structures, and the impact of wave
loading were not adequately considered during the design phase of
MP-TP grouted connections. Additionally, the axial capacity of the
connection was found to be significantly lower than the assumed level
during scaled tests, with manufacturing and installation tolerances
exacerbating bending stress (Lotsberg et al., 2012). Common failure
modes of the grouted connection included dis-bonding, cracking, wear,
and compressive grout crushing failure (Redondo and Mehmanparast,
2020).

Following the grout failures in OWTs, the alternative solutions for
MP-TP connection were investigated and since then bolted flange con-
nections have been widely used to connect the monopile to the transition

piece in OWTs. This technology has been successfully used in the
offshore Oil&Gas industry for decades, therefore it was chosen as a
reliable substitute for the grouted connection in MP-TP connections. In
the offshore wind industry, the employment of this connection tech-
nology is based on the presence of two L-flanges circumferentially
welded onto two tubular sections and held together using a series of
bolts (Seidel and Schaumann, 2001). Over the past decade, with the
increase in the wind turbine size and capacity, the size of the OWT
foundations has also increased accordingly. As a result of scaling up the
OWT geometries, the size of the threaded bolted connections has also
increased significantly. In the MP-TP connection of OWTs the number of
bolts around the circumference of the flange depends on a number of
factors such as the radius and thickness of the flange, the size of the bolt
and the operational loading condition. In order to introduce the required
level of clamping force, nuts which are often accompanied by washers
are tightened on the bolts to create a pre-tension that keeps the MP-TP
flanges together, and also protect the bolts against fatigue loads.
While torquing is often employed in tightening of the smaller bolts and
nuts, the pre-tensioning method is widely used in large-scale OWT
bolted connections. In this approach, the bolt is elastically stretched
while the nut is positioned on the threads and once the tensile pressure
on the bolt is released a pre-load is formed in the threaded connection. It
has been shown in the literature that the level of pre-load in individual
bolts is very sensitive to the tightening sequence (Braithwaite and
Mehmanparast, 2019). Moreover, it has been shown in the literature
that the pre-load level reduces after tightening as a result of embedment
during the tightening process, time-dependent creep deformation of the
material and also the cyclic loading condition experienced by the OWTs
(Braithwaite et al., 2020). Due to the relaxation of the pre-load in MP-TP
bolted flange connections, frequent inspections need to be carried out to
measure the pre-tensioning force in bolt and nut connections and tighten
or replace those with reduced levels of pre-load.

The bolted joints in MP-TP connections of OWTs are subject to cyclic
loads during their operational lifespan which introduce fatigue damage
in the threaded connections. Fatigue failure of bolts typically occurs in
the first few engaged threads between the bolt and the nut which have
the highest values of stress concentration factor (SCF). According to the
data in the literature, 65 % of fatigue failures in bolted connections
occur in the root of the first engaged thread, 20 % in the thread run-out
region and 15 % in the head to shank radius (Charlton, 2011;
Stranghoner et al., 2018) (see Fig. 2). Considering that fatigue damage is
the dominant failure mechanism in OWT bolted connections, appro-
priate fatigue design curves available in international codes and stan-
dards must be employed in the design process. While similar approaches
are used in all of the international standards for design against fatigue
failure, there are differences in fatigue Class depending on
manufacturing method (heat treatment, rolled versus cut threads) of
threaded connections and the thickness correction for the fatigue design
curves are different. The effect of these differences needs to be
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Fig. 2. Schematic illustration of stress distribution in a threaded connection
under pre-load, F (re-produced based on the information presented in
(Stranghoner et al., 2018)).

understood in the design and analysis of MP-TP bolted connections
(Johnston and Doré, 2021; Lochan et al., 2019).

In this paper, the existing fatigue data points available in the liter-
ature for various medium to large scale bolt sizes (M36, M48, M64 and
M72) and heat treatments have been collated and analysed, and the
results are compared with the design curves recommended in interna-
tional standards to examine the accuracy of thickness correction factors
for a range of bolt sizes examined in this study. Moreover, due to the
limited availability of fatigue data points on M72 bolts, which are widely
used in MP-TP connections of the existing OWTs in the UK and Europe,
new fatigue experiments have been conducted on M72 threaded con-
nections under two different mean stress levels and the Goodman
analysis has been employed for accurate interpretation of the test re-
sults. The results obtained from this study have been discussed in terms
of the level of conservatism with respect to the existing fatigue design
curves particularly when the existing thickness correction factors are
employed to design larger bolts in MP-TP connection of OWTs.

2. Analysis of the existing fatigue data on medium to large scale
bolts

2.1. A summary of main parameters in fatigue design curves

In order to design MP-TP bolted flange connections for OWTs, where
cyclic loads are constantly applied on the structure, the fatigue design
curves (which are often referred to as S-N curves) are commonly
employed in engineering analyses. There are three main codes and
standards which are often used for design of threaded connections
against fatigue failure: Eurocode 3 EN 1993-1-9:2005 (EN 1993-1-9
2005), DNV-RP-C203 (DNV-RP-C203 2021) and the BS 7608 (BS
7608 2015). The general form of the S-N fatigue design curve is pre-
sented in Eq. (1), where N is the number of cycles to failure, Ao (or S or
S;) is the stress range in MPa, loga is the intercept (which is equivalent to
logCy in BS 7608) of the design curve and m is the inverse slope of the
S-N curve in log-log axes.

logN = loga — mlogAc (@8]

In Eq. (1), loga can be obtained by subtracting from intercept of the
mean line log a two standard deviations (SD or sjogy), Which corresponds
to the lower bound 97.7 % survival probability, following this equation:
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loga = loga — 2sj0en 2

The comparison of the S-N curves in these standards shows that for a
given class of fatigue design, the change in inverse slopes (m) occurs at
different number of cycles depending on which standard is followed.
Moreover, in the case of threaded connections different considerations
have been made in terms of the heat treatment and the manufacturing
process in each of the threaded fastener fatigue classes. For large scale
bolts the standards provide a mathematical scaling of the curves, based
on an empirical equation which depends on the reference thickness tref
(which is 25 mm according to DNV-RP-C203 and BS 7608 standards and
30 mm according to Eurocode), the actual thickness t (or diameter of the
bolt), and the thickness correction exponent k (which is equivalent to b
in BS 7608, and is equal to 0.25 for threaded connections subjected to
stress variation in the axial direction).

2.2. Fatigue data on medium to large scale bolts

The existing fatigue data points from the tests on medium to large
scale bolts under axial loading condition have been collated from the
open literature and re-analysed in this study. A review of the collected
literature data shows that with increasing the bolt size, the number of
existing data points significantly reduces due to the need to access
higher load carrying capacity machines and higher associated costs for
operating the tests on larger bolts. Four bolt sizes have been considered
in this study which include M36, M48, M64 and M72. The results ob-
tained from the fatigue analysis on the collected data points on these
bolt sizes are compared with the recommended design curves from the
three main international standards mentioned above. All of the fatigue
data points considered in this study were obtained from the tests in air,
and the influence of free-corrosion environment on the fatigue life of
threaded connections is not considered in this study. Moreover, the data
points considered in this study were obtained from the tests continued
until failure and the run-outs were excluded.

The fatigue data were collected from (Mang et al., 2003; Schaumann
et al., 2015; Schaumann and Eichstadt, 2016; Schaumann and Eichstadt,
2018) for M36 bolts, (Schaumann, 2009; Unglaub et al., 2015) for M48
bolts, (Johnston and Doré, 2021; Schaumann and Eichstadt, 2016;
Schaumann and Eichstadt, 2018) for M64 bolts and (Johnston and Doré,
2021) for M72 bolts, and the results obtained from the linear regression
analyses are presented in Fig. 3(a), (b), (c) and (d), respectively. Also
included in these figures are the comparison of the data points with the
thickness corrected standard fatigue design curves of Class FAT 50 from
Eurocode 3 EN 1993-1-9:2005 for galvanised threads (EN 1993-1-9
2005), Class G from DNV-RP-C203 for hot galvanised threads
(DNV-RP-C203 2021) and Class X-20 % from the BS 7608 for galvanised
threads (BS 7608 2015). Different surface treatments were considered in
the analysis which include black or uncoated (BL) bolts (presented in
black symbols), normal temperature (NTG) (presented in blue symbols)
and high temperature (HTG) hot-dip galvanised bolts (presented in red
symbols). It is worth noting that due to the corrosive environments in
offshore applications, the bolts are often galvanised for corrosion
resistance purposes; however, some data are available on uncoated (i.e.
black) bolts in the literature to evaluate the influence of galvanisation
process on the fatigue life of bolted connections. For each of the fatigue
data sets, a regression analysis in log-log scale was carried out, to find
the lower bound 97.7 % survival probability line, and the corresponding
parameters were quantified for M36, M48, M64 and M72 bolt sizes
which are summarised in Table 1. This table shows the results of the
inverse slope m, standard deviation, the intercept of the mean-2SD line
log @, and the coefficient of determination R? for different bolt sizes and
surface treatments.

As seen in Fig. 3, the data points from the literature for M36 bolts
were classified in BL, NTG and HTG subsets, whereas the data points
found for M48 and M72 were on galvanised bolts and the data points on



A. Annoni et al.

1000
§
s 100
"
——— DNV-RP-C203 Class G TN TR
--=-= Eurocode FAT50 N
fffff BS 7608 Class X-20% \\\
= BL Datapoints Y
Data analysis BL (97.7%) o~
= NTG Datapoints
Data analysis NTG (97.7%)
= HTG Datapoints
10 Data analysis HTG (97.7%)
1.E+04 1.E+05 1.E+06 1.E+07
N (cycles)
(a)
1000
g
§1OO
%)

—— DNV-RP-C203 Class G
—-— Eurocode FAT50 -
———BS 7608 Class X-20%

= Galvanised Datapoints

Data analysis Galvanised(97.7%)

1.E+05 1.E+06
N (cycles)

(b)

10

1.E+04 1.E+07

1000

Applied Ocean Research 153 (2024) 104287

——— DNV-RP-C203 Class G N
-~~~ Eurocode FAT50 NN
————— BS 7608 Class X-20% N

»  BL Datapoints Y

Data analysis BL (97.7%)
= Galvanised Datapoints
Data analysis Galvanised (97.7%)
1.E+05 1.E+06
N (cycles)

(©)

10

1.E+04 1.E+07

1000

—— DNV-RP-C203 Class G ~~
- Eurocode FAT50 N
————— BS 7608 Class X-20%

=  Galvanised Datapoints
Data analysis Galvanised (97.7%)

1.E+06
N (cycles)

(d)

10
1.E+04

1.E+05 1.E+07

Fig. 3. Comparison of fatigue data points with different surface treatments for (a) M36, (b), M48, (c) M64, and (d) M72 bolt sizes, with the thickness corrected

fatigue design curves from various standards.

Table 1
Lower bound 97.7 % survival probability regression analysis results for various bolt sizes.
M36 M48 M64 M72
BL NTG HTG Galvanised BL Galvanised Galvanised
m 3.75 3.23 3.36 2.16 3.37 2.89 2.66
loga 13.315 11.881 12.121 9.733 12.153 11.130 10.429
SD 0.155 0.111 0.140 0.165 0.158 0.066 0.146
R? 0.923 0.945 0.921 0.796 0.925 0.987 0.931

M64 were the combination of BL and galvanised bolts. As seen in Fig. 3
and Table 1, the inverse slope of the S-N curve obtained from the
literature data points on various bolts sizes fluctuates above and below

m = 3, which is the recommended inverse slope by all standards for low
and medium cycle fatigue. Also seen in Fig. 3 and Table 1 is that the
intercept of the S-N curve corresponding to 97.7 % survival probability
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(log @) and also the inverse slope of m are lower in galvanised M36 and
M64 bolts compared to the black bolts. As discussed in (Johnston and
Doré, 2021; Schaumann and Eichstadt, 2018; Ungermann et al., 2015),
while the galvanised bolts show a better resistance to corrosion in
seawater with cathodic protection, in the air condition they generally
reduce the fatigue life compared to the uncoated bolts.

It can be seen in Fig. 3 that except for one data point from a
galvanised M48 bolt, the rest of the experimental fatigue data points
obtained from the range of bolt sizes considered in this study fall above
the thickness corrected fatigue design curves recommended by all three
standards for galvanised threaded connections. Finally seen in Fig. 3 and
Table 1 is that the lower bounds (i.e. mean-2SD) obtained from regres-
sion analyses on galvanised bolts generally fall upon or above thickness
corrected Class FAT 50 from Eurocode 3 EN 1993-1-9:2005 (EN
1993-1-9 2005), while the recommended thickness corrected fatigue
design curves of Class G from DNV-RP-C203 (DNV-RP-C203 2021) and
Class X-20 % from the BS 7608 (BS 7608 2015) standards may under-
predict the fatigue life at some of the stress range values for various bolt
sizes examined in this study. The comparison of the recommended
design curves shows that while all three standards suggest the same
inverse slope of m = 3 for the low and intermediate cycle regions, the
most and the least conservative design lives are obtained from Class
X-20 % of BS 7608 and Class FAT 50 of Eurocode, respectively, with the
recommended fatigue design curve from Class G in DNV-RP-C203 falling
in between these two. The lower level of conservatism in thickness
corrected Class FAT 50 of Eurocode standard can be associated with the
higher reference thickness (i.e. diameter) value of 30 mm in thickness
correction calculations recommended by Eurocode compared to the
value of 25 mm employed in DNV-RP-C203 and BS 7608 standards.

3. New fatigue tests on M72 threaded connections

Although M72 bolts made of grade 10.9 steel are widely used in MP-
TP connections of fixed-bottom OWTs in the UK and Europe, it is evident
from Fig. 3(d) that there is a limited number of fatigue data points
available in the open literature on this thread size. This is presumably
due to the fact that the performance of fatigue tests on large-scale
threaded connections is relatively expensive because of the material
costs, the operational costs of the fatigue test machines with high load
carrying capacities, and relatively low frequencies in large-scale testing
which make the tests very time consuming. In order to further investi-
gate the fatigue behaviour of M72 threaded connections under tensile
loading conditions and to improve the design and integrity assessment of
bolted flange MP-TP connections, seven new fatigue tests, denoted
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MO01—MO07, were carried out in this study on hot-dip galvanised M72
studs and the results from these tests are presented below.

3.1. Test set up and loading condition

Fatigue tests were performed at TWI using servo-hydraulic test ma-
chines with load carrying capacity of 1000 kN and 2500kN. An example
of a fatigue test on a servo-hydraulic machine is demonstrated in Fig. 4.
The fatigue tests were performed under constant amplitude loading
condition with uniaxial loading direction, and two distinct nominal
mean stress Sy, values were applied in these new experiments. Five tests
were performed under the mean stress of S,;, = 202 MPa with another
two tests under S,, = 624 MPa. For each of the mean stress values
considered in this study, various values of stress range were imple-
mented in different tests to build a new knowledge on the fatigue per-
formance of MP-TP threaded connections. All tests were run at 1 Hz
frequency and continued until the failure was occurred in the threaded
connections. The values of maximum stress Sp,qy, minimum stress Syin,
stress range S; (or S, which is the difference between Sp,qx and Spi) and
mean stress Sp, are reported in Table 2 for each of the new tests per-
formed in this study.

3.2. Test results

The new M72 test data obtained from this study were analysed by
conducting linear regression analyses on 5 data points with the mean
stress of S;;, = 202 MPa, two data points with the mean stress of S,;, = 624
MPa, and seven data points with the combined mean stresses of 202 MPa
and 624 MPa, and the results are shown in Table 3. The mean curve
obtained from the regression analysis on all new data points together
with the upper bound of mean+2SD and lower bound of mean-2SD are

Table 2
Fatigue loading condition for each of the new tests performed on M72 studs.

Smax Smin S, S

" m
(MPa) (MPa) (MPa) (MPa)
MoO1 281 124 157 202
MO02 270 134 136 202
MO03 257 147 110 202
MO04 272 132 140 202
MO5 249 155 94 202
MO06 679 568 111 624
MO07 694 553 141 624

=
=

Bottom table
(fixed)

(a)

(b)

Fig. 4. (a) Schematic set up of the fatigue tests on M72 studs, (b) a picture of the fatigue test set up on a servo-hydraulic machine.
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Table 3
A summary of data analysis results from the new data set and combination of the
literature data and new data on M72 threaded connections.

New data New data All new Combined literature and
(S=202 (S=624 data new data
MPa) MPa)
m 1.85 2.95 2.00 2.32
log 9.064 - 9.384 9.727
a
SD 0.191 - 0.167 0.214
R? 0.499 1.000 0.516 0.607
1000
— AN
g TR x N
s 100 S N
n
x  Present Study (S,=202 MPa)
+ Present Study (S,=624 MPa)
—-— Mean+28D fit
---- Mean fit
Mean-2SD fit
10
1.E+04 1.E+05 1.E+06 1.E+07
N (cycles)
(a)
1000

—— DNV-RP-C203 Class G
——e Eurocode FAT50 N
————— BS 7608 Class X-20% NS
x  Present Study Galvanised Datapoints (5,=202 MPa) ™~
+ Present Study Galvanised Datapoints (S,=624 MPa)
= Literature Galvanised Datapoints
Data Analysis Galvanised (97.7%)
1.E+05 1.E+06
N (cycles)

(b)

Fig. 5. (a) Regression analysis on all new M72 fatigue data points presented in
this study, (b) Regression analysis on the combined literature and new data sets
on M72 threaded connections, compared with thickness corrected fatigue
design curves recommended by various standards.

10

1.E+04 1.E+07
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shown in Fig. 5(a). Moreover, further regression analysis was conducted
on the combination of the existing M72 data points available in the
literature (see Fig. 3(d)) and the new test data obtained from the present
study (i.e. seven new tests on M72 studs), and the results are shown in
Fig. 5(b). Following the S-N relationship presented in Eq. (1), the values
of the intercept loga, inverse slope m, SD and R? were quantified and are
summarised in Table 3 for the new test data, with separate mean stress
values and all together, and the combination of the existing and new test
data sets. It is worth noting that for two new data points obtained from
the tests with the mean stress of S,;, = 624 MPa, while the intercept of the
mean curve was found to be loga=11.606, the values of loga and SD
could not be calculated due to the lack of sufficient data points at this
mean stress level.

Comparing the results on M72 hot-dip galvanised threaded connec-
tions in Tables 1 and 3, it can be seen that while the inverse slope of the
S-N curve obtained from the new data varies between m = 1.85 for 202
MPa mean stress level and m = 2.95 for 624 MPa mean stress level with
m = 2.00 for all new data points, the combination of the literature and
new test data points results in an increased inverse slope of m = 2.32,
which is smaller than the value of m = 3 recommended in standards for
the range of N values obtained from these tests. Also seen in Table 3 is
that the value of R? obtained from the line of best fit made to all new
data points is much smaller than one. This is thought to be due to the fact
that two different values of mean stress were employed in fatigue testing
of M72 threaded connections in the present study. Also, it can be seen in
Table 3 that the value of SD, hence the level of scatter, increases when
the combination of the literature data and new data is employed in the
analysis. This could be due to the fact that the literature data on M72 hot
dip galvanised bolts in (Johnston and Doré, 2021) were obtained from
the tests at relatively high mean stress value of S;;, = 630 MPa, which is
very close to the mean stress of 624 MPa employed in fatigue testing of
two M72 studs in the present study while the remaining of the tests in
the current study were performed at much lower mean stress value of
202 MPa. Therefore, combining the fatigue data points obtained at
noticeably different mean stress levels has results in enlarged scatter and
higher value of SD when the existing and new data on M72 threaded
connections were analysed altogether. It is also worth highlighting that
while the fatigue behaviour of threaded connections in bolts and studs
are generally assumed to be the same, the results in Fig. 5(b) show that
better fatigue lives are obtained from the new tests on M72 studs
compared to the literature data on M72 bolts. Knowing that brand new
bolts and studs without any prior load history were employed in the past
and current studies, respectively, this might be associated with differ-
ences in thread manufacturing route of the existing and new M72
threaded connections.

Finally, yet importantly, it can be observed in Fig. 5(b) that while all
of the existing and new data points fall above thickness corrected fatigue
design curves from all three standards considered in this study, the
mean-2SD line obtained from the regression analysis on the combination
of the literature and new test data partially falls below the thickness
corrected fatigue design curves of Class FAT 50 in Eurocode 3 EN
1993-1-9:2005 (EN 1993-1-9 2005) and Class G in DNV-RP-C203
(DNV-RP-C203 2021) at low values of stress range values. Likewise, if
the obtained trend from the mean-2SD line was extrapolated to lower
values of stress range it would have also fallen below the fatigue design
curves from Class X-20 % in BS 7608 standard (BS 7608 2015). This
observation indicates that for M72 threaded connections even the most
conservative thickness corrected design curve among the three stan-
dards considered in this study may not conservatively predict the fatigue
life of larger threaded connections, particularly in the low stress range
region. This is mainly due to the steep trend with the inverse slope of m
= 2.32 obtained from the combination of existing and new data points,
compared to the inverse slope of m = 3 which is recommended in
standards for low and medium cycle fatigue. This also highlights an
important gap in the knowledge about the upper limit validity criteria
for the thickness correction factors recommended in international
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standards. These results suggest that more tests specially on larger
threaded connections at lower stress ranges must be conducted in future
work to generate a larger population of data points for more reliable
statistical analysis and accurate evaluation of thickness correction fac-
tors for design of large-scale threaded connections.

3.3. Fractography analysis

Upon completion of the fatigue tests, fractography analysis was
carried out by inspecting the fracture surface of each tested stud to
examine the crack initiation and propagation locations. Fig. 6 presents
the recreated fractography map of all seven M72 studs which were
tested under fatigue loading condition in this study. The crack initiation
sites have been reported with black arrows and the red arrows indicate
the direction of the crack propagation. While the fatigue planes
demonstrated a smooth surface due to transgranular crack growth
mechanism, the fast fracture regions could be distinguished with cup
and cone features which are shown in green. The fractography analysis
of the studs show that in all seven samples the crack initiation and
propagation occurred at the first engaged thread with the exception of
MO03 which showed a more complex fracture morphology. Similar to the
fractography observations reported in the literature, shear lips were
present on the fracture surface of all of the examined samples
(Gonzalez-Velazquez, 2018). In order to evaluate the dominance of fa-
tigue failure mechanism in the tested M72 studs, the ratio of the fast
fracture area over the total cross sectional area, A, was calculated for
each of the tested studs following the procedure described in (ASM
Handbook Commitee 1987) and the results are summarised in Table 4.
The only exception was MO03 which was not analysed due to the
complexity of the fracture surface.

As illustrated in Fig. 6, all of the examined samples presented mul-
tiple crack initiation sites at the outer surface of the bolt. Moreover,
secondary initiation points were detected using the beach marks evident

moa | S MoS
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Table 4
The ratio of fast fracture area over cross-sectional area in
M72 studs.
Sample % fast fracture area (Ap)

MO1 34

MO02 33

MO03 N/A

M04 18

MO05 51

MO06 31

MO07 22

on the fracture surface of M01, M02, MO5 and MO07 studs, which could
indicate the coalescence of multiple crack planes. The fractography
analysis confirms that in all of the examined samples the cracks initiate
at the root of the first engaged thread at multiple locations and propa-
gate towards the core of the bolt. Each of the crack initiation sites in the
examined samples were followed by a crack propagation plane and as
the tests continued of the major crack planes became dominant by
absorbing the smaller planes. Moreover, the analysis of the fracture
surfaces in Table 4 shows that fatigue was the dominant failure mech-
anism in all of the samples examined in this study with fast fracture
occurring after 49-78 % of the cross-sectional area was covered by fa-
tigue crack planes.

4. Analysis of the mean stress effect on fatigue behaviour of M72
threaded connections

In order to investigate the mean stress effect on the obtained results
from uniaxial fatigue tests on M72 studs, the stress distributions in the
threaded connections need to be analysed first. Therefore, in this section
numerical analyses were initially carried out and subsequently the re-
sults from numerical simulations were employed to implement the mean

MOo6

Fig. 6. Fractography results for seven M72 studs tested in the present study (the black arrows illustrate the crack initiation sites, the red arrows indicate the fatigue

crack propagation direction, and the fast fracture region is shown in green).
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stress correction for more accurate interpretation of the fatigue test
results.

4.1. Finite element analysis

Finite element simulations were carried out to investigate the impact
of the applied mean stress on the stress distribution along the engaged
threads. The primary focus of this analysis was to estimate the variations
in stress levels at the interface between the stud and the nut. As
demonstrated in the literature (e.g. (Redondo and Mehmanparast, 2020;
Chen and Shih, 1999)), the stress distribution along the engaged threads
in threaded connections can be obtained in much shorter timescales and
with high level of accuracy by performing simulations on a 2D
axisymmetric model. Therefore, in this study a 2D axisymmetric
stud-nut configuration was created in ABAQUS finite element software
package by employing M72 x 6 threads in accordance with ANSI/ASME
B1.13M-1995, as shown in Fig. 7. Elastic-plastic simulations were per-
formed by assigning grade 10.9 and 8.8 steel mechanical properties to
the stud and the nut, respectively, taken from the tensile curves avail-
able in the literature (see (Redondo and Mehmanparast, 2020)), with the
key tensile properties of yield stress Rp,0.2,nom (which is often taken as
0.2 % proof stress of the material) and ultimate tensile strength (UTS)
reported in Table 5. As seen in this table, in a threaded connection the
nut is often made of a softer material with lower yield stress to facilitate
the embedment of the threads during the tightening process. In order to
apply the tensile load on the threaded connection, the nut geometry was
fixed, by applying zero displacement and rotation boundary conditions,
and a body force was applied on the stud. The interaction between the
nut and the stud was defined using the tangential behaviour contact
propriety with a friction coefficient of 0.15. The mesh type used for the
nut and stud configuration was 3-node linear axisymmetric triangle
(CAX3) and a mesh sensitivity analysis was performed to refine the mesh
size to approximately 0.5 mm which was found as the optimum element
size for these simulations.

A series of numerical simulations was carried out by applying various
load levels equivalent to 10 %, 20 %, 50 %, 60 %, 66 %, 90 % and 100 %
of the yield stress (YS) of the stud material. An example of the stress
distribution results obtained from numerical simulations is shown in
Fig. 8 where the applied load level was equivalent to 50 % of the YS. For
each of the applied load levels, the SCF for the first 10 engaged threads
was evaluated by employing the von Mises stress values to account for
the spiral geometry of the threads. In order to analyse the extent of
plasticity along the engaged threads, the results have been presented by
classifying them into elastic (i.e. below yield stress of the material),
plastic (i.e. above the yield stress of the material) and failure (i.e. above
UTS) categories. As seen in Fig. 9, the first engaged thread demonstrates
the highest value of SCF both in the absence and presence of plastic
strains. Moreover, it can be seen that with an increase in the applied load
level the extent of plasticity in the first engaged thread increases and
goes beyond UTS in the case of high loads equivalent to 90 % and 100 %
of the yield stress of the stud. Also seen in this figure is that the value of
SCF at the first engaged thread is the highest when the deformation is
purely elastic (i.e. corresponding to a stress level below yield), and it

Fig. 7. Illustration of the finite element model for a 2D axisymmetric threa-
ded connection.
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Table 5
Key tensile proprieties for grade 10.9 and 8.8 steel.
Material Type Yield Stress UTs
(MPa) (MPa)
Nut 8.8 640 810
Stud 10.9 940 1040

S, Mises
(Avg: 75%)
- +1.014e+03
- +9.295e+02
+8.450e+02
I+ +7.605e+02
- +6.760e+02
- +5.915e+02
+5.070e+02
- +4.225e+02
+3.380e+02
+2.535e+02
+1.690e+02
- +8.453e+01
+3.379e-02

Fig. 8. Stress distribution for M72 x 6 thread connection obtained from 2D
axisymmetric FEA model under 50 % YS under tension.

continually decreases as the applied load level and subsequently the
extent of plastic deformation increases in the threaded connection. An
important observation that can be made from these results is that while
the SCF is known to be a geometry dependent factor, it is significantly
sensitive to the presence or absence of plastic deformation. Similar re-
sults have been reported in the literature (Zhang et al., 2020), showing
how the stress distribution and SCF change in the presence of plasticity
in accordance with the applied load level. The final observation in Fig. 9
that while the number of engaged threads with plastic deformation in-
creases by increasing the applied load, the ninth and the tenth engaged
threads remain elastic even when a stress value equivalent to the yield
stress of the stud material is applied in the simulation.

4.2. Mean stress correction

The influence of mean stress on the fatigue behaviour of engineering
materials can be evaluated using the Goodman approach, which corre-
lates the stress amplitude S, with the fatigue endurance limit Sy, the
mean stress S, and the ultimate tensile stress Syrs according to the
following equation:

Sa =S, (1 - S—m) 3

S UTS

In order to evaluate the mean stress effect on the fatigue life of the
M72 threaded connections, the results obtained from the present study
at two different values of mean stress have been analysed using the
Goodman approach. As seen in Table 5, the ultimate tensile strength for
grade 10.9 steel threaded connections can be taken as Syrs = 1040 MPa;
however, the exact value of the fatigue endurance limit S; for the
examined grade of steel and stud size is unknown. Therefore, the
Goodman equation in the normalised form was employed to analyse the
relative mean stress effects on the fatigue life in accordance with the
following equation:

17@)
Sﬁ7< - @

)
Surs
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Fig. 9. Variation of the SCF value in the first 10 engaged threads under a range of applied load levels and relative von Mises stress (dash).
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where Sy, is the first mean stress value employed in the present study
(Sm, = 202 MPa), Sp,,is the second mean stress value, Sy, is the stress
amplitude corresponding to S,,, and Sa, is the stress amplitude corre-
sponding to Sp,. As seen in Eq. (4), the Goodman analysis allows
calculating the equivalent stress amplitude that would produce the same
fatigue life as Si,, at a different mean stress of S,,.

Considering that Sy is half of the stress range S (or S;), the mean fit to
the fatigue data at S;,, = 202 MPa was employed to predict the relative
S-N fatigue behaviour at Sp, at 470, 564, 624 and 658 MPa, which
correspond to 50 %, 60 %, 66 % and 70 % of the yield stress of the
material, receptively, using Eq. (4). The results from this analysis are
shown in Table 6 and Fig. 10. As seen in Table 6, a wide range of mean
stress values were considered in this study to initially investigate the
gradual change in the fatigue life as a result of the increase in the mean
stress value, and subsequently evaluate the accuracy of the predicted
fatigue lives at Sp,, = 624 MPa at which two data points are available
from new experiments presented in this study. It can be seen in Table 6
and Fig. 10 that an increase in the mean stress value leads to a reduction
in the intercept of the mean curve log a while the inverse slope m re-
mains unchanged. This indicates that increasing the mean stress
continuously decreases the fatigue life of the threaded connections.
Finally seen in Fig. 10 is that while shorter fatigue lives are predicted for
higher mean stresses using the Goodman approach, the prediction line
for the mean stress of 624 MPa is overly conservative compared to the
two data points available at this mean stress.

According to the procedure described in (Johnston, 2022), the
Goodman predictions can be modified and improved by employing the
SCF value at the first engaged thread, and defining a modified stress
amplitude S}, using the following equation:

S, = Sa x SCF (5)

According to stress distribution results at various applied load levels
obtained from finite element simulations demonstrated in Fig. 9, the SCF
values obtained at the first engaged thread under 202 MPa (i.e. which is
equivalent to ~ 20 % of the yield stress) and 624 MPa (i.e. which is
equivalent to 66 % of the yield stress) mean stress levels are found to be
approximately 5 and 1.5, respectively. By incorporating the SCF value
corresponding to the estimated mean stress of S,, (i.e. SCF=1.5) using
Eq. (5) in conjunction with the Goodman analysis in Eq. (4), a modified
Goodman prediction can be obtained the results of which are presented
in Fig. 11 and Table 7. These results show that for the two experimental
data points on M72 studs tested at the mean stress of 624 MPa, the
Goodman method introduces a significant percentage of error ranging
between 37 % and 45 % with a high degree of under prediction. How-
ever, using the modified Goodman method the predicted points fall very
close to the experimental data points, significantly reducing the per-
centage of error to much lower values ranging between 5 % and 18 %.
This analysis confirms that the employment of the SCF value of 1.5 at the
first engaged thread obtained at the mean stress value of equivalent to
66 % of the yield stress of the stud material results in satisfactory pre-
dictions of the fatigue trends at this mean stress level using the modified
Goodman approach.

Further investigations need to be carried out in future work by
conducting more fatigue tests on large-scale M72 threaded connections
as well as employment of a wider range of mean stress correction ap-
proaches to better understand the design, life prediction and structural
integrity analysis of large-scale bolted connection in offshore wind

Table 6
Goodman predictions at different mean stress values.
Mean stress (% of yield) m loga
50 1.85 9.131
60 1.85 8.986
66 1.85 8.884
70 1.85 8.809
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Fig. 10. Comparison of the experimental data with Goodman prediction lines
at different mean stress values.

1000
E o
g 100 N °
%)
A
Present Study (S,,=624 MPa)
A Goodman Prediction
©Modified Goodman Prediction
10
1.E+05 1.E+06
N (cycles)

Fig. 11. Comparison of the Goodman and modified Goodman predictions with
the experimental data on M72 studs at mean stress of 624 MPa.

Table 7
Calculation of percentage of error in Goodman and modified Goodman pre-
dictions for two experimental data points at mean stress of 624 MPa.

N S S Error S (Modified Error
(experimental) (Goodman) Goodman)
3.82 x 111 61 45 % 91 18 %
10°
1.89 x 141 89 37 % 133 5%
10°

turbines. Moreover, further numerical analysis will need to be carried
out to thoroughly investigate the bolt size effects on the fatigue life and
durability of threaded connections in offshore renewable energy
structures.
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5. Conclusions

This paper presents the findings from a comprehensive study of the
fatigue behaviour in threaded connections by firstly, assessing the S-N
fatigue behaviour of medium to large size bolts using the data available
in the literature, and secondly, evaluating the fatigue behaviour of M72
hot dip galvanised threaded connections, which are widely used in
offshore wind turbines, by performing new large-scale tests. The analysis
of the existing data points on M36, M48, M64 and M72 galvanised
threaded connections in the literature shows that while the dominant
majority of data points fall above the fatigue design curves recom-
mended by all three standards, a steep inverse slope of m < 3 for mean-
28D line can lead the experimental trend to fall below the recommended
thickness corrected design curves particularly at lower stress ranges.
Further contribution to knowledge has been made in this study through
numerical and experimental investigation of large-scale M72 threaded
connections loaded under tension. The results from new tests on M72
studs at two different mean stress values of 202 MPa and 624 MPa
confirm that the inverse slope of the fatigue design curve in large-scale
threaded connections can be considerably lower than three, but more
test data are needed to confirm this observation. Moreover, the nu-
merical analysis of the stress variation across the engaged threads shows
that the highest value of stress concentration factor is always found to be
at the first engaged thread and this value continuously decreases by
increasing the applied load level and introducing local plasticity in the
threaded connections. Finally, it has been shown that the application of
the modified Goodman correction successfully corrects for the effect of
different mean stress levels used in the tests, and highlights the need to
correct for mean stress when combining test data from threaded con-
nections tested at different mean stress levels.
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