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A B S T R A C T

A considerable portion of the preload loss in offshore wind turbine foundation to transition piece flanged
connections is caused by short-term relaxation of the bolts. This relaxation can be influenced by several factors
including the friction coefficient between the contact pairs in the flange bolted connections as well as room
temperature creep. The present study focuses on the effect of these two factors on the performance of M72 bolts
in offshore wind turbines. A detailed finite element model of a one-bolt-segment of the flanged connection is
developed with material properties obtained from the literature. The first analysis examines the response of the
bolt to a change in friction coefficient between contact surfaces. In the second analysis, the effect of room
temperature creep is investigated over the first 48 hours of operation. Although creep is usually neglected in
such low temperatures, for high load levels close to the material's yield stress, significant creep strain rates can
occur. Finally, a sensitivity analysis on both friction and creep properties is carried out to investigate the in-
fluence of these two factors on the preload relaxation of M72 bolted connections.

1. Introduction

Monopile foundations are currently the most popular support
structures, accounting for over 80% of the offshore wind installations in
Europe [1,26–28,30]. The wind turbine tower is usually mounted onto
to the monopile substructures via a transition piece, which is designed
to absorb tolerances and inclinations of the system. The transition piece
is fixed to the substructure by either grouting or using a bolted flange
connection. Grouted connections are widely used with offshore wind
monopiles and are conventionally covered by standards. There have
however been several incidents where these connections failed to per-
form sufficiently and showed signs of failure leading to high operation
and maintenance (O&M) costs [2–4].

Recently, the industry has shown more interest in bolted flange
connections due to the issues with grouted connections, as well as ad-
vantages of bolted connections which can lead to a faster and more cost
effective installation [29]. Flanged connections are widely used in the
oil and gas industry, as well as for onshore wind turbines, however at a
much reduced scale in both cases. M72 and M64 bolts are the most
popular fasteners used in the offshore wind industry [5]. Despite the

difficulty caused by the enormous dimensions and weight of these bolts,
these are of great importance for performance of the connections. There
are four scaling factors affecting bolts; geometric, technological, sta-
tistical and surface technological [6]. The last three are relevant only
when performing experiments, which is not the immediate aim of the
present study. However, the geometrical size effect should be taken into
account for the finite element analysis (FEA) modelling as the stress
gradient from the threaded surface (with high stress) toward the centre
of the bolt decreases when the diameter of the bolt increases [7].

There are still some concerns surrounding bolted flange connections
due to issues such as bolt interaction and tightening sequence [8], or
pre-tensioning and relaxation effects, which can cause an increase in
maintenance costs. Considering that the O&M costs in offshore wind
industry constitute up to 35 % of the total cost, reducing or eliminating
one possible failure mode might result in a significant reduction in the
levelised cost of energy (LCOE) [9,24,25]. In order to achieve the
aforementioned LCOE, it is estimated that a 3 to 10% cost reduction is
expected to be achieved from substructure, cabling and substation costs
alone [10].

Preload relaxation is one of the key factors in bolted flange
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connections that can lead to a loss of clamping forces in the flanged
connection. Relaxation of the bolts can cause a reduction in preload and
consequently, a loss of clamping force in the flange. This can either be
the result of long term effects, such as cyclic loading, or the result of
short-term effects happening during or immediately after preload ap-
plication. In the present work, only short-term relaxation is considered.
According to Kulak et al [11], short-term relaxation can cause a loss of
preload up to 11% in the first hours of tightening.

Short-term relaxation can be the result of early plastic deformation
in some regions of the bolt, particularly in the thread or below the head
of the bolt. It is known that all flange connection surfaces have some
degree of imperfection as a result of the fabrication or production
process. Because of these imperfections, the surfaces will not be in full
contact and the load is not evenly distributed, resulting in regions with
stresses higher than the yield stress, σy. The contact points with higher
stress will deform plastically and will cause the surfaces to gradually
level out, increasing the contact area and eventually eliminating the
high stress areas. This plastic deformation process is called embedment.

Creep is usually described as a time dependent deformation under
fixed stress and at elevated temperatures, which are usually over 0.5
times the melting temperature, TF, of the material [12]. Although these
conditions are not applicable to wind turbines, it has been found that
creep at lower temperatures is still possible. The magnitude of low
temperature creep is obviously smaller than a high temperature case,
which is why it is usually neglected. For a high strength steel similar to
that of M72 bolts, even at stresses as low as a third of σY, some creep
deformation exists. Also, Liu et al. [13] reported that higher creep de-
formation is expected in high strength steel (with σY of 1250 MPa) for
stresses close to the yield stress. In the present study, preload stresses of
0.9 σY are considered.

The relaxation begins to occur immediately after installation due to
a range of short-term effects, including frictional effects and low tem-
perature creep. There are other factors that lead to short-term relaxa-
tion, although with smaller influence, such as thread engagement,
misalignment [22] between bolt and hole, improper bolt-hole di-
mensioning [14] or residual stresses in the structure itself [15], none of
which are considered in the present paper. In this paper, the short term
preload relaxation is analysed based on the effects of friction and low
temperature creep using FEA modelling in Abaqus software based on a
representative flange section connected using M72 bolts. The effect of
variation in friction on the preload loss is studied for different sets of
contact surfaces in order to describe the desirable friction coefficient

(i.e. surface quality) for each part. For the creep effect, short-term re-
sponse of the bolt is compared for three different materials with dif-
ferent yield stresses in order to find out the significance of the effect of
creep deformation on preload relaxation. The purpose of this study is
not to exactly predict the preload loss due to creep deformation, but
instead to determine if its effect on relaxation is considerable by per-
forming a set of sensitivity analyses.

2. Material models

Three different materials were considered for the current study:

• S355 structural steel for the flange (EN10025 standard)

• 27MnCrB5-2 grade stainless steel for the washer (EN 1.7182 stan-
dard)

• 10.9 grade high strength steel for the bolt and nut (ASTEM A325
standard)

A tensile test was performed on S355 steel to enable a detailed
analysis and verification of a simplified Ramberg-Osgood (RO) material
model. Subsequently, the tensile behaviour of the other two materials
examined in this study, for which the tensile data are not readily
available in the literature, was generated using the basic mechanical
properties of these two materials.

2.1. Ramberg-Osgood material model

Abaqus software allows employment of a modified version of the
Ramberg-Osgood material model to describe the elastic and plastic
behaviour of the material based on the following relationship [16]:

⎜ ⎟= + ⎛
⎝
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⎠

ε σ
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α σ
E

σ
σY

N

(1)

where ε is the strain, E is the elastic Young's modulus, σ is applied stress,
α is the yield offset, and K and N are material constants. Where limited
tensile data are available for a given material, the tensile curve can be
generated by employing the RO material model and using the values of
yield (usually according to the 0.2 % criteria) and ultimate tensile
strength (UTS) of the tensile curve. The material constants in the RO
model can be found by fitting a curve that passes through these two
points and the origin. To validate the accuracy of the model, an analysis
of the tensile test data for S355 steel was carried out. Fig. 1 shows the
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Fig. 1. Stress-strain curves for the materials employed in the present study.
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stress-strain curves for all three materials, calculated from the RO
model. Tensile test data was available for S355 and hence this data can
be used directly in Abaqus to define the material properties. However,
no test data was available for the additional two materials and therefore
the data from the RO material model was used in Abaqus to define their
elastic-plastic properties. The graph shows that the S355 curve de-
termined using the RO model agrees well with the tensile test data and
therefore it is determined that the model is suitable for all materials.

Once the simplified RO model was validated using the S355 tensile
data, the material dependent constants were identified which are
summarised in Table 1. Also included in this table are the RO material
dependent constants for the washer and bolt materials.

2.2. Elastic-plastic-creep model

In order to simplify the analysis in the present study, the elastic-
plastic-creep behaviour is only assumed for the bolt and nut with
stresses close to σY. While the elastic-plastic material response is pre-
dicted based on a uniform set of points using the RO model for the bolt
material (i.e. 10.9 grade steel), the following power law equation is
used to describe the average creep strain rate of the material [17]:

=ε Aσ˙cr n (2)

where A and n are material and temperature dependent constants. This
model is implemented in Abaqus using the time hardening creep
property to describe the average creep strain rate which accounts for
the primary, secondary and tertiary creep region. There is no data
available in the literature for 10.9 grade steel creep properties at room
temperature, therefore the material data by Alfredsson et al. [18] is
used which provides two sets of properties for bainite and martensite
high strength steels at a relatively low temperature of 75°C. While
bainite has a higher σY than 10.9 grade steel (around 1600 MPa ac-
cording to [18]), the martensite has a lower σY than that the bolt ma-
terial (760 MPa).

Creep is a time-independent deformation mechanism and the
power-law is developed by taking the initial value of creep strain rate at
different stresses. These values were fitted into the creep equation in a
procedure similar to that used for Ramberg-Osgood constants. Both sets
of constants for the materials have either higher (bainite) or lower
(martensite) σY than the bolt material and therefore an intermediate
material model is created to represent a material with average prop-
erties between the two. The n constant is obtained by an arithmetic
average of the corresponding values for the other two materials. For A,
given the nature of the formula, geometrical averaging is used. The
power-law creep model constants employed in this study can be seen in
Table 2.

3. Finite element model set-up

A flange segment, representative of a 160-bolt flange configuration,
was modelled in Abaqus. This included the bolt, nut, washers and the
upper (i.e. for transition piece) and lower (for monopile) flange sec-
tions, as depicted in Fig. 2. The dimensions of the original flange, which
were taken from [5], are shown in Fig. 3. Note that small details such as
the radius between flange and the wall are neglected, as well as the
angled gap between the flanges. The bolt, nut and washers are designed
according to ISO4032 standards for M72 bolts [19]. A 4 mm pitch M72
bolt was modelled, considering the minimum values within the toler-
ances.

3.1. Loading and boundary conditions

For short-term relaxation, both preload and gravitational loads were
applied. External cyclic and long term loads are only considered for
long-term relaxation studies and were therefore not considered in the
present study. The bolt load is taken as 2914 kN for the M72 bolt, which
results in stresses close to 90% of the material's yield stress, often
known as the maximum safety limit for bolt tightening in the offshore
wind industry. To apply the bolt preload, the ‘Bolt load’ command in
Abaqus was used. In this approach, the focus is on the middle section of
the bolt from which a portion of the bolt's length is subtracted. This
amount of shortening depends on the value of preload that is expected.
With this reduced bolt length, while keeping the rest of the assembly
unchanged, the same load state as in real bolted connections is
achieved. To allow short-term creep deformation to be considered in
the analysis in the following steps, the ‘Fix at current length’ option for
the bolt load was selected. This option allows the bolt to behave
naturally and relax due to the creep effects.

Two boundary conditions were defined for the flange connection.

Table 1
Ramberg-Osgood material model.

σY (MPa) UTS
(MPa)

Strain corresponding to
UTS (%)

α N

S355 356 537 19.89 2.17 9.7
27MnCrB5-2 754 1026 13.10 1.55 10.1
10.9 grade steel 946 1134 8.62 1.43 14.0

Table 2
Three sets of power-law creep constants.

A [h−1 MPa−n] n

Bainite 3.532 × 10−30 8.75
Martensite 1.820 × 10−16 4.80
Combined 2.536E × 10−23 6.77

Fig. 2. The flange segment design in Abaqus.

Fig. 3. Flange dimensions.
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‘Encastre’ boundary condition was applied on the top surface, as shown
in Fig. 4, to consider the wind turbine structure. The second boundary
condition was used to limit lateral movement in the flange, as this
modelled geometry is a segment of a larger structure with each seg-
ments movement restricted by the neighbouring segments. Symmetric
boundary condition was used for the side surfaces (Fig. 4).

3.2. Contact definition

Contact surfaces were divided into three groups; flange to flange
contact (FF contact), thread to thread contact (TT contact) and external
contacts (EXT contact) such as the contact between washers, bolt, nut
and flange. A friction coefficient was assigned to each contact using the
‘Friction: Penalty’ option in Abaqus. The FF contact properties re-
mained constant throughout all of the simulations with a friction
coefficient of µ =0.84. On the other hand, the µ values for TT (µTT) and
the EXT (µEXT) contacts varied depending on a range friction scenarios.
The friction coefficients, µ, examined in the simulations were selected
from the values of 0.14, 0.25, 0.5 and 0.84.

3.3. Mesh definition

Tetrahedral elements were used to mesh all of the elements due to
their simplicity for meshing complex geometries (see Fig. 5). The
washer was the only exception which was meshed by hexahedral ele-
ments. Due to the shape of the threads in the nut and bolt geometries,
special care was taken for the mesh generation. Several partitions were

created to limit the total number of elements, however, a large number
of elements were needed for such a complicated model. The mesh
verification analysis revealed only 0.05 % of bolt and nut elements with
aspect ratios higher than 10 and angular limits below 0.1% which is
well within the acceptable range [20].

4. Analysis of friction effects on preload distribution

A sensitivity analysis of the friction coefficient effects on the re-
sponse of the bolted connection is performed for a range of µ values,
from steel-to-steel contact (µTT=0.84) to an average lubricated surface
(µTT=0.14) [23]. In this study, the effects of thread friction and head/
nut friction are analysed independently.

4.1. Thread friction analysis

For the thread friction analysis, four different µ values in the thread
(TT contact) were considered whilst keeping the contact properties in
the remaining surfaces (EXT contact) unchanged. This analysis was
carried out to determine the extent that the TT friction affects the
overall behaviour of the bolt and the mechanisms involved. Also, two
different EXT contact friction values were studied to further analyse the
influencing factors.

The first set of simulations were carried out for µEXT = 0.84. Fig.6
shows the von-Misses stress distribution under two different TT friction
conditions. For the measurements, the threads are assigned a number
from 1 to 15, starting from the first engaged thread at the washer-nut
contact (Fig. 6). The figure shows that the stresses at the centre of the
bolt are slightly higher when the threads have a lower friction coeffi-
cient.

Making an in-depth analysis of the stresses for each thread, several
points in each of the threads have been selected on both the roots and
crests of the threads. From these points, the average and maximum
stress values for each thread have been calculated, from thread 1 to 15.
The Table 3 summarises the maximum stress values achieved for dif-
ferent values of TT friction coefficient and the maximum values at in-
dividual threads are shown in Fig. 7. The results show that as the TT
friction coefficient increases, higher local values of stress in the contact
points are measured. Assuming that plastic deformation is related to the
maximum local stresses, using lubricated contacts can reduce this risk
by lowering the stress by up to 3.5%.

From the results shown in Fig. 7, it appears that the first five threads
show higher values of stress, indicating that these threads have a higher
engagement and therefore are bearing a high percentage of the preload.
From thread 6 onwards the stress levels gradually reduce towards the
final thread, with the largest reduction in stress being observed at
thread number 10. From the thread-by-thread analysis, it can be seen
that the engagement level at every thread changes with friction. It can
also be observed that a higher µ results in a higher stress in the first few
threads, hence increasing the chance of plastic deformation. However,

Fig. 4. Boundary conditions.

Fig. 5. Detail of the mesh in the thread regions (a) bolt, (b) threaded section of the bolt, (c) mesh details in the threaded section.
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the stresses fall sharply towards the final threads, therefore reducing
the risk of plastic deformation. From these results it is apparent that a
low friction coefficient in the threads improves the distribution of the
mechanical bolt load.

The same set of simulations was repeated considering µEXT =0.14
and the results are shown in Table 4 and Fig. 8. The analysis of max-
imum thread stress in Table 4 shows a similar trend to Table 3. Inter-
estingly, the values show that a reduction in EXT friction results in
lower maximum stress levels. The differences between the stress values
at TT 0.14 and 0.84 are also shown to be larger when compared to the
results for µEXT =0.84. Comparing the results from Tables 3 and 4,
maximum thread stress is reduced by 7 % in the first threads when both
µTT and µEXT =0.14, compared to the maximum value in Table 3.
However, when comparing the last threads in the bolt the stress value

more than doubles for the same friction coefficients.
Fig. 8 shows a similar trend as Fig. 7, however the difference in TT

friction coefficient is now much more pronounced. The difference be-
tween the curves across the first ten threads is still relatively small,
however after this point it is clear that a lower TT friction coefficient
results in a much higher level of stress in the final threads.

The average stress across all of the threads is calculated and pre-
sented in Table 5 for each of the friction scenarios in this section. The
results show that reducing the value of µTT friction has a negligible
effect when µEXT is 0.84. However, when EXT friction is reduced to 0.14
there is an improvement in average stress for all values of µTT, with the
highest level of stress when both µTT and µEXT are 0.14, an increase of
around 15%. Note that having higher stresses in the final threads (to-
ward the end of the bolt) is an indicator of a more efficient bolt and nut

Fig. 6. von-Mises stress distribution in the bolt cross section for, (a) µTT=0.14, and (b) µTT=0.84. The external friction µEXT=0.84 in both cases.

Table 3
Maximum stress at each group of threads (for µEXT 0.84). All stress values are in
MPa.

µTT 0.14 0.25 0.5 0.84
Stress in threads 1−3 1098 1109 1130 1136
Stress in threads 4−6 1008 1025 1062 1073
Stress in threads 7−9 885 916 968 975
Stress in threads 10−12 713 746 740 730
Stress in threads 13−15 557 487 396 381
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Fig. 7. Maximum stresses per thread (for µEXT 0.84).

Table 4
Maximum stress at each group of threads (for µEXT 0.14). All stress values are in
MPa.

µTT 0.14 0.25 0.5 0.84
Stress in threads 1−3 1059 1063 1077 1113
Stress in threads 4−6 1027 1034 1056 1093
Stress in threads 7−9 959 971 1001 1000
Stress in threads 10−12 917 926 913 852
Stress in threads 13−15 834 742 588 512
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connection with a more even distribution of the load, as well as redu-
cing the risk of plasticity. Finally, evaluating the contact pressure in all
scenarios, the results in Table 6 show that thread friction has a negli-
gible effect on the contact pressure between flanges, however there is
an improvement of around 5% when the value of EXT friction is re-
duced.

4.2. External friction analysis

For the general friction simulations, the friction coefficient in TT
contacts remains constant whilst varying µEXT for the values 0.14, 0.25,
0.5 and 0.84. Two different TT friction conditions were also used to
check the consistency of the results. Fig. 9 shows a similar trend to
Section 4.1, where a higher friction coefficient leads to higher stresses
at the first threads and gradually reducing toward the final threads.
From the graphs in Figs. 10 and 11, for both high and low TT friction
coefficients, the effect of variation in µEXT is reversed at the fourth
thread. Higher µ results in lower stress in the first three threads, how-
ever the effect is reversed after this point. Although the stress dis-
tribution has improved, it is not certain that a low friction coefficients
for EXT contacts will reduce global plasticity.

Fig. 10 shows the difference in EXT friction coefficient is now much
more pronounced. The difference between the curves across the first ten
threads is still relatively small, however after this point it is clear that a
lower EXT friction coefficient results in a much higher level of stress in
the final threads. Reducing EXT friction also affects the average stress of
the thread similar to TT friction reduction, as shown in Table 7. The
average stress increases 8 % with lubricated EXT contacts when the TT
contact µ is 0.84. For TT when the µ value is reduced to 0.14, the dif-
ference reaches 15 %. It has to be noted that when analysing the effect

of changing the TT friction, the maximum increment reached is only
8%. Therefore, it is concluded that the EXT contacts friction coefficient
is more determinant for the average stress state.

Comparing the results in Table 8, it can be seen that the contact
pressure is independent of the friction coefficients of the thread.
However, there can be a difference of up to 5% in the contact pressure
between the flanges with EXT contacts properly lubricated to give a low
friction coefficient.

5. Analysis of low temperature creep effects on preload
distribution

In this section the effects of low temperature creep on the preload
distribution in bolted connection is analysed. The aim is to demonstrate
the influence of creep at low temperatures in a 48 hour period. For this
analysis the applied load level and friction coefficients are kept constant
to evaluate the influence of creep properties on preload distribution in
M72 bolted connections.

5.1. Comparison of creep properties effects on preload

Different creep properties were simulated for materials with lower
and higher yield strengths than that of 10.9 grade steel. These simu-
lations are repeated with a third set of creep properties deduced by
averaging the creep constants with the procedure described in
Section 2.2. The three models are created for conditions of 75°C, as the
lowest temperature creep properties found in the literature, and the
assumption that the initial (and maximum) strain rate of the material
applies for a 48-hour period. This is an overestimation, however, the
main purpose of this study is not finding the exact value of creep but to
examine whether or not preload relaxation is sensitive to time-depen-
dent creep deformation through a comprehensive sensitivity analysis.

In order to evaluate the creep effects, the evolution of the average
stress at the midsection of the bolt shaft has been measured. Fig. 12
shows the effect of power-law creep on the stress distribution in a
bolted connection during 48 hours. Table 9 shows the total relaxation
after a 48-hour period. It is evident in Fig. 12 and Table 9 that the creep
deformation reduces the preload, and consequently, the clamping force
of the flange. Clearly, softer materials (martensite) experience higher
relaxations due to a greater extent of time-dependent elongation of the
bolt as a result of creep deformation. This is caused by the relation
between bolt's length and preload in elastic-plastic-creep analysis. In-
itially, creep rate and stress are expected to be constant at each point
with a straight creep strain curve. However, the bolt's length has in-
creased because of creep strain, which reduces the clamping force or in
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Fig. 8. Maximum stresses per thread (for µEXT 0.14).

Table 5
Average von-Mises stress in the thread (TT analysis).

µTT 0.14 0.25 0.5 0.84
µEXT = 0.84 630 626 623 624
µEXT = 0.14 724 712 690 674
Difference (%) 14.9% 13.7% 10.7% 8%

Table 6
Analysis of contact pressure between flanges (TT analysis).

µTT 0.14 0.25 0.5 0.84
µEXT = 0.84 107 108 108 108
µEXT = 0.14 113 113 113 113
Difference (%) 5.6% 4.6% 4.6% 4.6%
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other words, the bolt is relaxing. As a consequence, ε̇cr reduces over
time, even when time hardening (m parameter in Eq. (2)) is not con-
sidered.

5.2. Creep sensitivity analysis

According to Mehmanparast et al. [21,31], the power index, n, in
the creep law is not affected by temperature changes and can be as-
sumed constant for a wide range of temperatures, while the power law
multiplier A can be described as a function of temperature in most
steels. In their work they have demonstrated that n stays almost un-
changed when temperature changes, however, the value of A decreases
continuously with temperature.

Since the lowest temperature creep properties found in the litera-
ture are at 75°C, an attempt has been made to estimate the lower
temperature (i.e. at room temperature) creep properties following the
approach given in [21]. For the present study n is kept unchanged (i.e.
same as 75°C as suggested in [21]) and the sensitivity analysis over the
creep multiplier constant, A, is performed. Three materials are studied,

comparing the initial properties with A reduced by factors of 2 and 5,
and the results are shown in Fig. 13. This final value has been set as an
idealized assumption, considering that this rate of change over every 50
degrees at higher temperatures is respected for the present conditions,
and therefore representing creep properties at 20 °C (i.e. room tem-
perature). As mentioned earlier, the purpose of this study is not to
precisely quantify creep properties at room temperature conditions, but
to see the possible magnitude, and influence of power law reigning
parameters.

In Fig. 13 bolt load during a 48-hour period is depicted for the three
materials for A, A/2 and A/5. As expected, lower values of A reduce the
ε̇cr and therefore the amount of bolt relaxation. However, when the
value of power law multiplier is halved, this does not result in the same
proportion of reduction in preload. In Tables 10–12 the variation of
preload loss after the 48-hour period is listed. It is interesting to see that
even for bainite (the hardest material) there is still a 6% reduction of
stress when A is reduced by a factor of 5. Comparison of Tables 10–12
shows that martensite is the most sensitive to a changes in A with re-
markably larger relaxation. Hence, selecting a harder material with

Fig. 9. von-Mises stress distribution in the bolt cross section for, (a) µEXT=0.14, and (b) µEXT=0.84. The external friction µTT=0.14 in both cases.
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lower creep properties could positively reduce creep deformation, as
well as minimizing the scatter of preload that could appear if the en-
tirety of the bolt or the flange did not possess the same creep properties.

5.3. Friction effects on low temperature creep

The final set of simulations were performed to examine the effect of

friction on bolt relaxation while the material is subjected to time-de-
pendent creep deformation. As it was explained in Section 4, friction
has a significant influence on the stress within the bolt and threads. In
Fig. 14, the evolution of total preload of the bolt is shown for µ = 0.14
and µ = 0.84, for both EXT and TT contacts. As it was previously
mentioned, the lower the friction, the higher the average preload
transmitted to the bolt from the tightening process. The time plot of
preload shows that creep does not interact much with friction and the
difference between the two are constant. Therefore, it can be stated that
the friction condition affects the instant of the application of the pre-
load, but does not interfere with short-term low temperature creep.

6. Discussion

6.1. Friction coefficients effects on preload

The simulation results for different combinations of TT and EXT
friction coefficients confirm that it is beneficial to operate bolted con-
nections with low friction coefficients. These studies focus on the final
stress state of the bolt after applying the specified level of preload. It
has been clear that the most influential factor on preload is not µTT but
µEXT, indicating that lubricating the nut/washer and washer/flange
surfaces is beneficial. Well lubricated surfaces offer a higher average
stress in the bolt threads. The lower the TT friction, the more noticeable
this effect will be. Low µTT experience a 16% increase in average stress
when µEXT is reduced from 0.84 to 0.14. When a high µTT is experienced
(non-lubricated surface), this increment is only 8%. Although thread
friction does have some effect, it is less determinant than EXT friction. A
variation on thread friction leads to negligible changes when EXT is
0.84, while a variation of the same magnitude causes up to 7.4% in-
crease when EXT is reduced to 0.14 (lubricated surfaces). It can be
concluded that lubricating horizontal surfaces improves the transmis-
sion of preload to the bolt, and consequently, the clamping force in the
joint.

The results show that increasing EXT friction coefficient reduces
contact pressure between the flanges. In this case, however, a change in
TT friction coefficient has negligible effect on the contact pressure. This
means that a variation of the thread friction does not affect clamping
force, as loads can be redistributed in the threads when friction
changes. This is not the case for EXT contacts which show an increase of
around 5% when the surfaces are lubricated, leading to a low friction
coefficient.

Analysing local behaviour in the threads, it seems that depending on
the position of the thread, the response to a change in friction is not
uniform. There is a descending trend in the thread stresses with the
threads closer to the flange experiencing higher stress. From the graphs
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Fig. 11. Maximum stresses per thread (for µTT 0.14).

Table 7
Average von-Mises stress in the thread (EXT analysis).

μEXT 0.14 0.25 0.50 0.84
μTT = 0.84 674 643 630 624
μTT = 0.14 724 676 636 630
Difference (%) 7.4% 5.1% 1% 1%

Table 8
Analysis of contact pressure between flanges (EXT analysis).

μEXT 0.14 0.25 0.50 0.84
μTT = 0.84 113 111 109 108
μTT = 0.14 113 111 108 107
Difference (%) 0% 0% 1% 1%
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Fig. 12. Preload relaxation after 48-hour period due to creep deformation.

Table 9
Amount of preload relaxation due to creep deformation.

Stress (MPa) [0h] Stress (MPa) [48 h] Reduction

Bainite 717 605 16%
Combined 717 416 42%
Martensite 717 156 78%
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shown in Sections 4.1 and 4.2, both TT and EXT friction coefficients
affect the stress distribution along the threads. Low friction coefficient
lowers the contact point stresses for the first few threads. Given the
nature of bolted connections, these stresses will diminish the further
they are from the flange. High friction coefficients make this transition
abrupt, while on the other hand, better-lubricated contacts (lower
friction coefficient) offer a smoother transition. This is interesting as it
means low friction contacts contribute to a more efficient work dis-
tribution over the thread. It is also important to note that higher local
stresses in the initial threads will increase the likelihood of plastic de-
formation when there are higher levels of friction on all surfaces.

In summary, the combination of all of the results in this section
show that the best results is achieved when both TT and EXT surfaces
are lubricated and therefore have a low friction coefficient. When this is
the case, the maximum stress in the threads are lower, the average
stress across the threads are higher and the contact pressure between
the flanges is improved.

6.2. Room temperature creep effects on preload

The results presented for the creep simulation were based on ap-
proximated material properties from three different high strength
steels, however none of them have identical properties to 10.9 grade
steel. The results are presented in order to give the reader an idea of the
phenomenon being analysed. Therefore, these results should not be
considered from a quantitative point of view, as realistic levels of creep
experienced by bolts could differ. The present results can however serve
as a reference regarding trends and orders of magnitude for room
temperature creep in high strength steel bolts.

The first significant conclusion from the creep simulations is that
creep can happen in bolted connections at room temperature. Although
the creep properties lead to lower ε̇cr than high temperatures condition,
the dependency of ε̇cr to stress levels make these type of connections
susceptible to creep at stresses close to σY. Bolted connections are de-
signed to maintain a minimum preload of around 70% of total σY in the
shank, but stresses can reach higher values in some regions with stress
concentrators such as the thread of both the bolt and the nut. Bolts are
often tightened to preloads closer to σY of the bolt to account for pre-
load relaxation.

As a result, increasing the applied stress in the bolt closer to its σY
value (in the present study at around 90%) would increase the stresses
in the main part of the bolt as well as the threads, leading to higher
creep deformation and greater preload relaxation. It is essential to
understand how the creep properties of the material affect the creep
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Fig. 13. Sensitivity analysis of preload relaxation to creep power-law multiplier.

Table 10
Sensitivity analysis of preload relaxation to creep power-law multiplier for
bainite material.

Factor Stress (MPa) [0h] Stress (MPa) [48 h] Reduction

1 717 605 15.7%
2 717 638 11.0%
5 717 672 6.3%

Table 11
Sensitivity analysis of preload relaxation to creep power-law multiplier com-
bined material.

Factor Stress (MPa) [0h] Stress (MPa) [48 h] Reduction

1 717 416 41.9%
2 717 441 38.4%
5 717 509 29.0%

Table 12
Sensitivity analysis of preload relaxation to creep power-law multiplier for
martensite materal.

Factor Stress (MPa) [0h] Stress (MPa) [48 h] Reduction

1 717 156 78.2%
2 717 187 73.9%
5 717 236 67.1%
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process itself. It is visible from the result that higher σY materials have
higher creep resistance with less relaxation encountered.

Using higher strength materials and working closer to 70% of σY
could help reducing creep induced relaxation without compromising
the required clamping force. If plastic deformation was still required in
the nut to ensure the proper tightening of the bolt, different materials
could be used for the bolt and nut, provided that they do not have a
tendency to chemically interact. Instead of changing the material or
altering the load applied at the tightening process, it might be to better
to alter the creep properties by other means, such as surface hardening
or using shot peening or rolling techniques.

7. Conclusions

Preload relaxation in flange bolted connections is a major concern
in offshore wind industry. From the moment the bolt is tightened, a
portion of the preload is lost. There are several parameters that govern
the relaxation. In this work, two short-term effects including low tem-
perature creep and friction coefficient are investigated using finite
element simulations. Friction is shown to have a direct relation with the
total preload transmitted, while the results suggest that lower friction
improves the transformation of preload into the bolt. Lower levels of
friction also contribute to better distribution of the load along the
threads, reducing the risk of plasticity in the threads near the washer by
allowing subsequent threads to share the load. Although creep is
usually neglected for room temperature, the results show that when the
applied load is large enough, this assumption is not accurate. Further
experiments are required to justify the room temperature creep beha-
viour for the cases when stresses are close to yield. From the results of
the present study, it seems that having materials with yield stresses
higher than the working values for the bolt would reduce creep sig-
nificantly.
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