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Abstract: The amplitude of a bolt load in dynamically loaded bolted flange joints depends on several
factors: the resilience of the bolt and the clamping parts, the magnitude of the working load, the
point of action of the working load, the way the working load is transferred from the structure to
the bolt, the preload, and the geometrical imperfections of the contact surfaces of the joint. These
factors are analysed in many papers, and they are covered in the VDI 2230 guideline and in standards.
Fatigue curves (S-N curves) of bolts are determined by tests in which an ideal axial load is usually
applied to the bolts. The effects of the bolt strength class, the thread manufacturing process, the
surface protection, and the cross-section size on the fatigue strength of bolts are precisely defined.
The main problem in the evaluation of bolted joints is the calculation of the actual stress, which is
compared with the fatigue curves. Despite extensive research, fatigue-related bolt failures still occur
in practise. This article provides a systematic overview of the influences that affect the fatigue of
bolts. The conclusions are based on the research results of many authors and on our own analytical,
numerical, and experimental investigations. The effects are illustrated using two practical examples
of flange bolting. The assessment of fatigue according to Eurocode 3 and the VDI 2230 guideline is
discussed in more detail.

Keywords: flange joint; preload; working load; bolt fatigue life; geometrical flange imperfections

1. Introduction

Bolted joints are the most common type of detachable joints in parts and structures. In
this paper, we will limit our scope to bolted flange joints. Two major specific application
areas for bolted flange joints should be highlighted: piping and pressure vessels [1,2], and
steel structures [3–9]. Examples of steel structures are wind turbine towers, chimneys,
cableway columns, steel bridges, and truss structures. A bolted joint consists of several
bolts and two flanges. The flanges are always circular in pipelines, whereas in the case of
load-bearing structures, they are either circular or rectangular. A gasket is inserted between
the flanges in pipelines and pressure vessels to prevent the medium from flowing out of
the pipeline or pressure vessel. To ensure the sealing effect, the gasket must be uniformly
compressed with the specified force even when the joint is subjected to a working load due
to the pressure in the pipeline. Therefore, bolts must be preloaded during installation. In
steel structures, high-strength bolts of class 10.9 are generally used, and they are preloaded
to approximately 70% of the bolt yield strength. The main objective of preloading is to
reduce the fluctuating load of the bolts under the applied dynamic working load.

The basic theory of preloaded bolted joints is covered in the general literature on
machine elements, steel structures, and pressure vessels [10–12]. Understanding the force–
displacement diagram is crucial for understanding the effects on the dynamic loading of
bolts and, consequently, on bolt fatigue. This paper will first analyse the factors that affect
the shape of the diagram in detail, in particular the additional load on the bolt. Methods for
determining the resilience of the bolt and the clamping parts will be given. The magnitude
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of the additional bolt load depends on how and where the working load is applied to the
joint and how it is transferred to the bolts. In practise, the working load is generally not
applied directly under the bolt head or in the bolt axis. Examples will be given to explain
how the location of the load introduction affects the dynamic load and the stress in a bolt.

The size and location of the bolt’s working load can be easily determined in very few
practical applications. In the case of flanged pipe joints and pressure vessel covers, the
working load is calculated as the product of the pressure and the surface to which the
pressure is applied. The load on the individual bolts is calculated by dividing the total load
by the number of bolts. In the case of pipelines, the calculation is simple if the weight of
the pipeline (which exerts an additional bending moment on the joint) is neglected. Even
for a simple cantilever beam loaded with a bending moment, there is no exact analytical
method to calculate the working load on a bolt. In one of our previous studies [13], the
loads in individual bolts fixing a rectangular flange were determined numerically and
experimentally. An analytical method has been developed to determine the working load
in each bolt. The results obtained with this new method were compared with those of other
approaches. Determining the working load per bolt in complex load-bearing structures
is much more difficult. The current application of flange joints are connections of tower
segments of wind turbines [14]. In the case of fixed towers, the joint is loaded by the dead
weight of the tower and the bending moment resulting from the forces acting on the wind
turbine. As the direction and magnitude of the forces change over time, so does the working
load in each bolt. The load situation is much more complex in floating wind farms [15]
because of the additional effect of waves. This paper presents approaches to determine the
working load in the bolts based on the external dynamic loads on the structure.

In a preloaded bolted joint, an axial force is applied to the bolt during assembly to
compress the parts between the bolt head and the nut. The most common method of bolt
assembly is using a torque wrench or other suitable tightening tool to tighten the bolt to
the specified torque. The analytical relationship between the axial force in the bolt and
the tightening torque involves a coefficient of friction, which has a very large scatter. The
actual preload may, therefore, deviate considerably from the theoretically assumed preload.
Another, more complex assembly method involves applying a tensile force to the bolt by
using a special device that stretches the bolt before tightening the nut. The nut is then
tightened to its final position without any additional torque being applied. Therefore,
only normal stress due to the axial force appears in the bolt during tightening. The actual
preload in a particular bolt is influenced not only by the way the bolt is tightened but also
by the sequence in which the bolts are tightened and the number of tightening steps until
the final preload value is reached. Details of bolt tightening, particularly the effect of bolt
preload on bolt fatigue, are presented and analysed in Section 5.

It is not possible to manufacture the elements of a bolted joint with a perfectly ideal
geometry. The contact surfaces of the flanges are not flat, so a gap between the flanges occurs
before assembly. In this article, we will focus on the effects of geometric imperfections on
the fatigue of bolts in round flanges. With small flange diameters, a gap may occur either
on the pipe side or on the flange side. Especially with large flange diameters, which are
designed with many bolts, a parallel gap often occurs around the circumference of the
flange. Large flanges are welded to the pipe, while the contact surfaces are not machined
after welding. Studies show that the actual fluctuating load on the bolts which are located
in the area where the gap exists is significantly higher than the theoretical load [16]. The
influence of flange imperfections on fatigue is dealt with in Section 6.

Only when the actual stress in the bolt cross-section is known, which is significantly
influenced by the factors mentioned above, can the fatigue life of the bolt be estimated. The
fatigue load capacity of bolts is determined by dynamic tests, which are used to generate
S-N curves for different probabilities of critical failure. In the evaluation according to
VDI 2230 [17], the amplitude stress in the bolt is compared with the allowable amplitude
stress. The Eurocode 3 standard [18] is often used to evaluate bolts in steel structures. This
standard defines the change of nominal stress in the bolt ∆σc at which fatigue failure of the
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bolt occurs after a certain number of loading cycles. The relationship between the change
in nominal stress (also known as the stress range) and the number of load cycles is given
by the S-N curve. A design detail is defined by the stress range ∆σc at which the bolt can
withstand 2 × 106 load cycles. The effects on the shape of the S-N curve and the fatigue
verification method are discussed in the last section.

The above-mentioned effects on fatigue, which are discussed in detail in the individual
sections, are shown in Figure 1.
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2. Influence of Resilience of Bolt and Clamping Parts on the Fluctuating Load of the Bolt

The force–displacement diagram displays the theoretical conditions of a preloaded
bolt (Figure 2). The symbols and indices for forces and strains are taken from the VDI
2230 guideline [17]. A distinction must be made between the preload and the operating
conditions. The dashed line shows the diagram at preload. When the bolt is loaded with a
preload FV, it is stretched by fS, and the clamping parts are contracted by fP. The elongation
depends on the stiffness of the bolt kS and the stiffness of the clamping parts kP. During
operation, when the working load FA is applied to the bolted joint, the load in the bolt is
increased, and the load between the clamping parts (sealing force FK) is decreased. In a
special case, when the working load is applied at the same point as the preload, the stiffness
of the joint during operation is the same as that of the preload. In practise, only part of
the clamping parts are relieved, and part of the clamping parts continue to be compressed,
contributing to a flatter kS* and a steeper kP* characteristic. In VDI 2230, this effect is taken
into account by the load introduction factor. The variation in the working load during
operation leads to a variation in the additional bolt load, which is critical for the bolt fatigue.
It can be seen from the diagram that the amplitude of the dynamic load on the bolt is
reduced if the bolt is less stiff (i.e., more elastic) and the clamping parts are stiffer. Detail A,
which shows a variation in the additional load in the bolt, is crucial for analysing the bolt
fatigue. This part of the diagram is linear only if the working force is applied along the axis
of the bolt, which is very rare in practical applications. In flange joints, the working load is
applied eccentrically, and the additional load on the bolt increases progressively due to the
additional bending load (on bolt and flange). When dealing with the fatigue of bolts, an
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increase in the additional bolt load as a function of the working load is usually specified, as
shown in Figure 3.
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The theoretical stiffness of a standard bolt can be calculated analytically with relative
ease. It depends on the cross-section of the bolt A, the length of the bolt l (only the part
that is loaded), and the modulus of elasticity E. Bolts have several different cross-sections
Ai with different stiffnesses ksi along their length. The reciprocal value of the stiffness is
resilience. A bolt is considered to be a series of springs connected in series. The resilience
of a bolt is the sum of the resilience values of the individual segments of the bolt.

δS =
1
kS

=
n

∑
i=1

1
kSi

=
n

∑
i=1

li
Ai·Ei

(1)

In addition to the resilience of individual parts of the shank δ1, δ2 . . ., VDI 2230 also
takes into account the resilience of the head part of the bolt δK, the resilience of the part
of the bolt that is threaded into the nut δG, and the resilience of the nut δM. The standard
design of the nut is not optimal in terms of bolt fatigue. The load is distributed unevenly
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on the thread and the notch effect coefficient, which is decisive for the fatigue of the bolt, is
high. Using more elastic nuts [19] can reduce the notch effect on the bolt and increase the
total resilience. Both effects have a positive impact on the fatigue life of bolts.

δS = δK + δ1 + δ2 + . . . + δG + δM

δS = 1
ES

·
(

0.4·d
AN

+ l1
A1

+ l2
A2

+ . . . + 0.5·d
A3

+ 0.4·d
AN

) (2)

The resilience of clamping parts is the sum of the resilience of individual segments that
are subjected to a compressive load. In the case of washers, the shape of a compressively
loaded section is a circular ring with a known outer and inner diameter. Therefore, a
washer’s resilience can be calculated analytically and accurately. The calculation of the
resilience of the flanges is a more difficult problem. Various analytical equations have
been derived from numerical analyses, but they do not give exactly the same results.
A comparison of different approaches in a practical case is given in [20–22]. Several
authors [23–26] described a compression zone with hollow truncated cones (Figure 4). In
practise, the Equations (3) and (4), recommended by VDI 2230 [17], are mostly used today.
Geometric values for calculating the resilience of coupling parts are indicated in Figure 4.
The wrench size is used as the contact diameter dW for hex-head cap bolts, while the head
diameter is used as the contact diameter dW for cylindrical-head bolts. The pressure cone
angle φ is approximately 30◦ and varies slightly depending on the joint geometry. The
shape of the deformed zone in a nut connection is not the same as in a bolt that is threaded
into a structure. This difference is taken into account by a parameter w: w = 1 for the nut
connection (example in Figure 4) and w = 2 for the bolt threaded into the structure.
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For dw < DA < (dw + w · lK · tanφ) on Figure 4a:

δP =

2
w·dh ·tanφ ln

[
(dw+dh)·(DA−dh)
(dw−dh)·(DA+dh)

]
+ 4

D2
A−d2

h

[
lK − DA−dw

w·tanφ

]
EP · π

(3)
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For DA ≥ (dw + w · lK · tanφ) on Figure 4b:

δP =
2 · ln

[
(dw+dh)·(dw+w·lK ·tanφ−dh)
(dw−dh)·(dw+w·lK ·tanφ+dh)

]
w · EP · π · dh · tanφ

(4)

Equations (3) and (4) apply only to flanges. If there is a washer under the bolt head
or the nut, the washer resilience must be added to the calculation of the joint’s total
resilience δP.

An analytical calculation of the resilience of the bolted flange joint in Figure 5 is given
in [27]. The dimensions of the DN40 flanges with four bolts around the circumference
correspond to the EN1092 standard [28] for pipe flange joints. There is an insert with a
nominal thickness of 4.4 mm between the flanges. The resilience of the elongated bolt is
δSA = 3.06 × 10−6 mm/N, and the resilience of the short bolt is δSB = 1.53 × 10−6 mm/N. If
the insert is made of steel, the resilience of the clamping parts is δPA = 1.07 × 10−6 mm/N
and δPB = 3.2 × 10−7mm/N.
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The relationship between the additional load on the bolt and the working load is
described by a load factor.

∅e =
FSA
FA

=
δP

δS + δP
(5)

The equation shows that the additional load on the bolt is lower if the bolt is more
elastic and clamping parts are more stiff. Long (elastic) bolts are, therefore, used in bolted
joints that are dynamically loaded. In internal combustion engines, such bolts are used in
the connection between the cylinder head and cylinder block as well as in the piston rod
connection. The fatigue of elastic bolts is discussed by Griza et al. [29–31] in their studies.

The stiffness of bolted joints is significantly influenced by the surface morphology. Real
surfaces have a roughness with unevenness that deforms both elastically and plastically
under load. It is generally known that the elasticity of these surface irregularities reduces
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the overall stiffness of the bolted joint. Chang et al. [32] study the contact stiffness of
bolted joints in precision machine tools, derive algorithms for stiffness calculation, and
analyse the effects of contact stiffness on vibration and machine tool precision. Similarly,
Yiang et al. [33] investigate the effect of contact surface stiffness on the overall stiffness of
bolted joints by using the energy method to determine the stiffness of individual elements.
Their study also considers the influence of the friction coefficient on the stiffness. For
a selected bolted joint geometry, the stiffness values are calculated using the proposed
method and compared with traditional methods such as VDI 2230 and the Shigley method.
A quantitative example of influence of resilience of bolt and clamping parts on bolt fatigue
is shown in Appendix A.1 (see Figure A1 and Table A1).

3. Effect of the Point of Action of the Working Load on the Fluctuating Load on the Bolt

In practical applications, the working load usually does not act in the bolt axis and
does not act directly under the bolt head. The additional load on the bolt is also influenced
by the point of action of the working load, which is taken into account by the VDI 2230
guideline [17] with a working load point of action coefficient n, which defines how much the
clamping parts are relieved when the working load is applied. The smaller the proportion
of relieved clamping parts, the smaller the coefficient. For the joints in Figure 5, n is
significantly smaller for design (a) as the entire washer is not relieved but is compressed
further when the working load is applied. If the point of action of the working load is taken
into account, Equation (5) is converted into the following:

∅en =
FSA
FA

= n· δP
δS + δP

(6)

The equation applies to a centric preload if the compression zone is symmetrical to the
bolt axis, and the working load is applied in the bolt axis (centric loading). Cornwell [34] has
numerically determined the force relationships for centric loading for various clamping part
materials and geometries. He derived an equation for calculating the force relationships on
the basis of numerical analyses. Concentrically loaded bolted joints were also investigated
numerically and experimentally by Cardoso et al. [20]. His results agree very well with
those obtained using the VDI 2230 guideline. In most practical applications, the working
load is applied eccentrically at a certain distance from the bolt axis. The bolt is additionally
subjected to bending and the surface pressure on the clamping surfaces is not evenly
distributed. The VDI 2230 guideline [17] also defines a general analytical calculation
method for eccentric loading and eccentric preload. Modified resiliencies δP

** and δP
* are

used in Equation (7) to take into account both the eccentricity of the working load δP
** and

the eccentricity of the preload δP
*. The values for the cases in Figure 5 are calculated in [27].

∅∗
en =

FSA
FA

= n ·
δ∗∗P

δS + δ∗P
(7)

The linear theoretical relationship is valid as long as a compressive load occurs on the
entire contact surface of the flanges (Figure 6a). Due to the eccentricity of the working load,
the pressure on the side from which the working load is applied decreases as the working
load increases. When a gap forms between the flanges (Figure 6b), the relationship between
the working load and the additional bolt load is no longer linear. From the point when only
the edge point is in contact (Figure 6c), the additional force can theoretically be determined
from the equilibrium equation for the lever. The axis of the bolt is denoted by S-S, the axis
of symmetry of the pressure zone by O–O, the eccentricity of the bolt axis with respect to
the axis of the pressure zone by s, and the eccentricity of the working load with respect to
the axis of the pressure zone by a. The design of the joint should aim to minimise the value
of a and maximise the value of v. The characteristic of the joint also depends on the flange
thickness h.
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Figure 6. Bolt load conditions under eccentric working load: (a) working load too small for a gap to
appear, (b) working load big enough for a gap to appear and (c) working load so big that only one
point remains in contact.

Figure 7 shows the relationship between the additional load in the bolt and the working
load for the three loading conditions mentioned above. The states (a) and (c) are connected
by an arc in the VDI 2230 guideline. Equations for the analytical calculation of the limit
points 1 and 2 and the radius of the arc are derived in the literature [19]. Schmidt and
Neuper [35] have simplified the theoretical dependence between the additional bolt load
and the working load by three lines, and Petersen [36] by two lines.
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Since not all parameters required for an analytical study can be determined precisely,
the finite element method is increasingly being used to determine the fluctuating load
on a bolt. The studies of many authors [37–39] show a progressive relationship between
the additional load on the bolt and the working load. In most studies, the results of the
numerical analyses were verified by measuring the forces on the bolts. The results of our
study [27] for the flange joints shown in Figure 5 are shown in Figure 8. The additional load
on the bolt is negligible at low working loads, regardless of the design. As the working load
increases, the additional load on the bolt increases progressively. The symbols in Figure 8
indicate HW = high washer, LW = low washer, and MB = modified bolt. The modified
bolt differs from the standard bolt since its diameter is reduced to 16 mm. It can be seen
from Figure 8 that the additional load on the bolt can be significantly reduced by using a
high washer.
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Figure 8. Additional bolt load, depending on the working load; Adapted from ref. [27].

Accurate calculation of the stress–strain state in flange joints is extremely complicated,
regardless of whether the load is applied symmetrically or asymmetrically on the joint. Due
to the geometry of the flange, the pressure cones cannot develop evenly in all directions in
many practical cases. This leads to an asymmetrical compression load zone, which causes
bending stresses in the bolt already at preload. As expected, the percentage of the bending
load compared to the axial load increases with increasing working load (Figure 9). The
stress distribution over the bolt cross-section for the two cases presented in [27] is shown in
Figure 10. A more favourable stress distribution over the bolt cross-section is obtained by
using a high washer. A quantitative example which clearly shows the effect of the point of
action of the working load on bolt fatigue is shown in Appendix A.2 (see Figure A2 and
Table A2).
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4. Calculation of the Working Load Per Bolt Based on the Realistic Load on the Structure

Flanges are normally connected using several bolts. Based on the external load, the
working load acting on each bolt must be calculated first. There are several methods for
calculating the working load on bolts for the connection of end-plates and flanges. Oman
and Nagode discuss in their study [13] the calculation of forces in bolts for fastening an
end-plate cantilever beam. The connection in Figure 11 is loaded by a bending moment
and a transverse force. By preloading the bolts, the normal force is applied to the contact
surfaces, creating friction that prevents the flange from slipping. The required clamping
force per bolt is calculated under the condition that the frictional force must be greater
than the transverse force. After the bolts have been installed and properly preloaded, the
clamping force is equal to the preload force on the bolt. In the case of a loaded connection,
an additional tensile load (working load) is applied to some bolts, which causes a reduction
in the clamping force. Thus, the individual bolts contribute in different proportions to the
total residual clamping force on the contact surface of the end-plate. In the study of Oman
and Nagode, an analytical method was developed to calculate the working loads in the
bolts. Based on the normal stress occurring in the beam, the magnitude and position of the
total normal force on the connection is determined. The calculation is performed separately
for the tension and compression regions (see Figure 11). The load on the individual bolts is
then calculated using the equilibrium equation.

FA1 =
1
2
·
(

FN ·
a

a + b

)
(8)

The working loads in eight M16 bolts were determined for two different beam shapes
(IPE 120 beam and T-beam) and two end-plate thicknesses (12 mm and 20 mm). Finite
element analyses were performed for all four connection combinations. The results were
verified by an experiment using the connection shown in Figure 11. Figure 12 shows the
results of the analytical calculation and the FE analysis for the I-beam and two values of
the end-plate thickness. The following values were used in the calculation: beam load
F = 10 kN applied at a distance of r = 400 mm from the end-plate connection and a preload
on each bolt Fv = 32 kN. The results of the new analytical method are in agreement with
the results of the FE analysis. The gained results were also compared with those calculated
using other analytical methods. The analysis shows that the most heavily loaded bolts are
in the second row and not in the first row as calculated with the other four methods.
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Some other researchers have also analysed end-plate connections using the finite
element method and have come to similar conclusions [40–45]. One of the most recent
studies was carried out by Bartsch et al. [46,47]. They investigated a HAE 240 beam
connected in the middle by two 30 mm-thick end-plates with preloaded bolts. The beam



Metals 2024, 14, 883 12 of 29

was then subjected to a four-point bending test to load the bolts. The A-type end-plates
were connected with four bolts, while the B-type end-plates were connected with six bolts
(see Figure 13). The authors assume that the entire tensile force is applied to the joint at the
point where the lower beam flange is connected to the end-plate (shown with arrows in
Figure 13 and labelled F), and that in the case of the B-type end-plate, the two lower bolt
rows carry the same working load.
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The investigation comprised six four-point bending fatigue tests on the entire beam
with different end-plate connections (large-scale specimens) and, additionally, six tensile
fatigue tests on L-segments (see the area marked with dashed lines in Figure 13a), and
12 tension fatigue tests on T-segments (see the area marked with dashed lines in Figure 13b)
which were designated as small-scale specimens. The tests were used to determine the
fatigue strength of the bolts and welds. The results were presented as S-N curves. For the
A-type end-plate joint, the bolts were the more critical elements, while weld failure was
more likely to occur in the B-type end-plate joint.

For circular flanges, the working load per bolt is determined based on the normal
stress in the pipe. The circumference of the pipe is divided into several segments, each of
which is connected by a bolt. The working load per bolt is the product of the stress in the
segment and the area of the segment. This model is used by researchers working on flange
joints in wind turbine towers [37–39]—it is called the segment model. In wind turbines,
the bolts are located on the inside of the tube (L-segment) and are not visible from the
outside. Large-diameter joints can also be constructed with flanges bolted on both sides of
the tube. In this case, there are two bolts in each segment (T-segment) so that the working
load on each bolt is half the load on the segment. A more accurate, but also more complex,
calculation of bolt loads in round flanges is described in [48,49]. An example which shows
the precision of different established methods to define the working force distribution in
case of I-Beam cantilever beam is shown in Appendix A.3 (see Figure A3 and Table A3).

5. Effect of Preload on the Clamping Force and Bolt Fatigue

When evaluating flange joints, the working load FA and the required clamping force
FK, which provides the surface pressure on the contact surfaces, are usually known. For
pipe joints with gaskets, the surface pressure on the gasket is specified to ensure that
the joint seals reliably. The surface pressure on the gasket is limited downwards by the
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leakage of the joint and upwards by the strength of the gasket. It is crucial that the surface
pressure is evenly distributed over the surface of the gasket. An uneven load on the gasket
leads to places where the gasket is overloaded and places with insufficient pressure where
the joint can leak. Investigations of flange joints with gaskets [50,51] deal with the stress
on the connecting elements (flange, gasket, bolt) and analyse the leakage of the joint at
different preloads.

For flange joints of steel structures, the clamping force has a further significance.
For joints that also transmit transverse or shear forces, the clamping force is the normal
force that provides friction on the contact surfaces. If the clamping force is missing, the
working load is transferred directly to the bolts, which leads to elongation of the bolts and
the formation of a gap between the flanges. The force–displacement diagram in Figure 1
provides a good overview of the situation in the bolted joint when the working load is
applied to the bolt axis. The additional load on the bolt is independent of the preload as
long as there is at least a minimum clamping force between the clamping parts. The effect
of the preload on the additional load in the bolt is shown in the diagrams in Figure 14. If
there is no clamping force between the coupling parts, the entire increase in the working
load is transferred to the bolt (Figure 14b).
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Figure 14. Effect of preload on the additional load in the bolt: (a) the limit case when the clamp-
ing force just drops to zero due to the working load, and (b) the case when the working force is
further increased.

Due to the eccentric action of the working load, the preload relieves the clamping
parts at the edge of the flange, i.e., on the side from which the working load is applied.
With a higher preload, the opening of the joint occurs at a higher working load. Sleczka
and Len [52] analytically discuss the opening of a flange joint and the influences that affect
the opening. Ajaei and Soyoz [53] analyse the effect of bolt preload on the fatigue of bolts
in the flanges of a wind turbine tower. The results of their numerical analyses show that
the preload affects the magnitude of the bending stress in the bolt and the fatigue life of the
bolt. A general conclusion from several studies is that a higher preload leads to a higher
mean stress in the bolt but a lower amplitude stress, which is crucial for the fatigue of the
bolt. It is essential that the preload does not exceed the yield strength of the bolt.

Knowing the clamping force, the working load, and the additional load on the bolt,
the required preload can be estimated analytically as follows:

FVmin = FKL + FA − FSA + FZ (9)

Due to the plastic deformation of uneven contact surfaces, the preload decreases by
FZ after a certain number of load repetitions. VDI 2230 [17] provides an equation for
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calculating the settlements as a function of the roughness of the contact surfaces. The total
settlement f z depends on the roughness parameters and the number of contact surfaces.

FZ =
fz

(δS + δP)
(10)

The bolt preload FV is commonly achieved by tightening the nut or the bolt with the
specified torque (MA). Tightening involves overcoming friction on two separate surfaces:
between the threads (MG) and under the nut or bolt head (MKR). The torque MA required
to achieve the desired preload FV can be analytically calculated using Equation (11).

MA = MG + MKR = FV ·tan
(

φ + ρ/
)
+ FV ·

DKm
2

·µK (11)

For a metric ISO thread with a thread profile angle of 60◦, Equation (11) can be
rearranged and written as follows [19]:

MA = FV ·
(

0.175·P + 0.577·d2·µG +
DKm

2
·µK

)
(12)

The standard clearly defines geometric parameters such as the thread pitch P, the
pitch diameter d2, and the mean diameter of the circular ring under the bolt head DKm. The
coefficients of friction between the threads µG and under the bolt head or nut µK are not easy
to define. A range of friction coefficients are given in the literature for certain tribological
conditions. Croccolo et al. [54] have discussed the influence of surface finish, lubrication,
and the effect of repeated tightening on the coefficient of friction between the threads. Liu
et al. [55] investigate the influence of surface topography and surface inclination on the
coefficient of friction in bolted joints. By analysing the micro-level interactions between the
surfaces, they derive an analytical model to calculate the coefficient of friction, which is
dependent on the parameters of surface roughness and contact load. As the contact load
increases, the actual contact area also increases. The coefficient of friction initially rises with
increasing contact load until it reaches a threshold value, beyond which it remains constant.

For rolled threads that are galvanised and lubricated, the coefficient of friction is
between 0.1 and 0.18 [19]. If the maximum value is used when specifying the required
torque and the coefficient of friction is at the lower limit during assembly, the preload of the
bolted joint would be too high, possibly resulting in a stress higher than the yield strength.

VDI 2230 recommends that the minimum coefficients of friction and the maximum
installation force FM = FVmax (which takes into account the tightening coefficient αA to
account for the scatter in tightening) are taken into account when specifying the required
tightening torque MA. For tightening with torque wrenches, it is recommended that
αA = 1.4–1.8.

FM = FVmax = αA ·FVmin (13)

For flange joints of steel structures, it is desirable to keep the preload as high as possible
during installation. Therefore, in most cases, high-strength bolts with a strength class of 10.9
and a yield strength of about 900 MPa are used. Several authors [37–39] in the technical and
scientific literature recommend preloading bolts up to 70% of the bolt yield strength. The
surface pressure between the bolt head or nut and the flange surface can also be problematic.
There is a risk of the head of the bolt or nut pressing into the softer surface of the clamping
parts. When evaluating a bolted joint, the surface pressure should be calculated and
compared with the permissible values from the literature [19]. High-strength bolt sets
(HV-sets) include, in addition to the bolt and nut by the EN 14399-4 [56], two washers by
EN 14399-6 [57]. Compared to bolts by ISO 4014 [58] and nuts by ISO 4032 [59], they have a
larger wrench size and a larger washer outer diameter for the same nominal bolt diameter.
This increases the loading surface and reduces the surface pressure between the bolt head
or nut and the clamping parts. In the case of IHF kits, per Recommendation Z-14.4-800 [60],
the nut and bolt head are already designed to have a larger contact area with the flange
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than a conventional bolt and nut. This kind of bolt designs are used when surface pressure
is causing issues with the standard bolts by ISO 4014.

When the preload is defined, it must be applied during installation. The value of the
preload achieved is determined indirectly by measuring one of the following quantities:
tightening torque MA (usually with a torque wrench), nut or bolt rotation ϑ, bolt elongation
fS, gradient dMA/dϑ, magnitude of the impulse during motorised tightening, and pressure
during hydraulic tightening. Due to the indirect measurement of the preload, there can be
significant differences between the desired and actual values. The differences depend on
the tightening method used. An explanation of the methods and an analysis of the scatter is
given in [19] and VDI 2230 [17]. Two methods are highlighted here: preload measurement
via the tightening torque and hydraulic tightening, which is mainly used when tightening
bolts with a large diameter.

When tightening a bolt with a torque wrench, the desired torque is set on the torque
wrench. The tables in [19] provide information on the maximum permissible tightening
torque for a specific bolt diameter, a specific bolt strength class, and a specific coefficient
of friction. If the tightening torque is below the specified limit, the stress acting on the
bolt will not exceed 90% of the yield strength of the bolt. The problem arises when the
coefficient of friction has to be estimated. To be on the safe side, it is recommended to
select the torque with the lowest possible coefficient of friction. When checking the torque
with a torque wrench, the preload scatter is estimated at ±23–28% [19]. The scatter of the
coefficient of friction has the dominant influence, and a high-precision torque wrench does
not significantly improve the overall scatter.

During hydraulic tightening, an axial force is applied to the bolt at the free end,
which causes an elongation of the bolt and the formation of a gap between the nut and
the clamping parts [61]. In the next step, the nut is screwed to the clamping parts. After
the pressure in the hydraulic bolt tensioning device (HBT) has been released, the bolt
presses the clamping parts together with a preloading force. Due to the elastic and plastic
deformation of the clamping parts, the actual preload is lower than the axial force applied
to the bolt using HBT. The difference is greater if the ratio of bolt length to bolt diameter
l/d is smaller. According to [19], the scatter is up to ±23% for l/d < 5 and up to ±10% for
l/d > 5. The recommended tightening coefficients are αA = 1.6 in the first case and αA = 1.2
in the second case.

Differences between the desired and actual preload also arise due to the elastic interac-
tion between the bolts during tightening. When a bolt is preloaded, the elastic deformation
of the clamping parts reduces the preload in other bolts. The influence of elastic interactions
on the preload scatter can be reduced by selecting an appropriate tightening sequence.
Based on analytical, numerical, and experimental studies, various tightening patterns have
been proposed in the technical and scientific literature [62–68]. One of the most commonly
used is the multi-stage cross-tightening. The elastic interaction between individual bolts
can be avoided by tightening the bolts simultaneously. The method is limited to a small
number of bolts and simple joint geometries. This type of tightening requires customised
equipment (e.g., simultaneous use of several HBTs).

A comprehensive overview of the literature on screw-tightening techniques and
sequences is given by Croccolo et al. [69] in a review article. In bolted joints that are
exposed to vibrations, there is a risk of the bolts loosening and the preload decreasing.
In extreme cases, the connection can even be damaged if the bolt fails. The problem of
loosening is dealt with by Croccolo et al. [70] in a review paper, which also contains an
extensive bibliography on this topic.

6. Effect of Geometric Imperfections on Bolt Fatigue

Most analyses of preloaded bolted joints are performed for geometrically ideal flange
shapes and contact surfaces. Such an analysis was also performed in our previous study [27].
The flange contact surfaces were ground and therefore ideally flat. The finite element
method was used to determine the additional loads in the bolts and the stress levels at



Metals 2024, 14, 883 16 of 29

different working loads. A progressive dependence of the bolt’s additional load on the
working load was obtained in all analyses. The results of the numerical analyses were
verified by tests. The measurements were also carried out on non-ground flanges. Since
considerable discrepancies were found between the experimental and numerical results,
we decided to grind the contact surfaces of the flanges and, on the other hand, to carry out
a thorough examination of the flanges with imperfections. At the end of this section, only
some of the most important results of our research are presented together with comments,
while the comprehensive overview with all the details is presented in [71].

In reviewing scientific papers on flange joint imperfections from the last 25 years,
we have found that researchers have mainly focused on large flanges. These are used in
wind turbine towers. The researchers found that the unevenness of the contact surfaces
significantly affects the magnitude of the additional load on the bolt, which in turn has a
major impact on the fatigue of the preloaded bolts. Large flanges are welded to the pipe,
but the contact surfaces are not machined after welding. A gap forms at the flange contact,
which affects the additional load on the bolt at the gap location. If the gap is small and
the flange is sufficiently elastic, the gap may close during preloading, but the additional
load on the bolt is still greater than the theoretical load. Jakubowski [72] classified the
flange imperfections in the case of wind turbine towers into three basic groups: the conical
gap on the tower side of the joint (on the outside of the tower tube), the conical gap on
the flange side (on the inside of the tower tube), and the parallel gap under the bolts. He
found that the critical imperfections are the gap on the tower side, where the working load
is applied, and the parallel gap. In both cases, the additional bolt loads are significantly
higher than with ideal flanges. Other researchers [73,74] have also come to the same
conclusions. The recommended tolerances for wind turbine flanges were determined
on the basis of theoretical studies and experience. Seidl has compiled guidelines from
various sources and his research results [75]. The upper limit for the gap height is around
2 mm. Feldmann et al. [76] studied two correction methods to reduce the influence of
imperfections on the fluctuating load on the bolts. They used 0.5 mm-thick inserts and
inserted them into the gaps under the bolts. The number of inserts depended on the height
of the gap under each bolt. In Method 1, the bolts were first tightened to 50% of the intended
preload and then the required number of inserts were inserted. In Method 2, the bolts were
tightened to only 10% of the preload before the inserts were fitted. The forces in the bolts
were determined experimentally for the ideal geometry, the geometry with a maximum
gap of 7 mm, and the forces after corrections. Significantly better results were achieved
with Method 2, as the values of the additional forces in the bolts approached those of the
flanges without imperfections. When using Method 1, the additional forces in the bolts in
the middle of the working load range were reduced by around 50%.

The finite element method is increasingly being used to determine forces and stresses
in bolts. For large flanges, the analysis is reduced to the connection of two L-segments
connected by a bolt. Tran et al. numerically analysed the effects of gap depth on the stress
situation in the bolts in a 5 MW wind turbine [77]. They found that the critical gap is on the
tower side and the stress in the bolts increases with increasing gap depth. Seidl et al. [78]
used the finite element method to determine the relationship between the loads acting
on the tower segments and the stresses in the bolts. The measured values of the flange
imperfections were included in the analysis. The results were compared with the results of
measurements carried out on the wind turbine in 2001 and documented in the test report.
The study showed good agreement between the numerical analysis and the measurement
results. More recent experimental results were presented by Weijtjens et al. [79], who
carried out measurements on offshore wind turbines as part of a research project between
2017 and 2020. Measuring bolts were installed on three turbines on which strain gauges
were also glued to the tower above the bolts to measure the strain in the segment. The ratio
between the force in the bolt and the force on the segment (working load) was determined
for various load conditions and referred to as the Load Transfer Function (LTF). In parallel,
the joint was analysed (including the flange inclination) using the finite element method
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(FEA). The study showed good agreement between the measured results and the results
obtained by the FEA.

In our research [71], we have investigated the influence of geometric imperfections on
the additional load in the bolt for small flanges. Experimental and numerical investigations
confirmed the tendencies observed in large flanges. We studied the two flange joints
shown in Figure 5. Using inclined/conical inserts, we simulated a gap between the flanges
(Figure 15) of only 0.02 to 0.03 mm. The study showed that even minimal flange unevenness,
which is always present without special precision machining, significantly affects the
conditions in the bolted joint considerably. The results of the measurements are shown in
Figure 16. The joints were also analysed using the finite element method and comparable
results were obtained.
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The results evidently show that the gap on the inside (CIIG case) has a negative effect
on the additional load in the bolt, which is therefore much higher than in the case of the
ideal insert. On the other hand, the gap on the outside reduces the additional load in the
bolt compared to the case of the ideal insert. The same effect can be observed when using
long and short bolts or high and standard washers. Figure 16 compares the effect of flange
imperfections for long and short bolts. It can be seen that the long bolt in the ideal joint has
a lower additional load, and the load on the long bolt is also significantly lower in the case
of the uneven flange, which is to be expected since a more elastic bolt is used, which has
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long been a well-known solution for reducing the fluctuating load on bolts. To mitigate the
deleterious effects of these imperfections, the proposal and evaluation of employing filler
material between the flanges are presented as well. Specifically, it is demonstrated that a
thin layer of liquid metal filler (KemisKit Fe21) substantially decreased the alternating load
on bolts. Empirical findings illustrate that this corrective measure enhances the fatigue life
of bolts by a factor of more than 30 under the highest applied working load condition. A
quantitative example which clearly shows the effect of geometric imperfections on bolt
fatigue is shown in Appendix A.4 (see Figure A4 and Table A4).

7. Fatigue Durability of Bolts

A bolt is a typical machine element in which high local stress concentrations occur due
to geometric variations along the length of the bolt. Several sources [19,80,81] state that
65% of fractures occur at the contact between nut and bolt, 20% at the transition between
thread and shank, and 15% at the transition between bolt and head. Standard bolt shapes,
nut shapes, and thread shapes are not optimal from the point of view of the notch effect
but are still commonly used in practical applications.

Once the stress amplitude in the bolt σA or the stress range ∆σR is known, the number
of load repetitions until bolt failure can be determined. S-N curves are required to determine
the fatigue life. S-N curves for standard test specimens exist for various materials, including
the materials from which the bolts are made. By taking into account the notch effect and
other additional influences (cross-section size, thread manufacturing process, surface
protection), an S-N curve for the bolt can be determined. Welch [82] used this method to
determine S-N curves in his study on bolt fatigue. This method is rarely used in practise.
In most cases, S-N curves based on tests of bolts under axial load are used to evaluate the
fatigue of bolts. Numerous results of dynamic tests of bolts are available in the technical
and scientific literature [46,47,81,83,84]. The bolt load is characterised by high mean stress
and (by comparison) very low amplitude stress. Due to the sharp notch and the consequent
high stress concentration, the fatigue life of bolts is, in most cases, hardly affected by the
mean stress or the bolt material. It is only important that the bolt yield strength is not
exceeded during preloading. In most guidelines, including Eurocode 3 (EN 1993-1-9), the
influence of mean stress is neglected.

In the Eurocode 3 classification, tension-loaded bolts belong to the detail category
50. The S-N curve for detail 50 (∆σC = 50 MPa) is shown in Figure 17 and described by
Equation (13). The slope of the curve is m = 3 up to 106 cycles, and m = 5 above 106 cycles.
The detail applies to both cut and rolled threads.
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∆σm
R ·NR = ∆σm

C ·2·106 (14)

For bolt diameters above 30 mm, the reduced values must be used.

∆σCred = ks·∆σC (15)

ks =

(
30mm

d

)0.25
(16)

According to the EN 13001-3-1 standard [85], three different detail categories can be
used for tension-loaded bolts in crane construction: detail 50 for cut threads, detail 63 for
bolts with rolled threads larger than M30, and detail 71 for bolts with rolled threads M30 or
smaller. An overview of S-N curves used in other standards is given by Maljaars and Euler
in [86].

The evaluation of high-strength bolts of classes 8.8–12.9 for general engineering ap-
plications is dealt with in the VDI 2230 guideline. Instead of the stress range, the stress
amplitude σA is used to determine the bolt fatigue life. For bolts that are heat-treated after
rolling the thread (SV), the stress amplitude is determined by the following equation:

σASV = 0.85·
(

150
d

+ 45
)

(17)

Bolts that are heat-treated before the thread is rolled (SG) have a higher fatigue strength.
In the following equation, FSm is the mean load in the bolt, and F0.2min is the load at which
the bolt yield strength is reached.

σASG =

(
2 − FSm

F0.2min

)
·σASV (18)

The guideline also states that the values are about 20% lower if the bolts are hot-dip
galvanised.

The shape of the S-N curve is influenced by several parameters, which are briefly
explained below. The shape of the bolt elements (nut, bolt, thread), the size of the bolt
cross-section, the thread manufacturing procedure, and the surface condition of the bolt all
influence the fatigue strength of the bolt.

The first measure to increase the fatigue strength of a bolt is to reduce the notch effect
in critical areas. In most joints, a standard nut is used where most of the load is applied
to the first few threads. The notch effect coefficient, which describes the increase in the
nominal stress, is between four and five [82] on the first thread in the nut. Due to the high
stress concentration, most fractures occur on the first load-bearing thread. More elastic nuts,
or grooves in the bolt, ensure a more even distribution of the load on the threads and thus
reduce the notch effect [87–89]. One possibility for distributing the load more evenly across
the threads is to vary the thread pitch along the height of the nut [90–92]. Standard threads
have the bottom of the thread rounded with an arc, which is not an optimal solution but
is nevertheless used in most practical applications. Solutions to reduce the notch effect at
the transition between the thread and the bolt shank are presented in [93]. Optimising the
transition curve can reduce the notch effect at the bolt head [94].

The fatigue strength of machine elements decreases as their cross-section increases.
This phenomenon is taken into account in Eurocode 3 and VDI 2230. The power of wind
turbines has increased over the last twenty years, and so has the size of all components,
including bolts. Research on the effect of large bolt diameters (up to M72) on fatigue life
has been most intensive in this area in recent years. Researchers have found [84] that the
reduction in load-carrying capacity is less than predicted in Equation (16).

The fatigue strength of bolts is influenced by the threading process. Threads can
be produced by cutting or rolling. Rolling creates residual compressive stresses at the
root of the thread, which increase the load-bearing capacity of the bolts [95,96]. It is also
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important whether rolling is carried out before or after heat treatment. If the bolts are heat-
treated after rolling, the compressive stresses are relieved and the positive effect on fatigue
is significantly reduced. Bolts in steel structures are protected against corrosion—most
commonly by hot-dip galvanising. Experimental studies by several researchers [47,84]
show that hot-dip galvanising reduces the fatigue resistance of bolts by around 20–25%.

8. Conclusions

This paper aims to provide a compact overview of the effects which influence the
fatigue life of dynamically loaded prestressed bolted joints. It is essential to be aware of
these effects and to consider them in design, installation, and maintenance. The effects on
the fatigue life of bolts are interwoven and require a holistic approach. The bolt fatigue life
depends on the durability of the bolt (material, design, manufacturing, etc.), on the one
hand, and on the stress state in the bolt, on the other hand. The determination of the actual
stress situation in the bolt poses the most significant challenge in the evaluation of bolts
regarding fatigue.

Analytical methods developed before the widespread use of the finite element method
are relatively conservative and, therefore, on the safe side. An example of such a method
is the Schmidt–Neuper method for determining the additional load in a bolt. Among the
best-known analytical methods is the VDI 2230 calculation, which also takes into account
the influence of the point of action of the working load in the joint. This method is very
accurate for simple joints, whereas it is difficult to determine some parameters for the joints
from practical use.

Recently, FEM analysis has been increasingly used to determine the exact loads in pre-
stressed bolts, which has been proven to provide very good results and enable optimisation
of the flange bolting. Due to the desire to optimise material consumption and thus reduce
weight, which is a recent trend, premature failure of bolts is occurring more than in the
past. This is due to the lack of knowledge of the exact values of certain parameters (e.g.,
coefficient of friction, geometric imperfections of the flanges, or actual preload) which can
change the realistic conditions that are not taken into account in the FEM analysis or other
calculations. Therefore, a certain safety factor must always be taken into account when
determining the size and type of bolts and their preload. The more accurately someone can
estimate or determine all the influencing parameters of the joint, the lower the safety factor
can be.

One single factor that has a major impact on the other influences on fatigue is preload.
In the first place, preloading is important because of the risk of bolt loosening and damaging
the joint due to the bolt failure. From a fatigue point of view, a high preload ensures a
constant clamping force and reduces the influence of bending on the additional load of the
bolt. A high preload can also reduce the influence of geometric imperfections on the bolt’s
additional load. Due to the indirect measurement of the preload and the elastic interactions
between the bolts, the desired preload may differ significantly from the actual preload,
even if the installation is carried out professionally in accordance with the instructions.
Incorrect installation will result in significant differences between the load on individual
bolts and consequently the breakage of the bolts with the highest magnitude of fluctuating
load (the ones with the lowest preload in the case of uniform distribution of working load
among the bolts).

For the need to optimise or define the prestressed flange joint, which is not based on
large safety factors and therefore possibly oversized, it is necessary to know precisely all
the parameters that influence the fatigue life of the bolt. In order to avoid situations that
can lead to the failure of a single bolt or even the entire bolted connection, the influencing
parameters and variables should be briefly summarised:

- Fatigue strength: We generally have no influence on this part, except for special
requirements when we decide to use non-standardised bolts. For standardised bolts
we rely on measurements on bolts whose S-N curves are known. If we want to
optimise the size of the bolt and its fatigue strength, we must take into account the
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heat treatment and the manufacturing process of the bolt so that we can choose a
suitable S-N curve;

- Preload force magnitude: As described in the article, there is a general consensus
that the greater the preload force of the bolt, the lower the additional load on the
bolt. Of course, care must be taken to ensure that the maximum stress (at the time the
working force is applied) in the bolt does not exceed the yield strength. In general, the
recommended preload of bolts is up to 70% of the bolt yield strength. In order to be
able to reliably determine the maximum force in the bolt when applying the working
load, we must also take into account the other parameters, which are described in more
detail below. Another factor that must be taken into account when determining the
preload force is the difference between the specified and the actual preload force. In
order to bring the actual preload as close as possible to the desired preload, the method
of tightening or preload force control must be adjusted. Tightening with a torque
wrench is the least accurate method, so in critical cases it is better to use tightening
based on measuring bolt elongation, either directly or indirectly by monitoring the
rotation of the nut, or tightening using the hydraulic elongation of the bolts, as
described in this article;

- Resilience of bolt and clamping parts: Precise knowledge of the resilience of bolts and
clamping parts is important for the analytical determination of the additional load on
bolts. In general, the lower the resilience of the bolt and the higher the resilience of
the clamping parts, the lower the additional load on the bolt;

- Point of action of the working load: The additional load on a preloaded bolt when
it is subjected to a working load depends on the point of action of the working load.
Theoretically, the point of action of the working load is very difficult to determine
precisely. It is recommended to design the flange joint so that the point of action of the
working load is as close as possible to the bolt axis and directly under the bolt head.
The first measure prevents bending stresses from being introduced into the bolt, and
the second enables the entire clamping parts to be relieved when the working load is
applied. Both measures reduce the value of the additional force on the bolt and thus
increase its fatigue life;

- Point of action of the working load: The additional load on a preloaded bolt when
it is subjected to a working load depends on the point of action of the working load.
Theoretically, the point of action of the working load is very difficult to determine
precisely. It is recommended that the flange connection is designed so that the point
of action of the working load is as close as possible to the bolt axis. This prevents
bending stresses from being introduced into the bolt, which reduces the value of the
additional force on the bolt and thus increases its fatigue life;

- Working load distribution: analytically, it is practically impossible to predict the
distribution of the working load on the bolts in flange joints with absolute accuracy
when the working load is not applied symmetrically to the bolts. If the exact geometry
is known, it is shown that the FEM analysis allows a very accurate determination of
the distribution of the working load on the bolts and is recommended for evaluation
in critical cases;

- Geometric imperfections: As described in many publications, geometric imperfections
have a significant impact on the fatigue life of preloaded bolts in flange joints. Since the
point of action of the working load is usually eccentric to the bolt axis, the geometric
imperfections that cause gaps between the flanges on the side from which the working
load is applied are critical. It has also been shown that with smaller flanges, even
gaps of a few hundredths of a millimetre are problematic. To avoid this problem, it
is advisable to design the flange surfaces so that the gap is always present on the
opposite side from which the working load is applied, which has a positive effect on
the fluctuating load on the bolt and thus on its fatigue life.

Based on a review of the existing literature and our own experience, we observe that
the individual factors influencing bolt fatigue have already been extensively researched,
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making it difficult to define guidelines for further studies. However, a promising area for
future research is the investigation of corrective measures to address geometric irregularities
in bolted joints. Recent cases, such as the failure of bolted joints in wind turbine support
columns, show the importance of these irregularities. Studies have shown that the dynamic
loading of prestressed bolts can be significantly reduced by using appropriate fillers to
compensate for gaps caused by geometric irregularities [76]. Progress in this area could be
achieved by developing a filler that can be easily introduced into the joints, as shown by
Okorn et al. for small flanges [71]. Including the topography of real contact surfaces in this
research would also be beneficial.
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Table A1. Fatigue life assessment of the bolt for numerically gained (FEM) stress ranges (number of
cycles to failure).

Working Load FA [kN]

Geometry 6.84 13.68 20.53 27.37 34.2 41.05 47.89 54.74

HW-HI INF INF INF INF 5.78 × 106 1.35 × 106 4.94 × 105 2.58 × 105

HW-SI INF INF 2.78 × 107 4.59 × 106 1.91 × 106 8.84 × 105 4.35 × 105 2.66 × 105

LW-HI INF INF INF 2.52 × 107 1.76 × 106 4.62 × 105 1.73 × 105 8.6 × 104

LW-SI INF 4.47 × 107 3.86 × 106 1.23 × 106 4.98 × 105 2.45 × 105 1.29 × 105 7.18 × 104

Note: HW—high washer or long bolt, LW—low washer or short bolt, HI—hard insert, SI—soft insert.

Appendix A.2. Influence of the Point of Action of the Working Load on Bolt Fatigue
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load on bolt fatigue.

Table A2. Fatigue life assessment of the bolt for numerically gained (FEM) stress ranges (number of
cycles to failure).

Working Load FA [kN]

WL App. Loc. 6.84 13.68 20.53 27.37 34.2 41.05 47.89 54.74

Eccentric
a = 27.5 mm INF INF INF 2.52 × 107 1.76 × 106 4.62 × 105 1.73 × 105 8.06 × 104

Centric INF INF INF 3.45 × 107 8.39 × 106 4.93 × 106 3.09 × 106 1.98 × 106
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Appendix A.3. Working Force Distribution (A Summary of Results from [13] is Presented)
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Figure A3. Cantilever beam connection example to demonstrate the working force distribution
among pretensioned bolts; Adapted from ref. [13].

Table A3. Comparison of the calculated working force on bolts using different analytical methods,
FEM analysis, and measurement.

Analysis 1: I-Beam, Flange Thickness = 12 mm

Working Load [N] on
Bolts at:

Calculation Method

Kržič Hamrock Matek Aghayere Oman FEM
Analysis Measurement

1st line 8795.1 6056.0 10,226.5 7567.5 7670.4 8922.1 6725
2nd line 8795.1 4216.2 5920.6 4650.3 10,867.1 11,163.5 11,055
3rd line −8795.1 2529.7 1973.5 1976.2 0.0 −61.5 1190
4th line −8795.1 689.9 −2332.4 −940.9 0.0 −24.6 830

Analysis 2: I-Beam, Flange Thickness = 20 mm

Operational Force [N]
on Bolts at:

Calculation Method

Kržič Hamrock Matek Aghayere Oman FEM
Analysis

1st line 8795.1 6056.0 10,226.5 7567.5 7512.2 8761.2
2nd line 8795.1 4216.2 5920.6 4650.3 10,643.0 10,825.9
3rd line −8795.1 2529.7 1973.5 1976.2 0.0 −1556.6
4th line −8795.1 689.9 −2332.4 −940.9 0.0 −973.3
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Appendix A.4. Influence of Geometric Imperfections on Bolt Fatigue (A Summary of Results
from [71] is Presented)
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