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Abstract: This paper focuses on the design modification of L-type flange joint geometry in wind
towers, aiming to enhance its structural safety. For this aim, current design issues of existing flange
joints are discussed. The numerical simulations indicate that the threaded bolt and flange-to-shell
junction are critical locations where failure may happen. Further discussion to improve structural
safety is applied for an existing 5 MW flange joint. Through parametric studies, the major factors
influencing ultimate strength are identified. The results show that the aspect ratio plays an im-
portant role in increasing the structural safety of the flange joints, while the width of the flange
segment weakens the stiffness of the flange-to-shell junction. The findings in this study are expected
to provide a useful reference for designing the L-type flange joints in practical engineering fields.

Keywords: wind tower; L-type flange joint; failure mode; finite element modeling

1. Introduction

According to the track records of wind turbine accidents [1], the collapse of the steel
tower is one of the critical modes in wind turbines [2-5]. This failure is caused by different
reasons, such as buckling failure due to the instability of the tower tubes [6-8] and failure
of the flange joints [9-13], etc. The failure of the flange joints has been studied as an im-
portant mechanism related to the collapse of wind structures (see Figure 1) [10,14-17].

Regarding the collapse of the flange joints, the ultimate resistance is a significant fac-
tor as it represents the load-carrying capacity of the joint. There are a variety of parameters
that impact the ultimate resistance, including bolt pretension load [18], skew effect [11],
flange geometry [19], and number of bolts, etc. The challenge is how to consider these
factors to improve structural safety when designing the flange joints.

Initial analytical models to calculate the ultimate resistance of the flange joints were
developed by Petersen [20]. With this work, Petersen developed different failure mecha-
nisms for L-type flange joints, including mode A (bolt failure), mode B (bolt failure and
plastic hinge in flange-to-shell junction), and mode C (plastic hinge in the flange and
flange-to-shell junction). Later, several modifications were been studied by Seidel [21] and
Tobinaga and Ishihara [22], considering the influence of prying forces.

Moreover, numerical simulations are attracting the attention of many researchers.
Seidel et al. [11] evaluated the influence of geometrical imperfections on the load-bearing
behavior of the flange joint via numerical and experimental simulations. Sleczka and Ler
[19] investigated the effects of structural geometry on the performance of flange joints
using finite element analysis (FEA). With this work, Sleczka and Len found that, when
increasing diameters, the restraining effects of the circular shape of the flange and tube
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wall decrease. Additionally, the bolt pretension load significantly affects the additional
bolt force and fatigue life of the flange joints, as stated in the works by Okorn et al. [18].
Despite resolving the fundamental issues related to the effects of geometrical param-
eters on the load-carry capacity, previous literature has paid less attention to which part
of structural geometries has the most influence. To achieve this objective, the limitations
of the current design practice of the flange joint are discussed. Based on the finite element
analysis, two yielding cases (i.e., yielding in bolt and yielding in flange-to-shell junction),
which are known as the first yielding stages of the flange joint, are identified. Using these
failure modes, targeting that the flange-to-shell junction will fail before high-strength
bolts, an existing 5 MW flange joint is redesigned, aiming to improve its structural safety.
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Figure 1. Failure of wind towers.

2. Numerical Simulation of the Existing Flange Joints
2.1. Finite Element Modeling

The numerical simulations are carried out for three different flange joints using the
commercial software ANSYS 2021 R1. These configurations are taken from the current
design of wind towers in South Korea, as shown in Figure 2. The flange joint consists of
three main parts (flange member, tower shell, and bolt), which are modeled with three-
dimensional elements. The geometric parameters of the flange joints are summarized in
Table 1. It is noted that the bolt thread is considered to have an equivalent cross-section
that equals the pitch diameter. Different contact conditions are used: (i) the friction contact
with the frictional coefficient of 0.176 between two flange members, (ii) the frictionless
contact between the bolt and flange hole, and (iii) the bonded contact for the rest parts
(i.e., flange tower, bolt washer, and flange washer). With regards to the boundary condi-
tion, the fixed condition is assigned to the bottom tower, and frictionless support is used
at the two flange sides. This support is used to prevent deformation in the horizontal di-
rection.

Multilinear material is considered to analyze the plasticity of connections. The mate-
rial model, specified by the DNVGL-RP-C208 guideline [23], is applied for the flange and
tower shell (Figure 3). The material properties are listed in Table 2. The material properties
are available for up to 63 mm of plate thickness, which is sufficient for the tower shell. To
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determine material parameters for the thicker flange (ranging from 145 mm to 200 mm),
the extrapolation technique is applied based on the available data. The elasticity modulus
E =200 GPa and Poisson’s ratio v = 0.3 are applied for all components of flange joints. The
grade 10.9 is applied for high-strength bolts, and their parameters are taken from DASt
021 [24].

Loading conditions for the analysis include two steps: (1) bolt pretensioning load and
(2) tensile force at the tower flange level. The application of the bolt pretensioning load
follows the regulation of Eurocode 1993-1-8-2005 [25]. The tensile force (F;) (Figure 4)
applied to the single bolt strip segment is calculated from the equivalent bending moment
and equivalent axial force, and it is expressed as follows: (see Appendix A)

p = (8Meals _ 1)
ST my\D2+D? ¢

where D, and D; are the outer and inner diameters of the tower shell, respectively; M4
and N4 are the equivalent bending moment and equivalent axial force at the flange joint,
respectively, which are taken from the design load cases (DLCs). Details of the DLCs and
tensile force are listed in Table 3.

In order to verify the accuracy of the finite element approach, a prototype flange seg-
ment with the available test data is used [26]. Details of verification processes can be found
in Tran and Lee [27].

Table 1. Geometry of the existing flange joints.

¢ Bolt Tower (mm) Flange (mm)
! Size n, d s s by a b
3 MW M56 102 4500 34 180 230 120 93
4 MW M72 88 4200 43 145 266.5 135 110
5 MW Mb6 152 6000 36 200 210 99 93
Table 2. Material properties.
. . Thickness Oprop Oyield Oyield2 Oy Epy1 Ep y2 Ep_ult

Specimen Part Material [mm] [MPa] [MPa] [MPa] [MPa] [-] [-] [-]

Tower  EN355 34 310.5 345.0 348.4 470.0 0.004 0.02 0.15

3 MW Flange = EN355 180 264.7 2944 297.5 411.0 0.004 0.02 0.15
Bolt 10.9 - - 900.0 - 1000.0 0.00429 0.015 0.09

Tower  EN355 43 301.5 335.0 338.4 450.0 0.004 0.02 0.15

4 MW Flange = EN355 145 275.3 306.1 309.3 423.2 0.004 0.02 0.15
Bolt 10.9 - - 900.0 - 1000.0 0.004 0.02 0.15

Tower  EN355 36 310.5 345.0 348.4 470.0 0.004 0.02 0.15

5 MW Flange = EN355 200 258.6 287.7 290.7 404.1 0.004 0.02 0.15
Bolt 10.9 - - 900.0 - 1000.0 0.004 0.02 0.15

Table 3. Tensile force at the flange joint.
. Moment [kKNm] Force [kN]

Specimen DLC Mx My Mxy Mz Fx Fy Fxy Fz Fs (k)
3 MW Mxy Max -24454 -85,509 85,544 -1726.8 -1119.5 40.2 1120.2 -5148.6 7.52 x 102
4 MW Mx Max -95,607 83,008 126,614 4110.7 1106 1450.6 18242 -5067.9 1.33x103
5 MW Mxy Max 183,406 -38277 187,357 8070.5 -189.3 -2385.7 23932 -8436.2 8.59 x 102
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Figure 2. Geometry and corresponding finite element modeling of flange joints.
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Figure 3. Stress—strain curve [23].
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Figure 4. Tensile force applied to L-type flange segment.
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2.2. Discussion on the Failure Mode of Flange Joints

The maximum axial stress and plastic strain of the flange joints under the design load
are presented in Figures 5 and 6. In line with the theory, the following regions are selected
due to their yield sensitivity. For the flange member, three regions (i.e., flange-to-shell
junction, flange around the bolt hole, and flange inner) are investigated. In the case of the
bolt member, two regions (i.e., threaded zone and head—shank transition) are considered.

Looking at Figure 5, it is found that under the design load, the stress concentrations
are observed at the flange-to-shell junction. The tensile stresses of 307 MPa and 313 MPa
are found for 3 MW and 4 MW, respectively. These values are higher than the yielding
strength given in Table 2, leading to the yielding in the flange joints. In the case of 5 MW,
the maximum tensile stress at the flange-to-shell junction is around 245 MPa, which is
smaller than the yielding strength (287.7 MPa); thus, the flange member is still safe. An
interesting finding is that the large zone of compressive stress occurs at the internal flange
tip (with a maximum value of 395 MPa) due to the separation of the flange members.
However, it is not an important region compared to the other parts due to the high thick-
ness of the flange [28]. This can be explained as follows: in the case of flange joints, the
critical failure is the result of the high tensile stress associated with the elongated material.
As a result, the failure at the inner flange caused by compression can be ignored when
investigating the failure locations [29].

With regards to the bolt (Figure 6), it is found that higher stresses occur on the left
side of the bolt due to the bending moment. Moreover, the maximum stresses are concen-
trated at the (i) bolt thread and (ii) transition region between the bolt head and shank. The
former location is due to its reduced diameter compared to the shank part, while the latter
is caused by a sudden change in geometry. In Figure 6, the highest values of 1084 MPa
and 1101 MPa are found for 3 MW and 4 MW, respectively, and they occur at the threaded
zone. However, the high stresses are only found at the surface of the bolt, which is visible
by creating the cross-section through the axial bolt. The relative comparison of the stress
and strain distributions at the flange-to-shell junction (Figure 5) and the threaded bolt
(Figure 6) shows that the threaded zone is not the cause of flange failure. In the case of 5
MW, a wide region of high stress occurs at the threaded zone, with a maximum value of
1081 MPa. This is a critical location compared to other regions leading to the failure of the
bolt.

For a better understanding of the stress distribution in the flange joints, the stress
linearization technique is applied. This technique is a procedure in which the stress dis-
tribution along a line through the thickness in a bolt is approximated with an equivalent
linear stress distribution. In this study, the average stresses along a path of the flange and
bolt members are evaluated, as shown in Figure 7. For the flange member (Figure 7 left),
it is seen that the most stress occurs at the flange-to-shell junction. The values of 359 MPa
and 269 MPa are found for 3 MW and 4 MW, respectively; these values are exceeding the
yield strength of the flange member given in Table 2. As a result, under the design load,
the flange joint fails at the flange-to-shell junction. In the case of 5 MW, the stress is below
the material yield strength limit; thus, the joint is still safe.

With regards to the bolt member, it is found that the stresses are constant along the
bolt shank while there is a large variation at the bolt thread (Figure 7 right). In the case of
3 MW and 4 WM, the bolts are still safe with the maximum values of 666 MPa and 394
MPa, respectively. However, the average stress for 5 MW is about 1081 MPa, which is
higher than the yielding strength.

Based on the above observation, it can be concluded that the flange-to-shell junction
and threaded bolt are critical locations where failure may happen. The governing failure
modes of the flange joints are summarized as:

e 3 MW: failure at the flange-to-shell junction.

e 4 MW: failure at the flange-to-shell junction.
e 5 MW: failure at the threaded bolt.
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Figure 7. Global stress in the flange joints.

2.3. Limitations of the Current Design Practice

The numerical analyses show that the flange-to-shell junction and bolt thread are
critical locations where the failure may happen. The failure of the bolt is brittle and more
dangerous, whereas the failure of the flange-to-shell junction is ductile and foreseeable.

In this study, the 5 MW L-type flange joint will fail at the bolt member, which is not
foreseeable. However, in practical engineering, it would be preferable when the flange-
to-shell junction will fail before the bolt yielding. Thus, this configuration will be rede-
signed, aiming to improve its structural safety.

3. Redesign of the 5 MW Flange Joint
3.1. Parametric Studies

The parametric studies are performed through numerical simulations in ANSYS soft-
ware. The considered geometrical parameters are listed in Table 4. The analysis cases are
classified into the following groups:
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e Group 0 is the original model.

e  Group 1 includes models with flange thicknesses ranging from 150 to 170 mm.
e Group 2 includes models with shell thicknesses ranging from 32 to 34 mm.

¢ Group 3 includes models with aspect ratios ranging from 1.17 to 1.39 mm.

¢  Group 4 includes models with flange widths ranging from 99.42 to 139.42 mm.

To ensure the failure occurs in the flange joints, all cases are evaluated with the tensile
force of 1.05 kN. The average axial stresses of the bolt and flange members are reported
and compared to the original model, aiming to evaluate the efficiency of each considered
variable.

Table 4. Geometrical parameters of the investigated flange joints.

Tower Bolt Flange
Group d s Size ¢y cr bges a b w=a/b
[mm] [mm] [-] [mm] [mm] [mm] [mm] [mm] [-]
Group 0 6000 36 Mb56 200 119.42 210 99 93 1.06
6000 36 M56 170 119.42 210 99 93 1.06
Group 1
6000 36 M56 150 119.42 210 99 93 1.06
6000 34 Mb56 200 119.42 210 100 93 1.08
Group 2
6000 32 M56 200 119.42 210 101 93 1.09
6000 36 M56 200 119.42 220 109 93 1.17
Group 3 6000 36 M56 200 119.42 230 119 93 1.28
6000 36 M56 200 119.42 240 129 93 1.39
6000 36 M56 200 109.42 210 99 93 1.06
6000 36 M56 200 99.42 210 99 93 1.06
Group 4
6000 36 Mb56 200 129.42 210 99 93 1.06
6000 36 M56 200 139.42 210 99 93 1.06

3.2. Analysis Results
3.2.1. Effect of the Flange Thickness, t;

The influence of the flange thickness on the performance of the flange joints is shown
in Figure 8. With the increase in the flange thickness, the maximum stresses that occur at
the threaded bolt (bolt member) and flange-to-shell junction (flange member) are almost
the same. The values of around 1100 MPa and 240 MPa are found for the bolt and flange
members, respectively. The outcomes show that there has been no change in the failure
mode of the flange joints; the bolt failure is still the governing one.

This observation indicates that the flange thickness has little influence on the perfor-
mance of the flange joint. Thus, in practical engineering, it is significant to select a suitable
thickness. The flange thickness should not be underestimated for the required value since
the flange joint may be failed at the flange member. This is unexpected in the practical
design of wind towers. In contrast, an overestimated thickness is meaningless since it re-
lates to the material cost.
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Figure 8. Influence of flange thickness on stress distributions: (a) bolt and (b) flange.
3.2.2. Effect of the Tower Thickness, s
The tower thickness has almost no effect on the stress distribution of the bolt member,
the average axial stresses along the bolt with different analysis cases overlap with each
other (Figure 9a), and the maximum stress is about 1100 MPa, distributed at the threaded
zone. However, the stress distribution of the flange member shows an increasing tendency
at the flange-to-shell junction due to the stiffness decrement (Figure 9b). Compared to the
original model (s = 36 mm), the increments of 5.9% and 12.5% are found for s= 34 mm
and s= 32 mm, respectively. It is noted that these values are below the material yield
strength limit. Through relative comparison of the stress distribution between the flange
and bolt members, it is shown that the failure of the threaded zone is the governing one.
— 1200 — 300
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Figure 9. Influence of shell thickness on stress distributions: (a) bolt and (b) flange.

3.2.3. Effect of the Aspect Ratio, w

In general, the influence of ratio w on the performance of the flange member is small
(Figure 10b). As w increases, the stress distributions are almost the same each other, and
the maximum value occurring at the flange-to-shell junction is around 240 MPa. However,
the aspect ratio w has a remarkable influence on the stress distribution of the bolt mem-
ber (Figure 10a). As the w increases, the stress of the bolt decreases. When the w in-
creases to 1.39, the maximum stress is smaller than 17.8% compared to the original model.
This means that increasing the ratio w is one of the methods to increase the structural
safety of the flange joint.
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3.2.4. Effect of the Flange Width, ¢,

The flange width has little effect on the performance of the bolt member of the flange
joint (Figure 11a). An interesting finding is that decreasing the flange width is the cause
of higher stress in the middle bolt. When ¢, is reduced to 99.42 mm, an increment of 6.3%
can be found compared to group 0. It is noted that this effect can be reduced by applying
the bolt preload in practical engineering. In contrast, the flange width has a great effect on
the performance of the flange member (Figure 11b). When ¢ is reduced to 99.42 mm, the
maximum stress increases up to 335.8 MPa, leading to the failure at the flange-to-shell
junction. Therefore, reducing the flange width is the way to control the failure at the flange
joint.
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Figure 11. Influence of flange width on stress distributions: (a) bolt and (b) flange.

3.3. New Design of the Existing 5 MW Flange Joint

Based on the outcomes from the parametric analysis, to obtain the failure at the
flange-to-shell junction, the following points should be noted:

1. Decrease the flange width (c): this aims to control the failure at the flange joint.

2. Increase the aspect ratio (w): this aims to increase the safety of the bolt member and
reduce the compressive stress at the inner flange—flange.

3. Moreover, the flange thickness (s) can be decreased to save material costs.

From the above statements, a new design of the existing 5 MW flange joint is recom-
mended. The structural parameters are summarized in Table 5. A comparison of stress
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distributions in the bolt and flange members under the design load (DLC = 859.5 kN) is
given in Figure 12.

In general, the new design has the best performance compared to the current config-
uration. For the flange member (Figure 12b), locations of the stress concentration are
found to be the same as each other (at the flange-to-shell junction). However, the new
design has higher stress than the existing configuration, with a difference of 27.5%. With
regards to the bolt member (Figure 12a), the results indicate that the stress of the new
configuration is smaller than the existing design, with a difference of about 22%. The lo-
cation of stress concentration is found at the threaded zone, with the values of 783 MPa
and 609 MPa for the new design and existing configuration, respectively. Additionally,
the resultant force in the bolt is evaluated (Figure 13). The value of 1690.6 kN is found for
the current design, which is higher than the yielding force of the bolt (1462 kN). While the
new design, with a value of 1374.3 kN, is below the yielding force limit, it satisfies the
ultimate criteria. Based on the relative comparison of stress distribution in the flange and
bolt members, it can be concluded that the new design tends to be failed at the flange-to-
shell junction.
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Figure 12. Stress distribution under design load: (a) bolt and (b) flange.

1690.6kN & L 13743k N

(a) (b)

Figure 13. Resultant force of bolt: (a) existing configuration and (b) new design.

To better see the failure mode in the flange joint, increasing the tensile load up to
1050 kN at the tower shell is considered. Similar observations are made for the stress dis-
tribution of bolt and flange members, as shown in Figure 14. With regards to the bolt
member, high stress is concentrated at the bolt thread, with the average values of up to
1081 MPa and 940 MPa for the existing configuration and new design, respectively. It is
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noted that a wider yield region at the existing configuration is found compared to the new
design. In the case of the flange member, the high-stress concentrations are at the flange-
to-shell junction, with the maximum values of 237 MPa and 302 MPa for the existing con-
figuration and new design, respectively. It is noted that in the new configuration, a larger
yield region occurs at the threaded zone compared to the existing design. A comparison
between the bolt and flange shows that the flange joint will be failed at the flange-to-shell
junction, which can be seen through the illustration of the plastic strain (Figure 15).
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Figure 14. Stress distribution under F; = 050 kN.
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Figure 15. Failure of flange joint.

Furthermore, the mass and number of bolts are also compared, as shown in Table 5.
The results show that the total weight of the new design is about 14.5% smaller than that
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of the existing configuration. However, an additional total of 14 bolts is required for the
new concept.

Table 5. Comparison of existing configuration and new design.

G t
comey Weight Number of Bolts
Tower Flange
Model
d s t s bges a b m n,
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [T] [-]
Existing configuration 6000 36 200 119.42 210 99 93 6.315 152
New design 6000 32 150 99.42 240 131 93 5.396 166

4. Conclusions

The present work aims to provide a thorough understanding of the behavior of the
L-type flange joint in the wind turbine tower and a new design approach for this connec-
tion. The main conclusions are listed as follows:

¢ Numerical simulation is an effective way to simulate various failure modes of the
flange joints. The observed outcomes indicate that threaded bolt and flange-to-shell
junction are the critical locations, leading to the failure in the flange joint.

e Following the parametric studies, it is found that the aspect ratio w plays an im-
portant role in increasing the structural safety of the flange joint. The width of the
flange segment will weaken the stiffness of the flange-to-shell junction. These param-
eters are useful in controlling the failure mode of the flange joint. Additionally, the
flange and tower thicknesses have small influences on the performance of the con-
nection.

e A design modification of an existing 5 MW flange joint is carried out to enhance its
structural safety. In comparison with the existing configuration, the new design
shows a better performance, with a 22% reduction of the maximum stress in the bolt
member.
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Appendix A

A formula for calculating the equivalent tensile force.
Under the axial force and moment, the stress distribution g in the tower shell is
given:
Med Ned

COW A

(A1)

in which
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T w (D% — D}
Ay =~ (D3 —DP); Wy = m——— A2
e =g (03 = D) We = 52 (A2)
The tension force F; in a single segment is the stress distribution o; multiplied by

the segment area A, = As/nyp, and it is given as follows:

M N,
s = ( M;d - Aid) Aseg (A3)
S S
Inserting Equations (A2) into Equation (A3), we obtain:
1 (8M.,D,
e ) a8
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