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Abstract: The L-type flange joint is widely used to attach steel tower segments to each other. However,
tolerances on the flange surface flatness may occur during its fabrication, leading to a negative impact
on the bolt stress distribution. This study evaluates the influences of the flange surface flatness on
the behavior of L-type flange joints through numerical simulations. First, the finite element model
of a 5 MW L-type flange joint is established, and its accuracy is verified based on comparison with
an experimental test. Using the same loading conditions and material properties, the influences of
geometrical imperfections (i.e., flange-sided gap, tower-sided gap) on the structural response are
investigated. Furthermore, the impact of the flange gap opening length is reported. The results show
that the flange-sided gap outperforms the tower-sided gap, resulting in reduced stress concentration
in the bolt. In addition, the stresses in flange-sided gapping joints increase with an increase in the
opening length.

Keywords: wind turbines; L-type flange joint; experimental test; failure mode

1. Introduction

The L-type flange is widely used to connect the tower segments in wind turbine
towers [1–3]. However, during flange manufacturing, it is common to make a slope on
the flange surface, which might have negative effects on the stress distribution of the
bolts [2,4,5]. Therefore, it is necessary to investigate the influences of flange surface flatness
on the structural behavior of L-type flange joints (LTFJs).

Currently, research on the bolted flange joint focuses on predicting the load-carrying
capacity under the tensile force [1,2,6–10]. The initial analytical models for calculating
ultimate resistance were developed by Petersen and Seidel [7,11]. Taking into account the
impact of the contact area and bolt bending on the flange performance, Couchaux et al. [12]
developed a simplified model to predict the plastic resistance of LTFJ. Next, Tran and
Lee [13] also proposed new yielding failure modes of LTFJs under tensile force. Aiming at
the effect of prying action on the behavior of LTFJ, Slęczka and Len’ [14] developed a novel
analytical formula using the component method. Tobinaga and Ishihara [15] conducted a
modification of failure mode B (bolt failure and plastic hinge in flange-to-shell junction)
through numerical simulations.

Regarding the geometrical imperfection of the flange connections, several studies have
been conducted using various analytical, numerical, and experimental methods [3,16–18].
In both experimental and numerical analyses, Jakubowski [17] thoroughly examined the
impact of flange imperfections on the load-bearing capacity of the bolted flange connections.
In this work, he clarified the flange imperfections into three types, including flange-sided,
tower-sided, and parallel gapping, based on the opening locations. During the operation
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conditions, these gaps cause high stress on the bolt member, which is a significant impact
on the ultimate resistance and fatigue damage [16]. Therefore, it is necessary to provide the
flatness tolerance requirements for the flange connections in wind turbines. According to
the design practice [19,20] (i.e., DNVGL-ST-0126 and IEC 61400-6), the threshold values
of flange flatness deviation k are also provided. The allowable gap of one flange is within
2 mm over the entire circumference of the flange and within 1 mm for a sector of 30◦ after
manufacturing the tubular sections. A detailed discussion of these threshold values can be
found in Seidel [21].

Although the present study addressed fundamental issues relating to geometrical
parameters and load-carrying capacity, it is important to note that the geometrical imperfec-
tion and opening length are important parameters that can affect the LTFJ’s performance.
A variation in these factors can result in different stress distributions and bolt behavior,
ultimately impacting the joint’s load-bearing capacity.

This paper aims to evaluate the impact of geometrical imperfection and opening length
on the behavior of LTFJs through numerical simulations. To this end, the finite element
model of a 5 MW L-type flange joint is established, and its accuracy is verified against
an experimental test. Then, the influences of flange surface flatness (i.e., flange-sided,
tower-sided gap) and their opening lengths on the structural response of the flange joints
are investigated. The results of this research will provide valuable insights into the tensile
behavior of L-type flanges in wind towers and will help to ensure the reliability and safety
of these critical components.

2. Experimental Study
2.1. L-Type Flange Joint Test
2.1.1. Test Specimen

The main objective of the experimental test is to evaluate the load-carrying capacity of
the flange joint and check the accuracy of the related finite element analysis (FEA). Thus,
only one specimen of an L-type flange joint was fabricated and tested in this work. This
configuration is taken from an existing 5 MW wind turbine in South Korea. The geometric
dimensions of the testing specimen are displayed in Figure 1. The tower shell and flange
members were made of SS400 material, and a high-strength 10.9 M56 bolt was used (Table 1).
The bolt hole was 3 mm larger than the bolt diameter. To aid in the tightening process, two
wing plates were welded to the tower shells.
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Table 1. Configuration of the test specimen.

Bolt Tower (mm) Flange (mm)

Size Hole Length Length Thickness Thickness a * b ** cf ***

M56 59 480 740 36 200 99 93 120

* a: Distance from the bolt center to flange inner; ** b: distance from the bolt center to shell center; *** c f : width of
the flange segment.

Tensile coupon tests were conducted to determine the material properties of the LTFJ.
Coupons were taken from the main components, and they were tested according to KSB
0802:2021 for the tower shell and flange [22] and KSB 0801:2022 for bolt [23]. An example
of the bolt specimen is given in Figure 2. The material properties (such as yield strength
σy, ultimate strength σu, ultimate elongation εu, and fracture elongation ε f ) are listed in
Table 2.
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Table 2. Material properties.

Part Material Standard
σy σu εu εf

[MPa] [MPa] [%] [%]

Tower SS400 KS B 0802:2021 [22] 272 432 38 62
Flange SS400 KS B 0802:2021 [22] 310 467 38 67

Bolt 10.9 KS B 0801:2022 [23] 1088 1194 14 53

During the pretension process, a proper torque moment was applied to the bolt. If the
torque applied is insufficient, the fastener may be loosened due to vibrations. On the other
hand, applying excessive torque can result in the stretching or even breaking of the bolts.
To determine the appropriate torque for pretension, a torque test was also conducted, as
shown in Figure 3. The results of the test, including the maximum force, torque moment,
and K-factor, are summarized in Table 3.
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Table 3. Torque test results.

Parameters Value

Fb,max (kN) 1945.2
Tp (Nm) 8309
K-factor 0.104

2.1.2. Data Measurement Plan

The linear variable differential transformers (LVDTs) and strain gauges were placed
in the specimen to examine the behavior of the flange joint. As depicted in Figure 4a, two
displacement meters were positioned at the rear of the flange members to measure the
opening deformation between the two flange members. Regarding the location of the
strain gauges, they were attached in the critical regions with high-yield sensitivities, as
shown in Figure 4b. For the bolt member, four strain gauges were attached at the surface of
the middle and thread area. For the flange member, a total of twelve strain gauges were
attached on both the front and back sides of the upper and lower flange members.
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2.1.3. Two Loading Steps

As shown in Figure 5, the experimental program was conducted with two main steps,
including bolt pretension and tower shell tensile load. First, two flange members were
assembled through the pretension process of the bolt member (Figure 5a). The bolt was
fastened with a pretension force equal to 70% of its ultimate resistance, following EN
1993-1-8-2005 [24]. This pretension force was converted into torque moment, which was
applied to the bolt using the torque wrench (Table 3). The specimen was then subjected
to a tensile load using a hydraulic universal testing machine (UTM) with a maximum
capacity of 3000 kN (Figure 5b). The specimen was clamped onto the clamping support
and restrained with a loading hold, where the tensile force was applied.

2.2. Test Results and Observations
2.2.1. Force–Displacement Relationship

The force–displacement relationship of the specimen (blue line) is given in Figure 6.
The curve shows that the tensile force is a function of the total displacement. At the
beginning of the loading (elastic stage), the deformations increase very slowly due to the
effect of pretension force. When the load increases up to 1065 kN, the deformation increases
and reaches a maximum value of 28 mm.



Energies 2023, 16, 5703 5 of 16Energies 2023, 16, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 5. Test Setup. 

2.2. Test Results and Observations 
2.2.1. Force–Displacement Relationship 

The force–displacement relationship of the specimen (blue line) is given in Figure 6. 
The curve shows that the tensile force is a function of the total displacement. At the 
beginning of the loading (elastic stage), the deformations increase very slowly due to the 
effect of pretension force. When the load increases up to 1065 kN, the deformation 
increases and reaches a maximum value of 28 mm. 

 
Figure 6. Force–Deformation Curves. 

The opening deformation between the two flange members is also observed (red line 
in Figure 6). As seen, there is no separation at the beginning of loading due to the 
pretension force, and the deformation becomes gradually larger with the increase of the 
tensile load. At around 440 kN, the two flange members separate from each other by a 
value of 0.1 mm. At the final stage (1065 kN), the maximum gap between the two members 
is about 10 mm. 

The deformation of the tower shell (black line in Figure 6) is calculated by subtracting 
the opening deformation (measured by LVDT) from the total deformation (measured by 
UTM). During the test, the tower shell yielded and stretched due to the external load, 
resulting in a maximum displacement of about 17 mm. This large displacement can be 
explained due to the relatively higher stiffness of the flange and bolt members compared 
to the shell member. Therefore, when yielding occurs in the tower shell, the external load 
is concentrated in the shell, leading to significant deformation. 

2.2.2. Failure Modes 
During the tensile test, two failure modes were observed, as shown in Figure 7. The 

first failure mode occurred when the tower shell yielded under tension (Figure 7a), 
causing it to bend and deform further when the external load was increased. The second 

Figure 5. Test Setup.

Energies 2023, 16, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 5. Test Setup. 

2.2. Test Results and Observations 
2.2.1. Force–Displacement Relationship 

The force–displacement relationship of the specimen (blue line) is given in Figure 6. 
The curve shows that the tensile force is a function of the total displacement. At the 
beginning of the loading (elastic stage), the deformations increase very slowly due to the 
effect of pretension force. When the load increases up to 1065 kN, the deformation 
increases and reaches a maximum value of 28 mm. 

 
Figure 6. Force–Deformation Curves. 

The opening deformation between the two flange members is also observed (red line 
in Figure 6). As seen, there is no separation at the beginning of loading due to the 
pretension force, and the deformation becomes gradually larger with the increase of the 
tensile load. At around 440 kN, the two flange members separate from each other by a 
value of 0.1 mm. At the final stage (1065 kN), the maximum gap between the two members 
is about 10 mm. 

The deformation of the tower shell (black line in Figure 6) is calculated by subtracting 
the opening deformation (measured by LVDT) from the total deformation (measured by 
UTM). During the test, the tower shell yielded and stretched due to the external load, 
resulting in a maximum displacement of about 17 mm. This large displacement can be 
explained due to the relatively higher stiffness of the flange and bolt members compared 
to the shell member. Therefore, when yielding occurs in the tower shell, the external load 
is concentrated in the shell, leading to significant deformation. 

2.2.2. Failure Modes 
During the tensile test, two failure modes were observed, as shown in Figure 7. The 

first failure mode occurred when the tower shell yielded under tension (Figure 7a), 
causing it to bend and deform further when the external load was increased. The second 

Figure 6. Force–Deformation Curves.

The opening deformation between the two flange members is also observed (red line in
Figure 6). As seen, there is no separation at the beginning of loading due to the pretension
force, and the deformation becomes gradually larger with the increase of the tensile load.
At around 440 kN, the two flange members separate from each other by a value of 0.1 mm.
At the final stage (1065 kN), the maximum gap between the two members is about 10 mm.

The deformation of the tower shell (black line in Figure 6) is calculated by subtracting
the opening deformation (measured by LVDT) from the total deformation (measured by
UTM). During the test, the tower shell yielded and stretched due to the external load,
resulting in a maximum displacement of about 17 mm. This large displacement can be
explained due to the relatively higher stiffness of the flange and bolt members compared to
the shell member. Therefore, when yielding occurs in the tower shell, the external load is
concentrated in the shell, leading to significant deformation.

2.2.2. Failure Modes

During the tensile test, two failure modes were observed, as shown in Figure 7. The
first failure mode occurred when the tower shell yielded under tension (Figure 7a), causing
it to bend and deform further when the external load was increased. The second failure
mode was a bolt failure (Figure 7b), in which the upper four threads of the bolt were either
stripped or sheared off. The nut showed a similar pattern of failure, with the upper four
threads mostly bent and the three bottom engaged threads sheared off.
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3. Numerical Simulation
3.1. Modelling of 5 MW L-Type Flange Joint

The FEA model of a 5 MW flange joint is developed using ANSYS 2022 R2 (see
Figure 8). The SOLID186 element, which has 20 nodes and three degrees of freedom,
is adopted to simulate irregular geometries and structural phenomena efficiently. The
geometrical parameters are consistent with those of the experimental test. To capture the
flange joint stiffness accurately, the bolt with full threads is modeled. Different types of
contact conditions are applied, including (i) frictional contact between the flange members,
flange-to-washer, and bolt-to-nut, and (ii) bonded contact for the remaining components.
For the boundary conditions, the bottom tower is fixed in all degrees of freedom, and
frictionless supports are applied for both sides of the flange joint.
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The finite element model is analyzed with the nonlinear material model, which is
specified by the DNVGL-RP-C208 guideline [25]. The material properties are from the
coupon tests (Table 2). The analysis requires two loading steps, including (i) the load
generated by the bolt pre-tensioning and (ii) the tensile force applied at the top level of the
tower member. These loading values are the same as those from the experimental test.

3.2. Validation of the Finite Element Model

Figures 9 and 10 show the comparison of force–displacement curves and opening
deformations of the flange joint.
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As shown in Figure 9, during the elastic stage of loading, the deformations increase
slowly, mainly due to the pretension force. However, as the tensile load exceeds 1000 kN,
the deformations start to increase rapidly. When the loads reach 1050 kN, the numerical
simulation shows a peak deformation of 16.2 mm. Meanwhile, in the experimental test, the
maximum deformation recorded was 24.59 mm under 1050 kN.

The opening deformation follows a similar trend, as shown in Figure 10. Due to the
pretension force, there is no significant separation at the beginning of loading, but as the
tensile load increases, the opening gap increases. In the case of numerical simulation, the
opening value is 6.31 mm at 1000 kN, whereas in the test, it reaches approximately 6.59 mm
at 1000 kN.

Overall, the simulated results are basically consistent with the tested results. Both test
and numerical curves linearly increase prior to reaching the yield load. The comparison
indicated that the numerical simulation is in good agreement with the experimental test
results. However, there is still a difference between the experiment and simulation curves,
which could be due to the following reasons:

• The finite element model assumes ideal contact between the components of the joint,
such as the bolt/nut, flange/washers, etc. In contrast, the manual assembly of the test
may result in imperfect contact between these components, leading to an inaccuracy
in the test results comparison.

• The fastening process may have caused the flange members to rotate, thereby lead-
ing to a decrement in the clamping solid stiffness. This rotation may have further
contributed to the difference between the experimental and simulation curves.

4. Parametric Study

This section aims to examine the impact of the flange surface flatness on the structural
behavior of the flange joint. This will be achieved by assessing the effects of geometrical
imperfections and opening length (Figure 11). It is noted that the perfect model refers to
the scenario where there is no flange gap.
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This section is divided into two main parts. In Section 4.1, the performance of various
flange models with geometrical imperfections is analyzed, and the results are discussed.
Subsequently, Section 4.2 addresses the influence of opening length on the structural
behavior of the flange joint.

4.1. Influence of Geometrical Imperfect Flange Models

To explore how the flatness of the flange surfaces affects the performance of the
LTFJs, various geometrically imperfect flange models (e.g., flange-sided, tower-sided) are
examined, and the results are compared with a perfect model. For the imperfect models, a
flange gap of 2 mm is utilized, which is known as the maximum allowable value according
to the guidelines [19,20].

4.1.1. Structural Response of the Flange Member

The purpose of the investigation is to examine how the initial flange surface affects
the performance of the LTFJ. This will be achieved by analyzing the stress and strain
distributions of the flange member at three sensitive locations: the flange-to-shell junction
(FSJ), the flange inner, and the flange’s region surrounding the bolt hole. The comparisons,
given in Figure 12, are summarized as follows:

• The contact pressure between the flange parts is first discussed. Under bolt pretension,
a clamping pressure is established between the two flange members. The pressure
increases from the left side to the right side of the flange surface. In the perfect model,
the pressure is highest at the flange inner (83 MPa). For imperfection cases, higher
pressures of 85 MPa and 87 MPa are found for the flange-sided and tower-sided
gapping cases, respectively. Under the tensile load, the upper and lower flanges
are separated, resulting in zero pressure at the flange outer and high pressure at the
flange inner.

• Regarding axial stress, stress concentration occurs at the surface contact between the
flanges and washers under a bolt pretension load. With the perfect model, the highest
compressive stress of 399 MPa is found in the bolt hole. An increase of 7.0% and 27.0%
in stress is observed in the cases of flange-sided and tower-sided gaps, respectively,
compared to the perfect condition. These values exceed the yield strength of the
material specified in Section 2.1.1, which increases the risk of failure close to the center
of the bolt hole. Under tensile load, there is considerable compressive stress at the
flange tip, which is consistent with the pressure distribution between the two flange
members. A value of 359 MPa is found for the perfect condition, and little change is
observed when considering the skew effects (1.1%).

• When the tower is subjected to tensile load, a high stress of 335 MPa occurs at this
location. This stress increases considerably in the case of flange-sided gaps, with an
increase of about 9.5%.

• The compressive stress observed at the flange inner area and bolt hole, as well as the
tensile stress observed at the FSJ, exceeds the material yielding strength specified in
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Section 2.1.1, which can lead to yielding in the flange joint. However, it is worth noting
that the compressive stress yielding is less significant compared to the tensile zone, as
the flange has a high thickness in that area.
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4.1.2. Structural Response of the Bolt Member

The bolt performance is also investigated since it is a major structural component in
the joint. Figure 13 shows a comparison of the global stress for three analysis cases, where
the linearization technique is employed to extract the bolt global stress. This technique
provides an estimation of the equivalent stress distribution along the bolt axis [26]. The
figure indicates that the global stress is almost the same under pretension, with a maximum
stress of 800 MPa found at the bolt thread. However, under tensile load, a slight change
in global stress along the bolt is observed, with an increment of 6.4% in the case of a
flange-sided gap.
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To better evaluate the bolt performance, a comparison between axial stress and plastic
strain is depicted in Figures 14 and 15. The structural response is significantly affected by
the imperfect model compared to the perfect model. The following observations are drawn:

• In a perfect model, the stress is distributed symmetrically in the bolt during the
pretension process, with very little stress concentration at the bolt thread (1193 MPa).
However, for flange-sided gaps, bending-induced stress increases, resulting in a larger
stress amplitude on the bolt’s left side. In contrast, a larger stress amplitude is observed
on the right side of the shank and bolt thread in the case of the tower-sided gap.

• Under the tensile load, similar stress distributions are found in the bolt members. In the
perfect model, the stress distributes symmetrically in the bolt. The stress concentration
occurs at the bolt head and thread area, with a maximum value of 1486 MPa. However,
there is a clear difference when considering the flange surface flatness. Looking at the
flange-sided gap, the area going through stress concentration is much larger when
compared to the perfect model, with an increase of 6.3%. For the tower-sided gap,
more stress concentration seems to occur in the bolt. These stress areas may play a
significant role in the fatigue assessment [27–29].

• There is a slight plastic deformation observed in the bolt during the preloading.
However, the area going through the plastic strain zone increases considerably under
the tensile load. Notably, there is an increased number of threads subject to plastic
deformation in the case of the tower-sided gap (see Figure 15).
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4.2. Influence of the Flange Opening Length

The effect of flange surface flatness is investigated in Section 4.1, and it indicates that
the flange-sided gap case shows better performance compared to the tower-sided gap case.
In this section, parametric studies are carried out to investigate the effect of opening length
on the performance of the flange joint. Various opening lengths (Li), including 100 mm,
150 mm, and 210 mm (corresponding to locations (1), (2), and (3) in Figure 11) are analyzed,
and the results are compared.
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4.2.1. Structural Response of the Flange Member

Figures 16 and 17 show the stress and strain distributions in the flange members
with varying opening lengths. In general, the flange stress increases as the opening length
increases. The following observations were made:

• The surface contact between the flanges and washers causes stress concentration with
a stress of 411 MPa for Li = 100 mm. This stress slightly increases with increasing the
opening length by up to 5.6%.

• When the tower shell is subjected to tensile load, a significant area of compressive
stress appears at the internal flange tip, reaching a value of around 335 MPa for all
cases (as shown in Figure 16) due to the separation of the flange members. Another
finding is the tensile stress distribution at the FSJ, about 328 MPa for Li = 100 mm. The
stress concentration becomes wider as the opening becomes larger. For instance, when
Li = 210 mm, the stress is 11.9% higher than in the other cases.

• When the opening is located in the center of the bolt hole (Li = 100 mm), it is evi-
dent that the bolt hole experiences very high compressive stress (reaching a value of
585 MPa), leading to the flange yielding (as shown in Figure 17).

4.2.2. Structural Response of the Bolt Member

The opening length has little impact on the global bolt stress under the bolt pretension
(Figure 18a). However, under a tower shell tensile load, an increase in the flange opening
length results in a shift of stress from the middle bolt toward the bolt head, as shown in
Figure 18b. Specifically, an increase in the flange opening length leads to an increase in
stress at the bolt head and a decrease in stress at the middle bolt. The stress at the bolt head
increases by 7.8%, while the stress at the middle bolt decreases by 7.9%.

Figures 19 and 20 show the stress distribution and plastic deformation in the bolt
under different analysis cases. In general, an increase in the flange opening length results
in higher stress in the bolt. The following observations were made:

• Under the bolt pretension load, the maximum stress of 1230 MPa occurs at the opening
length of Li = 100 mm. The stress increases by 9.9% and 13.8% at Li = 150 mm and
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Li = 210 mm, respectively. Additionally, wider regions of stress concentration are
observed in the bolt with larger opening lengths.

• For the tensile load, the maximum stress at Li = 100 mm is approximately 1507 MPa.
There is a small change in maximum stress with increasing opening length, up to 4.8%.
Furthermore, higher stresses are concentrated on the bolt’s left side due to its bending,
and a wider region of stress concentration occurs as the opening length increases.

• The plastic strain increases as the opening length becomes larger, and there is a larger
area that goes across the bolt threads.
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4.3. Discussions

The above observation highlights the significant impact of the flange surface flatness
on the structural response of the flange joint. The performance of the flange and bolt
members under joint tensile loads can be summarized as follows:

• For the flange member, compressive stress concentration appears in the flange inner
and surface between the flange and washer, and the tensile stress concentration occurs
at the FSJ. When the opening is located at the center of the bolt hole, the compressive
stress concentration increases rapidly in the bolt hole. However, these regions of
compressive stress are not as significant as other parts due to the flange thickness.

• For the bolt member, the stress concentration often occurs at the threads and bolt
shank. The tower-sided gap has a significant impact on bolt stress. As the opening
length increases, wider stress concentrations are found in the bolt due to the increase
in bending moment.
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5. Conclusions

The aim of this study is to analyze how the flange surface flatness affects the structural
response of the L-type flange joint. Using the same loading conditions and material
properties, the effects of the geometrical imperfections (i.e., flange-sided and tower-sided
gaps), as well as the flange opening lengths, are investigated. The following conclusions
are drawn:

• Geometrical imperfections cause a local bending in the bolt, leading to a significant
difference in bolt performance between the perfect and imperfect models. Imperfect
models have a larger stress concentration area under bolt preloading and tower shell
tensile loading, with a 6.3% increase in the maximum stress.

• Flange-sided gap case performs better than the tower-sided gap case, as the former
results in less plastic deformation in the bolt threads due to the flange surface flatness.

• Increasing the flange gap opening length significantly increases the stress in the flange
joint, with an 11.9% and 13.8% increase in stress for the flange and bolt members,
respectively. This also causes a shift in global stress from the middle bolt toward the
bolt head.

There is an important factor that needs to be investigated in future work to evaluate
how the skew gap influences the fatigue strength under both bolt pretension and wind
turbine operating conditions.
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