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ARTICLE INFO ABSTRACT
Keywords: Generally, collapses of wind turbine towers are caused by bolt ruptures or flange separations at
Wind tower ring flange joints; it is therefore imperative to identify the failure characteristics of bolted ring

L-type flange joint
Failure mode
Finite element modeling

flange joints. In practical design, traditional approaches primarily focus on bolt failure without
paying attention to bolt bending. To handle this limitation, this study aims to examine all possible
failure mechanisms of the r-type flange joint used in wind turbine towers. Two independent
yielding cases (i.e. yielding in the bolt and yielding in the flange-to-shell junction) and the cor-
responding plastic tensile resistance are proposed. Numerical simulations of three available L-type
flange joints are implemented to verify the accuracy and efficiency of the proposed mechanisms.
This study provides a value design framework to predict the load-carrying capacity of flange
joints. Combined with existing failure modes, a decision tree that presents possible failure states
for bolted flange joints is developed.

Introduction

Ring flange joint with preloaded high strength bolts is the most common solution used to attach wind tower segments to each other
[1-6]. During the operating conditions, the flange may be separated or the bolt may be ruptured, leading to the complete failure of the
wind tower structure (see Fig. 1). Therefore, it is necessary to understand the performance of the flange joints in practical design.

In the past few decades, researchers have been taking interest in efforts to predict the load-carrying capacity of the flange joint
under the tensile force [2,7-9]. Using the analytical and numerical approaches, Madsen et al. [8] investigated the ultimate resistance of
a bolted flange joint for monopile foundations. Recent projects (i.e, HISTWIN - High-strength tower in steel for wind turbines and
HISTWIN2 - High steel tubular towers for wind turbines) suggest a novel methods of joint for wind towers using friction joint with long
open slotted holes [10,11]. This newly developed joint considered a competitive alternative for the common flange joints [12,13].

With regard to the development of analytical models for flange joints, several completed works have been reported [14-16]. In
light of the plastic theory, Petersen [15] and Seidel [16] proposed simplified models to calculate the ultimate tensile force of flange
joints. According to Petersen [15], the main failures in the bolted flange joint can be classified into three different modes: bolt failure
(mode A), bolt failure and plastic hinge in flange-to-shell junction (mode B), and plastic hinge in the flange and flange-to-shell junction
(mode C). Later, failure mode C was divided into two refined cases by Seidel [16]. The plastic hinges of the flange may occur at the bolt
hole center (mode D) or next to the bolt hole center (mode E). Subsequently, another modification was performed by Tobinaga and
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Nomenclature

a Aspect ratio of the flange, from Tobinaga and Ishihara [-]

ap Coefficient factor of between bolt diameter and flange length [-]
B Coefficient factor of the flange, from Tominaga and Ishihara [-]
YMm2 Resistance factor of the bolt [-]

AMy 2 Increase of moment due to eccentricity of the bolt force [Nmm]

&p Deflection of the flange [mm]

n Ratio between M; and M, [-]

O Rotation of the flange [rad]

A Modification factor [-]

® Aspect ratio of flange, from this study [-]

Agp Cross-section of the bolt [mm?]

a Distance from bolt center to flange inner [mm]
b Distance from bolt center to shell center [mm)]
by Distance from yielding point of flange to shell center [mm]
c Width of flange segment [mm]

c Reduce segment width [mm]

D Bolt diameter [mm]

dp Diameter of the bolt hole [mm]

d,, Diameter of washer [mm]

E, Elastic modulus of the bolt [N/mm?]

Fy Bolt force [N]

F; Tensile force [N]

Fyp Pure plastic force in the bolt [N]

Fypmy  Yielding force of bolt considering the interaction of axial force and bending moment [N]
Fira Ultimate force of the bolt [N]

F, Ultimate force of the flange segment [N]

Fua Ultimate force of failure mode A [N]

Fup Ultimate force of failure mode B [N]

F,p Ultimate force of failure mode B* [N]

F,p+ Ultimate force of failure mode B** [N]

Fup Ultimate force of failure mode D [N]

Fuk Ultimate force of failure mode E [N]

Sup Ultimate strength of bolt [N/mm?]

fyp Yielding strength of bolt [N/mm?]

fyf Yielding strength of flange [N/mm?]

fys Yielding strength of shell [N/mm?]

Lp Moment of inertia of the bolt [mm]

Ly Bolt length [mm)]

M; Moment of the flange at the flange-to-shell junction [Nmm]

M, Moment of the flange at the bolt axis [Nmm]

M2 Plastic moment resistance of the flange [Nmm]

Mp2 Plastic moment resistance of the flange considering the reduction due to bolt hole [Nmm]
My 3 Plastic moment resistance of the shell or flange considering the M/N or M/V interaction [Nmm]
Myip Pure plastic moment of the bolt [Nmm]

M,y Moment of the bolt considering the interaction of axial force and bending moment [Nmm]
My Pure plastic moment resistance of the flange [Nmm]

Mpv s Plastic moment of the flange considering M/V interaction [Nmm]
My Pure plastic moment resistance of the shell [Nmm]

My Plastic moment of the shell considering M/N interaction [Nmm]
Ny Pure axial resistance of the shell [N]

Nynm  Plastic axial resistance of the shell considering M/N interaction [N]
Q Prying force [N]

s Shell thickness [mm]

Voist Pure plastic shear resistance of the flange [N]

Vv s Plastic shear resistance of the flange considering M/N interaction [N]
tr Flange thickness [mm]
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Ishihara [14] considering the effects of prying force. In this research, when the ratio § exceeds 1.25, the equivalent flange inner length
(a') is used instead of flange inner length (a). Another research by Couchaux et al. [17] examined how the contact between opposite
flanges affects on the elastic/plastic behavior of this 1-flange joint. At this point, a refined beam model is applied to evaluate the effects
of contact between the two flange members.

Regarding the design codes, the following references can be noted: IEC 61400-6 [ 18] provides guidelines for designing a ring flange
joint using the proposed models in Refs. [14-16]. In DNVGL-ST-0126 [3], formulas to design the flange joint are given; however, only
the design tensile and shear resistance of individual bolts are provided. GL 2010, Guideline for the Certification of Wind Turbines [19],
indicates that the bolt calculations shall be performed based on the DIN 18800 [20] or DNVGL-ST-0126 [3] codes. Other guidelines,
such as EN-1993-1-8 (design of joints) [21] and EN-1993-1-9 (fatigue of joints) [22], may be considered; however, they do not spe-
cifically address the i-type flange joints.

While fundamental issues related to the evaluation of the load-carrying capacity of the flange joints have been resolved, there are
still issues that remain to be addressed. For instance, the conventional failure models consider failure of the bolt without paying
attention to the bending effect in the bolt, which has a great influence on the failure of bolt members.

To handle the above limitations, this paper aims to extend the conventional failure mechanisms of 1-type flange joints. Two possible
cases of yielding (i.e. yielding in the bolt and yielding in the flange-to-shell junction), which are known as the first yielding stage, are
presented. The first case (yielding in the bolt) takes into account the effects of bolt bending which allows the inclusion of the additional
bolt stresses in the calculations, whereas the second case (yielding in the flange-to-shell junction) caters to the influence of the
moment-shear interaction. Combining with the existing failure modes, this study provides the decision tree, which presents possible
failure states of a bolted flange joint. In the end, Finite Element Method (FEM) approach was used to verify the accuracy of the
developed models. It is found that the proposed failure mechanisms in this study demonstrate a reasonable agreement comparing to the
numerical simulations.

Existing failure modeling for ultimate limit state design of i-type flange joints

Various studies on the assessment of the load-carrying capacity of flange joints have been presented. In this section, brief de-
scriptions of the existing analytical models of i-type flange joint are reported.

Assumptions for the ultimate limit state design

e The 1-type flange joint is simplified as an individual 1-shape segment (single bolt strip segment) under the tensile force (Fig. 2).
e The design loads at the flange joint are equivalent to the tensile force (F;) acting on the tower shell (Fig. 2b).

o The flange segment without initial imperfection (i.e., no gap between flanges) is considered.

e For ultimate limit state analysis, the preloading force of the bolt is not considered [18].

Petersen model [15]

Petersen’s approach [15] is known as the fundamental model to calculate the tensile resistance of the i-flange joint. Based on his
research, failure mechanisms of 1-flange joints can be divided into three categories (Fig. 3a):

Failure mode A: bolt failure only
Failure mode B: bolt failure along with plastic hinge in flange-to-shell junction
Failure mode C: plastic hinge in flange and flange-to-shell junction

The tensile resistance forces are determined according to the elasto-plastic approach and their values are summarized in Table 1.
where

F, rq: ultimate force in the bolt

0.9, pAs

Fira = (€))]
Ym2
e M’p;»: plastic moment resistance of the flange considering the reduction due to bolt hole, where the reduced segment widthis ¢ =
c 7dh
s
My = e (2)

M, 3: plastic moment resistance of the shell or flange considering the M/N or M/V interaction, respectively, expressed from the
following equations:
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Nebraska, 2019

Fig. 1. Failure of Wind Tower: (a) in Korea and (b) Other Parts of the World.
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Seidel model [16]
According to Seidel [16], the failure mode C has been divided into two refined cases (Fig. 3b):

e Failure mode D: plastic hinge in the flange at the bolt hole center and flange-to-shell junction
e Failure mode E: plastic hinge in the flange next to the bolt hole center and flange-to-shell junction

The ultimate resistance forces for each failure mode are tabulated in Table 2.
where

e AM,,: increase in moment due to eccentricity of the bolt force

Fira dyy +dy

AM,, =
2= 2 (€))
e M, : plastic moment resistance of the flange
Lo
M= Tf;r,f )

o by: distance from the ultimate force to the yielding point
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Fi
Tower sections
connected via flange
joints
Fy
Flange
I
Flange joints

dy )

a) c)

Fig. 2. Diagram of Flange joint: (a) Steel Tower, (b) Segment Approach [16], and (c) Flange Geometry.

; dy, +dy
by =b— y)

(6)

Tobinaga and Ishihara model [14]

According to Tobinaga and Ishihara [14], if ratio § is higher than 1.25 (see Fig. 2c), the location of the prying force moves to the
inner edge of the flange. In this regard, a modification factor 4 is recommended so that the effect of prying force may be considered.
Therefore, the equivalent flange inner length (a') instead of flange inner length (a) is applied for failure mode B. The ultimate limit
capacity is provided in Table 3.

where
ad =Ja )
A=1-(1-a ®)
_ tf ) _ g_ 0.32
a=—tp= (b 1.25) 10.45 ©)

IEC 61400-6 [18]
IEC 61400-6 [18] provides a guideline for the design of a bolted flange joint. The ultimate capacity of the joint may be performed as

for a non-preloaded bolted joint. The design process using the existing approaches [14-16] is recommended. The calculation process
needs to consider at least three main failure mechanisms described by Petersen [15].

EN 1993-1-8 [21]

According to EN 1993-1-8 [21], the design resistance of bolt member subject to tension is expressed as:
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F.c Failure mode C

'
>
M 11‘1‘2

M,13

L b | a |

Failure mode E

b)

Fig. 3. Failure Mechanisms of r-flange joint: (a) according to Petersen [15] and b) Seidel [16].

Table 1

Ultimate Resistance of L-flange joint According to Petersen [15].

Failure mode Condition Ultimate resistance
A Frraa < Myi3 Fua = Fiprd
B Qa <My Foo— Mp3 + aFyra
B a+b
C Fs <Fira - Mpiz +Mpi2
A
Table 2
Ultimate Resistance of 1-flange joint According to Seidel [16].
Failure Mode Condition Ultimate Resistance
D Fird dy +dy M pio + AMy 2 M2 + AMp 2 + Myi3
< < -M —_—Ps TPL o F,,—=—F2 " 77p2 " 7PS
( 2 Fup) ( 2 < Mpio —M’pi2r Fod —Fap a uD b
E Fira dy + My +20Mp2  dy +dy Mpi2 + Mpi3
2 > Myp —Mpor = — 22T 0Tl Tw T 0h Fyp = 22 P13
(3 4 ) = e T Fup s = e b
Table 3
Ultimate Resistance of 1-flange joint According to Tobinaga and Ishihara [14].
Failure Mode Conditions Ultimate Resistance
B , a 0.12a Mp3 + @Fira
Qa < M'p21.25 < 5= 2»25(7 +0.55) <a<1 Fup =12 = s
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kﬂru.,bA:.b (1 0)

Fira =
Ym2

in which k, = 0.9 and the resistance factor of the bolt y,,, = 1.25.
New failure modes of i-type flange joints
Shortcomings of the existing approaches

Prying force is important for the flange joint since it has a direct impact on the bolt force [14,17]. In the case of the flange joint, the
flange plate is relatively thick; thus, the prying force Q is assumed to be located at the flange edge (Fig. 4). The value of Q can be

calculated using the equilibrium conditions. Based on the diagram shown in Fig. 4a, the following equilibrium equations can be used to
determine the prying force:

O=F,—F, (11
M, =F,b—Q(a+b) (12)
M, = Qa 13)

where M; and M, correspond to moments at the flange-to-shell junction and the bolt axis, respectively; F, and Q correspond to the
bolt force and prying force, respectively; and F, is the ultimate force of the flange segment.

To calculate the bolt force, the parameter 7, which can be expressed by the equation n = My/M;, is introduced. The value of 7
depends on the failure mode of the flange joints (Fig. 4b). Corresponding to the failure models provided in existing approaches, the
value of 7 is described as follows:

e 0 <5 < 1: bolt failure and the plastic hinge at the flange-to-shell junction
e n = 1: plastic hinge at the bolt or/and the flange-to-shell junction

In Fig. 4b, the first case (0 < 7 < 1) typifies the failure mode B. It is worth mentioning that before this failure, yielding at the bolt
axis or/and flange-to-shell junction may occur first (Fig. 4c). These yielding stages, which are known as possible failure mechanisms of
the 1-type flange joints, are not identified separately in the previous studies. This study concerns the development of analytical models
to describe the first yielding modes of flange joints. The proposed mechanisms are named as below:

e Failure mode B*: yielding of bolt only.
e Failure mode B**: yielding of flange-to-shell junction only

E, Failure mode B
‘ E E ielding
) - 45 I Fups e location
Fy Fira Q iy )
o0 i
1 g .9 ‘
: M, 5 :
Q
: L M, 2
o - Fo=FpLomn
Fy Q k b | a | i Q
| 0<n<1 b a2

| a |

<
r

o
Yielding of flange-to-
shell connection (B**)

b)

Fig. 4. 1-flange joint: (a) Mechanical Model, (b) Value of #, and (c) Proposed Mechanisms.



T.-T. Tran and D. Lee Engineering Failure Analysis 142 (2022) 106750
Formulas for the proposed mechanisms
Yielding of bolt (B*)

Mechanical characteristics of the bolt. Experimental investigations reveal that additional bending in the bolt has great effects on bolt
failure [23,24]. However, the existing approaches consider bolt failure without paying attention to this effect. In this study, a
simplified evaluation of the influence of bolt bending is presented through defining the plastic section modulus. The plastic moment of
the bolt can be calculated with the following formula:

3

foub 14

My, = 3

where D is the bolt diameter and %3 is the plastic modulus of the bolt member.
In terms of the Von Mises yield criterion, the yielding condition for a bolt subjected to axial force and bending moment is given by
the following approximation [17]:

M, F, :
pl,h‘MN_'_( pl.h,MN) -1 (15)
My, Foip
Where,

Fppis the pure plastic force in the bolt and is given as:
Fop = Asufy (16)

where, A, is the cross-section of the bolt.
Fpip vy and My p vy are the yielding force and moment in the bolt when considering their interaction. Assuming that the bolt works
as a cantilever beam with force and bending moment applied to the top (Fig. 5b), the F,; yy and Mp,;p my are equal to:

2E A,
Foipun = bsbs, 17)
L,
2E,1,
Mo v = by, (18)
L,

2
where I is the moment of inertia of the bolt.(I;, = %)
Under tensile force, the rotation of the flange can be calculated as a rigid beam. Thus, the relationship between rotation (6,) and

deflection (8p) of the flange can be expressed as shown in Fig. 5a:

1)
0y ~ 18(0,) = Eb 19

Using the relation a = % ~ 0.27% and combining Equations (15)-(18), the bolt force considering the bending effect is given as

follows:

VA+a—
# <F (20)

Foipn = Fpip

Plastic resistance. This mechanism involves yielding of the bolt; therefore, the bolt force at the plastic condition is taken from Equation
(20) (Fp = Fyipmn)- By using the condition # = 1 and equating Equations (12) and (13), the prying force is computed as:

Fh :Fpl.b“\le

:MprMr\'

¥ &
ll b I pLLb,MN |Q

a) b)

Fig. 5. Deformation of r-flange joint.
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= F S 21
0 pr.MNza b (21
Using the relation w = §, Equation (21) is rewritten as:
0= 1‘}11;.1%1«/2607_’_1 (22)
Combining Equations (11) and (22), the tensile force that leads to the yielding of the bolts is derived as:
2w
F.p = Fpl.b,MNm (23)
Yielding of flange-to-shell junction (failure mode B**)
Regarding the yielding of the flange-to-shell junction, by equating Equations (12) and (13), the bolt force is computed as:
2a +b
F, = aTMpl.3 (24)
Combining Equations (11), (13), and (24), the ultimate force that leads to the yielding is expressed as:
2M
Fop+ = Tl’” (25)

Equation (25) does not consider the influence of the moment-shear interaction on the resistance of bolted flange joint. According to
references [17,25], this effect can be taken into account using the Von Mises yield criteria, and it is reproduced as below:

Failure at the flange part. The yielding condition at the flange is given as follows (Appendix A):

M Vova\’
pI,V,/Z+< /LV,ﬂ) -1 (26)
My Vs
where:

Vpip is the pure plastic shear resistance of the flange.

fys
Vg = cti== 27)
pifl "3
M5 is the pure plastic moment resistance of the flange.
ct? V3

My = ffyf =31 Von (28)

M, v 5 is the plastic moment considering M/V interaction, and it can be expressed from Equation (25):
b

My = FVova (29)

By introducing Equations (28)(29) in Equation (26), we have
2
_ 2b Vg _ (Vpl,v.ﬂ) -0 (30)
\/371,/ Von Voun
By re-arranging Equation (30), the ultimate force in the shell is given by:
1 b\? b
A== v | (8) 22 @
Failure at the shell part. Similarly, the yielding condition at the shell part is given by the following approximation (Appendix B):
2

M,,/,N_Tz+ (sz.N,n> -1 (32)

M7 Nyt
In which:

e Np; 71 is the pure plastic axial resistance of the shell
Ny = csfys (33)

e M, 11 is the pure plastic moment resistance of the shell
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cs? s
—fvs = N (34)

M,y =
PLTI 2 1

e M, n 7 is the plastic moment considering M/N interaction, and it can be expressed from Equations (25):

b
Mpng = FNptm (35)

By introducing Equations (34)(35) in Equation (32), we have

2b Npinmi (N IN 7‘1> :
| =22 2N TENTEY (36)
s Ny Ny

By re-arranging Equation (36), the ultimate force in the shell is given by:

b\? b
Faa = N = Mo <E> ey (37)

Based on Equations (31) and (37), the ultimate resistance at the flange part considering M/V interaction, or ultimate resistance of
the shell part considering M/N interaction is given as:

Flo = Ve b 2 +3 - b
SV 7 i
F, g+ = min (38)

R b\’ b
F,p = Npm )ty

Ultimate resistance of 1-flange joint
In combination with the existing failure models, the final failure modes and ultimate resistance of L-flange joints are summarized in
Table 4. The ultimate capacity of L-flange joint is determined as the smallest of the values for the six failure modes:
Fu = min(FL(.A:Fu.B*yFu,B**7 Fu,B7Fu.D7Fu.E) (39)
Furthermore, the decision tree that presents possible failure modes of flange joint is developed (Fig. 6). Within the tree, two
proposed failure modes in this work are indicated as the first yielding states of flange joints, followed by four existing failure modes.

Application case studies

Finite element analysis and its verification

Flange geometry
In order to apply the new mechanisms to assess the ultimate capacity of the flange joint, representations of 3 MW, 4 MW, and 5 MW
flange joints are considered (Fig. 7). These configurations are currently used in Korean wind farms. The flange and tower shell are

Table 4
Formulas to Predict the Ultimate Resistance of 1-flange joint.
Failure Mode Ultimate Resistance Reference
A Fya =Fprq Petersen [15]
B* This stud,
P VJad+at—ay 9 Y
R 2 20+1
o .
B v 1 (b>2 L b This study
"M Vg t
F, g+ = min
4M, b\* b
Myt [ (,) 11— ,}
s s s
B Mpi3 + aFra Petersen [15]
Fup =————"—
a+b
D M pi2 + AMp2 + My 3 Seidel [16]
Fyp = f
E M2 + M3 Seidel [16]
Fup = ——
E

10
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Plastic hinge

Failure

New mechanisms

Existing mechanisms

Failure mode A

. Failure mode E
]

L &—

230
120 110

M56-440
a) 3MW

made of steel with the strength class of S355. The Poisson’s ratio and elasticity modulus are 0.3 and 200GPa, respectively. For bolt

T - E—

Fig. 7. Flange Geometry Used in This Work.

-

—3

le
e

266.5

=]

135 131.5

A3

=

M72-440
b) 4MW

.

205

|

260

e

M56-480
) SMW

members, grade 10.9 is used and detailed parameters can be found in the DASt 021 Guideline [26].

Finite element modeling

The prototypes are modeled using the finite element analysis software ANSYS 2022 R1 [27]. A detailed description of the 5 MW
flange is shown in Fig. 8. The 3D modeling together with the nonlinear approach is used. All members of the flange joint (i.e., flange,

11
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bolt, and tower shell) are modeled using 3D solid element (Fig. 8a). The bolt with full thread, which can capture the joint stiffness
accurately, is modeled. The contact conditions between members, where the nonlinearities may happen, are also defined (Fig. 8b). A
frictional coefficient with a value of 0.176 is applied for the contact areas between the two flanges and between bolt and nut [14].

Moreover, the material constitutive with nonlinear behavior is considered to simulate the plastic behavior of the flange joint. In this
work, the material models of the flange and tower shell are developed following the DNVGL-RP-C208 Guideline [28], whereas the
material constitutive adopted from Kontolati is considered for the 10.9 bolt [29]. The stress-strain curves used in this study are
presented in Fig. 9.

Regarding the boundary conditions, the bottom tower is considered to be fixed at all degrees of freedom. Loading conditions for the
analysis include two steps: (1) bolt pre-tensioning and (2) tensile loads at the top of the tower shell. The application of bolt pre-
tensioning follows the regulation of EN 1993-1-8 [21].

Verification of finite element approach

The FEM approach used in this work is validated using a prototype flange segment with the available test data provided by Seidel
and Schaumann [30]. Geometrical parameters of the flange are given in Fig. 10a. The 3D modeling of the test is displayed in Fig. 10b. A
comparison of bolt force observed from the FEA and test is reported is given in Fig. 10c. It is seen that the numerical prediction ob-
tained from FEA is close to the experimental test. Thus, the FEM approach can be used for further studies.

Verification of the proposed mechanisms

The accuracy and efficiency of the proposed mechanisms are verified in comparison with those obtained from the existing studies
(Section 4.2.1) and numerical simulation (Section 4.2.2).

- o Contact Definition
(D Flange-Tower
(2 Flange-Flange
=15 (3 Bolt-Nut
=] ] (4 Nut-Washer
|| [ Flange Bolt (3 Flange-Washer
y (6 Flange-Bolt
R ]

a) b)

Fig. 8. Finite Element Modeling: (a) Main Components, (b) Contact Conditions, and (c) Global Mesh.

500 ‘ - - ‘ 1200

400 + i 1000 -
- —e—Flange =
< 300 —Tower]] g )
2 ) 600
§ 200 §
3 S 400 1

100 . 200

0¢ 1 L L I 0c L L L L
0 0.05 0.1 0.15 0.2 0.25 0 0.02 0.04 0.06 0.08 0.1
Strain [-] Strain [-]

(2) (b)

Fig. 9. Constitutive Model of Material: (a) Flange and Tower Shell and (b) Bolt.

12
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155
L 80 560 . ; .
Test
O FEM
— 540 i
g
(]
el 2 520 ]
1 =
S
A 500 ]
480 : ' ‘ : :
0 50 100 150 200 250 300
M36-215 Shell tensile force [kN]

a) b) c)
Fig. 10. Seidel Prototype: (a) Geometry, (b) Test Flange and FE model, and (c) Verification.

Ultimate resistance of flange joints

A comparison between the proposed mechanisms and the conventional Petersen/Seidel (P/S) approach is made. Summarization of
the resistance forces is presented in Tables 5-6. As seen, the P/S approach (Table 5) shows that mode B is the main failure mode of 3
MW and 5 MW, indicating bolt failure along with plastic hinge in the flange-to-shell junction. Whereas the failure mode D is the
governing one in the case of 4 MW. However, considering the proposed mechanisms (see Table 6), yielding in the bolt (mode B*) is the
governing failure mode for all flange configurations.

The discrepancy between the proposed and the existing solutions can be explained as follows:

e The ultimate limit state by the P/S approach considers the flange as a beam and the tensile resistances are determined according to
the plastic hinge theory. Failure mode B states that the bolt failure and plastic hinge at the flange-to-shell junction may occur;
however, it is unclear which location is the governing one.

o In case of the proposed mechanisms, the yielding in the bolt and the yielding in the flange-to-shell junction are separately identified. The
bolt yielding considers the influence of the axial force and bending moment, while the flange-to-shell yielding considers the influence of
the shear force-bending moment interaction. These are important since they can lead to an increase in the plastic resistance.

Comparison between proposed mechanisms and numerical solutions

According to the basic assumptions given in Section 2.1, the analytical model is developed without considering the preloading
force; thus, numerical models without preloaded bolts are also considered [15,16,18]. Different sensitive positions of the flange joint,
as shown in Fig. 11, are studied in the analysis. These points (i.e., A, B and C) represent the areas where the yielding may occur.

Table 5
Failure Mode of Flange joints: Existing Failure Mechanisms.
Specimen 3 MW 4 MW 5 MW
Ultimate Resistance (N) Fua 1.90E + 06 3.24E + 06 1.90E + 06
Fup 1.04E + 06 1.65E + 06 9.40E + 05
Fup 2.14E + 06 1.26E + 06 2.17E + 06
Fug 5.21E + 06 2.71E + 06 5.81E + 06
Fue 1.04E + 06 1.26E + 06 9.40E + 05
Failure Mode B D B
Table 6
Failure Mode of Flange joints: Considering Proposed Mechanisms.
Specimen 3 MW 4 MW 5 MW
Ultimate Resistance (N) Fua 1.90E + 06 3.24E + 06 1.90E + 06
Fup 1.04E + 06 1.65E + 06 9.40E + 05
Fyp+ 1.79E + 05 2.35E + 05 1.69E + 05
Fypes 2.26E + 05 3.25E + 05 2.85E + 05
Fup 2.14E + 06 1.26E + 06 2.17E + 06
Fue 5.21E + 06 2.71E + 06 5.81E + 06
Fuit 2.26E + 05 3.25E + 05 2.85E + 05
Failure Mode B* B* B*
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Fig. 11. Selected Positions.

A comparison of axial stress observed from these sensitive points is given in Fig. 12. As seen, the axial stress increases with an
increase in the tensile load, and the response is linear until reaching the yielding point. Another finding is that yieldings of all con-
figurations happen in the bolt that is known as the first yielding point. Using these F, —¢ diagrams, the resistance force (defined as
Fuggy) is predicted and their values are summarized in Table 7.

Normal stress [MPa] Normal Stress [MPa]

Normal stress [MPa]

1500 T
. . —6—Point A ===== Jf
yielding of bolt ) ;
1000 —*—PointB = = = %
—&—Point C e J;
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300 ¢ ﬂangeiex-shel’
0 Fu;;EM I
0 ~ 500 1000 1500
Shell tensile force [kN]
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1500
1000 | yielding of bo |
yielding of
500 ﬂange-ﬁ-shell'
0 Urem |
0 SOOU 1000 1500 2000
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1500
1000 - 1
ielding of bolt gk
Y § yielding of
S G B flange-to-shell |
—/
08 ]
Furgyy | ; )
\
0 200 400 600 800 1000

Shell tensile force [kN]
¢)

Fig. 12. Axial Stress in Flange joints: (a) 3 MW, (b) 4 MW, and (c) 5 MW.
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Table 7
Ultimate Resistance of Flange joints.
Fuppm (N) Fup/s(N) Fugpissuay (N)
3 MW 3.7E + 05 1.04E + 06 2.26E + 05
4 MW 6.2E + 05 1.26E + 06 3.25E + 05
5 MW 2.0E + 05 9.40E + 05 2.85E + 05

The accuracy of the proposed analytical approach is evaluated against those of existing P/S and numerical solutions, which is
plotted in Fig. 13a. In the figure, the dash, dash-dot, and dot vertical lines correspond to the tensile resistance loads obtained from the
Fugissruay, Furem and Fup)s approaches, respectively, and their resistance values are given in Table 7. It is found that the tensile re-
sistances obtained from the proposed solution are underestimated, whereas those obtained from the P/S approach are overestimated in
comparison to the numerical simulations. In addition, the outcomes observed from the proposed solution are closer than the existing P/
S approach. The maximum differences between Fupgy and Fugpsuay are 51.7 %, 62.1 %, and 15.6 % for 3 MW, 4 MW, and 5 MW,
respectively, whereas values between Fuggy and Fups show the differences of up to 182.0 %, 102.7 %, and 370.2 % for 3 MW, 4 MW,
and 5 MW, respectively. The discrepancy between analytical and numerical simulations is due to the following effects:

o The misidentification of the coefficient of friction in the flange/flange and bolt/nut in the analytical model.
e The analytical solution does not cater for the effect of the threaded bolt.

More details of the axial stress distribution in the bolt with different approaches are shown in Fig. 13b. In general, the bending
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Fig. 14. Plastic Strain: (a) F, —¢ Diagram and (b) Failure Mode.

moment will induce the stress and produce higher stress at the left side of the bolt, which is visible by creating the cross-section through
the axial bolt. Another finding is that the high stress concentrates on the bolt thread for all cases. However, in case of the P/S approach,
a wider region of stress distribution is found and they are much higher than the material yield strength limit, with the factors of 1.5 (3
MW and 4 MW) and 1.9 (5 MW).

Further investigation on the strain distribution is also reported to clear the above finding. It is noted that plastic strain in the flange
joint occurs when the material is yielding. A comparison of strains in the bolt is presented in Fig. 14. Like the stress, bolt strain is a
function of the shell tensile load and increases with the increase in the tensile load. The F, —¢ diagrams in Fig. 14a indicate how the
plastic strain in the sensitive positions develops. An important finding is that the failure mode of flange joints may change due to the
incremental tensile force. When loading to 1450kN for 3 MW and 1900kN for 4 MW, the plastic strain in the bolt increases along with
the increase of tensile force, whereas there is a slight change at the flange-to-shell junction. As the tensile force is continuously
increased (up to 2000kN), the plastic strain at the flange-to-shell junction increases rapidly, leading to the failure of flange joints.
Details of the final failure can be seen in Fig. 14b.

With regards to the 5 MW, an important finding is that there is no yielding at the flange-to-shell junction. The plastic strain occurs at
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the bolt (position A) and flange tips (position C). It is noted that the yielding at the internal flange tip is a consequence of the
compressive stress caused by the separation of flange members. This failure mode is not important compared to other failures in the
flange design. In the case of bolt member (position B), the failure occurs at the threaded zone. As seen, a wide zone of plastic
deformation goes through the bolt section, leading to the failure of flange joint (Fig. 14b).

Conclusions

This study examines all possible failure mechanisms of the i-type flange used in wind turbine towers. Two yielding cases (i.e.
yielding in the bolt and yielding in the flange-to-shell junction) are recommended and the corresponding design formulations to
calculate the ultimate resistance of the flange joint are proposed. The effect of bolt bending, which causes additional stresses in the
bolt, is discussed. Combining these cases with the previous studies, the decision tree representing all possible failure modes of the
flange joint is developed.

The proposed failure mechanisms are developed based on the general assumptions of the existing approach, in which the flange
model is considered as a rigid beam. Therefore, the developed modes are consistent with the current approaches. Furthermore, they
provide an efficient estimation to predict the yielding point in the flange joints due to their simplicity.

With the use of finite element analyses, the outcomes calculated from the proposed models are verified based on three available

flange joints. Results indicate that it is necessary to include bolt bending in the calculation of the ultimate resistance of the flange joint
in order to increase design safety of the flange joint.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

The authors do not have permission to share data.

Acknowledgments
This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education (NRF2021R1A6A1A0304518511) and by Korea Electric Power Corporation (Grant Number: R21X001-
39).
Appendix A:. Yielding condition at the flange part
According to Fig. Al, the reduced plastic moment resistance of the flange is expressed by:
MII/,V,ﬂ = / odS = X(Zy 7.X)ny=/ (Al)

The reduced plastic force resistance of the flange is expressed by:

Vovg = / dS = (t — 2x)ctyy (A.2)

Mot v,

Yieldin

Vol L0 I 8 :
( location |

Tyd & [ix |

fos

’

Fig. Al. Distribution of plastic stress in the flange.
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Tyr =t/ V3
By introducing Eq. (A.2) in Eq. (A.1), the reduced plastic moment resistance of the flange is derived as:

3V?

pLY A

My = Mpig — ity
Vi

(A.3)
Combining Egs. (27)(28), we have.

V3
Mypip = —1 Vo r (A.4)

4
Combining Egs. (A.3)(A.4), we have.

2
Mp[,Vxﬂ+ (Vpl‘Vﬂ) -1 (A.5)
Mpin Voin

Appendix B:. Yielding condition at the shell part
According to Fig. B1, the reduced plastic moment resistance of the shell is expressed by:
Munm = / odS = x(s — x)cfy (B.1)
The reduced plastic force resistance of the shell is expressed by:
Nynn = / odS = (s — 2x)cfys (B.2)

By introducing Eq. (B.2) in Eq. (B.1), the reduced plastic moment resistance of the shell is derived as:
NZ
pLVfl
(B.3)
4Cf;,f

Combining Egs. (33)(34), we have

My y7m =My —

1
My = ZSNpl,TI (B.4)

Combining Egs. (B.3)(B.4), we have

2
Mpynn n (NpLN,Tl> 1

(B.5)
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Noi,n,Ti L0 Ix e |
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Fig. B1. Distribution of plastic stress in the shell.
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