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Abstract: Flange joints with spigots are widely used in aero-engines. The spigot will restrict the shear
slipping between flanges, which, in turn, affects the stiffness characteristics of the joint. The current
model and research on flange joints without spigots may not be suitable for the dynamic characteristics
of aero-engines. Moreover, the complexity of contact pairs limits the application of the flange joint
finite element (FE) model in aero-engine dynamics analysis. Therefore, a simplified analytical model
of a flange joint with a spigot is proposed in this paper. First, the stiffness characteristic of the flange
joint with a spigot is studied using the FE method. Second, a corresponding experiment is executed to
verify the result of the FE analysis. Furthermore, based on the former FE and experimental analysis,
one section of a flange joint is simulated by the Jenkins friction model and a spring. Then, a simplified
analytical model of the entire flange joint is built according to the different statuses of each section.
Finally, a simulation analysis of the stiffness characteristic is performed. The result shows that the
simplified analytical model can be utilized to describe the bending stiffness characteristic of the flange
joint with a spigot.

Keywords: flange joint; spigot; finite element analysis and experiment; hysteresis; analytical model

1. Introduction

As an important symmetrical joint structure, the flange joint has several advantages:
easy installation, stable performance, and good centering. Thus, the flange joint is widely
used in the rotor and stator of aero-engines [1–3]. Due to the non-negligible stiffness
loss, the stiffness characteristic of the flange joint has a great influence on the dynamic
characteristics of aero-engines.

The stiffness characteristic of a flange joint depends on many parameters, making it
rather expensive to study experimentally [4]. FE analysis could provide good results [5–7]
and is not as expensive as experiments, but it is still highly time-consuming. Furthermore,
if the actual structure of a flange joint is taken into consideration, the numerical simulation
would face serious difficulties due to the complex structures and the large number of contact
surfaces. Therefore, scholars have begun to pay attention to the simplified modeling of
flange joints and have carried out in-depth research on the stiffness characteristics of flange
joints [8,9]. Some linear, simplified models were developed in order to be utilized in modal
analysis [10–12]. Besides, a variety of nonlinear simplified models were also established
to simulate the nonlinear characteristics of flange joints. Luan et al. [13] developed a
simplified nonlinear model by using bilinear springs to simulate the axial stiffness of a
flange joint. Based on the stiffness model of Luan, Wang et al. [14] introduced a bending
stiffness model of a flange joint to simulate the influence of the stiffness loss on the rotor
system. Bouzid et al. [15] studied fiber-reinforced plastic bolted flange joints integrity and
bolt tightness. However, all of the above studies neglect friction behavior, which may lead
to significant damping effects.
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Because of the friction between the mating surfaces, micro/macro slip occurs in
the tangential direction of the contact surface when a cyclic load is applied, resulting in
hysteresis behavior [8]. Hysteresis has a significant impact on dynamic response, since
the area of the hysteresis loop presents energy dissipation in one cycle. Thus, the friction
behavior of the joint should be considered in the analytical model. Ahmadian and co-
authors [16,17] considered the damping effects of friction, but their studies focused on a
simple bolt joint rather than a flange joint. Bograd et al. [18] studied hysteresis by using the
Jenkins friction model when the structure is under transverse load. Oldfield et al. [19,20]
used the Jenkins friction model to simulate the hysteresis of the joint when the structure is
under torsional load. These studies aimed at the simulation of the basic structure of a bolted
joint. Nevertheless, the complex structure of the flange joint may have a direct impact on
the stiffness characteristics. Hence, scholars further studied the hysteresis characteristics
and the simulation of the flange joint. Van-Long et al. [21] experimentally attained the
hysteresis of the flange joint without a spigot. Firrone et al. [22] studied the microslip,
which leads to hysteresis occurring at the contact interface between two turbine disks in
aero-engines. Shi and Zhang [23] proposed an improved contact parameter model for
bolted joint interfaces and analyzed the flanged-bolted joints incorporating the proposed
model. He and Li [24] established an axial double spring-bending beam model to simulate
the bolted flange joint.

However, the spigot structure was not considered in the above studies. In fact, the
shear slipping between the two pieces of flange is restricted due to the presence of the
spigot. When the flange joint is under transverse load, one part of the flange plate is subject
to tension and tends to be separated, and the other part is subject to compression [25].
Therefore, there is a noteworthy difference between the simulation of the flange joint with
a spigot and the one without a spigot. Shuguo et al. [26] built an FE model of a flange joint
with a spigot to study the stiffness characteristics under transverse load. It was found that
the bending stiffness decreases suddenly once the load reaches a certain value in the process
of loading, and the values of the bending stiffness before and after the decrease are both
constant. Liu et al. [25] further studied the sudden decrease in the bending stiffness, and
pointed out that the angle of the rotation–loading curve presents hysteresis characteristics
when the joint with a spigot is under a certain transverse harmony load. However, the
above studies are based on the FE method. Yu et al. [27] developed a simplified analytical
model of the flange joint with a spigot; nevertheless, the simulation of the single sector
model did not consider the deformation characteristic of flange closure. Due to the closure
of the flange, the symmetrical deformation and sliding of the Jenkins friction model are
limited, and the spigot can only undergo unidirectional deformation in the direction of
opening. The influence of this feature on overall stiffness characteristics has not been
studied. Moreover, these studies lack experimental validation.

The review of the literature above indicates that it is necessary to study the stiffness
characteristic of the flange joint with a spigot using the FE method and experiments, and
establish the corresponding simplified analytical model for convenience of use. For this
reason, based on the authors’ previous finite element studies [25,28], an experimental
instrument is built to study and verify the stiffness characteristics of the flange joint, and a
simplified analytical model is proposed on this basis.

The remainder of this paper is as follows: Part 2 briefly introduces the FE model of
a flange joint and the analysis of angular bending stiffness characteristics completed in
reference [25]. In Part 3, the experimental instrument used in this paper is illustrated,
and the stiffness characteristic mentioned in Part 2 is verified. In Part 4, a simplified
analytical model of the flange joint is proposed based on the former analysis; numerical
simulations are carried out to verify accuracy and suitability. Finally, Part 5 gives some
brief conclusions.

The main contributions of this paper are summarized as follows:

1. We designed and built an experimental instrument to research the angular bending
stiffness characteristics of a flange joint with a spigot.
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2. Based on the experimental method, our previous FE model and study is validated.
3. From the viewpoint of convenient engineering applications, we proposed a simplified

analytical model for the deformation and sliding of the flange contact interface. The
accuracy and applicability are verified by comparison with the FE model and experi-
mental test results. It can simulate the stiffness characteristics of a flange joint with a
spigot well.

2. FE Modeling and Analysis of Flange Joint with a Spigot

The analysis method in this section is the same as in our previous work [25]. The main
structure parameters of the flange joint, including the cylinder, nut, head of bolt, contact
interface, and spigot, are exactly the same as those in reference [25], as shown in Figure 1
and listed in Table 1. The corresponding FE model, composed of SOLID185 elements, is
shown in Figure 2. The contact surfaces, which are signified by a yellow line in Figure 1,
are modeled by CONTAC174 and TARGE170 in ANSYS. The contact interface of the spigot
is set as interference fit for strict centering by setting KEYOPT CNOF to a positive value.
PRETS179 is built into the bolt to simulate the preload. The FE model has 121,344 elements
and 131,527 nodes. To guarantee the mesh quality, the flange, bolts, and accessories were
divided into a large number of elements, and a coarse mesh was used far from the contact
interface. The partial magnification in Figure 2 shows the details of the finite element mesh
of the bolt and spigot. As shown in Figure 2, all nodes on the left edge of the cylinder are
fixed constraints, and all nodes on the right edge of the cylinder are rigidly bound to a
node in the axis of the cylinder. This node is built to apply transverse loads. This paper
focuses on the angle-bending stiffness of the flange joint, which has an obvious influence
on the transverse vibration of the structure. For simplicity, “stiffness” is used to represent
“angle-bending stiffness” in the following text.
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Figure 1. Sketch of the model for the flange joint.

Table 1. Main parameters of the flange joint.

Parameters Values Parameters Values

b f 2.5 mm d f 58 mm
bn 3 mm do 40 mm
l 27.5 mm di 30 mm

bc 2.5 mm dl 49 mm
lc 1.7 mm dn 7 mm
ld 2 mm db 5 mm
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Figure 2. FE model of the flange joint: (a) the structural integral FE model, (b) the partial magnification
of the bolt and spigot.

In order to study the spigot’s influence on the stiffness of the flange joint, a full
transient dynamic analysis, which can take the nonlinear factors of the contact surfaces
into consideration, is carried out. The transverse load applied to the FE model is shown
in Figure 3. The entire loading procedure can be divided into two stages. In the first
stage, which begins at 0 s and ends at 1 s, the load remains zero, and time integration of
ANSYS is turned off so that the preload can be applied as prestressing of the structure. The
second stage begins at 1 s and ends at 3 s, in which two cycles of harmonic transverse load
are applied to the model. The frequency of the harmonic load is set at 1 Hz to avoid the
influence of the inertial force of the model.
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Considering the rigid region, the angle of rotation of the node on which the transverse
load is applied can represent the rotation of the right edge of the cylinder, and it can be an
object of the angle-bending stiffness analysis. The curve of angle of rotation-load under the
transverse load shown in Figure 3 is performed in Figure 4. The stiffness is indicated by
the slope of the curve. Initially, the angle of rotation increases linearly with the increase in
load. This process is named “initial loading”. At the end of initial loading, the slope of the
curve decreases suddenly, which means the bending stiffness decreases. k1 indicates the
stiffness before change, and k2 presents the stiffness after change. When the load reaches its
peak, the process of loading transforms into unloading. In the initial stage of the unloading
process, the stiffness is equal to k1 (the value of initial loading). The longitude of the curve
of the initial stage of unloading is almost double that of the initial loading stage. When
the initial stage of unloading process ends, the stiffness changes to k2 again, and almost
remains at this value until the end of the process of reverse loading. The curve of the
process of reverse unloading is nearly symmetric to the one of unloading about the origin.
After the process of reverse unloading comes the second cycle, which starts with the process
of loading but not the process of initial loading. It can be distinguished that the processes
of loading and unloading present different routes that form a cycle, which is usually called
the hysteresis loop.
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Figure 4. Angle of rotation–load curve under transverse harmonic load.

Figure 5 presents the angle of rotation–load curves under different amplitudes of
harmonic load. The loading processes of the three curves have nearly the same route and
are only different in longitude. The hysteresis loop can be clearly observed when the load
amplitude is 900 N · m or 1200 N · m. The curve under a load of 600 N · m amplitude is
nearly a straight line. This is because the load is too small to reach the point where the
stiffness changes, thus the routes of loading and unloading coincide. Up to now, research
on the stiffness characteristics of the flange joint with a spigot based on the FE method has
been completed.
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3. Experimental Verification

In order to validate the result of the FE model, the stiffness of the flange joint is
measured in this paper. The instrument setup of the experiment is shown in Figure 6. The
constraint of the experimental sample is set the same as the FE model. The shape of the
spigot is illustrated in Figure 6b. In order to impose the force both upward and downward
and make the right end rotate freely, the force load is applied by a pin that is plugged
through the cylinder, as shown in Figure 6c. Two dial indicators are utilized to measure
the deformations on the upside and downside of the right end, through which the angle of
rotation can be calculated.
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Considering the cyclic load of 1200 N · m amplitude, the measurement result of the
angle of rotation–load is presented in Figure 7. Compared with the results of the FE
method, as shown in Figures 4 and 5, the processes of loading and unloading and the
reverse processes can be clearly observed. The difference is that the stage of initial loading
is not obvious. This is because the stage of initial loading in the FE method is based on
the condition that there is no prestress or pre-deformation on the contact surface of the
spigot. However, this condition is hard to attain in the actual assembly of the flange joint.
Besides, the hysteresis loop measured by experiment is thinner and longer than that of the
FE method, as shown in Figures 5 and 7. This means that the stiffness of the experiment
example is smaller than that of the FE model. There are two main reasons for this difference.
One is that the spigot interface of the experiment example is smaller than that of the FE
model for reasons of machining due to interference control, and the other is that the support
structure is not entirely rigid. By comparison, the validity of the FE analysis on the stiffness
characteristic of the flange joint with a spigot is verified. The relationship between the
angle of rotation and load provides the direction and foundation for the creation of the
simplified analytical model.
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4. Simplified Analytical Modeling and Analysis

Since the stiffness characteristic of the flange joint with a spigot is analyzed through
the FE and experimental methods, simplified analytical modeling can be constructed. The
processes for simplified analytical modeling and analysis are given below.

4.1. Division of the Sections of a Flange Joint

As a symmetrical structure, the entire flange joint can be divided into eight sections
based on the number of bolts, as shown in Figure 8.
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Some assumptions are made, as given below:

1. The flange, bolts, and spigot conform to the small deformation assumption;
2. The cylinder is assumed to be rigid;
3. The flange is assumed to be a plane when the joint is subject to a bending load;
4. Every section is independent, and there is no interaction between the two adjacent

sections;
5. As the compression stiffness is much larger than the tension stiffness, the section’s

deformation under compression force is ignored [6].

When the bending load is applied to the flange joint, a part of the section is under
compression, and the other part is subjected to tension. The bending load can be converted
to a tension force or compression force, which is applied to the section.

The section’s displacement δ under tension force F is illustrated in Figure 9. In the
presence of a spigot, the tension force gives rise to displacements of both the flange and
the spigot. The displacement of the spigot may be due to deformation or the sliding of the
contact surface. Figure 10 presents the different conditions of the spigot’s contact surface.
The tangential force Fs is a component of the tension force F, which is acting on the spigot;
P is the contact pressure caused by the interference of the spigot. If Fs ≤ µP (µ is the
sliding friction coefficient of the contact surface), the contact surface of the spigot will be
in the sticking condition. In this condition, the section’s displacement δ is equal to the
deformation of the spigot. According to the Coulomb friction law, the contact surface
begins to slide if Fs > µP. Based on the analysis above, the contact surface of the spigot can
be simplified into a Jenkins friction model [18], as shown in Figure 10b.
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4.2. Force and Displacement of the Spigot

Considering the loading and unloading processes of the load, the contact status of the
spigot can be divided into four stages according to the different statuses of deformation
and sliding, as shown in Figure 11. Stage a is the elastic deformation, and stage b is the
sliding. Stage c is the beginning of unloading. With the decreasing of the load, the elastic
deformation that occurred in stage a is restored first, and the elastic deformation occurs
subsequently in the opposite direction. In stage d, the spigot slips again until the two pieces
of the flange plate are closed up.

Take the case of a load of 600 N · m amplitude as an example (as seen in Figure 5). The
four stages will not all appear in the loading and unloading process because the load is
not large enough. The load of displacement is regarded as the criterion to distinguish the
contact status, as shown in Figure 12. From Figure 12, δmax is the peak value of displacement
load; δc is the critical value at which the spigot begins to slip. Moreover, the value of δ
cannot be negative, based on assumption 5.
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In Figure 12a, the spigot only experiences the stage of elastic deformation (stage a)
because of 0 < δmax ≤ δc. The routes of loading and unloading coincide in the case.

In Figure 12b, the first stage is elastic deformation (stage a), and the spigot begins to
slip when the displacement load exceeds δc (stage b). In stage b, the tension force remains
unchanged with the increase in δ. In the process of unloading, the elastic deformation
is restored first, and elastic deformation occurs subsequently in the opposite direction
(stage c). Thus, the absolute value of displacement in stage c will be twice that of δc.
However, because of δc < δmax ≤ 2δc, the absolute value of elastic deformation (δmax − δmin,
where δmin = 0) will not reach 2δc only when δmax = 2δc.

In Figure 12c, δmax is large enough to make the absolute value of elastic deformation
reach 2δc. After the end of stage c, the spigot begins to slip again (stage d) until δ reduces
to zero.

Based on the above analysis, different relationships between force and displacement
in the three kinds of contact status are deduced.
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If δmax matches 0 < δmax ≤ δc, the relationship between the force and the displacement
can be expressed as

Fs = ksδ (1)

where ks is the tangential contact stiffness of the spigot.
If δmax matches δc < δmax ≤ 2δc, based on the different processes of loading and

unloading, the relationships between the force and the displacement can be written as

Fs =


ksδ

.
δ > 0 & 0 ≤ δ < δc

ksδc
.
δ > 0 & δc ≤ δ < δmax

ksδ + ks(δc − δmax)
.
δ ≤ 0 & 0 ≤ δ ≤ δmax

(2)

where
.
δ > 0 is the process of loading, and

.
δ ≤ 0 is the process of unloading.

If δmax matches δmax > 2δc, the relationships between the force and the displacement
can be described as

Fs =


ksδ

.
δ > 0 & 0 ≤ δ < δc

ksδc
.
δ > 0 & δc ≤ δ < δmax

ksδ + ks(δc − δmax)
.
δ ≤ 0 & δmax − 2δc < δ ≤ δmax

−ksδc
.
δ ≤ 0 & 0 ≤ δ ≤ δmax − 2δc

(3)

Taking the stiffness of the flange plate into consideration, the section in Figure 9 can be
simplified into the model in Figure 13. The Jenkins friction model is parallel with a spring,
which reflects the stiffness of the flange plate kt, which can be obtained using the method in
reference [13]. The stiffness of the spring in the Jenkins friction model ks, which is relevant
to the contact status, the qualities of the contact surface, the shape of the spigot, and so
on, is difficult to acquire with the analytical method. The preferable way to obtain ks may
using the FE or experiment methods clarified above.
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Thus, the total tension force F can be written as

F = Fs + Ft = Fs + ktδ (4)

4.3. Building of the Analytical Model

Figure 14 shows the sketch map of the deformation when the flange joint is under
the load of a bending moment. Due to the turning of the flange plate, some sections are
subject to tension, and others to compression. Based on the previous assumptions, only one
section is subject to compression. The deformation of each section, which is simplified into
a Jenkins friction model, is shown in Figure 14b (the obstacle is not shown in the figure).
As the deformation under compression force is ignored (assumption 5), the deformation
of section 5 is 0. θ is the angle of rotation, and clockwise is positive. The deformations of
section 2 and that of section 8 are coincident, as are sections 3 and 7 (sections 4 and 6).
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Considering the positive angle of rotation θ, the deformation δi of the ith section or
bolt can be calculated by

δi = R sin θ(1 + cos αi) ≈ Rθ(1 + cos αi) (5)

where R is the radius of the spigot. αi is the position angle of each bolt, as shown in Figure 8,
which can be described as

αi = 2π(i − 1)/n (6)

where n is the number of bolts.
If the angle of rotation θ is negative, the corresponding deformation δi can be ex-

pressed as
δi = R sin θ(cos αi − 1) ≈ Rθ(cos αi − 1) (7)

As shown by FE and experimental analysis, the angle of rotation in one cycle can be
divided into four processes based on the different conditions of loading and unloading in
Figure 15. The value of

.
δi in any process can be obtained by calculating the derivative of

Equation (5) or Equation (7).
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According to the different values of δi and
.
δi in different process, the tension force of

the ith section can be calculated by Equation (4). It is noteworthy that when θ is positive,
the deformation of section 5 is ignored because it is subject to compression. Therefore, F5

could not be obtained by Equation (4). For the reason of
n
∑

i=1
Fi = 0, F5 can be written as

F5 = −2F4 − 2F3 − 2F2 − F1 (8)

where the partial coefficient is 2 because F4 = F6, F3 = F7 and F2 = F8, based on symmetry.
Similarly, F1 can be obtained by Equation (9) when θ is negative.

F1 = −F5 − 2F4 − 2F3 − 2F2 (9)

The bending moment can be expressed as

M =
n

∑
i=1

FiR cos αi (10)

A simplified analytical model of the flange joint with a spigot based on the characteris-
tic analysis of the FE and experimental methods has been proposed above.

4.4. Simulation

With the variation of the axial deformation of each section, the tangential force Fs of
each section during the processes of loading and unloading is shown in Figure 16. If the
tangential force of one section is positive, it means that the spigot is subject to tension;
otherwise, it means compression. Due to the deformation of section 5 is 0 in these processes,
the tangential force of section 5 is not present. The axial deformations of sections 1–4(6)
decrease in sequence. It can be seen that sections 1, 2, and 8 experience the whole process,
as shown in Figure 12c. Meanwhile, the curves of section 3(7) and section 4(6) coincide with
those in Figure 12a,b, respectively. The different sections are in different contact statuses.
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Figure 17 presents the tangential force Fs of each section during the processes of
loading and unloading with the angle of rotation. It can be observed that with the increase
in the angle of rotation in the loading process, sections 1, 2(8), and 3(7) gradually enter
the sliding condition from the sticking condition, and the corresponding tangential force
first increases and then remains unchanged until entering the unloading process. In the
unloading process, the switch between the sliding condition and the sticking condition
occurs in the same sequence. These sections experience the process shown in Figure 12c.
section 4(6) is close to section 5, and the deformation caused by the same angle of rotation is
small. The tangential force cannot reach the condition of the stiffness decreasing suddenly,
and no slip occurs in section 4(6), so the loading and unloading curves of section 4(6)
coincide. It is noticeable that the tangential force of section 5 is large enough at the end of
the unloading process that this section begins sliding. However, it is difficult to determine
when section 5 begins sliding in the program; thus, the sliding of section 5 in the latter
part of the unloading process is ignored. Since loading is reversed at the beginning of the
next process, the spigot of section 5 is immediately set to the status of sliding. Due to the
closure of the flange, section 5 cannot slip when subjected to a negative tangential force
(compression direction). Only after the loading process is finished, section 5 begins to open
and slip when subjected to a positive tangential force (tensile direction).

Figure 18 shows the comparison between the FE and simplified analytical models. The
angle of rotation θ is taken as a variable in the calculation of the bending moment. The
amplitude of θ is set as 0.0037 rad, which is equal to the angle of rotation caused by the
bending moment of 1200 N · m in the FE method. Very similar curves can be observed,
except that there are obvious fluctuations in the simplified analytical model curve near the
zero point. This is because the sliding of section 5 in the latter part of the unloading process
is ignored in the simplified analytical model mentioned above. The consistency of the
curves shows that the simplified analytical model can simulate the stiffness characteristics
of the flange joint, such as the bending stiffness decreasing suddenly and the hysteresis loop.
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Figure 18. Angle of rotation curves of the FE and simplified analytical models.

In order to verify the applicability of the simplified analytical model, several additional
loading conditions are applied, and the resulting curves are shown in Figure 19. The
amplitudes of the angle of rotation are also given by the FE method; 0.001 rad, 0.0024 rad,
and 0.0037 rad correspond to 600 N · m, 900 N · m, and 1200 N · m bending moments,
respectively. All three curves in Figure 19 are consistent with the curves in Figure 5, except
for the fluctuations near the zero point. Therefore, the proposed model’s applicability
is verified.
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5. Conclusions

The stiffness characteristics of a flange joint with a spigot are studied based on FE
and experimental methods. On this basis, a simplified analytical model is proposed and
simulated. Within the parameters covered in this paper, the main conclusions can be
summarized as follows:

1. When the load applied on the flange joint is large enough to cause the sliding of the
contact surface of the spigot, hysteresis characteristics of the flange joint appear.

2. The experiment established in this paper verifies the validity of the stiffness character-
istics obtained by FE analysis.

3. The proposed simplified analytical model can be utilized to simulate the deformation
and sliding status of the contact surface of the spigot.

4. The hysteresis stiffness characteristics of the flange joint with a spigot can be obtained
through the analytical model.

The simplified analytical model will be used in steady dynamic analysis in the fol-
lowing research, which requires a large amount of simulation, or in aero-engine dynamic
characteristics analysis. Compared with the FE model for a fixed model parameter, the sim-
plified analytical model is more convenient to use. Besides, it could effectively reduce the
degrees of freedom of the system model. Certainly, the purpose of this paper is to provide
a foundation for the research on the flange joint with a spigot, and further comprehensive
and in-depth research is needed in the future to get closer to the physical model.
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Nomenclature

Symbols
k1 Bending stiffness before a change in the initial loading stage
k2 Bending stiffness after a change in the initial loading stage
ks Tangential contact stiffness of the spigot
kt Contact stiffness of the flange plate
δ Displacement of the flange plate
F, Fs, Ft Total tension force, tangential force of the spigot, tangential force of the flange plate
P Contact pressure
µ Sliding friction coefficient
δmax Peak value of displacement load
δc Critical value of displacement load
θ Angle of rotation for the flange plate
δi Displacement of the ith section
.
δi Velocity of the ith section
Fi Tension force of the ith section
M Bending moment
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