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MODELLING AND PREDICTION OF RIVETING SURFACE
DEFORMATION OF AIRCRAFT THIN-WALLED PARTS BASED ON
THE SPRING DAMPING METHOD

Summary

Currently, deformation modelling of a riveted assembly of aircraft thin-walled parts
typically assumes that the riveted surfaces of thin-walled parts are smooth. However, in
engineering practice, the riveted surfaces of thin-walled parts are not smooth. Therefore, in this
study, the relationships among the pressing riveting force, the fractal characteristics of the riveting
surface, and the riveting deformation are precisely quantified and a new modelling method for
predicting the deformation of the riveted assembly of thin-walled components is proposed based
on the spring damping method. The method enhances the prediction accuracy of the riveting
deformation of aircraft thin-walled components. Through the analysis of the riveted assembly of
thin-walled components, the pressing riveting force of the standard pier head is obtained. By
examining the microscopic features of the riveting surface, a fractal model capable of capturing
the surface complexity at the microscopic scale is established, revealing the geometric and
topological properties of the surface. The structural function method is employed to derive the
fractal parameters of the equivalent riveting surface topography that characterise the surface
roughness. A micro-asperity contact model considering the interactions between micro-asperities
is established to simulate the actual contact conditions. By extending the size distribution function
of the micro-asperity contact area, a normal contact stiffness and damping model describing the
mechanical response of the surface under normal loading is established, incorporating the elastic
and dissipative properties of the contact interface. Spring elements representing normal contact
stiffness and damping are arranged on the riveting surface to establish a simulation model for the
riveted assembly of thin-walled components based on the spring damping method. Simulation and
experimental results indicate that, compared with the smooth surface model, the spring damping
method model reduces the two indicators of overall relative error by 16% each, and the local
relative error of each measuring point by over 8%, thus significantly improving the prediction
accuracy. This study integrates the fractal contact theory with the spring damping equivalent
method to quantify the influence mechanism of the microscopic topography of the riveting surface
on macroscopic deformation, breaking through the limitations of the traditional smooth surface
assumption.
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1. Introduction

Thin-walled parts, such as skins and stringers, are widely used in aircraft structures due
to their lightweight and facile formability [1]. Riveting is the main connection form of aircraft
thin-walled parts assembly because of its advantages of simplicity of the process, and stable
and reliable connection quality [2, 3]. Thin-walled parts of aircraft are susceptible to
deformation due to the force applied during riveting, as well as other factors during the
assembly process. This deformation can have an impact on the overall accuracy of the aircraft
assembly.

In the realm of aircraft construction, the deformation of thin-walled components during
the rivet assembly process has garnered substantial attention from the academic community.
Numerous scholars have conducted extensive research to delve into the intricate critical
manufacturing stage. Theoretical analysis, experimental research, and finite element simulation
are commonplace research methods that are utilised. In terms of theoretical analysis, by
analysing the stress conditions of a thick-walled cylinder, a calculation model of the pressing
riveting force of uneven deformation of the rivet header was established in [4]. Based on the
non-uniform distribution of pressure along the thickness direction, an equivalent mechanical
model of the riveting process and the relationship between the radial pressure and radial
displacement of the rivet hole were established in [5]. The following study used the finite
element simulation methods, using a two-dimensional axisymmetric finite element model with
an adaptive meshing scheme [6]. To reduce the computational costs and to better describe the
deformation of the rivet head, the complex elastic-plastic deformation is replaced by the elastic
deformation caused by the local rivet-equivalent element [7]. A hierarchical mapping model
was established via the hierarchical mapping method of the local displacement field, thus
addressing the issue of the long simulation cycle for predicting the riveting deformation of
panels during the aircraft assembly [8]. The deformation of the riveted assembly of thin-walled
parts was analysed through a combination of experimental research and finite element
simulation [9, 10].

Existing studies on thin-walled part riveting deformation are predominantly macro-scale,
assuming ideal smooth surfaces. However, joint interfaces are microscopically rough, resulting
in significant discrepancies between theoretical predictions and measured deformations.

To conduct a more realistic and accurate study on the riveted assembly deformation of
aircraft thin-walled parts, their surfaces are treated as rough surfaces rather than ideal smooth
surfaces. The primary task is to establish the true surface profile of thin-walled parts. At the
micro-contact level, the elastic contact model of rough surfaces has received significant
attention [11]. In reference [12], an elastoplastic contact model was established based on the
principle of volume conservation of asperity plastic deformation. The subsequent study made
improvements and obtained a surface contact model that incorporates three deformation states:
elastic, elastoplastic, and plastic [13].

All the above models rely on statistical surface topography measurements, which are
inherently limited by measurement scale and exhibit instability. In contrast, describing the
rough topography of thin-walled parts using fractal functions effectively captures surface
complexity and irregularity. In other mechanical components, the tangential contact problem
between the piston and the cylinder in the spherical pump was studied using analytical methods
and fractal theory [14]. Based on the fractal contact theory, a fractal contact model of the
involute spline coupling with surface texture was established [15]. Through numerical studies
on rough surfaces, a new method for determining fractal parameters was proposed in [16].

The fractal theory was applied in various studies on mechanical components, such as bolts
[17], gears [18], and mechanical seals [19]. To date, no studies have considered rough surfaces
in the riveting of aircraft thin-walled parts. By studying the fractal characteristics of mechanical
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components, a more realistic contact model is established, which improves the design and
analysis level of mechanical structures. This paper takes the deformation of thin-walled parts
in the rivet assembly process as the research object. The asperity contact model of the thin-
walled parts’ riveted surfaces is established by fractal contact theory. Then, the normal contact
stiffness and contact damping of the thin-walled parts’ riveting surfaces are obtained by
expanding the size distribution function of the contact area of the asperity. Then, a modelling
method of riveting the assembly of thin-walled parts based on the spring damping method is
proposed. Through riveting simulation and experimental comparison analysis, the correctness
and effectiveness of the spring damping method model are proved.

2. Creation of a riveted assembly mechanical model for thin-walled parts

The general press riveting process includes a series of operations such as positioning,
clamping, drilling, countersinking, riveting, and unclamping. The entire riveting cycle starts
with the contact between the riveting die and the rivet and ends when the upset head is fully
formed and the die is disengaged. Regarding the deformation of thin-walled components during
the riveting process, the drilling operation (a) is not included in this analysis. Taking the press
riveting of half-round head rivets as an example, the process can be simplified to four stages
(b, ¢, d, and e) according to the material flow characteristics. The riveting process and the
drilling operation are presented in Fig. 1: (a) Drilling thin-walled components. (b) Insertion of
the rivet into the drilled hole in the thin-walled component, which is placed on the header. Given
that the header and the punch are much stiffer than the rivet, and considering that this study is
focused on the deformation of the thin-walled component during riveting, the header and the
punch are treated as rigid bodies and will be made invisible in the subsequent content. (¢) The
punch touches the head of the rivet, commencing the riveting operation. (d) Once the pier head
attains the targeted standard size, it brings the entire riveting process to its completion. (¢) Upon
punch unloading, both the rivet and the material surrounding the hole exhibit elastic recovery.
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Fig. 1 Rivet assembly process and drilling operation

Upon pier head forming, the pier head is in an instantaneous state of geometric closure.
The pier head's lateral surface and other components are no longer in contact due to full material
filling, causing lateral constraint forces to dissipate. According to Hill's plastic flow criterion,
the free surface stress boundary condition holds when material flow is complete; thus, the pier
head's lateral surface can be treated as a free surface, with the radial stress o, and

circumferential stress o, satisfying the axisymmetric condition, o, =0, .

Under the assumption of quasi-static equilibrium, the side of the header is a free surface,
and there is no external force acting on it; therefore, the axial stress on the outside of the header
end face is 0, and the relationship between axial stress o, and yield stress o, can be expressed

as [20]:

ﬁ arcsinm_arcsin\/gﬂl _ 1 1n _O-lz =ll/2_x, (1)
2 0-15 :U1 O-l hl

s
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where o, is the yield stress of the rivet, o, is the axial stress of the rivet, g, is the friction
coefficient of the contact surface between the rivet and the punch, /; is the diameter of the rivet

pier head, A4, is the height of the pier head, and x is the radial position coordinate of the pier
head.

According to the von Mises yield condition, the contact end face of the rivet and the punch
meets the following:

Oy 2 Oy

T

Integrating Eq. (1) at x =4 ~/, and Eq. (2) at x=0~ A, and summing the results, the

¥ 2)

calculation equation of the pressing riveting force is expressed as follows:

h’ 13++/3 1+«/1 3 — 1 2
__72- 1615 +'\/_ 2 ILll +2 1 3/,!1 \/71111 \/_

; H =
o 3 T By Gu B 3
+—”112h101s (1—1/1—3;15 )
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From Eq. (3), one can see that the value of the pressing riveting force is related to the
material properties of the rivet, the friction coefficient of the contact surface, the height of the
pier head, and the diameter of the pier head.

According to the standard pier head size requirements expressed as

h =(0.5£0.1)d @
[, = (l.SiO.l)d’
where d is the diameter of the rivet hole, the pressing riveting force value required to achieve
the standard size of the pier head can be obtained by associating Egs. (3) and (4).

3. Fractal modelling of riveting surfaces of thin-walled parts

The thin-walled parts are connected by rivets. The contact between the thin-walled parts
is not the contact between smooth planes, but the peak-to-peak contact between the asperities
on the surfaces of the thin-walled parts. The contact situation between the riveting surfaces of
the thin-walled parts is shown in Fig. 2.

Fig. 2 Riveting surface contact of thin-walled parts

Rough surfaces with fractal characteristics are frequently encountered in practical
engineering. This implies that the contour lines of these surfaces mathematically exhibit
properties of being everywhere continuous, nowhere differentiable, and self-affine fractals. The
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fractal dimension in fractal geometry, characterised by being continuous but non-differentiable
within intervals and possessing properties of self-affine fractals, can thus accurately describe
and simulate the microtopography of actual rough surfaces. In order to characterise the
randomly distributed asperities of different sizes and heights on the surface of thin-walled parts,
the W-M fractal function [20] is used to characterise the surface profile of thin-walled parts.
The expression is as follows:

2(x)=G") Y %,kmzwl, 5)

N=Npnin

where z(x) represents the two-dimensional profile height curve of the rough surface of the thin-
walled part, s is the measurement distance, } is the frequency density in the surface profile,

usually y =1.5, n is the frequency index, whose lower limit is determined by y" =1/L, and
L is the sampling length.

The fractal model of the riveting surface of thin-walled parts is established through the
application of the W-M function. The characteristic parameters that describe this model are the
fractal dimension D and the surface fractal roughness G. Equation (5) describes a rough surface
formed by superimposing a series of cosine-wave asperities with varying sizes. These asperities
exhibit isotropic characteristics, and interactions between asperities as well as friction are
neglected during the contact. This method can be used to investigate the effects of surface
topography on the material surface contact and friction properties.

The contact of the riveting surfaces of the two thin-walled parts are equivalent to the
contact between a rough thin-walled part surface and an ideal smooth thin-walled part surface.
The equivalent contact of the two thin-walled parts is shown in Fig. 3, the upper surface is the
equivalent rough surface of thin-walled parts, and the lower surface is the ideal smooth surface
of thin-walled parts. The minimum contact area of the asperity is as, the maximum contact area
of the asperity is a;, and the arbitrary contact area of the asperity is a.

Equivalent rough surface

Ideal smooth surface U\
as a al

Fig. 3 Schematic diagram of the equivalent contact of the two thin-walled parts

Based on the equivalent elastic modulus in the Hertz contact theory, the relationship
between the elastic modulus E of the surface of an equivalent rough thin-walled part and the
elastic moduli of the upper and lower thin-walled parts (denoted as £1 and E», respectively) is
as follows:

1 1=y 1=V

—=—h—2 (6)

E E  E

In Eq. (6), Poisson's ratio of the upper thin-walled member material is vi, and Poisson's
ratio of the lower thin-walled member material is v».

The accurate characterisation of fractal surface profiles hinges on the precise
determination of the surface fractal dimension. The structural function method is a methodology
used for analysing and solving problems. It decomposes complex problems into multiple
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interrelated subproblems and employs different structural functions to describe and analyse the
relationships among these subproblems. The structure function method models the surface

profile curve as a time series z(x), where Z(x) with fractal characteristics ensures that the
structure of sampled data obtained from measurements satisfies the following function:

5@ =([z(x+&)-=()T )=

+o0

S(a))( Jo )da) (7

Derive the power spectrum expression of Z(x) :

GZ(D—I) 1
pREnE (8)

S(w)=

where @ is the frequency.

2lny o

Substituting Eq. (8) into the above equation and integrating yields:
S(&)=cG*" ¢ (4-2D) 9)

Combining Egs. (7), (8), and (9) yields another expression for the structure function S (:f) :

S(&)=([=(x+&)-2(&)] ) =] S(e)(e™ ~1)do=C&"* (10)

Its discrete expression is:
1 2
__gg[z(xw)—z(x)] , (11)

where N is the number of sampling points, < > denotes the spatial average, and & represents
the data step in the horizontal direction.

Form the above analysis, it follows that determining the two parameters, D and G, of a
rough surface profile using the structural function method eliminates the need for spectral
analysis of the measured rough surface profile signals and allows them to be directly calculated
from Eq. (11).

Therefore, in this paper, the structural function method is used to solve the two fractal
parameters, D and G. The structural function method from the reference [22] can be defined as
the incremental variance of the profile function of the rough surface of the thin-walled part

H(ﬁ) , and its expression is:

H(E)=[z(x+&)-z(x)] =&, (12)

where C is the correlation coefficient, D, represents the fractal dimension of the cross-section
profile on the rough surface, and the relationship with the fractal dimension D of the rough
surfaceis D=D_+1.

Taking the logarithm on both sides of Eq. (12) simultaneously yields the fractal log-log
curve using the structure function method:

log H (&) =(4-2D,)logé +logC (13)
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Therefore, log H (¢)and log & are linearly related, and the slope of the line formed by
log H (¢) and log & is b, and the intercept is ¢. By combining Eq. (5) and D= D, +1, we can

obtain that the fractal dimension D can be obtained by calculating the slope of the line, and the
fractal roughness G can be obtained by calculating the intercept of the line; then the expression
is as follows:

D=3-b/2
c 14
G :102(072) ( )

Since the surface morphology of the two thin-walled parts is different, the structure
functions of the rough surfaces of the two thin-walled parts are H (&) and H, (<),

respectively, and the fractal parameters of the equivalent rough thin-walled surface of the
riveting surfaces H, (é’ ) of the two thin walled parts can be obtained by the following equation:

H, (é:) =H, (é:) +H, (é:) _ CIGIZ(DH)%Z(“*ZD]) n CZGZZ(Drl)é:(“*wz) (15)

Based on the fractal contact theory, a fractal model of the riveted surface of thin-walled
parts is established, which better conforms to the actual contact condition of the riveted surface.
Furthermore, the fractal parameters of the equivalent riveted surface topography are acquired
through the structure function method. Then, we establish the contact model of micro-asperities
on the riveting surface based on the fractal parameters of the equivalent rough thin-walled
surface of the riveting surfaces obtained using Eq. (15).

4. Creation of a model of riveted thin-walled parts based on the spring damping
method

4.1 A model of micro-asperity contact of the riveting surface

Since the actual contact area of the riveted surfaces of the thin-walled parts is the sum of
the contact area of all the asperities on the riveted surfaces, the contact of a single pair of
asperities is studied. The asperities on the riveted surfaces of thin-walled parts are regarded as
spheres [23], as shown in Fig. 4, which shows a contact diagram of a pair of asperities. When
there is no pressing riveting force, the asperity is opposite to the peak of the asperity, and the
contact state is shown in Fig. 4(a). When the rivet is subjected to the pressing riveting force F, ,

the rivet rod is deformed and the load is applied to the thin-walled parts. At this time, the
asperity is subjected to load, and the contact deformation occurs. The contact state is shown in
Fig. 4(b); the contact deformation state of the asperities after the pressing riveting force is
equivalent to the contact between an asperity and a smooth plane. The equivalent contact state
is shown in Fig. 4(c).

,,,,,,,,,,, Fy
. . \ ( 7777777777 T I
Riveting \ ! /
force effect A 1 74
5 |
/ - 2“’ >

Fig. 4 Schematic diagram of the asperity contact
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When subjected to a pressing riveting force, the contact area of any single pair of
asperities is a = 7" . It can be obtained from the fractal contact theory stating that r is the radius
of the contact area of the asperities:

r=(3F,R/4E)" (16)

Taking the limit of the derivative of Eq. (5) with respect to x, we obtain the radius of
curvature of the equivalent asperity R:

R — aOASDGl—D (17)

At the same time, if we evaluate Eq. (5) at x = 0 [24], the deformation of the asperity o
is as follows:

S = G(D*I)a(Z*D)/2 (18)

When a single pair of asperities is in the critical state of elastic and plastic deformation,
we can obtain the critical deformation of the asperity 6, by combining Egs. (5), (12), and (13):

k2aP? (02
55 = W (19)
In the above equation, k is the constant of proportionality, k = H/o,, ¢ is the coefficient
related to the modulus of elasticity £ of the bonding surface, and o, is the yield strength of the

softer material, p=0,/E .

When o =6, the critical contact area a. of the asperity can be expressed as:

a = (20)

G2
¢ ko 2/(p-1)
(2]

According to the Hertz contact theory, when the contact area of the asperities satisfies
condition a > a_, a single pair of asperities is in the elastic deformation stage, and the elastic

contact load can be expressed as follows:

4 EGPY LD

fo=73

21)

When the contact area of the asperities satisfies conditiona < a,, we can substitute Eqs.

(17) and (18) into Eq. (21); the obtained result shows that the single pair of asperities enters the
plastic deformation stage. Then, the plastic contact load can be expressed as follows:

f, =Ya, (22)

where Y is the stiffness of the softer material in the two thin-walled parts.

Since the contact of each pair of asperities is regarded as the contact of spheres, the
equation for the contact stiffness between spheres in the Hertz theory can be applied directly.
Thus, the contact stiffness of any equivalent spherical asperities in contact with a rigid plane is
expressed as
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¢ <AE phish 4ENa
3 N/

(23)

When the thin-walled parts are subjected to pressing riveting force and the asperities
deform elastically, the elastic strain energy of a single pair of asperities can be obtained by
integrating the elastic contact load over the amount of deformation:

w, = £.(e)ds (24)

When the asperities undergo plastic deformation, the plastic strain energy of a single pair
of asperities can be obtained by integrating the plastic contact load over the amount of
deformation:

w, =1, (e)ds (25)

In the study [25], it is shown that the size distribution of the contact area of asperities on
the surface of thin-walled parts is in accordance with the theory of island area distribution in
the ocean. Through the island area distribution theory, one can obtain the number of asperities
on the surface of thin-walled parts with the asperity contact area greater than a as follows:

D)2
N(A>a)= (ij 26)

a

According to the Hertz contact theory, the size distribution function #n(a) of the contact
area of the asperities is expressed as:

dN D (2-D)/2 aD/2
”(0)2525‘7 a(é/zﬂ)s

(27)

where ¥ is the domain extension factor related to the distribution of contact area of asperity,
and it is also a function related to the fractal dimension D. It is expressed as:

_ -(2- 2-D
l//(2 D)2 _(I_H//—D/z) (2-D)/p _ (28)

D

The real contact area formed by the deformation of all asperities on the riveted surface is
A, which should include the sum of the contact area of the asperities undergoing two stages

of elastic deformation and plastic deformation:

Da,

A = .([n(a)ada+ .fn(a)ada = >

(29)

4.2 A model of normal contact stiffness and normal contact damping of the riveting surfaces

The normal contact stiffness and normal contact damping of the riveted surfaces of the
thin-walled part are the sum of the contact stiffness and contact damping of all the asperities on
the riveted surfaces. Therefore, the normal contact stiffness K, of the riveted surfaces of thin-
walled parts can be obtained by using the size distribution function n(a) to expand the normal
stiffness k, of the asperities:
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K, = J‘ﬂ/ knn(a)da :4E—D(a[1/2 _alD/Za(,l—D)/z) 50

3z (1-D) ‘

In order to solve the total strain energy of the riveted surfaces of thin-walled parts, it is
necessary to extend the elastic-plastic strain energy of a single pair of asperities to the whole
riveting surface through the size distribution function n(a). The total elastic strain energy of the
riveted surfaces is the integral of the elastic strain energy of the single asperity from the critical
contact area a, to the maximum contact area q, :

VK_,:WEI:,n(a)da 31

The total plastic strain energy at the riveting surfaces is the integral of the plastic strain
energy of the single asperity from the minimum contact area a; to the critical contact area a.:

w, =ij‘:cn(a)da (32)

The damping loss factor 77 of the riveting surfaces can be obtained from the total elastic
and plastic strain energies:

p=or (33)

e

Therefore, the normal contact damping value C, of the riveted surfaces of thin-walled

parts is:

C
C = 7720 = MK, (34)

where M is the mass of the thin-walled parts, C_ is the critical damping coefficient, and
C =2\ MK, .

4.3  Creation of the riveting model of thin-walled parts based on the spring damping method

In order to equalise the normal contact stiffness and normal contact damping of the actual
thin-walled riveting surfaces, shown in Fig. 5, an equivalent model using spring elements on
the smooth thin-walled riveting surfaces is proposed.

Upper thin-walled part Spring elements
equivalence v

Rough bonding surface ~< — - < k % Hﬁ c

Lower thin-walled part Rough thin-walled parts Equivalent thin-walled parts

Fig. 5 Equivalent model of spring elements

During the rivet assembly process, the contact stress area between the two thin-walled
parts is mainly around the rivet hole, and the area of the contact stress area tends to a fixed
value after the riveting is completed. When it is in this range, the contact stress value changes

74 TRANSACTIONS OF FAMENA L-1 (2026)



Modelling and Prediction of Riveting Surface Deformation of Y. Hu, Y. Zhu, X. Yang, Y. Tong
Aircraft Thin-Walled Parts Based on the Spring Damping Method Y. Teng, T. Zeng

greatly. When it is beyond this range, the contact stress value changes little. Therefore, the
spring elements are set on the circumference of the area. In that case, the normal contact
stiffness and normal contact damping values of the riveting surfaces of the thin-walled parts are
divided among each spring element. According to Eqs. (30) and (34), the contact stiffness k&

and contact damping c, of each spring element are obtained as:

{ks = Kﬂ/n

¢, =C,/n (33)

5. Application cases

In this section, finite element simulations of the rivet assembly process based on the
smooth surface model and the spring damping method model, as well as actual riveting process
experiments, are carried out. The accuracy of the spring damping method model is verified by
analysing the deformation of thin-walled components after riveting and by comparing the
evaluation indices of the experiments.

During the assembly of aircraft thin-walled components, requirements for profile
accuracy are imposed, including surface smoothness, waviness, and outer edge profile values.
Given that aircraft thin-walled components exhibit low out-of-plane bending stiffness, and
fixture constraints fully restrain in-plane displacements (x, y directions) as well as rigid-body
motions, the deformation induced by riveting assembly loads is primarily manifested as a z-
direction displacement [7, 26]. In the aerospace manufacturing practice, the z-direction
displacement is widely adopted as a direct indicator for evaluating the assembly deformation
degree of thin-walled components (SAE AS9102, NAS 979). Thus, following the common
practice in engineering applications, this paper employs the z-direction displacement to
characterise the deformation of components [27, 28].

5.1 Finite element modelling

5.1.1 The smooth surface model modelling

The simulation of riveting thin-walled parts was completed in the explicit dynamics’
module of ANSYS Workbench software. The specific operations of the simulation are shown
as follows:

First, a three-dimensional model is established in the CATIA software, and then the model
is imported into the ANSYS Workbench software, as shown in Fig. 6. Geometric dimensions
of the model are shown in Table 1. The material of the rivet is 2A10 aluminium alloy, and the
materials of the upper and lower thin-walled parts are 7075 aluminium alloy. The specific
material parameters of the thin-walled parts and the rivet are shown in Table 2. The stiffness of
the header and punch is much greater than that of other components. Therefore, they are set as
rigid bodies. The contact relationship between all components is set as frictional contact, and
the coefficient of friction is set to 0.15. The value of the riveting force F,, determined by

simultaneously solving Egs. (3) and (4), is 36,000 N. To accurately describe the deformation of
rough thin-walled parts, all components except the rigid bodies are meshed using C3D8R
elements, which in total consist of 42867 elements and 342936 nodes. The riveting process of
a single rivet is divided into three analysis steps. In the loading step, the riveting die forms the
rivet through pressing; in the holding step, the riveting die remains stationary; in the unloading
step, the riveting die retracts. Each analysis step lasts for 0.1 second. The initial state of the
cross-sectional mesh of the finite element model is shown in Fig. 7. Fixed constraints are
applied to the ends of the thin-walled parts, and the header is also fixed with constraints; riveting

TRANSACTIONS OF FAMENA L-1 (2026) 75



Y. Hu, Y. Zhu, X. Yang, Y. Tong Modelling and Prediction of Riveting Surface Deformation of
Y. Teng, T. Zeng Aircraft Thin-Walled Parts Based on the Spring Damping Method

is performed in a consistent front-to-back sequence, activated by punch movement. To ensure
the accuracy of the experiment, the same computer configuration was adopted in this paper.
The computer is configured with an Intel (R) Core (TM) i5 6500 CPU, 3.2 GHz, and has a
memory of 32 GB.

Upper thin-walled part

Lower thin-walled part

Header

Fig. 6 Finite element model

UX=UY=UZ=0 v
i g
Fig. 7 3D Model of cross-sectional mesh
Table 1 Geometric parameters used in the finite element model
Parameter Value (mm)
Rivet length A 10
Rivet diameter do 5
Hole diameter Do 5.08
Dimensions of thin-walled components 120%60%2
Table 2 Material parameters
. Elastic modulus Density Poisson's ratio Yield strength
Parts Material (GPa) (kg/mm?) ) (MPa)
Thin-walled 7075 71.2 2.77¢-6 0.33 503
part
Rivet 2A10 72.6 2.80e-6 0.33 256

5.1.2  The spring damping method model modelling

This section deals with the creation of the spring damping method model, explains the
parameter settings, and elaborates on the specific rationales.

In the ANSYS Workbench software, the COMBIN14 spring elements are utilised to
model the riveted interfaces of thin-walled components. By using Eqs. (6) and (14), the
equivalent fractal dimension D of the riveting surfaces of the thin-walled part is calculated as
1.4245, and the equivalent fractal roughness G is 1.36x 10™". By substituting Egs. (30) and (34)
into Eq. (35), the normal contact stiffness &, of the riveting surfaces is calculated to be

2.484x10° N/mm and the normal contact damping c, is 41.0649 N-s/mm. The computed

normal contact stiffness and normal contact damping are respectively assigned as parameters
to the spring elements. The explicit dynamics module of ANSYS Workbench software is
employed for simulation analysis. The spring damping method model and the smooth surface
model are set with identical material properties, meshing parameters, and boundary conditions.
The pressing riveting force in the simulation is also specified as 36000 N.
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Based on the analysis of the contact stress results of the riveted thin-walled components
[29, 30], it is ascertained that the range of stress variation on the thin-walled parts is within the

scope of / <6R, in the vicinity of the rivet hole. When / > 6R,, the stress variation is minimal.

Consequently, the spring elements are positioned on the circumference surrounding the rivet
hole with /=6R,. An increase in the quantity of spring elements will enhance the solution

accuracy to a certain degree; however, an excessive number of elements will result in an unduly
prolonged simulation duration.

To verify the accuracy of using four spring elements for the circumference of a single
rivet hole, different experiments were conducted on the element of a single rivet circumference.
Figures 8 and 9 show the distribution of z-direction displacement and stress results for different
numbers of spring elements, respectively, and Table 3 shows the comparison of the computation
times.

As shown in Figs. 8 and 9, significant differences in the distribution of z-direction
displacement and stress exist between the 3-element and 4-element spring damping models,
indicating less accurate results for the former. Although the 4-elementand 5-element
models exhibit negligible differences in the distribution of z-direction displacement and stress,
the computation time increases excessively for the 5-element model. Fewer spring elements
lead to less accurate results, while more elements prolong computation time. The 4-element
spring damping model provides an optimal balance between accuracy and efficiency.

W
2.8253
— 24094
1.9934
1.5775
1.1616
0.7456

0.3296
-0.0862

. 3.6572
3.2393
= 28213
o 24033

1.9853
15673
1.1493

B 07313
03133
-0.1046

(a) Displacement of the five (b) Displacement of the four (¢) Displacement of the three
spring-damping element model spring-damping element model spring-damping element model

. 3.6738
3.2518
|| 2.8297
= 24077

1.9856
1.5636
11416
0.7195
0.2974

-0.1245

Fig. 8 Distribution of z-direction displacement (mm)

. 555.56
494.01
432.45

= 3709

. 494.12
439.37
I 384.61
m 329.85

. 477.95
425.03
B 37211
= 31918

266.26 2751 2233:
21334 220.34 186.24
160.42 165.59 124.69
107.49 110.83 -
54.572 56.076 63.136

| 1.6495 1.3206 1.5834

(a) Stress of the five spring-damping (b) Stress of the four spring-damping (c) Stress of the three spring-damping
element model element model element model

Fig. 9 Distribution of von Mises stress (MPa)

Table 3 Comparison of computation times

Number of spring elements Computation time (min)
3 9.3
4 10.5
5 15.8

Based on the simulation results, the circumferential arrangement of four COMBIN14
spring elements uniformly distributed around each rivet hole meets the accuracy requirements
of this study. Therefore, this layout scheme of spring elements for individual rivet holes on the
riveted surface of the thin-walled component is shown in Fig. 10. Four spring elements are
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evenly distributed on the circumference of / = 6R, around the rivet hole. At each rivet hole of

the thin-walled component, four COMBIN14 spring elements are uniformly arranged on the
circumference with a radius of / = 6R, (distribution shown in Fig. 10), with a total of 12 spring

elements set for all rivet holes.

@ Spring damping unit () rivet hole

Fig. 10 Arrangement of spring elements

5.2  Simulation results

Finite element simulated z-direction displacement contours are shown in Fig. 11, and von
Mises stress contours in Fig. 12. Since both ends of the thin-walled component are fixed during
the rivet assembly process, z-direction displacements at these regions are minimal in both
models. Characteristic distributions of displacement and stress contours show consistent
patterns between the two models.

The s pring damping
method model

/
’ Wm/\ _a The smooth
—»

surface model

U, UZ(mm)

0.28026
F 0.21367
" 0.14708
~—— 0.080486
m 0.013897
-0.052693 (a) The smooth surface model
-0.11928
-0.18587
-0.25246
-0.31905
-0.38564

(b) The spring damping method model

Fig. 11 The z-direction displacement contours

Mises (MPa)
566.49
503.76
441.04
378.32
3156 (a) Stress of the smooth surface model
252.88
190.16
127.44

. 64.719
1.9985

(b) Stress of the spring-damping model

Fig. 12 The von Mises stress contours
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5.3 Experimental verification

The riveting is carried out by the automatic riveting machine shown in Fig. 13. In the
experiment, the pressing riveting force F, applied by the punch is 36000 N; it is set through

the control screen. Figure 14 shows the riveted structural parts.

Control screen

Punch

Headet

Fig. 14 Riveting structural parts

Topographic data of the thin-walled part surface were acquired using a coordinate
measuring machine. Given the large data volume, only partial data are listed in Table 4 to
clearly present the key information.

Table 4 Riveting surface point cloud data of thin-walled parts

x (mm) y (mm) z (mm) x (mm) y (mm) z (mm)
0 0 -0.0275 0 5 -0.025
0 1 0.0185 0 6 0.0181
0 2 -0.0351 0 7 -0.035
0 3 -0.0354 0 8 -0.0351
0 4 -0.0091 0 9 -0.0092

As shown in Fig. 15, 10 measuring points were uniformly selected on both sides of the
rivet hole in the thin-walled part.

Measurement points

1 2 3 4 5
O O O
6 7 8 9 10

Measurement points

Fig. 15 Distribution of the measurement points

Table 5 and Fig. 16 show the z-direction displacement values of the measurement points
in different experiments for the thin-walled part after the rivet assembly process. To achieve
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reasonable error quantification, the global results of the smooth surface model have been
calibrated to match the z-direction displacements of points 1, 6, and 10 in the actual experiment.
On this basis, the z-direction displacement values of each measuring point are found to be
roughly consistent with the real experimental results, with local error extremes concentrated at
points 3 and 8. Since these measurement points are not located at the fixed ends of the thin-
walled part, the z-direction displacement values of each point are non-zero and non-identical.

Table 5 Experimental data and simulation results

Measurement Real experiment The smooth surface model  The spring damping method model
point (mm) (mm) (mm)
point 1 0.091 0.069 0.089
point 2 0.177 0.152 0.176
point 3 0.242 0.195 0.239
point 4 0.224 0.201 0.218
point 5 0.167 0.138 0.165
point 6 0.089 0.063 0.086
point 7 0.164 0.138 0.159
point 8 0.225 0.172 0.222
point 9 0.217 0.179 0.215
point 10 0.156 0.129 0.154
026 - —e— Real experiment
] —e— The smooth surface model
024 7 —e— The spring damping method model

0.10 o

The z-direction displacement value (mm)

Measurement points

Fig. 16 Comparison of experimental and simulation results

There are requirements for the shape accuracy in aircraft assembly; the evaluation of the
overall deformation of thin-walled parts is among them. It can be characterised by the following

displacement characteristic values: (1) the maximum value V__of the z-direction displacement

at the measurement points; and (2) the root mean square ¥ of the z-direction displacement at

rms

the measurement points. The former value, V., reflects the requirements for the outer contour

values of the thin-walled parts after riveting, and the latter, V.

rms

, represents the degree of

dispersion of the displacement at the measurement points, which characterizes the smoothness
of the shape of the thin-walled parts [7, 26].

The calculation method of V. is as follows:

rms

o=y /n (36)
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In the equation, » is the number of measurement points, and z is the z-direction
displacement at the measurement points.
Table 6 shows the indices obtained from each measuring point in different experiments.

Table 6 Experimental data index

Index
Experiment
Kllax (mm) V;rns (mm)
Real experiment 0.242 0.1825
The smooth surface model 0.201 0.1505
The spring damping method model 0.239 0.1796

The relative error C can be obtained by the following equation:

( ) 0
— _AE A
C x100% (37)

In the above equation, 4 denotes the index value and z-direction displacement value of a
single measuring point from the smooth surface model or the spring damping method model,
and B denotes those from the actual experiment.

According to Table 5, the displacement value of the point of the thin-walled part measured
in the experiment is higher than that obtained from the finite element simulation; this is due to
the influence of the machining error of the riveting aperture of the thin-walled part and the
artificial factors in the experiment. The spring damping method model exhibits closer proximity
to the experimental results in the displacement values compared with the smooth surface model.

From Table 6 and Eq. (37), one can see that, compared with the real experiment, the
relative errors of index V,  of the smooth surface model and the spring damping method model

are 17% and 1%, respectively; the errors of index V_  are also 17% and 1%, respectively.

rms

The local relative errors of individual measuring points calculated using Eq. (37) are
shown in Table 7.

Table 7 Local relative error

Measurement point  The smooth surface model The spring damping method model

point 1 24% 2%
point 2 14% 1%
point 3 19% 1%
point 4 10% 2%
point 5 17% 1%
point 6 29% 3%
point 7 15% 3%
point 8 23% 1%
point 9 17% 1%
point 10 17% 1%

Table 7 shows that, among all measuring points, the maximum local relative error for the
smooth surface model is 29% and the minimum is 10%, with the local relative errors of points
1, 6, and 10 being 24%, 29%, and 17%, respectively; for the spring damping model, the
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maximum local relative error is 3% and the minimum is 1%, with those of points 1, 6, and 10
being 2%, 3%, and 1%, respectively.

Compared with the smooth surface model, the overall relative errors of the two indicators,
V. and V_ , in the spring damping method model are both reduced by 16%, and the local

max rms 2

relative errors of individual measuring points are reduced by 8% or more.

6. Conclusion

In order to improve the accuracy of deformation prediction for the rivet assembly process
of aircraft thin-walled parts that are not smooth, an asperity contact model for the thin-walled
parts’ riveting surfaces based on the fractal contact theory is presented in this paper. Then,
through the size distribution function of the asperity contact area, the normal contact stiffness
and contact damping of the thin-walled parts’ riveting surfaces are obtained, and a riveting
assembly modelling method for thin-walled parts based on the spring damping method is
proposed. Through riveting simulation and comparative analysis of experiments, the accuracy
and effectiveness of the spring damping method model are verified. The following conclusions
can be drawn from this study:

(1) A fractal model of thin-walled part riveting surfaces is developed, matching actual
contact conditions. Equivalent surface morphology characteristic parameters are
extracted using the structure function method.

(2) An asperity contact model is established for the riveting surfaces of thin-walled
parts. By expanding the size distribution function of the asperity contact area, the
normal contact stiffness and normal contact damping of the riveting surfaces of
thin-walled parts are obtained, and a riveting assembly model of thin-walled parts
based on the spring damping method is proposed.

(3) From the comparative analysis of the smooth surface model, the spring damping
method model, and the actual experimental results, it is evident that the
computational results of the spring damping method model exhibit a higher degree
of agreement with the actual experimental data. Specifically, compared with the
smooth surface model, the two indicators representing the overall relative error are
both reduced by 16%, and the local relative errors at all measurement points are
reduced by over 8%. This study demonstrates that the riveting assembly modelling
method based on the spring damping method can effectively improve the prediction
accuracy of the riveting deformation of thin-walled components, thus providing a
reliable model for the precise analysis and optimisation of the rivet assembly
process of thin-walled components.
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