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Riveting Structure Modeling Based On Finite Element Method
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As an important technology in the field of machine manufacturing, metal riveting has been widely used in
industrial manufacturing. However, in industrial production, the riveted structure is sometimes unstable,
deformation, falling off and other dangerous situations, resulting in the failure of the riveted structure, which
seriously endanger the life safety of employees. In this study, the riveted structure is modeled and failure
analyzed by finite element analysis, and the deformation prediction model is constructed by finite element
analysis of local elements of riveted structure. Firstly, the study conducts a small element modeling of riveted
structures using finite element analysis methods, and conducts failure analysis of riveted structures based on
multi angle rivet load displacement experiments. Afterwards, the layered mapping equivalent model is used
to predict the deformation of the riveted structure after local element analysis, and the effectiveness of the
prediction model is verified through finite element simulation. The study conducts relevant cases, and the
results shows that the total error of the failure displacement of the riveted structure model is basically less than
10%, and the overall simulation results are good; The average stress of the riveting deformation prediction
model is 490 MPa, and the detection effect is good. Therefore, the riveting structure model and deformation
prediction model constructed in the study have good performance, which helps workers to timely handle risk
factors and improve the safety of mechanical manufacturing.
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1. Introduction

Currently, the manufacturing industry in industrial pro-
duction is developing rapidly, and metal riveting is one of
the important ways of connecting machine components,
which is more widely used in the production of industrial
machines [1]. The riveted structure is easy to disassemble
and can be used to connect large steel components [2]. Gen-
erally, metal riveting is applied to the bearing part of the
key parts of the machine, but it is also easy for the metal
riveted structure to be torn by huge tension or shear [3].
Sometimes, due to the accumulated stress factors, the con-
nection is partially broken, resulting in the failure of large
machinery and even structural dislocation. In large trans-

portation vehicles such as aircraft and ships, the failure and
deformation of micro-riveted structure can threaten the life
safety of all passengers. Therefore, it is very essential to
model and analyze the metal riveted structure [4]. The
previous modeling methods often rely too much on the
experience of engineers and lack scientific and systematic
analysis methods, which limits the prediction accuracy and
application range of complex riveted structures to a certain
extent. Therefore, the development of more accurate and
comprehensive riveting structure modeling and prediction
methods is of great significance for improving the riveting
quality and ensuring the safety and stability of mechanical
equipment [5, 6]. Therefore, it is indispensable to study the
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deformation prediction of riveting results. In view of this,
the riveted structure is modeled by small units through
finite element analysis method, and the failure analysis of
riveted structure is carried out according to the multi-angle
rivet load displacement case. Meanwhile, the layered map-
ping equivalent model is used to predict the deformation
of rivet structure after local unit analysis, and the effect
of the prediction model is verified by finite element sim-
ulation, hoping to provide help for the progress of metal
riveting technology. This study is divided into 5 parts: (1)
The first part is the introduction, which mainly introduces
the research background, research objectives, and the re-
search status of the proposed technology. (2) The second
part is the research method of the article, which mainly
designs the riveting structure model and deformation pre-
diction model. (3) The third part is case verification, mainly
using ABAQUS 2021 software to test the performance of
the riveting structure model and deformation prediction
model. (4) The fourth part is the discussion section of the
article, which mainly discusses the experimental results of
this study. (5) The fifth part is the conclusion of this article,
which mainly summarizes and prospects the content of the
entire article.

Finite element analysis is a method of simulating real
physical systems through mathematical approximation,
which uses a set of simple and interrelated components
to approximate a real system with infinite unknowns with
a finite number of unknowns. This method can simplify
complex problems, so it is widely popular among scientists.
The finite element modeling of riveted structure is a com-
mon connection method for steel components, which has
been discussed by many scholars. Figueira and Trabasso [7]
conducted in-depth research on the extrusion force param-
eters in the riveting process of the aviation industry, and
constructed a finite element model equation for checking
the rivet head size based on the rivet material parameters.
This equation could estimate the extrusion force at high
extrusion ratios with small errors, compensating for the
shortcomings of the original equation in ignoring the thick-
ness of the riveting fixture and the friction force between
the rivet, rivet plate, and punch. In response to the problem
that the riveting process may cause deformation of parts
in the aviation industry, Zanatta et al. [8] and his team
proposed a riveting device model based on finite element
analysis. The aim of this study was to find a scheme for
determining induced deformation that could be applied
to aircraft production lines from an industrial perspective.
This scheme made full use of adaptive meshing to improve
the overall accuracy of the model. This scheme fully uti-
lized adaptive grids to improve the overall accuracy of the

model. The case showed that this method had certain ad-
vantages. However, although adaptive mesh partitioning
improved the accuracy of the model, it was still limited by
the complexity and uncertainty of actual working condi-
tions. Zamani and Farhangdoost [9] used finite element
method to simulate the residual stress field and fatigue life
of a single riveted tower joint. They took into account im-
portant riveting process parameters such as riveting force,
sheet thickness, friction coefficient and clearance fit and
optimized them to maximize the residual stress field. This
study fully demonstrated the critical role of finite element
modeling in predicting and optimizing the riveting pro-
cess, but also revealed its limitations. Although the case
results indicated good consistency between the model and
actual observation data, it depended on the accuracy of the
parameters and the complexity of the model.

Ji et al. [10] established a riveting model using the
Ansoft Maxwell finite element analysis method to study
the voltage load and stress conditions of riveted coils. By
comparing simulation and experimental results, the tool
structure was adjusted and the optimal riveting voltage
range for stainless steel rivets was determined, thereby
achieving good rivet head formation and interference fit
between rivets and riveting plates. Wu and Chen [11] ex-
plored a lightweight design method using magnesium and
aluminum alloys based on riveted structures. Through
the repeated use of finite element simulation to calculate
and verify the strength and mode, a design scheme with
higher structural reliability was finally realized. This study
demonstrated the critical role of finite element modeling in
optimizing design and verifying structural strength. To cre-
ate a simplified finite element model suitable for the riveted
structure of a steel-aluminum hybrid car body, Song et al.
[12] constructed a simplified model of double-row single-
lap riveting and double-row double-lap riveting using the
ANSYS platform and compared it with a full-solid model.
It was found that this method, combined with sub model
technology, could improve the computational efficiency of
strength analysis of large riveted structures while ensuring
accuracy.

In summary, although finite element modeling plays a
significant role in the prediction and optimization of riveted
structure, it has some limitations. The accuracy of the finite
element model is limited by the accuracy of the input pa-
rameters. If the input parameters are wrong, the prediction
may be biased. Secondly, the complexity of the model may
make it less accurate in simulating the riveting process,
leading to inaccurate predictions. Therefore, this study
aims to solve the problem of metal riveted structures being
prone to fracture under tensile or shear forces. Finite ele-
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ment analysis is used to finely model the riveted structure,
and combined with rivet load displacement experiments,
the failure mode is analyzed in depth to improve the accu-
racy of model prediction. Compared to existing literature,
this study adopts a new method combining multi angle
experimental verification and layered mapping equivalent
model, aiming to overcome the limitations of traditional
empirical modeling methods in predicting the accuracy
and application range of complex riveted structures, and
thereby improve the design quality and safety of riveted
structures.

2. Metal riveted structure modeling and deforma-
tion prediction

2.1. Riveting structure model design

To construct a metal riveted structure model, it is necessary
to select a suitable modeling method. Since the damage
increment model takes stress effect and nonlinear damage
into consideration, it has high simulation accuracy . Among
them, the nonlinear damage model can accurately reflect
the nonlinear characteristics of material damage accumu-
lation during the loading process. This model comprehen-
sively considers the influence of stress state evolution on
damage growth and can depict the stress-strain relationship
throughout the entire process from micro damage initiation
to macro failure. In riveted structures, local stress concen-
tration and complex three-dimensional stress states lead
to significant nonlinear characteristics in damage behavior.
Thus, the use of nonlinear damage models is applicable for
predicting material failure points and simulating the entire
failure process. Therefore, a generalized damage increment
model with measurable stress is adopted as the failure
model for riveted structures. In the simulation of metal
riveting structures, when the focus is on the macroscopic
stress-strain relationship and overall structural behavior, it
is often not necessary to consider the influence of mesh size.
The main reason is that it is assumed that the notch test data
is sufficient to characterize the plastic failure behavior of
the material, without the need to capture detailed geomet-
ric details at the micro-scale. This assumption simplifies
the simulation process and can improve computational
efficiency without sacrificing the accuracy of critical struc-
tural responses. Without considering the influence of mesh
size, the triaxial curve of plastic failure strain stress is fit-
ted according to notch test data [13]. The bi-linear model
of peak load failure is the material constitutive model of
riveted joint structure, which can be used to establish beam
element and solid element to simulate the failure of riv-
eted structure. The riveted structure model can be divided

into multiple solid analysis units by finite element analy-
sis software, including hexahedron, 4-hexahedron cluster
and 8-hexahedron cluster, as shown in Figure 1. The rea-
sons for choosing "hexahedron, 4-hexahedron cluster and
8-hexahedron cluster" as solid analysis units are mainly
based on their geometric properties and computational
efficiency. Hexahedral elements are convenient for grid
division due to their geometric shape rules, and have high
adaptability when dealing with complex geometric struc-
tures [14]. The 4-hexahedral and 8-clusters of hexahedrons
provide finer meshing for capturing local stress concentra-
tions and failure areas. In addition, compared with other
types of elements (such as tetrahedral elements), such el-
ements have higher accuracy and higher computational
efficiency in solving large deformation and nonlinear prob-
lems. Therefore, these elements are widely used in complex
finite element analysis, including failure simulation of riv-
eted structures.

Fig. 1. Finite element analysis model.

Multiple hexahedra are combined with each other to
form hexahedral cluster units, which are generally used to
transfer stress and load. When the load of the hexahedron
cluster element reaches the upper limit, the riveted struc-
ture will fail and the hexahedron cluster element will be
deleted. The adoption of peak load failure criteria is based
on the need for simplified analysis, which can focus on the
behavior of riveted structures under maximum load. This
criterion assumes that failure is mainly driven by normal
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stress, while ignoring the effects of bending moment and
torque on failure. This assumption allows for the neglect
of complex stress states, simplifying failure analysis, accel-
erating the calculation process, and achieving moderate
accuracy in estimating structural bearing capacity. There-
fore, this study adopts the peak load failure criterion and
ignores the influence of bending moment and torque on
failure. The failure criterion for riveted structures is shown
in Eq. (1).

Pfail = σut · Arivet (1)

In Equation (1), Pfal represents the peak load of the
riveted structure when it reaches the failure state; σut repre-
sents the ultimate tensile stress of the rivet material; Ativet

represents the cross-sectional area of the rivet. The failure
criterion is shown in Eq. (2) [15].(

Nrr
NRR

)2
+

(
Nrs
NRS

)2
+

(
Nrt

NRT

)2
≤ 1 (2)

In Eq. (2), Nrr refers to the tensile load on the riveted
structural unit; Nrs and Nrt represent the shear component
of the unit in directions s and t, respectively; NRR is the
maximum tensile component of the riveted structural ele-
ment; NRS and NRT are the maximum shear components
of the unit in directions s and t, respectively. The schematic
diagram of shear force components in different directions
of riveted structural units is shown in Fig. 2.

Fig. 2. Schematic diagram of shear force components in
different directions of riveted structural units.

Using the force-based point connection constraint unit,
the load displacement curve of the connected structure is
formulated, as shown in Eq. (3) [16].

ηmax =
δmax

n

δ
f ail
n

=
δmax

t

δ
f ail
t

(3)

In Eq. (3), ηmax refers to the maximum load point of the
model; δmax

n refers to the rivet displacement of the model
under maximum load under shear; δfail

n is small displace-
ment when the model is pure shear; δmax

t refers to the rivet
displacement of the model under maximum load under ten-
sile conditions; δfail

t refers to the failure displacement when

the model is purely stretched. To adjust the shape of the
model in the elastoplastic stage and determine the failure
parameters of the riveted structure under different loading
angles, the calculation process of the damage parameters
of the model was defined as shown in Eq. (4) [17].

α =

{
ξt−ηmax

ξt
α1 +

ηmax
ξt

α2ηmax < ξt
1−ηmax

1−ξt
α2 +

ηmax−ξt
1−ξt

α3ηmax ≥ ξt
(4)

In Eq. (4), α refers to damage parameters; ξt refers
to the starting point of softening of the model material;
α1, α2, α3 refer to the damage parameter variables of the
model. This study applies modeling methods to character-
ize the rivet structure and conducts detailed simulations of
the analytical units that make up the structure. By simu-
lating the behavior of these units under load until failure,
it is possible to predict the failure mode under specific
loads and displacements, and help establish a deformation
prediction model for rivet structures.

2.2. Design of riveting deformation prediction model

As riveting progresses, the rivets and connecting structural
components will continuously accumulate nonlinear stress
and strain. To predict riveting deformation, a separate
local deformation analysis was conducted on riveting de-
formation. The necessity of conducting local deformation
analysis alone lies in the fact that the stress-strain state in
the local area during riveting may be extremely complex,
with significant differences from non local areas. The local
deformation data is first calculated using the finite element
method, and then the overall deformation during the riv-
eting process is predicted using an equivalent model. By
combining local deformation data with equivalent models,
it is possible to more accurately predict the overall defor-
mation behavior of the entire riveted structure. In addition,
the assumption of axisymmetric conditions originates from
the symmetry of the connection geometry and loading con-
ditions, which can significantly simplify the computational
model, reducing the complexity and computational cost of
the model. Therefore, this study assumes that the connector
model has an axisymmetric condition, and the sum of the
elongation of the rivet in the direction of the rivet joint is
the overall elongation of the connector, as shown in Eq. (4)
[18].

YL = np

(
2ur−p/2

)
(5)

In Eq. (5), YL refers to the overall elongation of the con-
necting unit; ur−p/2 is the radial deformation of a single
rivet at the position of half-rivet distance after riveting; np

refers to the number of rivets on the model’s single row of
rivets. The radial elongation of countersunk head rivet is
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shown in Eq. (6) [19].

ur−p/2 =
(1 + v)

2Ep
(dt)2 Kr

[(
2 ln

Dt
D0

)nr

−
(

2 ln
dt
D0

)nr
]
(6)

In Eq. (6), v refers to Poisson’s ratio of rivet material; Ep
is the elastic modulus of the material at the rivet distance;
dt indicates the average diameter of the riveted rod; Kr

refers to the stress parameters of the rivet; Dt is the average
diameter of the riveted pier head; D0 is the diameter of the
rivet; nr is the radius of countersunk head. Ignoring the
interaction between the connecting elements, the overall
riveting warpage calculation process is shown in Eq. (7)
[20].

Yz =
L + YL2

YL2 − YL1
h sin2 YL2 − YL1

h
(7)

In Eq. (7), Yz refers to the overall warping of the riveting;
L refers to the initial length of the riveted structural part
along the riveted joint; YL1, YL2 represents the radial elon-
gation of the skin skeleton; h denotes the total thickness of
the laminated structure. The finite element analysis process
of riveting in the assembly step is carried out in the model-
ing sequence of ABAQUS 2021 (Abaqus 6.9+VS2005+Intel
Fortran 9.1/10.0/10.1) [21], and the specific process is as
follows:

1. Solid model construction: Establish a solid model for
riveting analysis in ABAQUS, defining material prop-
erties of each component, such as elastic modulus,
Poisson’s ratio, and density.

2. Definition of contact pairs: Based on the friction char-
acteristics of the contact surface, simulate the physical
connections between components.

3. Rivet insertion simulation: Select the contact surface
between the rivet and the component to be riveted,
and set the direction of rivet insertion.

4. Load and boundary condition settings: The simulation
of riveting process and the limitation of component
movement have a decisive impact [22, 23].

5. Solver parameter configuration: Adjust according to
the complexity of the analysis problem and the re-
quired solution accuracy.

6. Result analysis: Obtaining data on stress, strain, and
displacement after completing the analysis is crucial
for understanding and optimizing the riveting process.

As shown in Fig. 3, this study establishes a cylindrical
coordinate system, with each nail hole axis as the center,
to measure the displacement and deformation before and
after riveting. Multiple measurement points are selected

equidistant on the axis, and a query tool is used to record
the distance between the measurement points before and
after riveting and the upper end face of the riveting die, to
obtain the position information of the measurement points.
Through this process, the position coordinates of the three
rivets before and after deformation are captured [24]. It is
observed that the interference of the nail hole significantly
increases with the increase of the distance from the refer-
ence plane, leading to plastic deformation of the rivet head
at the critical point. The corresponding nail hole axis also
undergoes plastic deformation, bearing radial, axial, and
tangential stresses. On this basis, further research is con-
ducted to establish an elastic-plastic deformation model,
which includes rules for local deformation fields to predict
deformation behavior during batch riveting processes.

Fig. 3. Schematic diagram of rivet deformation and
riveting sequence.

In Fig. 3, if the riveting model selects a datum plane,
the deformation on the node object of the layer can be pre-
dicted by measuring the interference amount of the nail
holes at different distances from the datum plane, which
can be applied to the model of this study. In other words,
the main plastic influence area of the model is divided into
several layers along the direction of the connecting element,
and the number of layers is determined by axial segmenta-
tion. In this way, the batch riveting model does not need
to establish a model composed of rivets, connecting units,
and upper and lower riveting molds one by one. In the
finite element simulation case of single riveting deforma-
tion, the axial displacement and deformation of each layer
of single riveting are recorded, and then these data are di-
rectly loaded into the model of batch riveting simulation
laboratory as boundary conditions to achieve deformation
prediction.
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3. Performance test of riveted structure model and
deformation prediction model

In this study, finite element simulation is conducted to in-
vestigate the deformation and stress distribution of riveted
structures. ABAQUS 2021 software is used to establish U-
shaped component models containing NAS1097KE5 and
MS20470AD5 rivets. The simulation defines the contact sur-
face as frictional contact and adjusts the material’s elastic-
plastic behavior through parameters’ a ’and’ b ’. Select
the nodes around the rivet holes as stress measurement
points, and use a layered mapping algorithm to predict the
displacement changes of U-shaped components under dif-
ferent loading angles. The load displacement relationship
is presented through simulation of tensile experiments at
different rates to characterize the structural performance of
double nail lap riveting mode.

3.1. Riveting structure model test

The case setup used for measuring deformation/stress
is ABAQUS 2021 (Abaqus 6.9+VS2005+Intel Fortran
9.1/10.0/10.1). This study selects two types of rivets,
namely NAS1097KE5 and MS20470AD5. Among them,
NAS1097KE5 is a 100 degree countersunk head rivet made
of 7050-T73 aluminum alloy; MS20470AD5 is an oval head
rivet made of 2117-T4 aluminum alloy. The material char-
acteristics of rivets are shown in Table 1.

In this study, a group of U-shaped parts are designed
for composite loading test. The bottom surface of two U-
shaped parts "U" is connected by rivets, and both sides
of "U" are connected with special test fixtures to complete
the loading test of different angles of the riveted structure,
including pure tensile, 30-degree composite loading, 45-
degree composite loading, 60-degree composite loading,
and pure shear. When modeling U-shaped riveted connec-
tions, the contact surface relationship is usually defined as
frictional contact to simulate the interaction between riv-
eted components. This contact algorithm needs to consider
the positive pressure and friction characteristics between
the contact surfaces. In this study, the test of 1.6mm+1.6mm
U-shaped parts is simulated. A fully integrated Belytschko-
Tsay shell element is adopted, and three integral points are
set on the thickness [25], as shown in Fig. 4.

The mesh size of the finite element model is 2mm, with a
total of 1974 nodes and 1832 shell elements. The boundary
is set according to the case clamping condition, the lower
end of the clamping section is constrained, and the upper
end of the clamping section is loaded with velocity along
the vector direction.

Fig. 5 shows the simulation results of U-shaped parts at
different loading angles under four finite element analysis

Fig. 4. Riveting structure model of U-shaped parts.

elements. In the process of simulating the riveted structure
of the beam element, the stress concentration occurs at the
joint of the beam element and the U-shaped part, which
is manifested as the structural failure of the joint element.
For load tests from all angles, the solid unit can simulate
the failure load very well. Fig. 5(a) shows the simulation
results of the 8-hexahedral cluster and the 4-hexahedral
cluster under pure tensile tests, with both configurations
reaching maximum displacement at a load of 3500N. In
the elastic stage, the simulation results are good, but in
the plastic stage, the simulation results are high, and the
simulation results of failure displacement are small, which
shows that the model can simulate the elastic stage well
under the condition of pure tension, but the accuracy of
the simulation in the plastic stage and the failure stage
needs to be improved. Fig. 5(b) shows the results of the
30° composite load simulation. It can be seen that with
the decrease of the number of solid units, the simulation
error of failure displacement gradually increases, which
indicates that the number of solid units has a great influ-
ence on the simulation results under the combined load
conditions. Fig. 5(c) shows the simulation results of a 60°
composite load. Consistent with the results in Fig. 5(a),
the model reaches its maximum displacement at a load
of 3500N. Fig. 5(d) shows the simulation results under a
pure shear test. Whether it is an 8-hexahedron cluster, a 4-
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Table 1. Material Characteristics of Rivets.

Rivet model Rivet type Material Rod diameter
(mm)

Length
(mm)

NAS1097
KE5

100 degree countersunk
head rivet

7050 − T73
aluminum alloy 4.0 9.5

MS20470
AD5 Oval head rivet 2117 aluminum

alloy 4.0 9.5

hexahedron cluster, or a hexahedron, the simulation results
are basically the same, producing a maximum displace-
ment value of 2mm under a load of about 4000N, which
indicates that the model behaves consistently under pure
shear conditions. The above data comparison results in-
dicate that the 8-hexahedral cluster can more accurately
predict the failure load and displacement under different
loading conditions, especially in pure tensile tests, and its
performance is better than other element types. Therefore,
the 8-hexahedral cluster obtained the optimal results in
finite element simulation. For this type of structure, using
8-hexahedral cluster for finite element modeling is the most
appropriate.

Fig. 5. Results of Composite Loading Simulation case.

In this study, parameters ‘a’ and ‘b’ are set to adjust the
shape of the model during the elastoplastic phase. Parame-
ters ‘a’ and ‘b’ are designed to more accurately simulate the
deformation behavior of riveted structures. In particular,
‘a’ dominates the curve shape under pure tension and de-
termines the performance of the model under tensile state,
while ‘b’ mainly affects the curve shape under pure shear.
Therefore, the setting of two parameters, ‘a’ and ‘b’, not
only affects the shape of the model, but also determines
the performance of the model, which plays an important
role in understanding and solving the riveting deformation
problem. Since the effects of both are similar, the study
only tested the effects of ‘a’. In the study, the value of a is

changed to 1, 2, 4, 6 and 8 respectively, and then the pure
tensile test is simulated. The change of load displacement
curve is shown in Fig. 6. As the value of parameter a in-
creases from 1 to 8, the simulated load displacement curve
gradually moves upward, reflecting the enhanced energy
absorption capacity of the model in the elastic-plastic stage.
However, no matter how the value of a changes, the values
of failure displacement and failure load remain unchanged,
indicating that parameter a mainly affects the elastoplastic
stage, but does not change the failure performance of the
material.

Fig. 6. Changes of load displacement under the influence
of different a values.

The simulation case of the 60° composite loading model
is carried out through damage parameter variables α1, α2

and α3. α1 and α2 mainly affect the state of the load dis-
placement curve before the failure of the model, which
will increase the value of the failure load and failure dis-
placement, while α3 mainly affects the state of the load
displacement curve during the damage stage of the model.
The simulation case results are shown in Fig. 7. The load
displacement curve did not produce large losses during the
60° composite loading case. In Fig. 7(b), α2 has a significant
effect on model failure, which is positively correlated with
failure displacement and failure load, and the failure ab-
sorption capacity increases. The effect of α1 and α3 is small,
and only when the value is larger, such as 8, will it have
a significant impact. The simulation error of 8-clusters of
hexahedral element and electrically connected constraint
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element is compared to verify the performance of point-
connected constraint element. The case results are shown
in Table 1.

Fig. 7. Case results of load displacement under different
loss parameters.

Table 2 shows the error data of 8-clusters of hexahedral
element and point connection constraint element. The 8-
clusters of hexahedral element is a riveting model based
on the failure criterion of peak load, so the simulation error
of failure load is minimal. The simulation errors of pure
tensile and shear failure loads are 0.4% and less than 0.1%
respectively, and the error of failure loads is less than 5%.
However, the failure displacement error of 8-clusters of hex-
ahedral element is large, the minimum error of pure shear
failure displacement is 3.9%, the failure displacement error
of 30° composite loading is 8.8%, and the failure displace-
ment error of other angles is greater than 15%. Compared
with 8-clusters of hexahedral element model, the error of
failure load is slightly increased, but both are less than 10%.
The point connection constraint model is a simplified riv-
eting model, which abstracts the physical characteristics
of the riveted structure and does not strictly follow the
failure criterion of peak load. Therefore, the local stress
concentration cannot be accurately simulated during the
simulation of failure load, resulting in a slightly larger error
in failure load compared with the 8-hexahedral cluster ele-
ment model. The failure displacement error is only 14.6%
under 30° compound loading, and less than 10% under
other Angle compound loading. The overall simulation
results of point connection constraint unit are good.

3.2. Test of rivet deformation prediction model

According to the layered mapping algorithm, the deforma-
tion prediction model is divided by interface function, and

the finite element simulation case is carried out. The finite
element analysis process module is consistent with the fi-
nite element analysis step of the common riveting model.
Each node around the rivet holes in Fig. 3 is selected as
a measuring point to study the stress distribution around
the nail holes. The horizontal stitching holes numbered 1-8
are selected, and the horizontal stitching holes numbered
1-8 are selected to record the stress changes of the riveting
holes during the riveting process. The selection of nodes
around the rivet hole as stress measurement points is to ac-
curately capture the contact stress distribution between the
rivet and the hole wall during the riveting process. By mea-
suring the points of horizontal stitching holes numbered
1-8, the stress concentration at the edge of the hole during
rivet loading can be quantitatively analyzed, thereby eval-
uating the structural integrity and potential fatigue life of
the riveted joint. Finally, the change of stress interaction
between holes and nails in the riveting process is obtained.
The test results are shown in Table 3.

As can be seen from the stress test results of the mea-
suring points in Table 3, except for the stress of measuring
point 1 at the No.1 nail hole, which is 487.1 MPa, the stress
of other measuring points is lower than 20 MPa. Similarly,
the stress at the measuring point of No. 1-8 nail hole is
related to the nearest nail hole, and the longer the distance
from the nail hole, the smaller the stress and the smaller
the deformation effect on the rivet. Therefore, the influence
of the remote measuring point on the nail hole is almost
negligible, and the average stress on the connecting unit
can be calculated to be 490 MPa. Five equidistant points on
the far right of the connecting element of the rivet model
are selected as measuring points to explore the horizontal
and vertical deformation of the connecting element during
the riveting process, as shown in Fig. 8.

Fig. 8. Displacement changes during riveting.

Fig. 8 shows the displacement changes of "U1" and "U3"
during the riveting process. Among them, "U1" represents
the direction close to the riveting point, and "U3" repre-
sents the side direction located at the riveting point. In
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Table 2. Simulation errors of the two models.

Model 8-clusters of hexahedral element Point connection constraint unit
Error Failure displacement error Failure load error Failure displacement Failure load error

(%) (%) error (%) (%)
Pure drawing 17.6 0.4 7.7 0.9

30◦ Recombination 8.8 3.6 14.6 8.2
60◦ Recombination 27.2 1.5 5.8 5.4

Pure shear 3.9 0.0 9.6 2.9

Table 3. Simulation errors of the two models.

Nail hole 1 2 3 4 5 6 7 8
Measuring point 1 487.1 486.4 486.8 486.3 486.3 486.3 486.3 486.6
Measuring point 2 15.0 499.7 487.1 486.3 486.2 486.6 485.2 485.5
Measuring point 3 3.0 15.0 499.3 4866 486.5 486.7 486.7 486.7

Stress test results Measuring point 4 0.9 3.0 15.0 480.1 480.2 480.7 480.5 480.8
( S/MPa) Measuring point 5 0.9 2.0 2.0 483.4 487.6 486.1 487.1 486.5

Measuring point 6 1.0 2.0 2.0 2.0 8.0 494.4 494.3 488.6
Measuring point 7 1.0 2.0 2.0 2.0 2.0 8.4 485.9 486.1
Measuring point 8 1.0 1.0 2.0 1.0 1.0 2.3 8.4 494.1

Fig. 8(a), the displacement trend of each stress measuring
point in the horizontal direction is basically linear. Due to
the micro-deformation of the single riveting, the change
amount continuously accumulates along the skeleton di-
rection, and the distance and constraint degree between
different stress measuring points and nail holes are differ-
ent, so the displacement change trend is inconsistent. In
Fig. 8(b), with the progress of the riveting process, the de-
formation of stress measuring points 1, 3, 4 and 5 in the
vertical direction increases significantly, and it can be in-
ferred that these measuring points have gradually moved
away from the riveting direction and the riveting point.
When 21 rivet holes are riveted, the displacement of mea-
suring point 2 in the vertical direction changes. The reason
is that measuring point 2 is relatively close to the rivet hole,
which can balance the warping deformation generated by
several measuring points other than measuring point 2.
However, after 21 rivet holes, the displacement of measur-
ing point 1 and measuring point 5 in the vertical direction
continues to increase during the riveting process, indicat-
ing that the displacement changes at different measuring
points are different, the connection unit is unbalanced, and
the riveting model will have continuous warping and con-
cave deformation. The difference of the displacement trend
in U1 and U3 is due to the difference of the position of the
stress measuring point relative to the riveting point and
direction. The linear increase of horizontal displacement
is caused by the micro-deformation of single riveting. The
vertical displacement increases significantly at measuring
points away from the riveting direction and points, which
are susceptible to warping and sag deformation.

In Fig. 9, EXP1, EXP2 and EXP3 represent case configu-
rations with tensile speeds of 0.01m/s, 0.1m/s and 1 m/s,
respectively. The selection of 0.01m/s, 0.1m/s, and 1m/s as
tensile speeds is mainly based on industry standard testing
rates, which can be considered as representative of low-
speed and medium speed loading conditions encountered
in practical applications. The hole edge distance of the
riveted structure is only more than 2 times the diameter of
the rivet, and the processing error of 1mm is allowed. The
hole margin is 2 d+1 mm (d is the diameter of the rivet).
The cross-riveting test of double nails is designed, and the
diameter of retained nails is 4mm. The nail eye distance
from the edge is 9mm; The connecting plate has a width of
28mm; The thickness of the attached substrate is 1.27mm.
In the double riveted transverse riveting structure, there
are two ways of damage: one is that a nail is cut, so that
the connecting structure loses power, and the connecting
plate is lifted; The other is to tear the splint between the
two nail eyes, and turn the splint upward. Fig. 9 shows the
variation of load-displacement in the three configurations.
Through the average test of the three test points, the dam-
age displacement and destructive power of the double-pin
horizontal test point are 3.78mm and 6599N, respectively.

The SPR2 constraint model is a two-dimensional spring
element applied in ABAQUS software, specifically de-
signed to simulate contact and connection problems. This
model defines in-plane rotation constraints through shear
stiffness and torsional stiffness parameters, which can sim-
ulate relative rotation and displacement between materials,
accurately reflecting the mechanical behavior of complex
connections with high computational efficiency [26]. Then,
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Fig. 9. Changes in load displacement under three
configurations.

in this case, 8 hexagonal mass and SPR2 model are used
to numerically simulate the double nail lap joint, and the
load-displacement curves of the two nails are obtained, as
shown in Fig. 10. 8 Hexagonal block riveting mode is to
convert the damage degree of the connecting plate into
nails, and the nails bear the main deformation.

Fig. 10. 8-clusters of hexahedral and SPR2.

The hexagonal cluster riveting model was analyzed us-
ing ABAQUS in April 2023, and the simulation results
revealed that rivets instead of connecting plates became
the driving force for failure, confirming the importance of
structural design. The SPR2 model accurately predicts the
failure load, but there are still shortcomings in simulating
displacement. The physical simulation uses an "I" type dou-
ble rivet connection plate to display the stress distribution
and failure mode of the connection plate, and the results
are consistent with experimental data, verifying the relia-

bility of the model. The 8-hexagon cluster riveting model
translates the damage degree of the connecting plate into
the rivet bearing the main deformation, so the final failure
mode is the rivet failure as shown in Fig. 11(a), rather than
the failure of the connecting plate. The resulting failure
load is too high and the failure displacement is too low.
SPR2 model can simulate failure load well, but it cannot
simulate failure displacement well. The final simulation
result shows that there is a shell element failure near the
connection node, that is, at the set nail hole, as shown in
Fig. 11(b). The final simulation results of the failure mode
of a cylinder with holes are shown in Fig. 11(c). In Fig. 11(c),
the cylinder is sliding directly out of the nail hole, and does
not truly simulate the pressure of the connecting plate and
the rivet. In Fig. 11(d), the "I" shape has holes in the solid
simulation of the double-rivet connection plate, which is
designed to accurately reproduce the interaction and fail-
ure mode between the rivet and the connection plate. This
model can reflect the stress distribution of the connecting
plate between rivets and simulate the structural failure
caused by the failure of the connecting plate, which is con-
sistent with the case results. Its advantage is that it can
obtain accurate results in the simulation of failure load and
displacement, which is of great value for understanding
and optimizing the design of riveted structures. Fig. 11(d)
shows the final simulation results of the physical destruc-
tion pattern of the "work" font with holes. In accordance
with the case results, it is the failure of the connection struc-
ture caused by the failure of the connecting plate between
the double nails. The simulation results that the method
has achieved good results in the aspects of failure load and
failure displacement.

4. Discussion

The case results show that the 8-hexahedral cluster model
predicts accurately under different loads, especially in pure
tension, which is consistent with the high accuracy of multi-
element clusters in mechanical response simulation. The re-
search results of this phenomenon in existing literature are
consistent, and it is generally believed that multi-element
clusters can provide more accurate mechanical response
simulations. The model simulates accurately in the elastic
stage, while the accuracy in the plastic and failure stages
decreases. Further calibration of the material constitutive
relationship and failure criteria is needed. As parameter
a increases, the load displacement curve shifts upwards,
indicating an increase in energy absorption capacity as de-
formation increases, but it does not affect the failure perfor-
mance. Compared with the 8-hexahedral cluster, the point
connection model has errors in predicting failure loads, but
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Fig. 11. Four Failure Modes.

the prediction of failure displacement is relatively accurate.
By analyzing the performance of the 8-hexahedral cluster
model under multi axis composite loads, it is observed that
when a load at a different angle from the pure tensile test
is applied, the predicted fault displacement of the model
remains within 10% of the experimental data. This result
demonstrates the robustness and reliability of the model
under different loading conditions. The stress test shows
that the stress changes significantly with the position of the
nail hole, supporting the understanding of riveting defor-
mation. The comparison between simulation and physical
failure modes indicates that both rivet and connecting plate
failures are important, emphasizing the need to compre-
hensively consider materials and connections when simu-
lating complex structures. The displacement trend of each
stress measurement point shows a specific pattern, which
provides experimental basis for understanding the defor-
mation behavior during riveting process and is supported
by theoretical models in existing literature.

5. Conclusion

To analyze the riveted structure and establish the deforma-
tion prediction model, the finite element analysis method
is used to model the riveted structure through small units,
and the failure analysis of the riveted structure is carried
out according to the multi-angle rivet load displacement
case. Meanwhile, after the local element analysis, the lay-
ered mapping equivalent model is used to predict the defor-
mation of the rivet structure, and the effect of the prediction

model is verified by finite element simulation. The experi-
mental results are as follows:

1. The point connection constraint model shows an error
rate of no more than 10% in predicting failure loads,
while under a 30° composite load, its failure displace-
ment error is controlled at 14.6

2. Under the action of composite loads at different angles,
the prediction error of the failure displacement of the
model remains within 10%, indicating stable overall
simulation performance of the model.

3. The prediction model reveals a negative correlation
between the stress at the test point and the distance
from the rivet hole. As the distance increases, the
stress decreases, reaching a minimum of 0.9 MPa.

4. The deformation prediction model for riveted struc-
tures established through finite element analysis has
been verified through multi angle load displacement
experiments, and has been proven to have high accu-
racy and reliability in engineering applications.

5. The strong correlation between stress and rivet hole
distance provides a basis for real-time monitoring of
riveting structure deformation, which is helpful for
deformation prediction and control in engineering.

The limitation of this study is that it failed to conduct
dynamic analysis and verification, and future research di-
rections can start from here.
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