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Abstract: Some controllable process parameters in the riveting process such as the gap between
sheets, have an important impact on the quality of a riveted butt joint. In this paper, the finite element
model of a riveted single-strap butt joint is established with the help of ABAQUS analysis software,
and the riveting process is simulated under five kinds of gaps between sheets. From the perspectives
of rivet upsetting size, rivet interference, radial deformation of sheet, and analysis of residual stress
around the hole of sheet, the influence of the gap between sheets on the connection quality of the
riveted butt joint is summarized. The results show that the left and right sheets will contact each
other and there is extrusion stress between the sheets when the gap is zero. When the applied tensile
load continues to increase, due to the influence of the secondary bending, the strap sheet responsible
for the connection produces warping deformation, and there will be no further contact between
the sheets. When the gap between sheets increases from 0 to 2 mm, the maximum deformation of
strap sheets increases from 0.876 to 0.927 mm, which proves that the gap between sheets have no
significant effect on the deformation of the strap sheet.

Keywords: single-strap butt joints; gap between sheets; riveting quality; finite element model

1. Introduction

The mechanical connections used in aircraft assembly are riveted, welded, glued, or
mixed connections. According to relevant data, riveting and bolting methods account for
more than 70% of aircraft structural connection methods, and the workload of riveting
accounts for about 20%–30% of the total aircraft work [1,2]. The riveting process has the
characteristics of reliable connection, low cost, easy troubleshooting, and is suitable for
connection between metal and non-metal materials. With the development and popularity
of automatic drilling and riveting technology, the efficiency and quality of riveting process-
ing have improved significantly, which has promoted the development and application of
riveting technology.

The connection quality of riveted parts has an important impact on the development
of the aviation industry, failure of riveted structures is one of the most common causes
of failure in aircraft [3–5]. A total of 70% of aircraft fuselage fatigue failures occur in the
structural connection area, with 80% of the cracks occurring at the connection holes [6]. For
example, a Boeing 737 of Aloha Airlines had an airborne disintegration accident during a
flight due to rivet fatigue failure [1], and a F-111 fighter jet of the U.S. Army crashed during
a flight due to fatigue failure at the rivets that caused the wing to fall off [7]. Therefore, it is
crucial to improve the quality of riveting during aircraft assembly.

As a docking connection method, butt connection is widely used in the assembly
connection of fuselage and wing of aircraft. Figure 1 shows the schematic diagram of
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the docking structure section of the tail section and the rear section of a transporter. The
conveyor adopts the butt connection, and the strap sheet is used to connect the backbox and
the tail section [8]. The gap between sheets is a potential influencing factor that needs to be
considered. In the riveting process, due to the existence of residual stress, the strap sheet
will have a certain degree of deformation in the axial and radial directions after the riveting
is completed. When the gap between sheets is too small, there may be collision extrusion
between the panels under the action of tensile load, thus affecting the connection quality of
the panel connector. Therefore, it is necessary to do further research on such issues.
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Figure 1. The tail end of the fuselage and the rear section of the strap sheet connection schematic.

The study of the strength and fatigue life of riveted single-strap butt joints has been
the focus of scholarly research. Szolwinski et al. [9] found that the compression riveting
force affected the stress distribution around the rivet hole, and that the expansion of fatigue
cracks at and around the nail/hole interface was related to the residual stress field generated
during the riveting process. The occurrence of fatigue damage in riveted structures was
related to the stress gradient generated by the contact between the rivet and the rivet hole.
Atre et al. [10] investigated the distribution of stresses and strains around the rivet hole
by means of finite element simulation. Aman et al. [11] investigated the optimal riveting
sequence to reduce residual stresses and improve the quality of riveted joints utilizing
finite element simulation. Manes et al. [12] investigated the riveting process in terms of
the compression rivet force, the rivet length, and rivet and sheet hole diameter tolerances
on the riveted joint quality, and the results showed that the compression force had the
greatest effect on the riveted fatigue. Yu et al. [5] used the numerical method to study the
comprehensive effect of residual stresses caused by rivet patterns and pitches on the local
stress of riveted lap joints. The smaller rivet pitch produces higher compressive residual
stresses at the edge of rivet holes, which is conducive to the fatigue performance of riveted
joints. Kumar et al. [13] conducted nonlinear finite element analysis on riveted lap joints
and found that as long as the rivet did not yield, the load distribution between rivets was
not uniform, which may lead to local high stress and cracking. Liu et al. [14] numerically
studied the residual stresses distribution of single-band butt joints with different rivet
sizes and thicknesses. There is little research on the influence of gap between sheets on
riveting quality.

The use of multiple rows of rivets in a strap sheet connection generally results in
uneven loading of the rivets, resulting in large rivet loads at both ends, which becomes a
weak link in the performance of the joint [15]. For the strap sheet connection, when the gap
between the sheets is set too small, the sheets will be in contact with each other after the
riveting is completed, thus affecting the stress distribution between the sheets.

In this paper, the influence of the gap between sheets on the connection quality of
single-strap butt joint is studied by numerical simulation. The finite element model of strap
joint is established by using ABAQUS finite element analysis software. Referring to the
published literature, reasonable boundary conditions, contact, and analysis steps are set
according to the riveting process, and the finite element numerical simulation of riveting
and loading process is carried out. The simulation results are analyzed to summarize
the influence of the gap between strap sheets on the connection quality and mechanical
properties of butt connectors.
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2. Finite Element Model of Single-Strap Butt Joint

Since riveting is a highly nonlinear problem among multiple objects with complex
contact, the ABAQUS/Explicit algorithm is used to simulate the influence of the gap
between riveted strap sheets on the quality of joint [16]. Considering factors such as
computational accuracy and computational time of finite element simulation, it is necessary
to make appropriate simplifications in the establishment of the simulation model as well as
the calculation under the premise of meeting the requirements [17]. The local simplification
of the annular joint with strap sheet connection structure is shown in Figure 2. The inner
and outer parts of the sheet connection part are two curved surfaces, and the studied area
is a part of the strap sheet connection structure due to the large radius of curvature of the
surface, so the object of study is simplified to the connection of two flat sheets.
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Figure 2. Schematic diagram of single-strap butt joint.

Considering the symmetry of the structure, both wall sheets will be deformed after
the riveting is completed. The seam gap scheme is designed as shown in Table 1, and the
finite element simulation of compression riveting and tension is done for the five groups of
riveted joints [18].

Table 1. Groups of the gap between sheets.

Group 1 2 3 4 5

Gap between sheets/mm 0 0.1 0.2 1 2

The diameter of the rivet can be calculated from Equation (1) [19]:

d ≥ 2
√

∑ δ (1)

where ∑ δ is the total thickness of the strap sheets.
In this paper, using the 4 mm diameter rivet, the length of the rivet can be calculated

using Equation (2) [19]:
l = d + 1.2∑ δ (2)

where d is the diameter of the rivet, l is the length of the rivet.
The finite element simulation model of the strap sheet joint consists of the left wall

sheet, right wall sheet, strap sheet, rivet, rivet die, and other parts, and the specific parame-
ters and model of the joint are shown in Figure 3. In the process of finite element analysis,
the material properties will affect the accuracy of the calculation results. The material of the
strap joint is aluminum alloy, the material of the left and right wall sheets and strap sheets
is AL2024-T3, and the rivet is a countersunk head rivet of standard grade YSA622-100◦, the
material of which is 2117-T4 aluminum alloy, and the chain riveting is used, and the rivets
of adjacent rows are located in the same transverse line. The rivet die is set as a rigid body
due to its small deformation relative to the other parts. The material property parameters
mainly include density, modulus of elasticity, Poisson’s ratio, yield strength and intrinsic
structure relationship model, etc. The specific parameters are shown in Table 2 [20] and the
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stress–strain relationship is shown in Figure 4. The constitutive relationship model can be
described by the power exponent hardening model σtrue = C · εr

true.
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Table 2. Material properties for rivet and sheets used in modeling.

Material Elastic
Modules/MPa Poisson Ratio Yield

Strength/MPa Density/(kg/cm3)

AL2117-T4 71,700 0.33 480 2690
AL2024-T3 72,400 0.33 310 2730

In this paper, C3D8R cells are used for the rivet, wall sheet, and strap sheet meshes,
and since the main focus is on the stress distribution around the rivet, the mesh sparse
division technique is used in the finite element simulation to divide the mesh with different
densities for different regions, which can reduce the scale of the analysis while ensuring the
computational accuracy. The riveting analysis is a complex nonlinear contact problem with
high computational cost, and the plastic deformation during riveting is mainly concentrated
at the rivet and 2.5 times the radius of the rivet around the hole of the connected part [21].
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In order to improve the simulation accuracy and computational efficiency, the mesh around
the rivet hole is refined, we subdivide the square area grid with the center of the rivet as
the center and the edge length of four times the diameter of the rivet. There are 3600 mesh
elements in each square area, and 43,200 mesh elements in the unilateral experimental
sheet. The mesh in other parts can be appropriately sparse, and the simulation model after
meshing is shown in Figure 5.
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Finite element simulation analysis steps include riveting steps and tensile steps. For
the joint shown in Figure 5, rivets No. 1 to No. 12 in sequence are riveted to obtain riveted
parts. According to the motion law of riveting process [21], the process of single rivet
riveting is divided into the loading process and the unloading process. The riveting process
is a process of forming high-speed and high-strain impact load, and the Explicit analysis
module in ABAQUS 6.14 is used for simulation.

Stage 1: Loading process. Start with the riveting die at the initial position until the
riveting die moves to the maximum riveting distance. This stage is the main stage of the
riveting process. During the loading process, the rivet is compressed and deformed to form
the upset head. Single rivet loading process analysis step time is 1 ms [19].

Stage 2: Unloading process. Starting from the rivet die movement to the maximum
riveting distance, the die retraction motion is set. The die is separated from the header and
continues to retreat to a certain distance. The analysis step time of the unloading process
for a single rivet is 1 ms [19]. The stretching simulation step is performed on the basis of
the riveting completion.

Stage 3: Tensile process. Remove the constraint of the rivet head and the clamping
constraint of one end, apply the X-direction tensile load to the original wall clamping
part. The tensile analysis step uses the prevention method of force load control, and the
maximum tensile load is set at 25 KN. At the beginning of the tensile analysis step, a large
value will be set. After many simulations, it can be found that the rivets have all broken
around 4 ms, and the wall sheet on one side is separated from the strip sheet. Therefore,
the time of the tensile analysis step is set to 5 ms. The tensile load is set to linear growth,
the initial value is 0, and reaches the maximum at 5 ms.

Appropriate simplifications were made in setting the boundary conditions. Limiting
the degrees of freedom of the rivet head simulates the clamping of the presser foot during
the riveting process. Restrict the freedom of the two ends of the sheet to simulate the
clamping of the workpiece during riveting. The model boundary conditions and degrees
of freedom settings are shown in Figure 6. In riveting operation, fix both ends clamping
area and pressing foot area. In the tensile simulation step, the clamping constraint at one
end and the constraint at the rivet are canceled, and the X-direction stretching force is
applied instead.
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ABAQUS can be used for motion control by force and displacement loads. In this
paper, the rivet riveting is controlled by displacement, and the motion displacement of
the riveting die in the Z direction is set in the load module. According to the principle of
volume conservation of rivets, the riveting pressure can be calculated by Equation (3) [11]:

S ≈ L2 − (t1 + t2 − t3)−
d2L2 − d2

3(t1 + t2 − t3)

D2
p

(3)

where L2 is the length of the nail bar, t1 is the thickness of the wall sheet, t2 is the thickness
of the strap sheet, t3 is the height of the nail head, d is the diameter of the rivet, d3 is the
diameter of the wall sheet hole, Dp is the diameter of the header after riveting. Substituting
the corresponding parameters into the calculation, the lower pressure of the rivet die can
be obtained as 3.71 mm.

According to the analysis of riveting process [21], the contact pairs in the model can
be summarized as follows:

(1) Contact between the lower surface of the riveting die and the side face of the rivet rod.
(2) Contact between rivet cylindrical surface and sheet hole.
(3) Contact of rivet cylinder and sinker cone with panel hole wall and sinker hole.
(4) Contact between wall sheet and strap sheet.
(5) Contact between upsetting head surface and wall sheet surface after rivet deformation.
(6) Contact between left and right wall sheet.

The above contact pairs are set to General contact in ABAQUS, and there is friction
between the contact surfaces. Because the friction has little effect on the calculation results,
the friction coefficient is set to 0.2 [22]. The whole finite element simulation process takes
2 h and 40 min finally.

3. Results and Discussion
3.1. Analysis of the Effect of Butt Gap on Riveting Performance
3.1.1. Analysis of Rivet Interference

Interference is an important indicator to evaluate the riveting quality [23]. If there
is a certain amount of interference in the connection hole, a large residual compressive
stress will be generated on the wall of the hole. When loading the connection, due to a
radial compressive stress and tangential tensile stress around the hole at the same time, the
stress direction at the connection joint is opposite, so that the stress level on the connector
is greatly reduced, thereby improving the fatigue strength of the connection. The path
function in ABAQUS finite element software was used to observe the distribution of
interference along the thickness direction of the rivet. The path was set at the edge of the
rivet hole, as shown in Figure 7.
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Figure 7. Rivet interference path position.

The interference distribution along the rivet thickness direction of connectors with dif-
ferent clearances is shown in the Figure 8. The interference amount is unevenly distributed
along the rivet thickness direction, and increases nonlinearly with the increase of the gap
between the joints. The interference of the rivet head side is greater than that of the sink
head side. The interference of rivets on the upsetting head side is large, which is due to the
upsetting head formed by the deformation of the nail rod side during the riveting process,
which has a large extrusion effect on the rivet hole.
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With the increase of Z-direction distance, the interference decreases, and the change of
interference is relatively stable in the range of 0 to 2.25 mm. However, it decreases rapidly
in the range of 2.25 to 2.6 mm, and finally the interference at the countersink is very small,
not exceeding 0.01 mm. Compared with the interference distribution of the plate connector
with different gaps, the interference of the connector is the smallest when the gap is 0, the
maximum is 0.058 mm, and the interferences of the rivet of the butt joints with the gap of
0.1 to 2 mm are almost the same.

3.1.2. Analysis of Sheet Boundary Deformation

The deformation of riveted sheet is related to the diameter and number of rivets and
the diameter of hole. According to the position shown in Figure 9, path 1, path 2, path 3 are
set to observe the strain distribution of the sheet boundary after riveting. The path view
is along the Y direction. Path 1 run along the top sheet, and path 3 run along the bottom
sheet. The rivet interference of the Y-direction path is shown in Figure 10. The interference
of rivet is 0.01 mm in the range of 0 to 2.25 mm, and the interference of rivet in path 1 on
the upper surface of the sheet is 0.005 mm less than in path 3 on the lower surface of the
sheet. There are two rows of rivets on each sheet. The uneven deformation of the sheet
section is the superposition of the interference between the rivet and the sheet.
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The X-direction deformation of the sheet after riveting is shown in Figure 11. For
the three-row rivet connector, the radial deformation of the wall sheet around the hole
of the middle rivet is slightly larger than that of the two sides. For the same side of the
panel, the radial deformation of the panel from top to bottom decreases in turn. The radial
deformation of the middle rivet is larger, and the radial deformation value is about 0.02 mm.
The radial deformation of the wall sheet may be affected by the rivet interference, and
the middle rivet is superimposed by the deformation of the rivet on both sides except
itself. The deformation of rivets on both sides only includes the influence of their own
deformation and the deformation of intermediate rivets, so the deformation of rivets on
both sides is smaller than that of intermediate rivets.
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The boundary deformation of the wall sheet after riveting is completed for different
butt gaps is shown in Figures 12 and 13. When the butt gap between the wall sheets is
0, the displacement at the end of the wall sheets is 0 for the 10 to 50 mm section, while
the trend at the boundary of the wall sheets is approximately the same when the butt
gap between the wall sheets is 0.1 to 2 mm. The maximum deformation after riveting is
approximately 0.018 mm for one side of the wall sheet and 0.036 mm for both sides of
the wall sheet. A joint with a 0 seam gap has the wall sheets touching each other after
riveting and the wall sheets are limited to displacement in the x-direction. Whereas when
the gap between the wall sheets is between 0.1 and 2 mm, no contact occurs between the
wall sheets after riveting.
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3.2. Analysis of the Influence of the Butt Gap on the Tensile Properties of Strap Sheet Joints
3.2.1. Analysis of Sheet Stress

When the X-direction tensile load is applied after the riveting is completed, there may
be contact between the joint sheets, resulting in extrusion, which affects the deformation
and stress distribution of the sheets, with the area where the extrusion occurs being mainly
at the adjacent boundary of the wall sheet. The stress distribution in the middle section of
the plate along the X-direction after riveting is completed with different butt gaps is shown
in Figure 14, and the group can be seen in Table 1. There is little difference in the stress
distribution in the cross-section of the plate with different butt gaps. After riveting the
joint with a 0 gap, there is an extrusion stress between the wall sheets due to the small gap
value. With a gap of 0.1, 0.2, 1, and 2 mm, the sheets are not subjected to tensile loading
and therefore do not affect the stress distribution in the joint.
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In order to more intuitively observe the stress distribution and deformation of rivet and
panel during the tensile process, the model is sliced along the centerline of the intermediate
rivet. Figure 15 shows the stress contours of riveted lap joints under different gap clearances
after riveting and tensile processes. The maximum stress mainly occurs at the contact
corner between the driven head and the strap sheet, and there is no relationship between
the stress and the gap between the joints. However, with the increase of the tensile load,
the secondary bending effect can be observed [24]. At this time, the strap sheet and the
wall sheet warping deformation, the wall sheet is no longer maintained in the same plane,
so there is no extrusion deformation between the wall sheet.

When tension is carried out under a low strength load, the left and right wall sheets
will contact each other when the gap between the sheets is 0, and there is extrusion stress
between the wall sheets. When the applied tensile load continues to increase, due to the
influence of the secondary bending, the strap sheet responsible for connecting produces
warping deformation, and the wall sheet will not contact again. When the gap between the
sheets is 0.1 to 2 mm, there is no contact between the left and right wall panels in the whole
riveting and stretching simulation process.
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3.2.2. Analysis of Strap Sheet Deformation

The deformation of a strap sheet under tensile load (which can be seen in Figure 6)
will bend in the Z direction, which may adversely affect the quality of the riveted joint.
The deformation of the strap with 0 gap under tensile load is shown in Figure 16. The
deformation of the strap sheet is similar to the shape of a “U”, with a large deformation
in the middle and a small deformation at the ends. The maximum deformations of strap
sheets under different clearances are shown in Table 3. The larger the gap, the greater the
deformation of the strap during stretching. The maximum deformation in the Z-direction
of the strap is 0.876 mm for a 0 gap and 0.927 mm for a 2 mm gap.
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Table 3. Maximum deformation of strap sheets under different gaps.

Gap between Sheets/mm 0 0.1 0.2 1 2

Max deformation/mm 0.876 0.881 0.889 0.912 0.927

During the tensile of the joint, the same fixed restraint and tensile load are applied
to the joint with different butt gaps. With the same dimensional parameters of the wall
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sheet and the strap sheet, the overall length of the joint grows as the gap between the joints
increases and the overall bending deformation of the joint increases. Therefore, in the case
of strap sheet connectors, the degree of bending deformation of the strap sheet and the
degree of warpage of the wall sheet increases as the gap between the wall sheets increases.

3.2.3. Load Transfer Ratio Analysis of Rivet

As the contact surface between the rivet and the wall plate was previously defined, the
rivet contact force CFN1 was output directly using the history output function of ABAQUS.
The distribution of the rivet load under different loads was plotted for joints with different
buttress gaps, as shown in Figure 17.
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As can be seen in Figure 17, when the butt gap value is greater than 0.1 mm, the rivet
loads are approximately the same for each of the joints with different butt gaps. At low
loads, the rivet loads are greater for No. 1 and No. 3 rivets and less for No. 5 rivets; as the
applied load increases, the rivet loads show approximately the same trend for joints with a
0 seam gap as for joints with a seam gap between 0.1 and 2 mm. The difference in rivet
load ratio between rivets in the same position during tension is approximately 0.2% for
joints with a butt gap of 0.1 to 2 mm, and the rivet load ratio is approximately the same.

From the previous analysis of the wall sheet stress distribution in 3.2.1, it can be seen
that at lower tensile loads, the joint with a wall sheet gap of 0 is subjected to additional
squeezing forces. From the analysis of the deformation of the joint, it is known that the
stress distribution of the wall sheet is not uniform, the compressive stress in the middle
position is greater than the compressive stress on both sides. As the tensile load increases,
the squeezing force between the wall sheets gradually decreases. Therefore, at a lower
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tensile load, the joint with a 0 gap between the wall sheet and the No. 1 and No. 3 rivets
has a greater rivet load. When the tensile load gradually increases, at this point the wall
plates are no longer in contact with each other, and the rivet load distribution for joints
with a gap of 0 is similar to that for joints with a gap of 0.1 to 2 mm. For the joints with a
wall sheet gap of 0.1 to 2 mm, the stresses on the joints and the stress distribution are the
same and the rivet load ratio is therefore approximately the same.

3.2.4. Failure Analysis of Single-Strap Riveted Joints

Figure 18 is the failure process of the riveted joint during tensile process. At this time,
the shear failure of the rivet occurs. Shear fracture refers to the fracture along the action
surface of the maximum shear stress. In the whole process of shear fracture, a group of
inclined tensile cracks are first generated. With the increase of stress, these tensile cracks
penetrate each other, and then form a penetrating shear surface, which eventually leads to
the final shear fracture. As we can see in Figure 18, the rivet head is separated from the
tail, the rivet head continues to remain in the wall sheet, and there is a small amount of
material sliding in the tensile direction. The panel itself does not break, but it will produce
severe plastic deformation in the tensile direction. Due to the extrusion effect of the sink on
the panel during stretching, large deformations will also occur at the countersink of the
wall sheet nail hole due to the squeezing effect of the countersunk head on the wall sheet
during tension.
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Figure 18. Shear failure process of rivet. (Unit: MPa). (a) Riveting completed. (b) Shear starting. (c) Deformation of rivet.
(d) Significant stress concentration. (e) Rivet obvious deformation. (f) Shear fracture of rivet.

The failure mode of plate is fracture failure of rivet. Since the linear load is applied
in the simulation, that is, the X-direction shear force applied to the wall clamping part
increases linearly with time. Therefore, the simulation model in this paper can simulate the
tensile fracture process of the test piece. The load displacement curves for the strap sheet
joint with different butt gap were plotted as shown in Figure 19. It can be seen that the
difference in load-displacement curves of the strap sheet joints with different counter seam
gap is small and the counter seam gap of the strap sheet joints does not have a significant
effect on the joint quality of the joints.
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4. Conclusions

In the case of the single-strap riveted joints, there is a seam gap between the adjacent
sheets. If the joint has a small gap, the adjacent sheets may contact each other after the
riveting is completed. The mutual extrusion between the sheets will cause additional initial
stress, thus affecting the stress distribution of the sheets. When the gap between the sheets
increases, there will be no contact between the wall sheets after riveting. It should be noted
that the value of the gap between the sheets should not be too large, otherwise it will affect
the structural size of the entire component.

When tension is carried out under low-strength load, the left and right sheets of the
riveted joint model with a gap of zero will contact and squeeze during tension, resulting in
additional compressive stress. As the load applied to the wall sheets continues to increase,
the strap and wall sheets bend and deform due to the secondary bending action, and no
further contact action occurs between the sheets. When the gap is greater than 0, the inter-
plate extrusion decreases significantly, so the effect of the gap between sheets on the quality
of joints is not obvious. The quality of riveted joints may be related to the thickness of the
plate, the diameter of the rivet and other factors, which need to be further investigated.
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