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Abstract: 
This work aims at providing a numerical tool for the efficient design of the self 
piercing rivet by means of finite element simulations. Abaqus standard v 6.7 
software has been used to establish a 3D model for simulation of the shearing 
and peel test on the riveted joint. This is done in order to understand the 
mechanical strength and failure mechanism of the joint. Shear and tensile tests 
were performed to compare experimental and numerical results. The numerical 
model was validated against experimental results. The aim of analyzing the 
strength of SPR is to predict the fatigue life for SPR joined structures through 
process optimization. Here we found out that mechanical behavior like strength 
does not only depend on geometry but also depend on process parameters. The 
complex riveted joint geometry and its three dimensional nature combine to 
increase the difficulty of obtaining an overall system of governing equations for 
predicting the mechanical properties of SPR joints and the experimental 
predictions are time consuming and expensive. Though using FEM frequently 
solves the problem.   
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1 Notation 
 
p                    Effective plastic strain 
E                     Young’s modulus 
ε                      Nominal strain 
S                      Nominal stress 
S                      Shear load 
N                     Tensile load 
D                     Actual deformation 
f                    Displacement at failure 
 L                     Length of gauge section 
 A                    Cross-sectional area 
 V                    Velocity 
 P                    Applied force 
σ                    Engineering stress  
 ε                    Engineering strain  
 δ                   Change in length 
 K                   Stiffness  
  d                   Displacement 
 F                 Measured force 
υ                     Poisson’s ratio 
ρ                    Density of materials 
Y                     Yield stress 
U                    Ultimate stress 
R                     Resistance of strain gauge 
 
Indices 
s                   specimen 
t                   crosshead 
o                  initial 
c                  capacity 
u                  ultimate 
m                 supporting structure 
true              true 
max              maximum 
avg               average 
eff                    effective           
0.2                0.2% plastic offset. 
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Abbreviations 
SPR             Self Piercing rivet 
GF               Gauge factor 
UYS            Upper yield strength 
YPE             Yield point elongation 
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2.  Introduction 
 
In recent times, due to the necessity to reduce the car weight, fuel 
consumption and the greenhouse effect, there has been a trend toward the 
use of light metals and their alloys in automotive components, particularly 
automotive bodies. The difficulty to use traditional spot welding with these 
materials explains the interest of the automotive industry in alternative 
joining techniques, particularly, self piercing rivets (SPR), a quick 
mechanical joining technique which can be automated in a similar way to 
spot welding. Self-piercing rivets (SPR) are becoming more and more 
common as joining method in cars. For frame structures of aluminum SPR 
is already the dominant joining technique, see Audi, Jaguar cars for 
example. It is important that the rivet joints don’t separate while subjected 
to crash load so that an unstable collapse of the car body structure can be 
avoided 
 
However, lack of knowledge and experience makes the process not widely 
accepted as an alternative to traditional processes. In order to take 
advantage of this new joining technique, it is necessary to achieve a better 
understanding of the process and of the joint properties. The rivet geometry 
and material have to be optimized, in conjunction with the appropriate die, 
for each application i.e. materials, their properties and functional 
requirements. The current approach today for the optimization of the joint 
is experimental i.e. several tests are carried out in manufacturer’s technical 
laboratory. On the other hand, the continuous improvements of numerical 
methods allow replacing experiments with numerical studies in the design 
phase of many mechanical components and processes. Once the parameters 
of the model are validated, the numerical tool can lead to significant 
improvement in the product design, together with cost reduction. 
 
In this report an advanced numerical calculation is done on a single rivet 
that gives information that makes it possible to make simplified but yet 
realistic models on full joined structures. This is done on a shear specimen 
of two aluminium plate joined together. It is investigated how SPR deform 
under static load. The influence of parameters such as varying lengths, size 
of rivet and velocities are studied. The studies have among other things led 
to a better understanding of what parameters are essential for the structural 
strength of the rivet. 
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Experimental work was carried out before modelling. Two aluminium 
plates were joined at Scandria AB Stockholm using specific rivet sizes, 
after which they were tested for strength using a tensile measuring machine 
to pull it apart and thus determine its behaviour under load. Its behaviour is 
analogous to crashing of structures joined with SPR. The finite element 
method is today the most widely used technique in computer based analysis 
of problems associated with structural mechanics. With this method, it is 
possible to analyse three- dimensional geometry with consideration of both 
large and non linear (plastic) deformation. In this work, finite element 
calculations are performed using the software [ABAQUS/Standard]. 
The following procedures were carried out in order to execute the FE 
simulation. 

• Creating appropriate geometry by drawing the specimen in parts; 
upper plate, rivet and lower plate. 

• Meshing and specifying elements. 
• Applying loads and boundary conditions. 
• Running the solution. 
• Studying and evaluating results obtained. 
• Documentation. 

 
A better understanding of the mechanical behaviour of the riveted 
connection is required in order to improve the existing numerical models of 
self-piercing riveted connections used in large-scale crash analyses of car 
structures. Here the self-piercing riveting process was studied in order to 
obtain information on the material properties of the sheets in the region 
around the rivet while pulling it apart in a test device. This simple device 
permits control of all the riveting process parameters and records the force-
displacement history during the process. A 2D axisymmetric model of the 
riveting process was generated including the two sheets to be joined and the 
rivet. The rivet and geometries were based on the Scandria AB prototype. 
The model was validated against the experimental results. The final 
configuration was then used as initial configuration for a 3D model of the 
self-piercing rivet connection where the residual stresses and plastic strain 
fields were mapped to the deformed initial configuration. This 3D 
numerical model was used to study the effect of the process parameters on 
the mechanical behaviour of a riveted connection and to improve the 
understanding of the failure mechanisms associated with self-piercing 
riveted connections.  
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3.  Self-Piercing Riveting Process 

3.1 Principles 
 
Self- Piercing Riveting is essentially a cold forming operation. It is a 
riveting process which requires no pre-drilled hole in the sheets to be joined 
unlike other conventional riveting thus eliminating the need for aligning 
prepared parts and then placing these correctly in the rivet setting 
equipment. A punch and die are used to complete the joining operation in a 
single step. The punch drives the rivet which pierces the top sheet and is set 
into the work piece by partially piercing the bottom layer. A shaped die on 
the underside reacts to the setting force and causes the rivet tail to flare 
within the bottom sheet. This produces a mechanical interlock which 
includes the added rivet joining element and creates a button in the bottom 
sheet. This has great benefits in terms of production cost reduction and ease 
of use compared to conventional riveting. The increased use of pre-painted, 
lightweight, and high strength materials such as galvanized steel and 
aluminium has led industries to re-examine traditional methods of joining 
materials. As welding of these materials is difficult or impossible and using 
conventional rivets is slow and costly, the benefit of SPR, a process that 
combines both high joint integrity and rapid assembly times, becomes 
obvious. The process of joining materials using self piercing method in 
Scandria AB involves four stages as shown in the fig1 below. [1, 2, 4] 
 

• Clamping: The rivet is pushed by a punch perpendicularly to the 
sheet surface. In this phase the rivet clamps the sheets according to 
the friction condition  

 
• Piercing: The rivet causes the plastic strain of the sheets. The upper 

sheet undergoes a severe deformation or a blanking flaring. The 
final part of the rivet starts to flare inside the sheet and follows the 
contours of the die. An overlapping is generated that guarantees the 
required mechanical resistance. 

 
• Compression: The punch continues the stroke, pushing the rivet 

inside the sheet metals to be joined. The punch stops when it 
reaches the predetermined force or stroke. 
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Fig 3.1: Self- piercing riveting procedures in Scandria AB 
 

 
Fig 3.2: Picture showing a clearer representation of the automated self-

pierce rivet setting operation. 
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Fig 3.3: Picture (a) showing SPR test device and (b) 2D section of the joint. 
  
 

 
 

Fig 3.4: Sketch showing 3D section of joint. 
 
 
 
The length of the rivet-tail determines the final shape of the riveted joint as 
well as the shape of the bottom on the underside of the joint. Modifying the 
shape of the end of the shank of the rivet or the shape of the die can alter 
the manner in which the rivet flares as it is set. There is a wide choice of 
rivet forms. The rivet is generally semi-tubular but may also be solid. 
Countersunk heads can provide a flush finish in the top sheet and even be 
colour-matched to organic-coated or pre-painted material. Where dissimilar 
materials are being joined, the rivet is generally applied in the direction of 
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thin to thick or low strength to high strength material for best results. This 
enables the thinner or softer material to be secured by the rivet head while 
the flared shank of the rivet is anchored in the stronger or thicker lower 
sheet. This is the opposite of the preferred direction for clinching [2,4]. 

 

3.2   Benefits of Using Self Piercing Rivet For                  
Structural Joining 
  
A number of companies have developed proprietary rivet and tooling 
designs and have produced systems which can compete, in terms of 
manufacturing operation and joint performance, with resistance spot 
welding for some applications. 
Self piercing riveting has a number of advantages over other conventional 
joining techniques such as spot welding and blind riveting [2,3]: 
 

• No holes required. 
• No heat fumes, dust or chips given off. 
• Joins a range of different materials such as steel, aluminium and 

plastic.  
• Doesn’t distort or tarnish painted coatings. 
• Fast cycle time. 
• Low noise operation. 
• Repeatable quality, visually checkable joint with one shot operation. 
• Automatic rivet feed for continuous production. 
• Compatible with adhesives and lubricants. 
• Better fatigue performance both in steel and aluminium. 
• Lower scatter in quality. 
• Lower scrap cost. 
• Better properties in aluminium. 
 

Other materials such as organic-coated and pre-painted steels can be joined 
by self-piercing riveting which is of interest to the automotive industry. 
These materials are usually not weld able. Riveting of pre-finished material 
can eliminate the need for post-joining painting of parts. Finally, the ability 
to join dissimilar materials such as aluminium and steel opens up 
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opportunities for the process, particularly in the automotive industry where 
such material combinations are desirable for achieving weight savings. 
 
Known disadvantages of SPR joints are according to the requirement of 
access to both side of the joint, the relatively large cost, the consumption of 
rivets, the high setting forces that require a strong and relatively heavy C-
frame for the robots need for greater press forces when joining steel leading 
to big C-frames different sheet thickness combinations need different rivets 
part price for rivets. According to TWI world centre for materials joining 
technology, the forces, for self-piercing riveting are typically high and can 
be up to 30 to 50kN [3] . This necessitates large stiff C-frames, particularly 
if long reach is required. For robotic applications, these C-frames are too 
heavy, and lightweight equipment would be required. As many industries 
(e.g. automotive) are driven by weight-reduction, manufacturers are 
moving towards thinner and stronger materials. These may be less suitable 
for self-piercing riveting, due to a lower ductility and elongation. However, 
further process optimization for those specific materials may make self-
piercing riveting feasible   

 

 

3.3 Joint Requirements 
  
In order to have a proper and satisfactory rivet joint, the following 
requirements must be met [9]. The requirements apply to each particular 
self piercing rivet joint. For the punch side the surface of the rivet head 
shall be parallel with the sheet metal surface. 
For the die side, a fully shaped button shall show an outer diameter 
corresponding to the inside dimension of the die tool, no breakthrough of 
the rivet permitted, no cracks in the sheets permitted, the remaining sheet 
thickness shall be in 0.2mm. All these requirements are fulfilled in this 
thesis project. 

3.3.1 Joint Design 
 
The flange width, or distance from the edge where the rivet is to be placed, 
must be sufficient to ensure that there is material to contain the deformed 
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rivet and sheet. The bottom may otherwise burst out of the edge of the 
flange or cause distortion in the joint. Proper overlap of the layers to be 
joined and a correct flange width will also help ensure proper alignment 
between the work pieces, punch and die. A pre-clamping step may be 
helpful if joining a flange width close to the minimum width is to be 
undertaken. 
Rivets should be spaced to avoid contact with previously driven rivets or 
the strained area immediately around them. Since the rivets are made of 
harder material than the layers to be joined, riveting over an existing joint 
§§may result in serious damage to the tooling. Placing several rivets too 
near to each other may cause distortion or some bending of the joint. A pre-
clamping step can help to minimize this. A sufficient number of rivets 
must, however, be used to guarantee the overall design strength of a 
section. 
A precise relationship between part fit-up, alignment and joint quality is not 
easy to quantify. However, good control of these two variables will help 
ensure that the layers of material to be joined are drawn together properly 
as the rivets are driven and set. In addition, force will not be diverted into 
pressing parts together before the actual joining operation. Poor fit-up and 
alignment may reduce joint performance and accelerate tool wear. 

3.3.2   Recommended Joint Design 

1. Flange width should be sufficient to contain deformed rivet and 
sheet.  

2. Ensure adequate spacing between rivets. 
3. Ensure good fit up of pressings. 
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4.  Experimental Test Set-Up and Procedure 
 

The strength behavior of aluminum alloy 4047 plate of thickness 1.5mm 
joined by rivet made of boron steel of length 6mm and diameter 3mm was 
to be analyzed. The strength of this joint was investigated experimentally. 
A system, shown in Fig 4.1 below 

. , 
                                

Fig 4.1: Pictorial view of cross section of Riveting Process 
 
 
 
 
provided by the Scandria Fastening AB was used to fabricate SPR joints 
used in the study. The system consists of an electric motor driven setting 
unit. The C-clamping Riveting machine was used. It uses hydraulic press 
for pushing the rivet into the lap Aluminum plate. The machine has a 
setting velocity of 96 mms−1 and a setting force of 80 KN, die thickness of 
7mm and punch side thickness of 5.5mm. The clamping force, which holds 
the sheet material in place during riveting, was about 5KN. Schematic 
fig4.1 above shows a cross-sectional view of a self-piercing riveting (SPR) 
operation. A clamping force = 5 KN, is applied to prevent lateral sheet 
movements while a displacement-controlled punch forces the rivet through 
the sheets. Tensile tests were performed on riveted aluminum plate using 
tension measurement machine by pulling it apart vertically with one end 
fixed i.e., the test specimens were placed between the jaws of the testing 
machine, and were loaded in tension until the specimen fails . The 
maximum load reached and the types of failure mode were observed for the 
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tests.  By varying the force and velocity of loading, different stress and 
strain results were obtained. The load displacement curves during the 
tearing operations were recorded and data were collected by a device 
installed in the Machine .All mechanical testing were performed under 
normal laboratory conditions at a frequency of 1 Hz, on a standard tensile 
machine as described above. The joint dimensions were selected in order to 
avoid the influence of specimen size on failure mode and joint strength. In 
particular, the dimensions were chosen so as to prevent failure of the base 
sheet metal far away from the rivet. 
 
  
 
 
 

 
  
Fig4.2: Test setup PC: pressure transducer; DT: position transducer; LC: 

load cell [6]. 
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Fig 4.3: Ends showing the fixed position and direction of applied force 

during shear testing 
 

 
 

Fig 4.4: Sketch of test specimen 
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Fig 4.5: Picture showing how the specimen sample 1 is being tested. 

 
 
 
 

 

4.1. Analysis from the Experimental Result 
 
The strength behavior of rivet is mainly influenced by the properties of its 
joint. The stiffness of SPR joint depends on several parameters. The sheet 
thickness, the sheet materials and the rivet diameter have significant 
influence on the stiffness. To obtain the correct stiffness the young modulus 
must be set to depend on basic material  
The pictures below shows different failure modes on the samples tested and 
the tensile load-displacement curve were plotted as shown 
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Fig4.6: Failure mode for sample 1 
  

 
Fig4.7: Failure mode for sample 2 
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Load-Displacement curve 
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Fig 4.8: Tensile load-displacement graph of 3mm rivet loaded with 10m/s 

velocity gotten from shear experimental test. 
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Fig 4.9: Stress-strain curve of 3mm rivet loaded with 10m/s velocity gotten 

from experiment. 
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Fig 4.10: Tensile load-displacement graph of 5mm rivet loaded with 10m/s 

velocity gotten from shearExperimental text. 

                
Fig 4.11: Stress-strain curve of 5mm rivet loaded with 10m/s velocity 

gotten from Experimental test 
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5. Theoretical Background of Tensile Shear 
Measurement         
      
In a uniaxial tension test [5], we are mainly interested in the stress and 
strain in the axial direction. 
σ = Engineering stress is the force per unit (original) area. 
ε= Engineering strain is the elongation per unit (original) length 
 

Engineering Stress,σ =
0

P
A

                                             (5.1)                                              

Engineering Strain,  ε=
0L
δ                                               (5.2) 

Where, 
                                
                                0A  = original cross sectional area of specimen 
 
                                0L   = original length of the gauge section 
 
                                P = applied force 
 
                               δ = L- L0 = change in length 
 
In the linear elastic region of the uniaxial test, Hooke’s law relates the 
engineering stress to the engineering strain, 
 
        σ  = Eε                                                                       (5.3) 
 
 ,where E is Young's modulus. (Note that this relationship holds only for 
uniaxial tension/compression. We will consider a more general form for the 
stress-strain relationship) It is assumed that σ  =0 when ε =0 
True stress Trueσ  and true strain Trueε differ from engineering stress and 
strain because they refer to the instantaneous area and gauge length 
respectively. 
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True  stress, Trueσ = P
A

                                                               (5.4)   

 And true  strain,     Trueε  = dL
L

                                                (5.5)  

Where 
L = instantaneous length of gauge section 
A = instantaneous cross-sectional area. 
 
 
 
The strain has the natural logarithm or independence because it is 
determined from the instantaneous gauge length. This can be obtained by 
integrating the true strain equation given above to obtain an expression 
for Trueε .  
Integrate 
 

0

True

Trued
ε

ε∫ = 
0

L

L

dL
L∫         to obtain Trueε =ln

0

L
L

                     (5.6)            

Note that 

ln(a+x) = ( )a  +
x
a

- 1
2

2x
a

⎛ ⎞
⎜ ⎟
⎝ ⎠

 + 1
3

3x
a

⎛ ⎞
⎜ ⎟
⎝ ⎠

- 1
4

4x
a

⎛ ⎞
⎜ ⎟
⎝ ⎠

+……. 

 
So when Δ L<<L0 
           

   Trueε =ln 0

0

L L
L

⎛ ⎞+
⎜ ⎟
⎝ ⎠

   =ln ( )1 ε+ ≅ ε                                     (5.7) 

 
For strains of about 1%, the error is of order of 2ε as a result there is no 
significant difference in the engineering and true strains when all 
measurements are of small strain. To calculate the true stress, an estimate 
for the instantaneous area A is needed, since typically this is not measured. 
For large strains in plastic deformation, the volume of specimen is 
approximately conserved. Because of this, the instantaneous area A can be 
calculated from the measured length L. Assuming volume is conserved and 
the deformation is uniform throughout the gauge length before necking 
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Volume 0 0A L  =AL 

Implying A= 0A 0L
L

. 

Initially, the specimen will deform so that its cross-sectional area will 
remain constant along its length and therefore, the stress and strain will be 
approximately homogeneous throughout the gauge length of the specimen. 
When the work hardening rate has reached its critical value, the specimen 
may neck down and begin local deformation. This occurs at the peak load.  
To determine the true stress-strain behavior beyond the peak load requires 
knowledge of the non uniform geometry of the neck in both the calculation 
of strain and the stress distribution. In this region the stress is non-uniform 
because the cross-sectional area changes along the tensile bar’s length. In 
ductile materials, the true stress at fracture can be several times the 
engineering fracture stress. Most data you will be exposed to are 
engineering stress and strain unless otherwise specified. If there is a yield 
point, namely, a sharp transition between elastic and plastic deformation, 
yield stress is defined as the stress at the yield point. If there is a yield drop, 
there is an upper yield point and a lower yield point. If the load vs. 
displacement curve is smooth, the yield point is defined as the stress 
corresponding to a specific amount of plastic strain. Usually 0.2% 
permanent strain is used to define the yield stress. Then the yield stress is 
so identified as 0.2% yield. The proportional limit is the stress where the 
flow curve first deviates from linearity. This is intrinsically difficult to 
measure and is affected by the sensitivity of your instruments. We try to 
estimate the proportional limit when analyzing the data. The ultimate 
tensile strength is the largest engineering stress achieved during the test to 
failure. The elongation to failure is the permanent engineering strain at 
fracture determined at zero loads. It does not include elastic strain but does 
include uniform strain and the localized, necking, strain. The elongation to 
failure is usually stated as percentage strain over a given gauge length. The 
reduction in area is also a measure of ductility. The true strain at fracture is 
determined by measuring the areas of the fractured specimen at the fracture 
site and the equation (obtained using a constant volume approximation) 
 

Trueε =ln
0

L
L

=ln 0A
A

.                                                                    (5.8) 

The area under the engineering stress-strain curve is a measure of the 
energy needed to fracture the specimen. It has units of work/unit volume of 
the gauge length and it is sometimes referred to as a measure of a material's 
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"toughness." However, the term fracture toughness more commonly refers 
to the energy required to fracture pre-notched and cracked samples. 
Although, these two quantities may be related in some extreme instances, 
this relationship is still unknown to the technical and scientific community. 
A simple model of the specimen and machine compliances can be 
represented by the two springs shown in Figure 5.1. The stiffness of the 
specimen within the gauge length is denoted by ks and the stiffness of the 
supporting structure, including the compliance of the specimen outside the 
gauge length, is denoted by km. The elongation of the specimen within the 
gauge length is denoted by ds and the displacement of the crosshead is 
denoted by dT. The measured force is denoted by F. as shown below 
 

 
Fig 5.1: Schematic model of the machine and specimen compliance 

 
 

Strain is a measure of the total accumulated deformation a region of 
material has undergone.   

Mathematically, the two definitions of this are seen as follows  
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Engineering Strain = (Change in Length) / (Original Length) 

 True Strain = Sum of incremental strains = ln ( (final length) / (initial 
length))  

All materials have a characteristic stress-strain curve that determines how 
the material behaves structurally.  For most isotropic metals, this behaviour 
is of the general shape seen in Figure 5.2.  Note that the top and bottom 
curves are the engineering stress-strain curves for a material and the middle 
curve is the true stress-strain curves for a given material.  The true stress-
strain curve is the same for either tension or compression, but they are not 
the same in terms of engineering stress-strain [7].  
  
  

 
  

Fig 5.2: Stress-strain curve. 
  
  
For simplification, the stress-strain curve is divided into two regions [7]. 
The steeply sloped region at very low strain values is known as the elastic 
region. In the elastic region, since strains are very low, when the material is 
unloaded and the forces removed, the material returns to its original shape. 
In Figure above, an object is deformed in uniaxial tension. The change in 
length is shown and the corresponding position on the stress-strain curve is 
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shown. In this case, the deformation is completely elastic. After the tensile 
forces are removed, the material will return to the original shape. 
  
  
  

    
Fig 5.3: Diagram of elastic deformation. 

  
The second region of a stress-strain curve is known as the plastic region. 
This region comprises strains just above the elastic range and appears on 
the curve as the less steeply sloped region on curve.  In this region, the 
material does not recover any of the deformation that occurs.  The only 
recovery that occurs is the accumulated elastic strain. In Figure 5.3 above, a 
specimen under tension deforms first elastically and then plastically. The 
loading curve in fig 5.4 first follows the elastic loading curve and then 
follows the plastic curve. When the material is unloaded and the forces are 
removed from the specimen, the material follows the elastic curve down. 
When the material is completely unloaded, the deformation left over is the 
permanent deformation of the body.   
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Fig 5.4: Diagram of plastic deformation. 

  
  

Assume the stress and strain used in the stress-strain curves are known to 
be the effective stress and effective strain.  The equations for these values 
are seen below as. 

  Effective (VonMises)Stress, 

 σ    = ( ) ( ) ( ) ( )2 2 2 2 2 21 6
2 x y y z z x xy yz zxσ σ σ σ σ σ τ τ τ− + − + − + + +   (5.9)       

                                                                                                                       

    Effective strain,ε = ( ) ( ) ( )2 2 2
1 2 2 3 3 1

2
3

ε ε ε ε ε ε− + − + −         (5.10)             

where the effective Von Mises is the maximum shear stress and maximum 
distortion energy criteria for the material to yield. The maximum distortion 
energy criteria predict that failure by yielding will occur when the 
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distortion energy per unit volume in the material is greater than the 
distortion energy in a tensile test specimen at the point of yielding. 
The idea of flow stress is important in the case of incremental plasticity. As 
a material is deformed plastically, the amount of stress required to incur an 
incremental amount of deformation is given by the flow stress curve which 
corresponds to the plastic region of the true stress-true strain curve. In the 
concept shown visually. 

  

. 
 
                  
                 σ  

. ε  

Fig 5.5 Initial stress required for an increment      

(2) After deformation, work hardening in deformation is the yield stress.                
Increases the stress level required to produce additional deformation. 
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Similarly we know that the rate of deformation, if all factors being equal, 
increasing the rate of deformation increases the stress required for an 
increment of deformation as illustrated below 

 

Fig 5.6: Stress-Strain curve Vs Strain Rate 

5.1 Elastic-Plastic Behaviour Of Materials Under 
Deformation 

 
The plastic behavior of a material is described by its yield point and its 
post-yield hardening [8]. The shift from elastic to plastic behavior occurs at 
a certain point, known as the elastic limit or yield point, on a material's 
stress-strain curve as shown in fig 5.7 below. The stress at the yield point is 
called the yield stress. In most metals the initial yield stress is 0.05 to 0.1% 
of the material's elastic modulus. The deformation of the metal prior to 
reaching the yield point creates only elastic strains, which are fully 
recovered if the applied load is removed. However, once the stress in the 
metal exceeds the yield stress, permanent (plastic) deformation begins to 
occur. The strains associated with this permanent deformation are called 
plastic strains. Both elastic and plastic strains accumulate as the metal 
deforms in the post-yield region. The stiffness of a metal typically 
decreases dramatically once the material yields as in the fig 5.7. A ductile 
metal that has yielded will recover its initial elastic stiffness when the 
applied load is removed. Often the plastic deformation of the material 
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increases its yield stress for subsequent loading; this behavior is called 
work hardening. 
Another important feature of metal plasticity is that the inelastic 
deformation is associated with nearly incompressible material behavior. 
Modeling this effect places  
 

 
Fig 5.7: Stress-strain curve for an elastic-plastic material under uniaxial 

tension 
 

 

Fig5.8: Nominal stress-strain behavior of an elastic-plastic material in a 
tensile test. 
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some severe restrictions on the type of elements that can be used in elastic-
plastic simulations of metal deforming plastically under a tensile load may 
experience highly localized extension and thinning, called Necking, as the 
material fails in Fig5.8. The engineering stress (force per unit undeformed 
area) in the metal is known as the Nominal stress with the conjugate 
Nominal strain (length change per unit undeformed length). The nominal 
stress in the metal as it is necking is much lower than the material's ultimate 
strength. This material behavior is caused by the geometry of the test 
specimen, the nature of the test itself, and the stress and strain measures 
used. For example, testing the same material in compression produces a 
stress-strain plot that does not have a necking region because the specimen 
is not going to thin as it deforms under compressive loads. A mathematical 
model describing the plastic behavior of metals should be able to account 
for differences in the compressive and tensile behavior independent of the 
structure's geometry or the nature of the applied loads. This goal can be 
accomplished if the familiar definitions of nominal stress, σ = 0F A  and 
nominal strain, ε = 0 0L- L  L   
Where the subscript 0 indicates a value from the undeformed state of the 
material, are replaced by new measures of stress and strain that account for 
the change in area during the finite deformations. 
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6. Numerical Solution and the Finite Element 
Simulation  

 
Most physical phenomena encountered in structural mechanics are modeled 
by differential equations, and usually the problem is too complicated to be 
solved analytically. The finite element method is a numerical approach by 
which general differential equations can be solved in an approximate 
manner. The differential equations, which describe the physical problem we 
are modeling, are assumed to hold over a specific area. This area may be 
1D, 2D or 3D, and in our case, we are considering 3D. One of the 
characteristic features of the finite element method is approximations which 
hold directly over the entire area that is divided into smaller parts called 
finite elements, and this approximation is then carried over each element. 
The elements can have the same size or differ in a way. And grouping 
together all of the elements is called a finite element mesh. And elements 
are interconnected at nodal points. The nodal points are the ends of the 
element, and each node has a number of degrees of freedom. By selecting 
approximation type to be applied and materials behavior the mechanical 
behavior of the material can be determined element by element. Having 
determined the behavior of all elements, these elements are then packed 
together, using some specific rules, to form the entire area, which 
eventually enables us to obtain an approximate solution for the behavior of 
the entire body .The finite element method can accordingly be applied to 
obtain approximate solutions for arbitrary differential equations. 
 

6.1 Numerical modelling 
 
By using numerical simulation models, it introduces and evaluates 
simulation models that are possible to modify and to use for development 
of new products. Computational modeling using FEM for solid structures 
involves modeling the geometry, meshing (discretization), specification of 
material property, and specification of boundary, initial and loading 
conditions [10,11] . To create a model of the specimen ABAQUS/CAE was 
used. This chapter describes the different steps in the creating process. The 
model consists of one rivet with its surroundings. 
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6.1.1 Geometry Model 
 
Part geometries which consist of upper plate, rivet and lower plate were 
drawn according to scale measured values in ABAQUS/CAE .These parts 
were then assembled as shown in the figure below 

 
Fig 6.1: Picture showing assembled parts of the work piece 

 

6.1.2 Mesh 
 
The mesh procedure is used to divide the model into small elements. The 
smaller the elements, the more accurate the simulation results will be. 
Though smaller elements are accurate, they have obvious disadvantages 
like prolonged calculation time and increased input-size file. Different 
meshes were tested to find an optimal mesh density. The mesh in figure 
shown below was chosen finally, with enough elements to provide adequate 
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accuracy in the calculations. The mesh consists of elements which covers 
the whole elements with a higher mesh density concentrated around the 
rivet region [10]. 
 
 

 
Fig6.2. showing Initial mode of 3D mesh 

 
 
 
In these tests, plastic deformations usually occur. In order to simulate this 
process it is necessary to use formulations that consider geometry changes 
and material nonlinearities. During the simulation, some elements in the 
mesh will become distorted. Since distorted elements will give incorrect 
results, remeshing is necessary in order to get reliable solutions. We try to 
minimize distortion as small as possible by choosing a convenient no. of 
mesh element since abaqus student version are limited with only 1000 
nodes. This tool makes it possible to maintain a high quality mesh 
throughout an analysis even when large deformations occur, by allowing 
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the mesh to move independently and rebuilding the mesh in a defined area 
during the simulation. But in this particular work, we have noticed that 
there are no distorted elements. Theoretically the more refined the mesh, 
the better the result and closer to reality. 
 

 

6.1.3 Choice of Elements 
 
References from previous works show that the most suitable type of 
element for this analysis is the solid element type C3D8R. This is a 3D, 
eight-node linear brick element with reduced integration and hourglass 
control. This description means that each of the elements consists of 8 
nodes as shown in the figure below [10, 11]. 
 
 

 
Fig 6.3: 3D eight node linear brick element. 

 
Reduced integration means that the integration order is lower than that of 
full integration. Here the order of integration is one and occurs at the 
centroid of each element. This may result in unnecessary zero-energy 
modes which tend to compromise and invalidate the FE calculations. Zero 
energy modes means that despite the deformation of the element, the 
integration point does not experience any strain. If unnecessary zero-energy 
modes are not created, reduced integration may increase the accuracy of the 
FE calculations, since it tends to soften the stiffness of the nodes. Hour 
glass control is a control of the zero energy modes. 
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Fig 6.4: Fig showing centroid of element and point of integration 

 
 

 

 

6.2 Finite-Element Analyses of SPR Joints 
 
During the riveting process, an approximately cylindrical section of 
material that initially belongs to the upper sheet is punched out; this piece 
of material is also modeled as a fourth solid and is referred to as the ‘dead 
metal’ from hereon. It may be noted that the rivet head in case 3-3 was not 
flushed with the upper sheet surface and a relatively large gap was present 
between the inner surface of the rivet head and dead metal. Each model 
represents one half unit of a single-rivet lap joint.  
 
ABAQUS/Standard was used to evaluate the mechanical properties since 
the material will show significant strain hardening from riveting process. It 
is expected that the simulated and experimental joints show similar fracture 
behaviors with the rivet pulled out from one end. The 3D model, which is 
based on the results from the riveting process simulation, indicates that it is 
very important to transfer the plastic deformation in the sheet material and 
that the mechanical strength result is very friction dependent. Since the 
simulation model in 3D begins without pressures between the objects an 
exceptionally high friction may compensate for that. Even though the 
simulation results do not correspond exactly to the instrumented results, an 
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arbitrary sheet combination, rivet geometry and die geometry could be 
evaluated effectively with this method.  
 
A single joint of two aluminum sheets of 1.5mm thickness is modeled. 
The riveting geometry is axisymmetric, but to perform the shear test a 3D 
model is necessary. Because of symmetry only half the specimen has been 
modeled. Both the joining process and the shear tests have been simulated 
to take into account the deformed geometry and the stress strain distribution 
after the insertion of the rivet into the two sheets. Dies are modeled as rigid 
contact surfaces. Rivet and sheets are modeled as deformable parts, meshed 
with hexahedral elements. A finer mesh is applied in critical areas. Firstly a 
constant velocity has been assigned to the punch in the joining step. 
Secondly, a displacement has been prescribed to the dies to simulate the 
release of the tooling. Finally, a displacement has been prescribed to the 
sheets to simulate the shear test [2,9]. 
 
6.2.1 Material properties  
 
Material properties of deformable parts are required for the FE model. 
These properties concern the elastic-plastic behaviors of the sheet metal and 
rivet materials. The sheet material for this study is Al4047. Since both the 
SPR process and the piercing rivet process expose the material for plastic 
deformation up to 150%, correct material properties for very large strain 
and a simulation program that could handle this was required. Since the 
self-piercing riveting process might involve the blanking of the upper plate, 
it has been necessary to define the failure behavior of the Aluminum metal 
plate. Abaqus explicit doesn’t support a failure model with element 
separation, the fracture criterion is evaluated in each element and when all 
of its material points have failed the element is deleted and a crack is 
simulated. This leads to a volume loss, which can be limited using a finer 
mesh. In order to make the work easier, abaqus standard is used.  

6.2.2 Simulation models 
 
The main idea with the simulation models is that they should reproduce 
experimental results with reasonable accuracy in important aspects. At the 
same time, the models should be relatively simple to modify. It is also a 
requirement that the final solution should be found within reasonable 
solution times. When this is fulfilled, the SPR can be optimized in an 
effective way. Also simulation can help SPR process by showing the 
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deformation of self pierced rivet and the plate. The distribution of residual 
stress can be seen and location of the maximum stress can be observed as 
well. The 3D model, which is based on the results from the riveting process 
simulation, indicates that it is very important to transfer the plastic 
deformation in the sheet material and that the mechanical strength result is 
very friction dependent. 
 
6.2.3 The material model used 
 
The material model used in this FEA was elasto-plastic because of the large 
amount of plastic deformation that characterized SPR and also it is a 
nonlinear phenomenon [8]. When analyzing large plastic deformations we 
consider strain hardening. Both the aluminum plate material and the rivet 
were assumed to be isotropic in strength and in hardening. True stress and 
true strain were used. So we employ true (Cauchy) stress and strain in our 
numerical analysis. We carry out this on the specimen under tension and 
varying loading condition and calculate the corresponding stress and strain. 
In other to look into the mechanical strength of the joint and other process 
variables we consider the influence of stress, velocity of loading and size of 
rivet. For good correlation we expect good formation of overlapping b/w 
the specimen and the deformation of rivet the result obtained were then 
used to estimate the mechanical strength and correlate it with the 
experimental. The SPR rivet material was boron steel SAE/OB35.The 
boron can increase material hardenability without loss of ductility. 
 

 

6.3 The Simulation Results 
 
The initial modeling is run in Abaqus/standard with a loading force of 
10KN and analysis were made .The result was not so good, a little bit far 
from reality but it forms a base under which subsequent adjustments were 
made. 
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Fig 6.5: The initial result –Deform Specimen 
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Fig6.6: Undeformed Specimen 
 
 
 
 
 
 
 
 
 
When adjustments were made on the boundary conditions a better result 
was obtained as shown in fig 6.7 below: 
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Fig 6.7: Result after initial adjustment 

 
 
 
 
 
 
 
 
Further increment in steps and increase in tensile loading force gives better 
result  
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Fig 6.8: Figure showing material deformation in abaqus 
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Fig6.9: Result showing further material deformation. 
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Fig 6.10: Comparison between deformed mesh and experimental test pictures of the shear 

test. 
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Fig6.11: show how the stress varies with the true distance along the path in 
upper plate 

 
 

 
 
Fig6.12: shows how stress varies almost linearly with the strain with respect to energy in 

the whole model 
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7. Comparison of Numerical Simulation with 
Experimental Test and Data  
 
In Figure 6.7,6.8 and 6.9, a comparison between the deformed geometry 
resulting from the numerical simulation and the real section of the joint is 
shown, as well as the comparison between the numerical and experimental 
load-displacement curves in the joining process. The comparison shows 
good correlations. A small divergence occurs in the last part of the load-
displacement curve, which probably depends on the lack of correct 
materials stress-strain data for very high strains. The final configuration of 
the joining analysis has been used as initial configurations for the 
simulation of the shear test. This is very important, because plastic strains 
and residual stresses have effect on the shear results  
In Figure 7.1 below the deformed mesh of three stages of the shear test 
simulation are shown. 
It can be seen that the simulated and experimental joints showed similar 
fracture behaviors with the rivet pulled out from the die sheet. Due to the 
unsymmetrical feature of the riveted joint, the rivet rotates in longitudinal 
direction [12]. The rivet is more rigid than the sheets and applies a 
compressive force that leads damage in the contact area: the rivet head 
penetrates in the upper sheet and material of the lower sheet is dislodged 
ahead of the rivet forming a relief on the sheet surface. 
The figure 6.1 below show the comparison between the numerical and the 
experimental load-displacement curves in the shear test. The shear 
resistance obtained with the simulation (about 10KN) is very close to the 
experimental one.  
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Fig 7.1: Correlation of load-displacement obtain from experimental and 

numerical respectively 
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8. Development of a Decision Support 
Methodology in SPR Process 
 
When developing a methodology, a good starting point is to begin with a 
description of the problem needed to be solved, together with its objectives 
and constraints. Once the problem is understood, it is possible to move 
forward and formulate the model that represents the problem. According to 
this procedure, this section describes the core of the joining process 
selection problem, identifying its objectives, constraints, and the key 
parameters involved. The selection of SPR processes at a preliminary stage 
in mechanical joining, for example in automotive design process. The 
decision-making process starts when the designer faces a ‘selection-
problem’. The selection of a joining technique should be based on strength 
and economic considerations of the Self pierce riveting process, but in 
many cases these result in conflicting requirements, so that the joining 
process actually selected for a particular application represents a solution 
where technical considerations prevail. That is because a designer has the 
expertise to select the optimal joining process for a considered joining part 
in technical terms, but, has a lack of knowledge and method for considering 
economic aspects as well. Selecting a joining process from both technical 
and economic points of view allows designers to visualize opportunities for 
better and cheaper joining processes at the design stage, at the same time it 
decreases the time spent at the development stage. In most cases these 
potential benefits are lost by not having a proper method to support them 
when taking decisions. 
 
In analyzing the strength of SPR, once the concept is created, the modeling 
process selection problem starts followed by simulation process for 
analysis. At this stage you are to compare the result from numerical 
simulation with the one from experimental analysis and adjustment are 
made were necessary, and then repeating the whole numerical simulation. 
The task for the designer using SPR to join two materials is selecting the 
most appropriate material combination and the joining length. The 
properties of materials to be joined are studied and known for strength of 
the joint to be analyzed. These two input materials to be joined plus the 
technical characteristics of the joint reflect the joining complexity 
coefficient. The next step in decision support is economic aspects such as 
manufacturing costs and investment costs that are calculated for  joining 
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materials and in the joining process, and technical aspects such as cycle 
time that depend on the technical characteristics of the joint is considered. 
Once the associated costs and cycle times of joining process are calculated, 
all the data that is needed to support the selection is ready. And finally 
important factors to perform an optimized SPR joint are the combination of 
sheet material, rivet material, rivet geometry and die geometry. Using 
Finite Element Method simulation, the riveting process can be optimized in 
an effective way. The FEM can also be used to simulate the riveting 
process. With a reliable simulation model, the simulation will give 
knowledge about the riveting process and consequently why often damages 
occur in the experimental trials. It is also possible to develop new and better 
rivet or die geometries. Three simulation models are required for the SPR 
process to evaluate all interesting parameters.  
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9. Remarks and Conclusions 
 
This work describes a numerical methodology for an efficient design of the 
self-piercing riveting process. Numerical modeling of riveting is difficult, 
since it involves non-linearities such as damage, fracture and contact 
among deformable parts. 
The simulation of the self-piercing riveting process using standard 
approach is an efficient tool to study the joining process and predict the 
mechanical strength and failure mechanism of the joint. The model has 
been created in Abaqus 6.7 student edition. The riveting geometry is 
axisymmetric, but to perform the shear test a 3D model is necessary. 
Because of symmetry only half the specimen has been modeled. The self-
piercing riveting process might involve the blanking of the upper sheet; 
therefore it has been necessary to select a failure criterion. Comparisons 
with experimental results show good agreement, both in terms of deformed 
geometry and force-displacement curves; the numerical model therefore 
can serve as an optimization tool. The numerical model can also be used to 
design new joints in a time and cost effective way. Since the simulations 
give an overview of the whole process, problems can be found and new 
geometries or material combinations can be tested much easier than by 
experimental investigations 
Numerical modeling of the self-pierce riveting process is challenging since 
it involves various numerical difficulties such as mechanical behavior like 
damage, fracture and contact between deformable bodies in trying to access 
the strength mechanism of SPR. Different models have been implemented 
to overcome these numerical difficulties. We have shown that it is now 
possible to model the SPR process accurately with Abaqus standard as well. 
These simulations are very interesting from an industrial point of view 
since it enables in predicting the rivetability success of a configuration: 
sheets numbers and width, types of material used as well as rivet and lower 
tool geometry. Besides, we have also shown that the lower tool was not 
filled at the end of the process. Compressive residual stresses on the lower 
part of the rivet may play an important role on the structural strength of the 
SPR joint. It would thus be interesting to optimize the geometry of the 
lower die for a given configuration, in order to optimize its structural 
strength. In overall the realization of good joint by forming better 
overlapping b/w the plates show more stability and higher strength. The 
robustness of the software has also been demonstrated by modeling 
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different configurations, including the SPR of three sheets, 2D 
axisymmetric results have been exported onto a 3D configuration in order 
to perform a shearing test. The transfer of mechanical fields the structural 
analysis to be performed with a non-zero initial mechanical state in each part. 
This is very important since the numerical analysis simulation is expected 
to become closer to the experimental one. Consequently, we have a better 
prediction of the structural strength of a self-pierced riveted structure. It is 
worthwhile to mention some observations from the geometric complexities 
due to rivet and plate like tilting of rivet and localized bending of the plates. 
This gives location for crack initiation which eventually leads to total 
specimen failure. And from this one can deduce the static and fatigue life of 
SPR joined structures, though we did not go further detail. In the future, it 
will be interesting to study the fatigue strength of this kind of joint and the 
influence of initial mechanical fields (especially residual stresses) on its life 
fatigue limit in future time. The Strength of SPR joint was found to depend 
on stress, velocity of loading and size of rivet also the thickness. Since the 
simulations give an overview of the whole process, problems can be found 
and new geometries or material combinations can be tested much easier 
than by experimental investigations 
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10. Further Work 
 
Further work on this model could be the investigation of the influence of 
thickness of sheets, the influence of other type of materials, the influence of 
cracks, and the influence of internal stress from the rivet process 
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