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ABSTRACT 

In a structure, a joint is considered as the weakest part, and it should not get separated 

when subjected to loading, so that an unstable collapse of structure can be avoided. It is 

important to investigate the failure in joint before it is used in a structure.  Failure of a joint 

depends on various factors such as the geometry of joint configuration, sheet strength that are 

joined, rivet material used, cracks developed during joining, and many other. Self-Piercing 

riveting process is a new technology for joining sheet metals in automobile and aircraft 

industries. This process has many advantages over conventional joining processes. In this thesis, 

the failure of a self-piercing riveted joint is investigated. Failure of three different riveted 

configurations under 35m/s and 60m/s velocities were predicted using the general purpose non-

linear finite element software LS-DYNA.  

This research is divided into three stages of work. In the first stage, a 2D simulation of 

riveting process is carried out over two Aluminum sheets. An r-adaptive methodology is utilized 

to acquire a higher accuracy of results and to avoid high element distortion. A parametrical study 

is then conducted to study the effect of rivet penetration velocity and adaptive mesh size varies 

the quality of the joint. In the second stage of work, a spring back analysis of joint is conducted 

to study the deformations of work piece after the riveting process. In the third stage, a Peel 

specimen, a U-shaped single riveted connection, and a U-shaped double riveted connection were 

investigated for failure under 35 m/s and 60 m/s velocities in both shear and tension testing 

conditions. Three different loading conditions were used for testing. 

The results from this study will show how process parameters can influence the quality of 

riveted joint, amount of deformations that occur in the work piece after the removal of rigid 

bodies, and failure load of SPR joint in different configurations.   
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CHAPTER 1 

INTRODUCTION 

Self-piercing riveting is a new kind of technology for joining two different kinds of 

sheets. This is mainly used in automobile and aircraft industries to join two different structures. 

This is a single-step process of joining without any predrilled holes. A semi-tabular rivet made of 

high strength steel is used to make a joint between sheets. This method is economical and proved 

to be superior to other conventional type joining processes like spot welding [1]. 

In a structure, a joint is considered to be the weakest part and it should be strong enough 

to hold both the sheets together during the crash loadings, so that the structure can withstand the 

impact without any kind of failure. In this research work, a SPR joint is analyzed numerically for 

different crash loading conditions. For this a finite element software LS-DYNA is used.  

Continues improvements in numerical models can replace experiments with numerical 

studies in design phase for different mechanical components and processes. If the results are 

validated, then numerical models can used to improve the design and process as a significant cost 

reduction factor. This study for riveting process is validated against the experimental results and 

an study is made to optimize, the riveting process.  

Following are some of the salient features of SPR process [1], 

 Different combinations of sheets can be joined like aluminum, steel and plastics 

 Two or even three, sandwich structures with adhesives can also be joined 

 No pre-drilled hole is necessary 

 This joining process has an advantage of no corrosion problem 

 Mechanism that consume very less time for completing the process 

 No emission of heat or any other fumes 
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 Low noise operation 

 Same quality of repeatability can be attained 

1.1 Riveting Process 

The different stages involved in the riveting process as illustrated in figure 1.1 is explained as 

follows: 

1. Initially, rivet is placed just above the sheets that are to be joined 

2. Punch drives the rivet and rivet penetrates into the upper sheet 

3. Upper sheet is split into two parts and then rivet penetrates into lower sheet 

and starts flaring 

4. Interlock is formed in between both the sheets 

 

 

Figure 1.1: Riveting process [1] 

SIM laboratories, Norway have developed a new device to investigate the riveting 

process. Force-displacement histories can be recorded and used to validate numerical results. 

Figure 1.2, shows a sectional view of a testing device with all the parts defined. Functions of 

different parts of testing device are discussed below individually,  
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Figure 1.2: Illustrates the total arrangement for SPR device [2] 

1. Punch: Provides the driving/penetrating force to the rivet. The velocity at which punch 

should travel is controlled by a hydraulic pump. 

2. Blank holder: Provides pressure to hold the sheets together during the riveting process, 

so that they do not slide away. 

3. Rivet: Rivet is a cylindrical hallow structure with a head on its top. In this research a 

counter-sunk rivet of Bollhoff standard is used, which is shown in figure 1.3. Usually, 

rivets of this type will provide a fine finishing to the joint. 
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Figure 1.3: Bollhoff Rivet [2] 

4. Die: Die is a tool used to shape a material or mold using a press in manufacturing 

industries. The rivet penetration depth and flaring inside the lower sheet will depend on 

the depth and shape of die. There are mainly two different series of die‟s used i.e., DZ 

series and FM series, the shape of two different dies are shown in figure 1.4, based on 

Bollhoff standards [2]. 

 

 
Figure 1.4: Bollhoff Die  [2] 

1.2 Joint Requirements 

In order to have a satisfactory riveted joint, it should meet the following requirements, [1] 

On the punch side: 

1. The surface of the rivet head should be parallel to sheet metal surface 

2. In case of countersunk rivet the rivet head should not be more than 0.2mm above the 

sheet metal surface 
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3. In case of countersunk rivet the rivet head should not be more than 0.1 mm below the 

sheet metal surface 

On the Die side: 

1. The die should be totally filled with lower sheet 

2. No break through of rivet is permitted 

3. No cracks in sheets 

All the above requirments are fullfilled in this research work. 

1.3 Literature Review 

Westerberg [1] examined the failure of riveted joint over a peel specimen. To test the 

strength of the joint for a peel specimen, under different loading conditions he developed a finite 

element model in ABAQUS. In this research a peel specimen made of steel alloy which is joined 

by a steel rivet is examined. Parametrical study was conducted to see how friction values 

between the sheets and rivet could affect the strength of joint and found that higher the value of 

coefficient of friction, higher the failure displacement. Influence of rivet strength was 

investigated and found no difference even for the decrease of 1000Mpa strength of rivet. 

Comparison with conventional joining processes like spot welding and laser welded joint was 

made for the same configuration of specimen and found that SPR joint has higher failure 

displacement than spot welded joint and quiet similar to that of laser welded joint.  

Porcaro and Hanssen [2] studied how to numerically simulate self-piercing riveted joint 

using LSDYNA and study was made to suggest the 0optimum values for parameters like friction 

and adaptive interval. They developed a new device at SIM laboratory to record force-

deformation history for riveting process. Al 6060 T4 sheets were used for joining. Good 

agreement was found between experimental and numerical data. A mesh sensitivity study was 

investigated with different combinations of mesh sizes and adaptive intervals. 



 

6 
 

Stuhmeyer [3] has investigated two different ways of simulating self-piercing joint i.e., in 

2D and 3D. ALE method is used to develop a 3D joint and adaptive method for 2D with a failure 

criteria specified. From this study, it is proven that adaptive method is more accurate, efficient to 

simulate self-piercing riveting joint and 3D simulation using ALE approach is not that accurate 

and need to be improved. Extrapolation of material properties for further analysis of failure has 

more impact on the riveting process than other parameters like friction. Two processes were 

analyzed with two different alloys of sheets that are to be joined.  

Bouchard [4] conducted a study for simulating SPR and structural analysis using FORGE 

2005 has found that in shear testing of SPR joint with history variables and without history 

variables, behaves in different way and the results are not in acceptable range. Different 

configurations and combinations of metals to be joined were tested and results are presented. An 

approach for three sheets joining was also presented in this study. An experimental study of self-

piercing riveted joint connections was performed under quasi static loading condition on AA 

6060 alloy in pure shear and tension loading conditions by Porcaro and Hanssen [5]. A simple 

geometry of sheets joined was used to test the failure strength. Factorial design procedure was 

used to plan the experimental program and interpretation of results. Investigation was done to see 

the influence of material properties, sheet thickness and width of specimen on the specimen 

which is tested under tension and shear test conditions. A case study was conducted and found 

that maximum force that a connection will not vary by width of the plate used but will increase 

with the increase in thickness and material properties of plate. They also varied the thickness of 

bottom plate and the material properties of both the plates to see how shear force and tension 

force are affected. 

In a study conducted by Abe and Mori [6] to join, three high strength steel or aluminum 

sheets have found that the joining is difficult as the strength of sheets which are to be joined 



 

7 
 

increases, this problem can be solved by optimizing the shape of the die which is used in 

riveting. As the diameter of die cavity and depth of central projection increases, the punch load 

decreases and these results are examined through finite element simulation and found that with 

optimized die the rivet was able to penetrate through upper and middle sheets to form a proper 

interlock. 

Simulation of a self-piercing riveted joint was studied in a research conducted by Uma 

[7] using LS-DYNA and observed stress strain behavior during the riveting process. Springback 

analysis was also conducted after the riveting process, to predict the deformations in the 

workpiece.      

1.4 Motivation 

Research on SPR has found, methods of simulation, modification of die to form a proper 

interlock when three sheets are joined together, failure of SPR with mapped strain fields and 

without strain fields i.e., virgin material. An example is the study on U-shaped single riveted 

joint for failure by varying the thickness of sheets joined, material of sheets experimentally. 

Parametrical study was conducted to see how friction values between sheets and rivet strength 

will affect the failure.   

But, failure of a joint depends on various factors like geometry of configuration, type of 

loading force used, sheet strength that are joined, rivet material used, cracks developed during 

joining and many other. It is important to investigate the failure in self-piercing riveted joint 

before it is used to join structures. Maximum force and maximum displacement of the joint are 

the important parameters that are to be investigated to predict the failure. In this proposed thesis, 

study is made to investigate the failure of SPR joint by varying configurations on which riveted 

joint is used.  
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1.5 Objective 

In order to investigated the strength of SPR joint three different configurations of joints 

were selected and are tested for maximum force and displacement before failure under three 

different loadings and two different velocities. For this LS-DYNA explicit finite element 

software is used. 

This research has three stages of work, 

1. Simulating riveted joint 

2. Springback analysis 

3. Failure of riveted joint 

 

 

 

 

 

 

 

Figure 1.5: Methodology for Failure analysis 

Detailed procedures for different stages are discussed individually in the following chapters; 

figure 1.5 illustrates the approach followed in this research. 

Stage-1: Simulating SPR joint is discussed at this stage. Experimental setup and results are 

presented, which were compared to numerical results. Input cards used in simulating 

SPR are discussed and optimum values for crucial parameters which could affect the 

quality of joint were suggested.  

Failure analysis of SPR joint 

Stage-1 

Simulation of SPR joint 
using LS-DYNA 

Stage-2 

Springback 
analysis 

Stage-3 

Failure analysis 
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Stage-2: After riveting/forming process is completed, work pieces deform to acquire original 

shape due to the stored energy which is developed during forming process, it is 

important to notice the amount of deformation after forming, so that the joint quality is 

good. To predict the deformation of workpiece springback analysis is performed. 

Stage-3:  Three specimens Peel, U-shaped single riveted joint and U-shaped double riveted joint 

were developed to see how the connections would behave under shear and tension 

loading at 35 m/s and 60 m/s velocities for direct, ramped and smooth loading 

conditions. Boundary conditions and constraints used are discussed for each of the 

specimen. 
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CHAPTER 2 

FINITE ELEMENT MODELING OF SELF-PIERCING RIVETED JOINT 

2.1  Finite Element Modeling  

Finite element method is a numerical technique to find approximate solutions for 

differential and integral equations. This method is a widely used technique in compuer based 

analysis for structural, fluid and thermal problems. 

Following are the steps that are to be followed to complete a FE analysis, 

1. Create CAD model of required geometry 

2. Generate finite elements and specify the kind of elements 

3. Apply loads and constraints 

4. Solve solution 

5. Post processing to obtaine reulsts 

In this thesis work, modeling of the all the parts for FE analysis was done using 

CATIAV5, the dimensions for the geometries of  rivet and die were obtained from Bollhoff. 

Care was taken while modeling rivet and die curvature, because this will influence the joint 

shape and depth of penetration. 

Mesh generation is one of the most important stage of finte element analysis which can 

influence the acuuracy of the solution. Smaller the element size higher the accuracy of solution, 

but the disadvantage with smaller element size is that it will cost higher computatoinal time, 

because of higher memory allocation. Meshing was done using FE pre-processor, Altair 

HYPERMESH-10. This software is specifically used to generate finite element models for any 

type of complex/simple geomeries and very much user friendly when compared to other  

preprocessors that are available in the market. 
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Firstly, the model is split into number of portions so that the mesh formed is uniform and 

continues. Secondly, a 2D mesh is genrated on the surface of the geometry and the density of the 

mesh is adjusted according to the requirement. Care is taken to increase the density of mesh on 

the boundries of die, so that it can take the exact shape of the geometry and density of the rivet is 

more on the penetration side than the head because more elements will lead to higher accuracy of 

the solution. The number of elements in punch and pad should be less inorder to save the 

memory of the input file and more over they do not have any impact on the solution since they 

are considered as rigid. Finally, the density of mesh should be higher in the area were the 

accuracy of solution is expected to be important and where elements are expected to under go 

higher deformation. 

In the case of 3D the same elements of 2D, with a special feature in HYPERMESH i.e., 

spin have been revolved and converted in to 3D solid elements. 

Finite element modeling of all the work pieces are discussed below, 

1. Die 

This is a die of Bollhoff standard and of DZ series. Care is taken while meshing the edges 

of curvature, because it may affect the flow of lower sheet into the die. For this reason the edges 

are meshed more finely than the other regions, and also to save memory and computational time. 

Finite element model of die is shown in the figure 2.1.  

 

 

Figure 2.1: FE model of Die 
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2. Sheets 

Aluminum 6060T4 sheets of thickness 2mm are meshed with element size of 0.2mm and 

are also activated with adaptive mesh. Figure 2.2 shows uniform mesh of two sheets. 

 

 

Figure 2.2: FE model of Sheets 

3. Rivet 

Rivet of length 6mm and width 5mm which is of Bollhoff standard is used and is meshed 

to 0.15mm mesh. Figure 2.3 shows a finite element model of rivet.  

 

 

Figure 2.3: FE model of Rivet 

4. Pad 

Pad will provide clamping force, to press both the sheets towards the die. Corners of pad 

are curved in order to decrease the unwanted stress concentration, which otherwise will lead to 

inaccuracy in calculations and unwanted deformation on the sheet. In the figure 2.4, one can 

observe the corners of pad are meshed more finely to make it curvy and smooth.  
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Figure 2.4: FE model of Pad/Clamp 

5. Punch 

Figure 2.5, shows a Punch which is used to provide driving force to rivet, mesh size used 

is 0.3mm.  

 

Figure 2.5: FE model of Punch   

2.2 Element Selection 

In the case of 2D simulations, from the past experience a 4-noded axi-symmetric 2D 

Galerkin element with assumed strain co-rotational stiffness hourglass control is selected. Since 

the present problem is axi-symmetric, the choice of elements is limited to element type 14 or 15 

i.e., area weighted or volume weighted. Among these, volume weighted is used because it is 

much more efficient and more accurate when compared to area weighted method, the only 

disadvantage with this method is computational cost is higher. 

When in the case of 3D, two types of 8-noded brick elements with constant stress and 1-

point integration were selected, both has an assumed strain co-rotational stiffness hourglass 

control. Figure 2.6, shows an 8-noded brick element which means, each element has 8 nodes. 

 

Figure 2.6: 8-noded brick element [1] 
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Due to the use of 1-point integration elements there is a chance of developing, zero 

energy modes, which means in spite of the deformation of element due to applied load, the 

element will not record any kind of deformation, that means no energy is registered and the FE 

solution is totally destroyed. If this zero energy modes are not present in the solution then with 1-

point integration type elements we can achieve a much more accurate FE solution, because the 

FE model tends to be soften the stiffness of the model. In order to avoid this kind of problems 

hourglass control is used to add stiffness to the elements. In this case, an assumed strain co-

rotational type element was used. The work done by hourglass resistance is neglected by the 

energy equation because the deformations are orthogonal to strain calculations, this may lead to 

slight loss of energy [1]. The lost energy in the calculations can be obtained using special kind of 

input cards. 

2.3 Methodology 

Self-piercing riveting process is new kind of technology which can join two different 

sheets without need of any predrilled hole. This process is proved to be more efficient and 

stronger than other conventional joining processes and provide many advantages. 

In this research, SPR joint of Al 6060-T4 alloy sheets with high strength steel rivet is 

examined; all the geometries were modeled according to Bollhoff standards [2]. An axi-

symmetric numerical model was generated using Altair HYPERMESH. Simulating riveted joint 

is a tough task since it has large element distortion which may decrease time step to unacceptable 

range and result in an error termination of solution. For simulation of SPR explicit FE code LS-

DYNA was used. Results of interface forces versus displacement of the punch were plotted to 

compare with the experimental results. Figure 2.7, illustrates the initial arrangement before 

forming and joint after the forming process. 
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Figure 2.7: Initial arrangement of work piece and final riveted joint  

The following steps elaborates the riveting process and the methodology applied for numerical 

simulation, figure 2.8, shows the methodology for riveting process,  

1. The numerical model of rivet and other tools were generated using Altair HYPERMESH 

and of Bollhoff standard 

2. LS-DYNA an explicit FE code is used to simulate SPR joint 

3. Problem is designed as axi-symmetric and 4-noded quad elements with volume weighted 

formulation 

4. High penalty value is chosen in order to avoid contact problems 

5. Due to high element deformation r- adaptive method is used for continues remeshing at 

regular time interval 

6. Upper sheet should split into two, for rivet to penetrate into the lower sheet. This can be 

done by including a special card, PART_ADAPTIVE_FAILURE in combination with 

Adaptivity 

7. Force versus deformation curve is plotted for numerical results and compared with 

experimental results for validation 
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8. Parametrical study of riveting process was carried on by varying the velocity at which 

rivet penetrates into the sheets and adaptive mesh size 

9. Optimum values for both the parameters were suggested 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Methodology for Riveting Proceess 

Numerical simulation of SPR 

Modeling of Rivet and other Tools based on 
Bollhoff standards 

Generate FE model using Altair HYPERMESH 

Use LS-DYNA for FE analysis 

Use explicit methodology, riveting process is simulated 

Plot Force versus displacement curve from the results  

Observe good agreement between numerical and 
experimental results 

Conduct a parametrical study on riveting process by 
varying rivet penetration velocity and the adaptive mesh 

size 

Suggest optimum values for both the parameters based on 
the study 
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2.4 Input Data for LS-DYNA 

2.4.1 Introduction to LS-DYNA 

LS-DYNA is a general purpose finite element code used for the analysis of structures and 

also for the structures coupled with fluids. It has both the features of explicit and implicit 

solving, where explicit is the main methodology in simulating SPR and implicit function is used 

in springback analysis. 

Finite element analysis which involves large deformations in very short time period, 

quasi-static problems and non-linear problems require an explicit or implicit problem solving 

approach. LS-DYNA has both explicit and implicit features. Implicit approach is much more 

costly than explicit. In order activate implicit problem solving approach special cards are added 

to the input deck. The main difference between explicit and implicit kind of solution is that, in 

implicit time step size (∆t) should be specified. Explicit solution is stable if and only if the time 

step size (∆t) is smaller than ∆tcr, 

Therefore, the critical time step (∆tcr) is given by the following equation 

∆tcr = Lc /C 

In explicit kind of solution the solver does not solve any kind of simultaneous equations, 

which means that no global matrix inversion is required, thus reducing the computational time of 

the solution. 

2.4.2 Cards Employed In SPR Simulation 

To simulate self-piercing riveted joint in LS-DYNA there are few cards which should be 

included in to input/keyword file. Keyword file is an input file which is a format written for the 

solver of LS-DYNA, this has unique kind of cards which have unique purpose for their use. If 

the keyword format is incorrect then the solver terminates the problem showing an error. There 

are many different kinds of errors in LS-DYNA which can be solved up on practice. 
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2.4.3 Material Model 

There are almost 200 different types of material models in LS-DYNA; each model has 

their own functions with different options like failure definition, EOS, etc. are identified by 

numbers. There is an option to define user defined material model according to the requirement 

of the user. In this research a strain rate dependent material model MAT-24 i.e., 

MAT_PIECEWISE_LINEAR_PLASTICITY and MAT_20 i.e., MAT_RIGID are used. In 

practice tools are much stiffer than blank so they are considered as rigid. 

1. MAT_PIECEWISE_LINEAR_PLASTICITY: This is an elasto-plastic material model 

with arbitrary stress versus strain values can be defined and a strain rate dependency can 

also be defined.  Failure can also be defined in this model based on the plastic strain 

value or minimum time step size value. This model can be used for both solid and shell 

elements types. This material model is used for sheets and rivet. Table 1 has the list of 

materials and their properties used, 

Table 1 

 Material properties  

 
Material 

 
Young‟s Modules 

E(GPa) 

 
Yield stress 

(GPa) 

 
Ultimate stress 

(GPa) 
 

Al 6060 T4 

 

69.91 

 

0.073 

 

0.18 

 

Rivet 

 

178 

 

1.52 

 

1.466 

 

1. MAT_RIGID: Since, tools are considered as rigid bodies, this material card is used. This 

card has an input data for material properties and constraints for both translational and 

rotational. The material properties for rigid bodies, 
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Mass density = 7.86E-6 Kg/mm2 

Young‟s Modules = 210 GPa 

Poison‟s ratio = 0.3 

2.4.4 Contact Interface 

All surfaces, with potential contact have been assigned contact interface. The contact 

interactions are mainly depending on the master and slave surfaces, which mean the master 

nodes, can penetrate into the slave surface, but the slave nodes cannot penetrate into master 

surface. 

Table 2 

Mater and Slave combinations for all the contact interfaces  

 

MASTER SLAVE 

Die Lower sheet 

Upper sheet Lower sheet 

Pad Upper sheet 

Rivet Upper sheet 

Rivet Lower sheet 

Punch Rivet 

 

 

In LS-DYNA, there are different types of contact interface which can be chosen 

depending on the type of contact that, problem needs. In present research, for the 2D simulations 

2D_AUTOMATIC_SURFACE_TO_SURFACE contact is chosen. The master and slave are 

recognized by their part numbers and the values for static and dynamic friction are specified. The 

FS and FD values between sheets are 0.15, die and lower sheet is 0.1, rivet and sheets is 0.15 and 

between all other contacts is 0.2. These values of friction play an important role in the 
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penetration of rivet into the sheets. Combinations of master and slave interfaces are shown in 

table 2. 

2.4.5 r-adaptive Remeshing Technique 

Lagrangian solution technique is used in general for the problems where the element 

distortion is limited or small. But, when the element distortion is excessive and single part is 

divided into multiple parts Lagrangian approach is not possible, in this case an Eulerian mesh is 

needed. 

When Eulerian mesh is used deformed shape of mesh can‟t be obtained, since in Eulerian 

mesh material will move but not the mesh. Lagrangian methods are computationally much 

cheaper than Eulerian method of solution. For this, a technique called rezoning can be employed 

for Lagrangian solution, which is also called as Adaptivity. 

Rezoning is done in three steps, 

1. Generate new nodal values for all the variables to be remapped 

2. Rezoning of one or more materials manually or automatically 

3. Interpolation of nodal point values from the old mesh on to the new meshed regions 

In self-piercing riveted joint simulation, elements undergo large deformation and this 

may reduce the time step size, which may be unacceptable and lead to error termination. The 

other approach for the solution is adding erosion, but this will lead to a rough finishing between 

rivet and the sheets due to irregular deletion of elements. Continuous remeshing of the distorted 

elements is a beneficial effect to eliminate the distorted elements and to create a smooth interface 

between rivet and sheets. In order to avoid this error termination a 2D remeshing technique is 

used. 
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LS-DYNA has two types of adaptive techniques, 

1.   h-adaptive: In this method elements are sub-divided into smaller number of elements 

where higher accuracy is needed and the process is called as fission. Elements which are 

involved in this process are divided depending on the original characteristic size of element and 

the new size is element is h/2; where „h‟ is characteristic size original element. 

Following example will illustrate the process of fission in h-adaptive method. The 

quadrilateral in the figure 2.9, is divided into four quadrilaterals by using the midpoints on the 

side and centroid of the old element to split it into four new elements. 

 

 

Figure 2.9: original element divided into four elements [12] 

In the second level of refinement these four of each element is sub-divided into four more 

elements that results in 16 elements, the number of elements increase as the number of 

refinement levels increase. 

2. r- adaptive: In this type of adaptivity, the total part will undergo re-meshing, while the 

total number of elements and nodes are fixed, and nodal positions are adjusted to achieve optimal 

aspect ratio for all the elements within a pre-defined time interval. Since, the present research is a 

2D axi-symmetric, only r-adaptive method can be applied. In order to activate this method, a 

special card called CONTROL_ADAPTIVE is used. This card should be provided with the birth 

and death time for the adaptivity to take place, frequency or the time period after which the 
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solver to check for the distorted elements which have reached the specified adaptive tolerance 

value. At each time interval nodal values for all the variables which are to be re-meshed are 

generated and completely a new mesh is generated from the old mesh depending on the 

characteristic element size and rezoning of all the variables is completed. The maximum level of 

refinements can also be specified and the usual value given is three. The minimum size of 

element after re-meshing can be controlled by ADPSIZE; the element is adapted depending on 

the edge size of the existing element. 

In part ID card ADPOPT should be activated for all the parts which are to be adapted, 

otherwise they remain inactive. Adaptivity is applied only for upper and lower sheets. 

2.4.6 Other input cards 

All the other cards which are used in SPR simulation: 

1. PART_ADAPTIVE_FAILURE 

This is a special card which can be activated, when using re-meshing method i.e., 

adaptive method. This card is used to split a single part into two individual parts. The card can be 

used very effectively in simulating SPR joint, to split the upper sheet into two parts, so that, the 

rivet can penetrate into the lower sheet. The only disadvantage with this card is that it will split 

the part only once. If the sheet material is struck under the rivet shank, they do not split, instead 

element distortion takes place. In order to avoid this, an additional failure criterion is used with 

material plastic strain, which can be specified in material model. 

In this card the part id which is to be split into two different parts is specified and 

characteristic element thickness should be specified, so that after reaching this minimum value 

the part is split into two different parts. In this case, thickness at which sheet should split is 

specified as 0.25mm. 
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2. BOUNDARY_PRESCRIBED_MOTION_RIGID 

This card is used to drive rigid bodies in a prescribed motion. The motion of punch is 

defined by a smooth cosine curve and the depth of penetration is defined as displacement on x-

axis and is equal to length of rivet i.e., 6 mm and the pad will displace 0.25mm towards die, 

since there is an initial gap between sheets and die. Care should be taken to ensure that rivet will 

not impact the surface of sheet with high velocity, because it may lead to inertial forces. The 

penetration can also be defined as a function of velocity or acceleration. Scaling factors for the x 

and y axis can be altered in order to adjust the penetration. 

3. CONSTRAINED_GOLBAL 

Since the simulation is axi-symmetric, proper constraints are necessary to acquire 

accurate results. Due to continue re-meshing of elements, global constraints will provide 

constraints for the newly generated nodes. The nodes on the both ends are constrained in x-

direction and z-direction for translational and rotational. 

4. CONTROL_BULK_VISCOSITY 

Due large deformation of elements, there may be shock waves propagation which may 

cause inaccuracy to the solution. In order to control these waves this card is used and it is 

advisable to use all the default values. 

5. CONTROL_CONTACT 

This card is used to control the contact interface between all the mating parts. Check for 

initial penetrations can be performed and a penalty stiffness value can be specified for the 

contacts, equation 4 is used for the area or mass weighted calculations. 

6. DATABASE 

These cards are used to request output from the simulation. Following are the outputs that 

were requested in this solution, 
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a) D3PLOTS: File contains plotting information to plot data over the three- 

dimensional geometry 

b) NODOUT: This file contains nodal data for set of nodes  

c) RCFORC: Data file for, contact interface forces in between all the mating parts 

7. DEFINE_CURVE 

Curve in the figure 2.10, is used to define displacement for punch and pad to generate a 

smooth motion in BOOUNDARY_PRESCRIBED_MOTOIN. Scaling factors are specified to 

alter the x & y axis if necessary. 

 

Figure 2.10: Curve to define displacement for Punch 

8. HOURGLASS 

This card is used to define the kind of hourglass formulation to be used, and can be 

assigned to individual part with each hourglass id. This is to be activated by using HGID in part 

body card. The formulation used is, type 6 i.e., assumed strain co-rotational stiffness, the scaling 

factor used for sheets is 0.01 and for the rivet is 0.15. 

9. INTERFACE_SPRINGBACK 

This is an output card which is used to request the deformed elements with final results 

including stress and strain fields. User can request required parts by using a part set. Deformed 
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rivet and sheets are requested after the termination time, with all the stress and strain fields 

mapped, so that they can be used for springback analysis. 

10. LOAD_RIGID_BODY 

This is used to create pressure for the clamp so that it can hold the sheets together during 

the penetration of rivet. Load curve is to be specified for the application of force. 

11. SECTION_SHELL 

Section properties such as element formulation and number of through thickness 

integration points can be specified for all the elements. Axi-symmetric volume weighted 

formulation is used for 2D solid elements in this case. 

2.5 Riveting Process Validation 

Numerically simulated model was validated against experimental results. The force-

deformation curve is obtained for both experimental test and numerical simulations are shown in 

figures 2.11 and 2.12. 

. 

 

Figure 2.11: Experimental Force vs Deformation curve for riveting process [8] 
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Figure 2.12: Numerical Force vs Displacement curve for riveting process 

Curves do not record any force up to 0.5mm displacement because the rivet is set at a 

certain height and when rivet starts touching the upper sheet, numerical curve records high 

oscillations and decrease as the penetration takes place. A good agreement is found between 

experimental and numerical results. Figures 2.13 and 2.14 show, the step by step riveting 

process, with respective Von-Misses stress and plastic strain values. 

Six steps from initial stage to final stage of the riveting process are, 

1 Initial setup                                 

2 After rivet in contact with sheet 

3 Rivet penetrating into sheet                           

4 Just before splitting upper sheet 

5 Spliting of upper sheet takes place                

6 Riveting process completed  
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Stresses develop inside the rivet when it is in contact with punch and later stresses are 

developed in sheets. Plastic strains are very high in the upper sheet where the splitting takes 

place and in the lower sheet near the center of die. 

 

 
      (a)At t=0ms                                               (b) At t= 0.005ms 

 

 
              (c)At t=0.01ms                                    (d) At t=0.018ms 

 

             
                                      (e) At t=0.02                                         (f) At t=0.03ms 

 

Figure 2.13: Von-Misses stress distribution during riveting process 
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      (a)At t=0ms                                                (b) At t= 0.005ms 

 

 

.              (c)At t=0.01ms                                           (d) At t=0.018ms 

 

 

                                     (e) At t=0.02                                           (f)At  t=0.03ms 

 
Figure 2.14: Plastic strain in workpiece in Riveting process 
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2.6 Parametrical Study of Riveted Joint 

Input data for SPR can vary the quality of joint in numerically simulations. Among them, 

the following two parameters have been investigated in this research, 

1. Adaptive mesh size 

2. Rivet penetration velocity 

2.6.1 Adaptive Mesh Size 

Mesh sensitivity study is investigated for SPR joint. Different values of adaptive mesh 

size were studied. A minimum size of elements that are formed during r-adaptive remeshing can 

be specified in adaptive card. A study is carried to see how this mesh size will affect riveting 

process and interlock of rivet with sheets. Four mesh sizes were tested and simulated outputs are 

shown below, initial mesh size is 0.2mm. Adaptivity is only applied for lower and upper sheet at 

a regular time period and total of about ten cycles for total riveting process. 

In CONTROL_ADAPTIVE card a minimum size for the elements that are to be 

generated after remeshing can be specified to control the minimum element size depending on 

the initial element size. The initial size of the elements is 0.2 mm. 

Four different mesh sizes were studied 

1. 0.18 mm 

2. 0.16 mm 

3. 0.14 mm 

4. 0.10 mm 

As the element size decreases the number of elements in the output will increase and the 

computational cost will increase. An optimum element size for the Adaptivity has been 

suggested, based on the study conducted, from all the 4 cases which are illustrated in figure 2.15. 
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(a) 0.18mm adaptive mesh size 

 

 
 

(b) 0.16mm adaptive mesh size 
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(c) 0.14mm adaptive mesh size 

 
(d) 0.10mm adaptive mesh size 

Figure 2.15: Adaptive mesh size affecting the interlock at four different mesh sizes 
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In case of 0.18mm mesh, rivet shank seems to be compressed and there are few elements 

of upper sheet under rivet shank which resisting rivet‟s penetration into lower sheets to form a 

perfect interlock. In the case of 0.14mm there are few elements under rivet shank and above the 

rivet shank which are not desirable and the quality of interlock formed is poor. For the mesh size 

0.1mm upper sheet is split into two, but the elements under the rivet shank remain and move 

along with rivet without allowing penetration into the lower sheet. For this mesh size the number 

of elements also increase which results in high computational cost in 3D test for failure 

displacements. After studying different mesh sizes 0.16 mm was found to be optimum for proper 

interlock, without any rivet undercut. 

2.6.2 Velocity of Rivet Penetration 

A study is carried to see how velocity at which rivet penetrates into the sheets will effect 

the rivet interlock. Optimum rivet penetration velocity is suggested for the formation of proper 

interlock between rivet and sheets based on this study. 

Four different velocities were studied, 

1. 250 m/s 

2. 220 m/s 

3. 150 m/s 

4. 100 m/s      

Figure 2.16, illustrates final joint formed at different velocities at which rivet is punched 

into the sheets. At velocity 250 m/s, rivet is tearing off the upper sheets, which is an 

unacceptable action.  At velocity 220 m/s, interlock formation and rivet shape are found to be 

optimum and is suggested to be optimum velocity. At velocity 150 m/s the gap between rivet and 

sheets are observed to be more, which will lead to early failure of the joint. At velocity 100 m/s, 

even though the gaps are very less, formation of interlock is poor.   
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(a) At 250m/s riveting velocity 

 

 
(b)  At 220 m/s riveting velocity 
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(c) At 150 m/s riveting velocity 

 

 
(d) At 100m/s riveting velocity 

 

Figure 2.16: Interlock of rivet at three different velocities of penetration 
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CHAPTER 3 

SPRINGBACK ANALYSIS OF SELF-PIERCING RIVETED JOINT 

The tendency of elastic recovery of a metal to regain its original position or shape after 

removal of forming force is called springback. This mainly depends on tensile, yield strength and 

thickness of the metal used in forming. In most of the sheet metal forming operations, the non- 

linear deformation process tends to generate large amount of elastic strain energy in the blank 

material. This energy which is stored inside the sheets during the piercing of rivet into the sheets, 

subsequently results in a rebounce of sheets after the forming force is removed and try to acquire 

its original shape, the deformation amount depends on the stored elastic strain energy. The 

driving force for the springback is the stored energy from the forming process. 

The final shape of the sheet metals is not only dependent on the contours of die, but also 

on the amount of energy stored during the forming process. Materials such as aluminum and 

steel which have high strength and high module of elasticity possess high tendency to 

springback. 

3.1 Background 

Many researches have been carried out to predict the springback in sheet metals after 

stamping and other forming processes. Uma [7] studied, the deformations in self-piercing riveted 

joint after completing the riveting process, and showed that joint will undergo high deformations, 

if the interlock is of poor quality. Narasimhan and Lovell [9] found that, by using a coupled 

finite element procedures we can significantly reduce the number of die prototypes designs that 

are currently employed in stamping operations. Explicit solver in combination with implicit for 

forming simulation followed by springback analysis will provide a viable, accurate and cost 

effectiveness for simulating even complicated stamping processes. Computationally explicit 
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solvers are much efficient in solving problems which include large deformations like in forming 

processes. Implicit solver is not suited for simulating forming process, because they are 

computationally much costly than explicit solver, and deal effectively with simulations like 

springback. Bradley N. Maker and Xinhai zhu [10] from their research suggested different input 

parameters for springback analysis in LS-DYNA, two different methods to solve springback in a 

forming process, mesh coarsening technique for deformed mesh in forming process is discussed 

and how to provide with proper boundary conditions so that the sheets do not act as rigid bodies 

and move in space freely. 

3.2 Methodology 

Methodology followed for springback analysis is discussed through step by step procedure, 

1. Deformed shape of sheets and rivet is obtained after the forming process by including a 

special card INTERFACE_SPRINGBACK in the input deck. 

2. Boundary conditions are crucial in springback analysis, to avoid rigid body behavior  of 

sheets and rivet 

3. Proper cards for implicit analysis are included in the input deck 

4. Results from force versus displacement curve and the displacement versus time is 

obtained 

Figure 3.1, shows the methodology followed for springback analysis and describes all the 

steps involved in solution, and figure 3.2, shows riveted joint that is formed after the riveting 

process with initial residual stresses. 
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Figure 3.1: Methodology for springback analysis 

 

 

Figure 3.2: Riveted joint with residual stress  

 

Acquire a simulated riveted joint with all the 
residual stresses after forming process 

Use LS-DYNA Implicit solver, for springback 
analysis 

Use implicit cards, to activate implicit solution 

Apply proper boundary conditions to avoid rigid 
body behavior of riveted joint 

 

Implicit solver will initialize the residual stresses 
and strains in deformable blank 

Observe deformation of blank  

Plot Force versus Deformation curve for spring 
back in the blank 
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3.3 Boundary Conditions 

Rigid body motions should be eliminated for sheets and rivet in the springback analysis 

by applying constraints. This is mainly because dynamic inertial effects are not included in static 

analysis, because of this, if no constraints are applied, then application of small load will cause 

the entire workpiece to move rigidly without any stress to an infinite distance. Constraints are 

chosen, so that all the rigid body motions are eliminated without creating any reaction forces at 

the constrained points. 

For the initial configuration in the figure 3.2, constraints are applied using 

BOUNDARY_SPC_SET, in order to activate this keyword a set of nodes which are to be 

constrained is created and the set number is specified. A value of one is entered for each degree 

of freedom to be constrained. Enough constraints are to be specified to eliminate the six rigid 

body motions i.e., 3 translational and 3 rotational constraints. In practice, when rotational 

degrees of freedom are constrained to eliminate rigid body motion a numerical truncation will 

occur. It is recommended to constrain selected nodes in translational degree of freedom [7]. 

Since this is an axi-symmetric model nodes on the boundaries are to be constrained in 

perpendicular direction and a node is selected so that when constrained in all DOF, does not 

develop any reaction forces. 

3.4 LS-DYNA input data 

Keywords which begin with the string, CONTROL_IMPLICIT are used to activate 

implicit solution in LS_DYNA. 

CONTROL_IMPLICT_GENERAL: 

This keyword allows user to select the solution type explicit analysis, implicit analysis 

and explicit followed by implicit also referred as seamless springback analysis which will 
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automatically switch to implicit after completing the forming process. Initial time step size 

should be specified for the analysis in this card. 

To control time step size automatically CONTROL_IMPLICIT_AUTO is used and is 

activated using iauto=1. By using CONTROL_IMPLICIT_SOLUTION, simulation is made to 

run either with linear or nonlinear approach. CONTROL_IMPLICIT_STABLIZATION is used 

to achieve artificial stabilization in a springback analysis. This is done by allowing the analysis 

to unload in a step by step procedure, this kind of approach is usually necessary to achieve 

convergence during equilibrium iterations in a large springback problem. At the start time of 

simulation artificial stabilization is introduced and is slowly removed as it reaches the 

termination time. 

3.5 Springback Analysis 

After riveting process is completed rigid body tools are removed and then the deformed 

sheets try to acquire their original shape, due to stored elastic energy inside the sheets. To study 

the deformation that takes place after forming process springback analysis is conducted. Figure 

3.3 (a) shows joined sheets before and (b) after springback i.e., with relieved stresses and joint 

after final deformation. 

 

 

(a) 
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(b) 

Figure 3.3: Riveted joint (a) before and (b) after springback analysis 

 

Figure 3.4, shows a force versus deformation curve plotted for springback analysis. 

Initially, force drops rapidly from 3.86KN to 0.49KN and then continues to be constant i.e., loss 

of energy then after is negligible. Plastic strains in the sheets and rivet are no different before and 

after springback takes place.  

 

 
Figure 3.4: Force VS Displacement curve for springback analysis 
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A minimal force is stored inside the workpiece after springback and is negligible. From 

the graph for springback it can be inferred that, the quality of joint formed is satisfactory to the 

requirements mentioned initially for an ideal SPR joint. 
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CHAPTER 4 

FAILURE ANALYSIS OF SELF-PIERCING RIVETED JOINT 

Failure of a joint depends on various factors like geometry of configuration, type of 

loading force used, sheet strength that are joined, rivet material used, cracks developed during 

joining and many other. It is important to investigate the failure in self-piercing riveted joint 

before it is used to join structures. Failure of self- piercing riveted joint on aluminum sheets may 

occur at crash loadings, in this research failure has been predicted for three different 

configurations made of Al 6060-T4 joined with rivet made of high strength steel. Specimens 

used were U-shaped single rivet joint, U-shaped double rivet joint and Peel. 

1.1 Methodology 

To test a joint for shear or tension test necessity of 3D model will arise. In this research 

following method has been implemented to develop a 3D model. Figure 4.1, shows methodology 

for modeling and failure analysis of three configurations, 

1. 3D model of joint is generated by revolving the deformed shape of sheets and rivet using 

Altair HYPERMESH. Elements used in 3D model are 8 node hexahedral solid elements 

with 1-point integration and constant stress, with stiffened based hourglass control i.e., 

assumed strain co-rotational type. 

2. The results from 2D simulation are mapped onto 3D geometry created. 

3. This 3D joint is used to create all the three geometries by creating a required shape of 

elements and adjusting the joint, followed by aligning and equivalence of the common 

nodes, so that joint is now attached to generated elements and created a joint on the 

required geometry. 
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4. Proper boundary conditions are applied since the problem is symmetric and both tests 

need different boundary conditions 

5. Both shear and tension tests are performed for three different loading and for two 

different velocities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Methodology to test riveted joint for failure displacement  
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Figure 4.2, shows the three stages for developing 2D axi-symmetric model into a 3D 

model with results mapped onto it and finally, three riveted configurations on which failure 

analysis is performed. 

 

 

 

 

 

 

(a)                                           (b)                                   (c) 
 

Figure 4.2: Step-by-Step procedure which shows the modeling of final geometries of riveted joint (a) Peel 
specimen (b) U-shaped single riveted specimen (c) U-shaped double riveted joint 
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4.2 Loading 

In this research three different types of loading curves were used, these are shown in 

figure 4.3, 

a. Direct load,  constant velocity is applied  from the start time to the termination time 

b. Ramped load, this curve has a constant upward slope towards the final velocity 

c. Smooth load, load is applied smoothly without any jerk 

 

a                                                    b                                                   c 

Figure 4.3: Three loading curves used in Tension and shear test [1] 

Simulations were carried out for two velocities 35 m/s and 60 m/s. There are no gravity 

forces taken into consideration. Same loading curves were used for all the simulations and each 

curve with two velocities for both shear and tension test for all the three specimens. 

4.3 Modeling and Failure Analysis of Riveted Joint 

Finite element modeling of three different riveted configurations is discussed in the 

following paragraphs. Modeling of riveted joint was done using Altair HYPERMESH. Different 

types of elements used; boundary conditions applied for failure analysis are also discussed. 

4.3.1 Peel Specimen 

Finite element model of a peel specimen with symmetry is generated and is illustrated in 

the figure 4.4. Sheets of thickness 2mm are used to design the specimen of width 25mm and 



 

46 
 

length 90mm. Hexahedral 8 node elements with 1-point reduced integration and assumed strain 

co-rotational hourglass has been used. 

 

 

 

Figure 4.4: Peel specimen 

In figure 4.4, boundaries for the specimen are indicated. Nodes on the left hand border 

are constrained in all directions. Nodes along symmetry plane are constrained in X-direction and 

the nodes in right hand border are constrained in X-direction and Z-direction. Node set on the 

right hand border are used to apply velocity in Y-direction. 

Peel specimen configuration is tested for failure at 35 m/s and 60 m/s velocities and three 

loading conditions.  

1. Direct 

2. Ramped 

3. Smooth 

 

Left hand border 

Symmetry plane 

Right hand border 
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4.3.1.1. Tension test at velocity 35 m/s and 60 m/s 

 

   

                         (a)At t=0ms                                                                (b) At t=0.2ms 

 

                           (c)At t=0.3ms                                                            (d) At t=0.4ms 

Figure 4.5: Peel specimen under tension test direct loading at 35 m/s 

In direct loading, deformation is concentrated at the rivet and the rivet starts deforming as 

the sheets displace apart from each other. Figure 4.5, illustrates different stages of failure with 

direct loading. In case of ramped loading initially there are few stresses developed inside the 

right hand side sheet and later stresses are concentrated at the rivet, figure 4.6, illustrates failure 

with ramped loading. 
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(a)At t= 0.05ms                                                 (b) At t=0.4ms 

 

                             (c)At t=1ms 

Figure 4.6: Peel specimen under tension test with ramped loading at 35 m/s 

 

 

                    (a)At t=0.03ms                                                     (b) At t=0.2               
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(c)At t=0.8ms 

Figure 4.7: Peel specimen under tension test with smooth loading at 35 m/s 

Smooth loading results in necking of right hand side sheet and the stresses are 

concentrated at the rivet; this is mainly due to dilatational wave that does not reach rivet region 

to transfer the plastic deformation. As wave will reach the rivet region necking stops and 

deformation takes place at the rivet. Figure 4.7, illustrates initial necking of right hand sheet and 

the stresses induced during failure.  

 
(a) 
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(b) 

Figure 4.8: Force vs Displacement curves for Peel specimen at (a) 35 m/s (b) 60 m/s 

Results for the failure displacement of peel specimen at 35 m/s and 60 m/s are plotted and 

illustrated in the figure 4.8. At 35 m/s velocity, all the loading follow the same pattern of failure 

and attain almost the same peak force. Test specimen showed an extended joint strength when 

the loading condition was ramped and the least in the case of direct. The displacement difference 

between direct loading and ramped loading is approximately 1mm. 

In case of 60 m/s, direct loading showed least failure displacement and ramped loading showed 

the highest displacement with highest peak load. 

Table 3, is listed with the values of maximum load that the joint was able to withstand 

under tension test at two different velocities and maximum displacement the nodes at the right 

hand border were able to displace before the rivet is pulled out totally from the sheets.  
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Table 3 

 Maximum load and Maximum displacement for Peel specimen under  
Tension loading 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Peak load and maximum displacement occurred in the case of ramped loading with 35 

m/s. 

The table 4 is listed with values of maximum stress developed during the failure and the 

plastic strain at respective point. 

 

 

 

 

 

 

Velocity 
m/s 

Loading 
Condition 

Maximum Load 
(kN) 

Maximum 
Displacement 

(mm) 
 

 

35 

 

 

Direct 6.01 5.98 

Ramped 6.03 6.92 

Smooth 5.94 6.28 

 

 

 

60 

 

 

Direct 5.46 3.22 

Ramped 5.9 5.74 

Smooth 5.78 5.27 
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Table 4 

Maximum stress and respective plastic strain for Peel specimen 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 U-Shaped Single Riveted Joint 

Finite element model of a U-shaped single riveted joint is developed to perform both 

shear and tension tests. A symmetric model is built to save computational time and proper 

boundary conditions are applied so that the results are accurate. The vertical sides of specimen 

are modeled as rigid bodies because they do not undergo any deformation. Figure 4.9, shows the 

symmetric configuration of U-shaped single riveted joint, 

 
Velocity 

 m/s 

Loading 
Condition 

Maximum Stress 
(GPa) Plastic Strain 

 

 

35 

 

 

Direct 2.85 2.53 

Ramped 2.84 2.53 

Smooth 2.81 2.53 

 

 

 

60 

 

 

Direct 2.91 2.57 

Ramped 2.95 2.56 

Smooth 2.86 2.53 
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Figure 4.9: U-shaped single riveted joint 

 

Lower rigid body is constrained in all directions, upper rigid body is constrained in X and 

Y directions and velocity is applied in Z-direction for tension test and for shear test upper rigid 

body is constrained in Y and Z-directions, velocity is applied in X-direction. On symmetric 

plane, left hand border and right hand border constraints are applied in Y-direction. 

Velocity is applied by BOUNDARY_PRESCRIBED_MOTION_RIGID for the upper rigid body 

in Z-direction for tension test and X-direction for shear test. 

Riveted configuration is tested for tension and shear loading conditions at 35 m/s and 60 

m/s velocity. The vertical sides of geometry are considered as rigid and has been assigned 

material model rigid, this is because they are fixed in between two clamps during the testing and 

do not undergo any kind of deformation. So in order to make the calculation simple they are 

considered rigid and velocities are directly applied on them. The upper rigid body is applied with 

velocities and the lower rigid body is constrained in all the directions. 

 

 

Upper rigid body 

Symmetry plane 

Left hand border 

Lower rigid body 

Right hand border 
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1. Tension Test at 35 m/s and 60 m/s 

To perform tension test on a symmetric geometry, proper constraints are necessary, in 

this case upper rigid body is applied with velocity in positive Z-direction and for nodes on 

symmetric plane, right and left hand borders are constrained in Y-direction. 

 

 

                           (a)At t=0.05ms                                (b) At t=0.15ms  

 

                            (c)At t=0.25ms                                        (d) At t=0.3ms 

Figure 4.10: Direct loading under 35 m/s 

The initial stresses in the sheets are high and spread all through the sheet but as the 

displacement increases the stresses are concentrated on the riveted area, resulting in the failure of 

joint. Figures 4.10, 4.11 and 4.12 illustrate results from tension test at 35 m/s velocity.  



 

55 
 

 

                              (a)At t=0.05ms                                         (b) At t=0.7ms 

Figure 4.11: Ramped loading under 35 m/s 

 

 

                                 (a)At t=0.05ms                                         (b)At t=0.7ms 

Figure 4.12: Smooth loading under 35 m/s 

 

Due to the minimized jerk in smooth and ramped loading, initially stresses are developed 

in the sheets and gradually, stress concentration in over the rivet area. In the case of, direct 

loading due to initial jerk, riveted configuration tends to fail earlier than other two cases. 

In all the loading conditions during the failure or the just before the total pullout, rivet 

bottom has highest stresses, since it is struck inside the curvature of sheet and resisting the 

failure. In tension testing, maximum force in the joint doesn‟t show any considerable change and 

is approximately equal to 0.2 KN. Maximum displacement for U-shaped single riveted joint is in 

direct loading at 35 m/s.  
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Table 5 

 Maximum load and Maximum displacement for U-shaped single riveted joint under  
Tension test 

Velocity 
m/s 

Loading 
Condition 

Maximum Load 
(kN) 

Maximum 
Displacement 

(mm) 

 
 

35 
 
 

Direct 3.47 6.59 

Ramped 3.72 5.67 

Smooth 3.75 5.79 

 
 
 

60 
 
 

Direct 3.9 6.13 

Ramped 3.7 5.9 

Smooth 3.67 5.99 
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Table 6 

Maximum stress and respective plastic strain for U-shaped single riveted joint under  
Tension test 

 
Velocity 

m/s 

Loading 
Condition 

Maximum Stress 
(GPa) Plastic Strain 

 

 

35 

 

 

Direct 2.70 2.53 

Ramped 2.49 2.53 

Smooth 2.19 2.53 

 

 

 

60 

 

 

Direct 2.09 2.53 

Ramped 2.72 2.53 

Smooth 2.71 2.53 

 
 

 
Graphs in the figure 4.13 illustrate, load versus displacement from initial stage of test to 

final stage of the test i.e., before the failure of joint during tension test for 35 m/s and 60 m/s 

velocities.



 

58 
 

                                                                     (a) 

 
     (b) 

Figure 4.13: Force vs Displacement curves for tension test (a) 35 m/s and (b) 60 m/s 

 

From the results of this specimen, its behavior for three different types of loading can be 

understood from the above graphs in figure 4.13. With the velocity 35 m/s direct loading has 
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least peak load and behave completely different from other two loadings and during 60 m/s 

velocity, joint attains maximum load more rapidly than other loadings and then starts failing.  

2. Shear Test at velocities 35m/s and 60 m/s 

To perform shear test the applied constraints are different from tension test, the upper 

rigid body is allowed to move X-direction with the required velocity and the symmetric plane, 

right and left hand borders are constrained in Y-direction. 

 
 

 

                            (a)At t= 0.05ms                                           (b) At t=0.15ms 

 

                              (a)At t=0.25ms                                           (b) At t=0.3ms 

Figure 4.14: Direct loading 35 m/s 

Figure 4.14, 4.15 and 4.16 illustrate shear testing of U-shaped single riveted joint for 35 

m/s velocity. In these cases, stress concentration is totally on the rivet area from the initial stage, 

rivet head tends to undergo high stresses concentrations towards the direction of velocity. The 
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other side of sheet tends to bend due to the resistance offered by rivet for failure, which results in 

peak load and then a sudden drop after the failure. Rivet head gets deformed on the side, towards 

which the velocity is applied. 

 

 

                               (a)At t=0.2ms                                                 (b) At t=0.5ms 

 

                                (c)At t=0.7ms                                                (d) At t=0.8ms 

Figure 4.15: Ramped loading 35 m/s 

 

 

                           (a)At t=0.5ms                                                     (b) At t=0.6ms 
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(c)At t=0.7ms 

Figure 4.16: Smooth loading 35 m/s 

U-shaped single riveted joint, in all the cases of 60 m/s velocity, stress concentration is 

on the rivet head and failure is purely dependent on rivet strength. Rivet head gets higher amount 

of damage when tested for 60 m/s velocity, this is due to higher velocity and in the case of direct 

loading the damage is highest. 

Graphs in the figure 4.17, is plotted from the results of load versus displacement from 

initial stage of test to final stage of the test i.e., before the failure of joint during shear loading 

conditions when velocity of 35 m/s and 60 m/s is applied. 

 
(a) 
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(b) 

Figure 4.17: Force vs Displacement curves for Shear testing (a) 35 m/s (b) 60 m/s 

 

Maximum failure load of the joint increases as the velocity of application increases, this 

is because load is rapid and the upper sheet will drag the rivet from the joint, unlike in the case of 

lower velocity the rivet undergoes load more uniformly. In case of 35 m/s peak load for all the 

loadings are approximately equal, but for 60 m/s velocity, direct loading curve is completely 

above the other two curves and the peak load is also almost 1kN higher. 

Summary for the test data U-shaped single riveted joint for shear testing under 35m/s and 

60 m/s velocities are shown in table 7 and 8, 
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Table 7 

Maximum load and Maximum displacement under Shear testing for  
U-shaped single riveted joint 

 
 

Velocity 
m/s 

Loading 
Condition 

Maximum Load 
(kN) 

Maximum 
Displacement 

(mm) 
 

 

35 

 

 

Direct 7.56 7.41 

Ramped 7.42 7.07 

Smooth 7.5 7.43 

 

 

 

60 

 

 

Direct 8.52 8.96 

Ramped 7.37 7.52 

Smooth 7.53 7.46 
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Table 8 

 Maximum stress and respective plastic strain for  
U-shaped single riveted joint 

 
 

Velocity 
m/s 

Loading 
Condition 

 

Maximum Stress 
(GPa) Plastic Strain 

 

 

35 

 

 

Direct 2.75 2.53 

Ramped 2.67 2.63 

Smooth 2.82 2.53 

 

 

 

60 

 

 

Direct 2.71 2.53 

Ramped 2.70 2.59 

Smooth 
2.73 2.53 

 

4.3.3 U-Shaped Double Riveted Joint 

Figure 4.18, shows a U-shaped double riveted joint with two rivets placed equidistant 

from both the ends. 

 

Figure 4.18: U-shaped double riveted joint 

Upper rigid body 

Lower rigid body 

Left hand border 

Symmetric plane 

Right hand border 
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A symmetric model of U-Shaped double riveted joint is developed similar to U-Shaped 

single riveted joint, with a sheet dimension twice to it and rivet placed equally distant from each 

end. The upper rigid body, lower rigid body and all other constraints are similar as in the case of 

single riveted joint. 

4.3.3.1Tension Test at velocities 35 m/s and 60 m/s 

 

 

                               (a)At t=0.05ms                                       (b) At t=0.3ms 

Figure 4.19: Direct loading (35 m/s) 

 

 

                                (a)At t=0.05ms                                        (b) At t=0.5ms 

Figure 4.20: Ramped loading (35 m/s) 
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                                  (a)At t=0.05ms                                          (b) At t=0.5ms 

Figure 4.21: Smooth loading (35 m/s) 

Figures 4.19, 4.20 and 4.21 illustrate results from U-shaped double riveted joint 

undergoing tension test at 35 m/s at different stages before failure occurred. Same kind of pattern 

was observed in case of 60 m/s velocity. Peak load occurred with direct loading with 60 m/s 

velocity.  

 
(a) 
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(b) 

Figure 4.22: Force vs Displacement curves for Tension test (a) 35 m/s (b) 60 m/s 

Figure 4.22, shows the graphs plotted from the results of double riveted joint under 

tension loading. Direct loading has the lowest peak load in both the cases and has a bit more 

displacement then other two loadings. 

Tables 9 and 10 show the summary of the data obtained from the results of tension test at 

35 m/s and 64 m/s velocities, 
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Table 9 

 Maximum load and Maximum displacement under tension testing for  
U-shaped double riveted joint 

 
 

Velocity 
m/s 

Loading 
Condition 

Maximum Load 
(kN) 

Maximum 
Displacement 

(mm) 

 
 

35 
 
 

Direct 4.72 6.28 

Ramped 5.04 5.99 

Smooth 5 6.06 

 

 

 

60 

 

 

Direct 4.23 6.65 

Ramped 4.98 6.13 

Smooth 4.76 6.27 
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Table 10 

 Maximum stress and respective plastic strain for U-shaped double riveted joint under 
 Tension test 

 
 

Velocity 
m/s 

Loading 
Condition 

 

Maximum Stress 
(GPa) Plastic Strain 

 
 

35 
 
 

Direct 2.54 2.53 

Ramped 2.54 2.53 

Smooth 2.72 2.53 

 

 

 

60 

 

 

Direct 2.69 2.53 

Ramped 2.70 2.53 

Smooth 2.47 2.53 

 

4.3.3.3  Shear Test at velocities 35 m/s and 60 m/s 

In case of shear test the deformation of rivets was of interest in all the loading conditions 

and the shape of deformed rivets are shown below, 

 
(a) 
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                                       (b)                                                                      (c) 

Figure 4.23: Deformed shape of rivets under Tension test for velocity 35 m/s (a) Direct (b) 
Ramped (c) Smooth loadings 

 

 

(a) 

 

                                 (b)                                                                             (c) 

Figure 4.24: Deformed shape of rivets under Shear loading for velocity 60 m/s (a) Direct (b) 
Ramped (c) Smooth loadings 
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Deformed shape of rivet under all the three loading for two velocities are illustrated in 

figure 4.23 and 4.24. Rivet head undergoes deformation that is different from each other for each 

loading condition. In case of direct loading, damage is observed to be highest.  

Graphs plotted from the data of results for shear loading are shown in figure 4.25. Three 

loadings at 35 m/s velocity behave approximately in the same way and peak load in all the cases 

are almost same, except the direct loading has highest failure displacement. In 60 m/s velocity 

test peak loads almost equal but direct loading behave different than others. 

Maximum stress always occurred on rivet head with shear testing and this is similar in all the 

cases.   

 

 
(a) 
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(b) 

Figure 4.25: Force vs Displacement curves for shear test at (a) 34 m/s (b)60 m/s 

Tables 11 and 12 are listed with data for maximum force and displacement for Shear 
testing at 35 m/s and 60 m/s. 

 
Table 11  

Maximum Force and Displacement under Shear testing for 
 U-shaped double riveted joint 

Velocity 
m/s 

Loading 
Condition 

Maximum Load 
(kN) 

Maximum 
Displacement 

(mm) 

 
 

35 
 
 

Direct 8.11 5.23 

Ramped 8.07 5.33 

Smooth 8.14 5.64 

 
 
 

60 
 
 

Direct 8.22 5.89 

Ramped 8.05 5.91 

Smooth 8.03 6.1 
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Table 12  

Maximum stress and respective plastic strain for U-shaped double riveted joint under  
Shear-Test   

 
 

Velocity 
m/s 

Loading 
Condition 

Maximum Stress 
(GPa) 

 
Plastic Strain 

 
 

 

35 

 

 

Direct 2.73 2.53 

Ramped 2.75 2.53 

Smooth 2.72 2.76 

 

 

 

60 

 

 

Direct 2.72 2.53 

Ramped 2.73 2.53 

Smooth 2.78 2.65 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

A finite element analysis of self-piercing riveted connection in Al 6060 T4 of thickness 

2mm and its failure in three different configurations were presented in this thesis. A simple 

Bollhoff standard counter sunk rivet was used to establish connection between two sheets. The 

LS-DYNA explicit finite element code was utilized to simulate the riveting process and the 

simplification of the riveting process was simulated with an axi-symmetric model. The results 

were then used for mapping on to a 3D model for failure analysis. Experimental results were 

used to validate the numerical results obtained, and good agreement was found between the two. 

The r-adaptive re-meshing was used to simulate riveting process in conjunction with failure 

criterion. A parametrical study was then carried out, to observe how the adaptive mesh size and 

velocity of rivet penetrating into the sheets affect the riveting process. Optimum values for the 

parameters tested were suggested based on the study conducted.  A study on the spring-back of 

work piece after removal of rigid bodies was then conducted in the second stage of this research. 

The purpose was to study, how much the sheets get deformed after the riveting process. It was 

found that quality of the joint is highly affected by process parameters and the springback of 

work piece. Optimum mesh size for simulating the SPR joint using adaptive re-meshing was 

found to be 0.16 mm, and at a rivet penetration velocity of 220 m/s.  

In the third and main stage of this thesis, three different geometries, Peel specimen, U-

Shaped single riveted joint, and a U-Shaped double riveted joint were investigated for the 

strength under tension and shear loadings. All the three geometries were tested for tension and 

shear at velocities of 35 m/s and 60 m/s under three loading conditions; namely direct, ramped 
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and smooth loads. The maximum or peak load and maximum displacement before failure were 

found for the three geometries under tension and shear loadings. 

Maximum stress during failure and respective plastic strain were also noted. In all the 

cases, it has been observed that concentration of stresses is highest on rivet head during shear test 

and interlock formed influences the strength of joint under tension testing conditions. In most of 

the cases, direct loading condition produces highest loads and displacement among the three of 

the loading conditions. Smooth and ramped loading conditions are observed to behave quite the 

same at both velocities and lower failure displacements when compared with the direct loading 

condition. 

5.2   Recommendations 

Based on the study presented in this research, the following recommendations can be made to 

further research.  

1) In this research, a 2D r-adaptive approach was used to develop riveted joint model and a 

3D specimen was developed by mapping the results. A 3D riveted joint can also be 

developed using Arbitrary Lagrangian Eulerian (ALE) method, but study needs to be 

done to check its accuracy. 

2) During the shear testing, rivet head was the most stress concentrated area. It is important 

to study how the size of rivet used will influences the joint strength. 

3) During the riveting process, there is a chance to develop cracks. Investigation should be 

done on how cracks influence strength of the joint. 

4) After the springback analysis, a small gap was observed in between the rivet and the 

sheet. A study needs to be conducted over this gap to observe how it affects the failure of 

SPR joint. 
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APPENDIX A 

SAMPLE LSDYNA KEY FILE FOR RIVETING PROCESS 

$# LS-DYNA Keyword file created by LS-PREPOST 3.0(Alpha) - 21Jan2009(15:00) 

$# Created on Apr-21-2010 (15:28:15) 

*KEYWORD   

*TITLE 

$# title 

LS-DYNA keyword deck by LS-Prepost                                               

*CONTROL_ADAPTIVE 

  0.09000  0.460000         6         2     0.0001.0000E+20 

*CONTROL_BULK_VISCOSITY 

  1.500000  0.060000         1 

*CONTROL_CONTACT 

  0.300000     0.000         1         2         5         1         1 

*CONTROL_SHELL 

20.000000         0        -1         0        15         2         2 

*CONTROL_TERMINATION 

  0.026800 

*CONTROL_TIMESTEP 

     0.000  0.900000 

*DATABASE_ELOUT 

  0.001000         1 

*DATABASE_GLSTAT 
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APPENDIX A (continued) 

  0.001000         0         0         1 

*DATABASE_MATSUM 

1.0000E-4         0         0         1 

*DATABASE_NODOUT 

1.0000E-4         1         0         1 

*DATABASE_RCFORC 

1.0000E-5         1         0         1 

*DATABASE_BINARY_D3PLOT 

  0.001000 

         0 

*DATABASE_HISTORY_NODE 

1729 

*DATABASE_EXTENT_BINARY 

         0         0         3         0         1         1         1         1 

         0         0         0         1         1         1         2         1 

*BOUNDARY_PRESCRIBED_MOTION_RIGID_ID 

         1PUNCH                                                                  

         6         2         2         2 -1.000000         01.0000E+28 

*BOUNDARY_PRESCRIBED_MOTION_RIGID_ID 

         4         2         2         3 -1.000000         01.0000E+28 

*LOAD_RIGID_BODY 

         4         2         1 -1.000000 
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APPENDIX A (continued) 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

DIE-LS                                                                 

         2         1  1.000000        50  0.300000  0.300000     0.000        22 

     0.0001.0000E+20  1.000000  1.000000 

*SET_PART_LIST_TITLE 

         2 

         2 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         2         3  1.000000        50  0.200000  0.200000     0.000        22 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         3US-PAD                                                                 

         3         4  1.000000        50  0.300000  0.300000     0.000        22 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         4US-RIVET                                                               

         3         5  1.000000        50  0.150000  0.150000     0.000        22 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         5LS-RIVET                                                               

         2         5  1.000000        50  0.150000  0.150000     0.000        22 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         6PUNCH-RIVET                                                            

         5         6  1.000000        50  0.200000  0.200000     0.000        22 

*PART 
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         APPENDIX A (continued) 

1         2         3 

*SECTION_SHELL_TITLE 

SHELL-RIGID 

         2        15  0.830000         4         1         0         0         1 

*MAT_RIGID_TITLE 

die 

         3 7.8500E-6 210.00000  0.300000     0.000     0.000     0.000           

  1.000000         7         7 

*PART 

         2         1         6         0         8         0         2 

*SECTION_SHELL_TITLE 

SHELL 

         1        15  0.830000         6         1         0         0         1 

  0.100000  0.100000  0.100000  0.100000 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

LSHEET 

         6 2.7000E-6 92.990997  0.330000  0.093000       0.7 

*HOURGLASS 

         1         6  0.200000 

*HOURGLASS 

8,6,0.15 

*PART 
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         APPENDIX A (continued) 

3         1         1         0         1         0         2 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

USHEET 

         1 2.7000E-6 47.990997  0.330000  0.093000       0.7    2.6500 

*PART 

         4         2         4 

*MAT_RIGID_TITLE 

PAD&PUNCH 

         4 7.8500E-6 210.00000  0.300000     0.000     0.000     0.000           

  1.000000         6         7 

     0.000     0.000     0.000     0.000     0.000     0.000 

*PART 

         5         1         7         0         2 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

RIVET 

         7 7.8500E-6 190.00000  0.300000  4.520000       0.7 

*HOURGLASS 

         2         6  0.150000 

*PART 

PUNCH                                                                            

         6         2         4 

*PART_ADAPTIVE_FAILURE 
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         APPENDIX A (continued) 

3  0.250000 

*DEFINE_CURVE_TITLE 

         1         0  0.008000  2.000000 

               0.000               0.000 

           0.0010000      2.4674000e-006 

           0.0020000      9.8695700e-006 

           0.0030000      2.2206401e-005 

           0.0040000      3.9477902e-005 

           0.0050000      1.6838010e-006 

           0.0060000      8.8237994e-006 
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APPENDIX B  

SAMPLE LSDYNA KEY FILE FOR SPRINGBACK ANALYSIS 

$# LS-DYNA Keyword file created by LS-PREPOST 3.0(Beta) - 19Jan2010(14:34) 

$# Created on May-06-2010 (17:05:40) 

*KEYWORD   

*TITLE 

$# title 

                                              LS-DYNA keyword deck by LS-PrePost 

*CONTROL_BULK_VISCOSITY 

  1.500000  0.060000         1         0 

*CONTROL_CONTACT 

  0.300000     0.000         1         1         2         1         1         0 

         0         0         0         0  4.000000         0         0         0 

*CONTROL_IMPLICIT_AUTO 

         1       200         0     0.000  0.001000     0.000 

*CONTROL_IMPLICIT_GENERAL 

         1 1.0000E-4         2         1         2         0         0         1 

*CONTROL_IMPLICIT_INERTIA_RELIEF 

         1     0.000 

*CONTROL_IMPLICIT_SOLUTION 

         2         1       100  0.002000  0.0100001.0000E+10  0.9000001.0000E-10 

*CONTROL_IMPLICIT_SOLVER 

        10         2         2         0         1     0.000         1     0.000 
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APPENDIX B (continued) 

*CONTROL_IMPLICIT_STABILIZATION 

         1  1.000000     0.000  1.000000 

*CONTROL_SHELL 

20.000000         0        -1         0        15         2         2         0 

  1.000000         0         0         1         0         0         0         0 

*CONTROL_TERMINATION 

  0.040000         0     0.000     0.000     0.000 

*DATABASE_RCFORC 

1.0000E-5         1         0         1 

*DATABASE_NODOUT 

0.0001,1 

*DATABASE_MATSUM 

0.0001,1 

*DATABASE_HISTORY_NODE 

1594 

*DATABASE_BINARY_D3PLOT 

  0.002000         0         0         0         0 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         4                                                              US-RIVET 

         3         5  1.000000        50  0.150000  0.150000     0.000        22 

     0.0001.0000E+20  1.000000  1.000000         0         0         0         0 

*SET_PART_LIST_TITLE 
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APPENDIX B (continued) 

us 

         3     0.000     0.000     0.000     0.000 

         3         0         0         0         0         0         0         0 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         5                                                              LS-RIVET 

         2         5  1.000000        50  0.150000  0.150000     0.000        22 

     0.0001.0000E+20  1.000000  1.000000         0         0         0         0 

*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         2                                                                 US-LS 

         2         3  1.000000        50  0.200000  0.200000     0.000        22 

     0.0001.0000E+20  1.000000  1.000000         0         0         0         0 

*PART 

$# title 

 LS 

         2         1         6         0         1         0         0         0 

*SECTION_SHELL_TITLE 

SHELL 

         1        15  0.830000         6         1         0         0         1 

  0.100000  0.100000  0.100000  0.100000     0.000     0.000     0.000         0 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

LSHEET 

         6 2.7000E-6 99.990997  0.800000  0.073000  0.7000001.0000E+21     0.000 
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     APPENDIX B (continued) 

0.000     0.000         0         0  1.000000 

*HOURGLASS 

$RIVET 

$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 

         1         6  0.010000         0     0.000     0.000     0.000     0.000 

*PART 

$# title 

                                                                              US 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         3         1         1         0         1         0         0         0 

*PART 

$# title 

                                                                           RIVET 

$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         5         1         2         0         2         0         0         0 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

RIVET 

         2 9.8000E-6 111.00000  0.300000  2.520000  0.7000001.0000E+21     0.000 

*HOURGLASS 

$RIVET 

         2         6  0.100000         0     0.000     0.000     0.000     0.000 

*BOUNDARY_SPC_SET 
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      APPENDIX B (continued) 

   1         0         1         0         1         0         0         0 

*BOUNDARY_SPC_SET 

$#    nsid       cid      dofx      dofy      dofz     dofrx     dofry     dofrz 

         2         0         1         1         1         0         0         0 
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APPENDIX C 

SAMPLE LSDYNA KEY FILE FOR FAILURE ANALYSIS 

$# LS-DYNA Keyword file created by LS-PREPOST 3.0(Alpha) - 21Jan2009(15:00) 

$# Created on May-09-2010 (15:52:32) 

*KEYWORD 800000000  

*TITLE 

LS-DYNA keyword deck by LS-PrePost                                               

*CONTROL_BULK_VISCOSITY 

  1.500000  0.060000         1 

*CONTROL_CONTACT 

  0.100000     0.000         1         0         4         0         1 

         0         0         0         0  4.000000 

*CONTROL_HOURGLASS 

         6  0.500000 

*CONTROL_TERMINATION 

  1.500000         0  0.600000 

*CONTROL_TIMESTEP 

     0.000  0.600000 

     0.000         0         0 

*DATABASE_NODOUT 

  0.010000         1         0         1 

*DATABASE_RCFORC 

  0.001000         1         0         1 
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APPENDIX C (continued) 

*DATABASE_BINARY_D3PLOT 

  0.050000 

*DATABASE_HISTORY_NODE 

     51507      1665      1856       924 

*BOUNDARY_PRESCRIBED_MOTION_RIGID 

         7         3         0         1  1.000000         01.0000E+28 

*BOUNDARY_SPC_SET_ID 

         0symmetry                                                               

         1         0         0         1 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         1sheets                                                                 

         2         3         3         3 

  0.150000  0.150000     0.000     0.000     0.000         0     0.0001.0000E+20 

  *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         2lowersheet-riv                                                         

         2         5         3         3 

  0.200000  0.200000     0.000     0.000     0.000         0     0.0001.0000E+20 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         3uppersheet-upper                                                       

         3         7         3         3 

  0.200000  0.200000     0.000     0.000     0.000         0     0.0001.0000E+20 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 
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        APPENDIX C (continued) 

 4uppersheet-riv                                                 

  5         3         3 

  0.200000  0.200000     0.000     0.000     0.000         0     0.0001.0000E+20 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 

         5lowersheet-lower                                                       

         2         4         3         3 

  0.200000  0.200000     0.000     0.000     0.000         0     0.0001.0000E+20 

*PART 

lowersheet                                                                       

         2         2         1 

*SECTION_SOLID_TITLE 

1-point 

         2         1 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

sheets 

$#     mid        ro         e        pr      sigy      etan      fail      tdel 

         1 2.8500E-6 49.350002  0.530000  0.073000  0.7000001.0000E+21 

*PART  

uppersheet                                                                       

         3         2         1 

*PART 

LR                                                                               
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                APPENDIX C (continued) 

 4         1         4 

         1 

*MAT_RIGID_TITLE 

lower 

         4 7.8500E-6 210.00000  0.300000     0.000     0.000     0.000           

  1.000000         7         7 

*PART 

rivet                                                                            

         5         2         2 

*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 

rivet 

         2 9.8500E-6 140.00000  0.300000  2.320000  0.7000001.0000E+21 

*PART 

ur                                                                               

         7         1         3 

*MAT_RIGID_TITLE 

upper 

         3 7.8500E-6 210.00000  0.300000     0.000     0.000     0.000           

  1.000000         4         7 

*INITIAL_STRESS_SOLID 

         1         1 

     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
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                 APPENDIX C (continued) 

2         1 

     0.000     0.000     0.000     0.000     0.000     0.000  0.557024 

         3         1 

     0.000     0.000     0.000     0.000     0.000     0.000  0.391040 

*DEFINE_CURVE_TITLE 

PAD 

         1         0  1.500000 34.000000 

           0.0000000           1.0000000 


