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ABSTRACT 

 

A three dimensional finite element model for a single-shear medium load transfer aluminum 

rivet joint specimen is used to study the installation parameters such as rivet/hole clearance, riveting 

squeeze force and material strain-rate sensitivity on the response of the joint under high speed 

loading. Specimen elongation rates ranging between 0.5in/s to 100in/s were used in the simulations. 

These high speed tests represent the loading experienced by rivet joints in an airframe under the 

survivable crash events. The finite element models were analyzed using LS-Dyna explicit finite 

element code. The simulations of the rivet installation induced residual stresses were validated 

against the experimental data reported in literature. The dynamic analysis of the load transfer 

specimens addressed the effects of material rate sensitivity, hole clearance ranging between 0.003in 

to 0.007 in, and installation squeeze force levels of 15, 18 and 24kN, on the behavior of the load 

transfer specimen. The effects were characterized in terms of the load-displacement behavior, 

energy absorbed by the rivet and substrates, and the failure modes.  

From the finite element modeling it has been found that the installation parameters have 

very little influence on the total load transfer. But, the effect on the transferred load by the fastener 

alone is distinguishable. By investigating the energy absorption by separate parts it has been found 

that the maximum energy has been absorbed by the main part near the hole area and this energy 

absorption capability reduces at higher speed while using strain rate sensitive material properties.    
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CHAPTER 1                                                                                                                     

INTRODUCTION 

 

1.1 Background 

A metallic aerospace structure comprises of an assembly of a large number of 

complicated components, e.g. skins, frames, stringers, doublers, tear-straps, brackets etc.[6]. 

These components are typically connected to each other by using a mechanical fastening 

technique. Mechanical fastening is a method of joining two or more components in an assembly 

and is categorized into two main types [3]:  

a) Permanent joint (welded, adhesive bonded, riveted joint, etc.) 

b)  Detachable joint (bolt, screw, pin etc.) 

Mechanically fastened joints are very critical elements in aircraft structures and the design of the 

joint is very important as improper design can be catastrophic. The design of a joint must 

consider two things (a) it must withstand normal flight load conditions. This is performed by the 

fatigue design rules and classical mechanics and (b) it should absorb maximum amount of energy 

during crash events. [4] 

The structural integrity of the airframe depends on the strength of these individual joints. The 

failure and energy absorption mechanism of the airframe is influenced by the behavior of the 

mechanical joints where the failure process typically begins. While the behavior of the joints has 

been widely addressed for quasi-static and fatigue loading, the same is not true for dynamic loads 

that prevail during a survivable crash event [9]. Potentially survivable crash events are defined as 

the impact conditions when the peak accelerations resulting from the impact is lower than the 
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human tolerance limit [40]. The crashworthy requirements for such scenarios include 

maintaining a survivable volume for the occupants and dissipating the kinetic energy of the 

occupants while limiting the transmitted loads [48]. Thus, both structural integrity requirements 

as well as some controlled failure processes are implied design requirements. Since fastener 

joints are sites of localized stress concentrations which lead to failure, it is imperative that these 

design details be investigated prior to establishing the crashworthiness of the entire airframe.  

 

To predict the crash behavior of an aircraft structure we need to first understand the 

behavior of the joint. According to Langrand et.al. [5], until 1985 crashworthiness study was 

performed with a crash replica scale model. But these experiments were time consuming and 

expensive. After that period, with the advent of powerful computers, many efficient finite 

element codes (Pam-Crash, Dytran, DYNA3D etc.) were developed and they soon augmented 

the experimental approach by careful planning based on preliminary simulations. These codes 

were satisfactory when the main failure mode of the structure is caused by development of 

plastic hinges (e.g. plastic deformation of a beam under bending). However, when the failure is 

governed by the material fracture such as rivet failure, they were no longer useful to validate the 

experimental results. This is mainly due to insufficient resolution in the model to represent rivet 

joints and the over simplification of the joints in the model [5]. 

 

1.2 Rivet Joint 

Rivets are one of the oldest fasteners used for joining materials. These are permanent 

fasteners and can be installed in a very short time. Another advantage is its low cost and light 
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weight. A typical metallic aircraft fuselage is made with components such as skin, stringers, 

frames, stiffeners etc. These parts are fastened together with rivets. It requires 1.8 million 

fasteners to build the 747‘s and other mega aircraft [51]. Different types of rivets are used for the 

purpose of fastening now days. They can be classified as solid, blind, tubular and self-piercing 

rivet [49]. But among them solid and blind rivets are the most commonly used general purpose 

rivets. Solid rivet with universal head is one of the most widely used rivet type in aircraft 

fuselage manufacturing process (Figure 1).  

 

Figure 1. Universal head solid rivet [50] 

 

A rivet joint in an aircraft structure is usually a lap joint. In fuselage structures, the 

curved skins are connected to each other by lap joints. Fasteners in lap joints are mainly 

subjected to shear. The arrangement of fasteners in rows and columns differs from one airframe 

to another, and depends on the loading on the joints and the design philosophy employed. Figure 

2  shows a few typical rivet joints in aircraft fuselage structure. 
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Figure 2. Rivet joints in aircraft fuselage [(a) frame to skin, (b) stringers to skin, (c) riveted skin 
panels] [46] 

 

During service these rivets experience fatigue loading due to fuselage pressurization and 

depressurization. The fuselage during pressurization experiences hoop stress along the 

circumferential direction and axial stress along the longitudinal direction. Therefore a single 

fastener in a lap joint at the time of pressurization is under mixed load of longitudinal tension, 

hoop tension and out of plane bending. Among them longitudinal tension is the dominant one 

[3], [6]. A rivet joint is designed for sufficient fatigue life and for static strength.  
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1.3 Rivet Failure 

When a rivet joint is under longitudinal tension i.e. loading direction is perpendicular to 

the axis of the rivet, it can fail in several ways. The modes of failures widely reported in 

literature are described below. 

(a) Tearing of plate at the net section 

Plates fail in the net section because other sections are stronger than this section. Figure 3 

shows the illustration of a single shear rivet joint and the failure mode due to plate tearing 

in tension. In the figure p, d and m represents pitch, rivet diameter and margin 

respectively. 

 

Figure 3. (a) Single shear rivet lap joint, (b) Plate tearing failure by tension [52] 

 

If     is the permissible stress for the plates in tension then the maximum amount of load 

that can be carried by the plate is  
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      (   )  
 

(1-1) 
 

The plates will fail if the tension load per pitch length P exceeds      i.e.       . 

 

(b) Shearing of rivet 

Rivet joint can fail when the applied shearing stress become greater than the shear 

strength of the rivet. 

 

Figure 4. Shearing failure [(a) Single shear, (b) Double shear] [52] 

 

If the rivet shearing strength is    then the shear load that can be carried by the joint is  

         
 

 
    

 
(1-2) 

 

Here n represents the number of rivets per pitch length. Failure will occur if P    
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(c) Bearing failure 

When tension loading is applied to the lap joint, the rivet transmits the load through 

bearing as shown in the figure. This bearing pressure produce localized compression 

failure of the plates/sheets being joined. In addition, the rivet itself may fail under 

compression loading. 

 

Figure 5. Crushing of rivet by bearing force [52] 

 

If the maximum bearing stress of the joint for either plates or rivet is     the load carrying 

capacity of the joint against crushing is, 

           
 

(1-3) 
 

Failure will occur if     . 

(d) Tearing of plate near rivet hole 

The rivet joint can fail by shearing at the margin along the plane ‗ab‘ and ‗cd‘ shown in 

the Figure 6. If the shearing strength of the plate is    then the ability to carry load in the 

margin is, 
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(1-4) 
 

If P is the applied load per pitch length then the rivet will fail when        . 

 

Figure 6. Shearing failure at the margin [52] 

 

 

1.4 Literature Review 

An extensive amount of research has been reported on the subject of rivet joint, 

especially addressing fatigue loading [6]-[8], [27], [36]. However, for high speed dynamic 

loading condition, very few publications can be found. Based on the available literature the 

studies can be categorized as follows: 

I. Study of rivet Installation process:  These investigations deals with the riveting 

techniques and the induced residual stress. The effects of the installation parameters 

such as squeezing force, clamping force, rivet hole tolerance, etc., on the residual 

stress state is primarily analyzed in these papers [4],[5],[8]-[14],[18]-[25]. 
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II. Study of rivet joint under fatigue loading: These investigations address riveted lap 

joint fatigue performance, crack growth, multiple site damage (MSD), widespread 

fatigue damage (WFD), fretting analysis, etc. Also the effect of load transfer, 

secondary bending, fastener flexibility, stress intensity factor (SIF) etc., on the fatigue 

performance is also analyzed [6]-[8], [27],[36]. 

 

III. Study on the crashworthiness: There are not many investigations reported in open 

literature that specifically address the dynamic loading of riveted joints [46],[54]. The 

increasing need for the crashworthiness analysis on the aircraft structure makes it 

more vital to have more studies in this area. Behavior of the rivet joints under 

dynamic loads should be studied to have a better understanding of the 

crashworthiness behavior of the whole structure.  

 

 

1.4.1 Study of Rivet Installation 

A rivet is installed by inserting the rivet in a pre-drilled hole in the plates/sheets to be 

fastened. Holding the head on one end and the free end of the shank is compressed by a flat tool 

to get a deformed head at the other side. Due to the large compressive forces, the rivet shank 

expands radially, thus creating interference between the rivet and hole. Compressive residual 

stress along the radial, tangential and thru thickness directions remains in the vicinity of the rivet 

hole after the installation process. To do any further analysis related to riveted joints, either 

fatigue, static or dynamic, these complex residual stress must understood clearly There have 

been many reports on the topic of residual stress induced by riveting [11]-[13],[22],[23],[25]. 
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Also, the other riveting parameters such as squeeze force, clamping force, rivet/hole tolerance, 

etc., have been studied in different literatures.   

Non-destructive experiments have been carried out by many researchers [4],[13]-[14] to 

characterize the state of stress in and around the rivet hole before and after riveting. Langrand et 

al. [4] conducted experiments to study the consequences of riveting process on material and 

structural embrittlement. Residual stresses and strains are measured by micro-strain gauges. 

These gauges were set on the specimen along the median and diagonal directions. They showed 

that by using the plots for stress vs. time and strain vs. time, the riveting process can be divided 

into seven main steps (Figure 7). These representative steps explains the radial compressive 

stress generation, lug formation, homogenization of the interface stresses and at the end partial 

elastic return of the metal plate. In this method only radial strains on the surface can be measured 

but the residual strain through the thickness and inside the plates could not be detected. 

 

Figure 7. Riveting mechanism stages and lug visualization [4]  

 

Fitzgerald and Cohen [13] developed a technique to measure the residual stress in the 

clad material via X-ray diffraction. They found that for an elastically loaded hole produced by 
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riveting the material nearby a rivet could be in tension, whereas if there is any local plastic 

deformation the residual stresses could be compressive. The limitation of their study was that the 

X-ray diffraction method could only measure the radial and hoop stress components on and near 

the rivet head and tail. 

Ryzhova [14] performed a non-destructive ultrasonic inspection to observe the 

interference between the rivet and hole. The author established a linear correlation between the 

average echo signal amplitude of the ultrasonic ray and the average residual stress along the rivet 

height based on least square method. However no hoop or radial stresses in the sheets could be 

determine by his method. 

Residual stress near the rivet hole plays a very important role in the study of fatigue 

performance of the rivet joint. The area of interest lies beneath the rivet head. It is hidden from 

the capabilities of conventional experimental methods [4],[13]-[14]. There are several methods 

which have been applied to study the residual stresses near the hole produced by cold expansion 

process which is somewhat analogous to riveting process [15]. But in cold expansion process 

there is no existence of the compressive clamping force. To observe the residual state beneath the 

rivet head Li et al [12] used neutron diffraction techniques. In this method strains can be 

measured in locations where traditional strain gauge method has failed. 

 

Experimental methods have limitations the measurements are limited to the physically 

accessible outer boundaries. To visualize the complexity of riveting process and resulting 

residual stress fields, finite element methods, very powerful numerical tool, can be utilized. 

Many researchers preferred finite element analysis in their study as it provides the additional 
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flexibility of controlling physical and mechanical properties which would be very hard to 

achieve and control in experiments. They employed limited experimentation to verify their finite 

element model [4]-[11],[18]-[38]. 

Muller [7] performed several experiments to get information on rivet hole expansion and 

driven head dimensions after the rivet installation. He studied the effects of variables such as 

squeeze force, sheet material, rivet material, geometric ratio and initial rivet length. According to 

him, squeeze force is the most important variable for the fatigue life of the rivet joint and the 

quality of the joint mainly related to the hole expansion. He utilized two different types of rivet 

models, one with protruding head and the other with countersunk head. Results were presented 

together with the finite element predictions. His findings on the dimensions of the driven rivet 

head (head diameter and head height) were very much similar in both the models. In the case of 

hole expansion, he found that hole expansion is not homogenous along the thickness direction 

for the countersunk model while it is more homogeneous in the other case. Muller [7] observed 

that there is a dependency between the sheet thickness and the hole expansion. For the same hole 

diameter and squeeze force, thicker sheets will produce smaller hole expansion. Hole expansions 

were also tested for the difference in sheet material (2024 –T3 aluminum and Glare3). The 

behavior of rivets in both 2024-T3 and Glare3 sheet metal was relatively similar. He found that if 

2024-T3 sheet material is replaced by a thinner Glare3 material, a larger expansion of the rivet 

hole will be obtained. Therefore, the rivet/hole interference will be more favorable in that case.  

Muller‘s finite element calculations compared satisfactorily with his experimental measurements. 

To observe the effect of squeeze force on residual stress Muller [7] also performed a finite 

element analysis on force controlled rivet installation. Also in this study he utilized two different 

rivet models, a slug model (symmetric with two driven heads) and a non-symmetric countersunk 
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head model. In this study, the yield strength and ultimate strength of the joint was studied. But 

the main emphasis was on the rivet flexibility which is very important property during fatigue 

analysis. An elasto-plastic material behavior was assumed during the study. From the FE (Finite 

Element) results three types of residual stresses was found: radial, tangential and also in the 

clamping direction. Muller [7] found that in the thickness direction stresses are not constant and 

tangential residual stresses around the rivet hole is compressive ( if the squeeze force is high) and 

become tensile a small distance away from the hole. He also suggested that clamping force can 

account for load transfer by friction between two mating surface in the order of 25% of the rivet 

bearing load transfer. 

Szolwinski and Farris [8] extended the research performed by Muller [7]. The main 

objective of their study was to assess the effects of rivet installation on the load transfer 

mechanism and related fatigue performance of the riveted lap joint. Muller‘s efforts provided 

only limited results on the effect of material properties and the full residual stress field. 

Szolwinski and Farris [8] implemented a nonlinear material behavior for the rivet model for 

studying the installation process. The strain hardening properties of the rivet material were found 

by conducting a number of compression tests on the billets extracted from the actual rivet. The 

rivet material used in this case is 2117-T4. From their finite element model, they found that 

higher squeeze force results in improved fatigue performance as the compressive hoop stress 

zone is much larger so that crack growth nucleates away from the hole edge. Simultaneously, as 

the squeeze force increases, the driven head diameter will also be large, which will results in a 

high compressive clamping force. That will increase the potential for fretting damage on the 

faying surface [8],[19]. 
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Chen et al. [20] developed a numerical model to analyze and optimize the riveting 

process. They used three dimensional solid models for the analysis. Three different sizes of rivets 

were used for the research for the experiment and also for the numerical simulations. The main 

goal of the study was to see the reliability of the finite element model. They made several 

comparisons on the shape of the rivets after forming, the force displacement measurements and 

the local strain hardening distribution. They conclude that finite element modeling can be 

reliable enough to be used in the industry to design and optimize riveting process. Blanchot and 

Daidie [21] also performed a study about numerical characterization of the riveting process. 

They used both axisymmetric model and symmetric model to characterize a riveting model and 

to see the post riveting strain and stress in and around the rivet. They used a countersunk rivet 

made of material Titanium T40. Johnson-Cook material behavior was chosen for the rivet [44].  

A quasi-static force controlled riveting in fuselage lap joint was studied by Li and Shi 

[25] using both numerical and experimental methods. Both material and geometric non-linearity, 

as well as non-linear contact boundary conditions were utilized in their FE (finite element) 

model. Riveting quality was verified by the driven head deformation, the residual stresses and 

the interference at the hole periphery as they linked to the fatigue performance of the joint 

[7],[26]. They investigated the induced residual stresses, strains, driven head dimensions and 

interference under different squeeze forces by developing two-dimensional axisymmetric finite 

element model and compared the values with the experimental results. Micro strain gauges were 

used to get the stress strain values from the experiment. They proposed two curve fitted 

equations (1-5) and (1-6), which can be utilized in the aerospace industries to control the head 

deformations to get desired quality. 
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(1-5) 
 

                                                               
 

(1-6) 
 

         

Where D,      and H is the diameter, maximum diameter and height of the deformed head 

respectively.      is the data-fit parameter and F is the squeeze force. The range of the squeeze 

force is limited to 26.69 kN to 53.58 kN They found very good agreement in the residual stress 

strain measurements between numerical predictions and experimental results. Results similar to 

other finite elements studies [7], [22], [25] were found when the full field stress contours were 

observed. The area around the hole is covered with a compressive zone which is equilibrated by 

the tensile zone away from the hole. One of the other important observations in their study was 

the comparatively stronger connection between the rivet and the inner sheet (sheet near the 

driven head side) than the connection between the outer sheet and the rivet. 

Baha and Hesebeck [18] in their study simulate a universal head solid rivet installation 

process. The aim of their study was to understand the influence of riveting on the mechanical 

properties of the rivet joint. They also studied the effect of friction between the tools, rivet and 

plates and attempted to recommend a suitable friction coefficient for this kind of analysis. They 

recommended a value of 0.2 for the COF (coefficient of friction).  They validated their riveting 

model by performing experiments on riveting with two different diameter rivet model for 

different squeeze forces and compared the force displacement curves. Additionally, they also 

measured the strains on top of the plates from the FE (finite element) model and compared that 

with the experimental strain gauge measurements to make the validation more reliable.  
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There have been many finite element (FE) attempts has been made to investigate the 

influence of rivet installation on the fatigue life of the rivet joint [7], [8], [10], [32], [34], 

[35].But all those studies are limited to a single combination of rivet type and sheet material. 

Rans and Straznicky [22] tried to relate the influence of rivet type in conjunction with rivet 

squeeze force on residual stress which is one of the major parameter to predict fatigue life. They 

studied rivet squeeze force, two types of rivets; universal vs. countersunk head rivet and the 

effect of rivet flushness. They observed that through thickness stress has a great influence as it 

tends to increase the magnitude of the residual compressive hoop stress field underneath the rivet 

head which is actually beneficial for the rivet joint. Also, they remarked on the squeeze force that 

the increase in squeeze force would results in increased region and magnitude of residual hoop 

stress. They suggested that the degree of flushness affects the hole expansion and residual 

stresses at high squeeze force but has negligible effects at lower squeeze force. From the 

comparison of universal and countersunk type rivets, they found that universal head rivets do not 

provide any increase in hole expansion of the outer sheet when compared to the countersunk 

rivets.    

Ryan and Monaghan [24] carried out finite element analysis on rivet installation on both 

monolithic aluminum alloy 2024-T3 and fiber metal laminates (FML). Fiber metal laminates are 

composites made of layers of aluminum and glass pre-preg which are known for their fatigue 

resistance. They investigated the effects of panel material, laminate stacking sequence and 

squeezing force on the stress distribution for both of the rivet joint when subjected to external 

loading. They suggested that the behavior of aluminum alloy relative to the FML panels is very 

different. If the rivet installation method is kept the same the FML panels could delaminate in the 

softer ply direction. They suggested a reduced squeeze force for the FML panels. 
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The main purpose of the rivet installation simulations was to detect the residual stress 

state in and around the model. Residual stress is one of the main factors which decide the quality 

of a rivet joint. By squeezing the rivet, clamping force is created along the rivet axis and 

interference is created at the faying surface. They create a compressive residual stress zone near 

the hole edge and a tensile zone away from the hole. But some researchers also introduced the 

residual stresses in the rivet joint by other techniques. Iyer et al [27] introduced interference 

using the clamping misfit method. Their study was limited to fretting crack nucleation in the 

riveted lap joint and as riveting was beyond the scope of their study they preferred simplified 

method to introduce residual stress in their model. They modeled oversized shank diameter and 

slightly smaller rivet shank length than the combined sheet thickness initially. As a result when 

the finite element solver forces the nodes to move to avoid penetrations stress is generated 

accordingly. 

Fung and Smart [28] used thermal expansion riveted model. They modeled their rivet 

with CTE (Coefficient of Thermal Expansion) in such a way that the rivet expanded in the radial 

direction and shrunk along the length. These deformation results in clamping force and 

compressive radial and hoop stress.  Besides, there are some studies where rivet joint is modeled 

with beam and spring elements, rigid links, etc. [29], [30]. 

 

1.4.2 Studies of Rivet Joints 

Riveted joint investigations mainly address the fretting and fatigue damage, crack 

growth, stress intensity factor and load transfer study, joint failure and the joint strengths. As the 
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scope of this research does not include the fatigue and fretting analysis, no detailed literature 

review will be presented on those areas of study.  

During the lifespan of an aircraft, it continuously experiences fatigue loading. The whole 

aircraft has many riveted lap joints which hold all the components together. These lap joints are 

very prone to fatigue load. So they need to be designed against fatigue. There are several factors 

which need to be accounted for during the designing of a riveted lap joint. They are [23]: 

 Stress concentrations at the rivet hole 

 Load transfer through the rivet 

 Friction between the faying surface 

 Secondary bending due to joint eccentricity 

 Residual stresses 

Rans and Straznicky [23]  developed a finite element model of a riveted lap joint to 

investigate the residual stresses and secondary bending stresses, as these stresses are the key 

contributor for crack initiation. Bending occurs in a lap joint due to the load path eccentricity in 

the joint when it is being loaded under tension. This bending is referred to as secondary bending. 

Often, the contribution of the secondary bending is quantified by the bending factor defined as 

[31] 

    
  
 

 
 

(1-7) 
 

Where    and S represents nominal bending stress and nominal applied stress respectively. Both 

the quantity should be computed for the gross sections of the plates. Rans and Straznicky [23] 

found that through thickness compression plays a very important role in the formation of residual 
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stresses near the rivet hole. They also noticed an additional radial expansion for the case of 

countersunk rivets which is called ―wedge expansion‖  This additional expansion results in a 

larger region for compressive residual stresses. Secondary bending in a particular sheet is 

influenced by the size of the adjacent rivet head. Therefore, Kb in the inner plate is dependent on 

the driven head and outer plate is dependent on the manufactured head. Also Skorupa and Korbel 

[31] found that for a multiple row riveted lap joint, peak bending stresses always occurs in the 

outermost rows. 

Li et al [33] numerically studied a three row riveted lap joint to understand the influence 

of clearance fit, friction coefficient and corrosion pillowing on the fatigue strength of the joint. It 

was also found from several other studies [34]-[35], with the same loading conditions there 

exists a certain degree of scatter in the fatigue life. The cause of these scatter lies on the hole 

quality, corrosion pillowing in the overlap region, clearance fit, scatter in the material properties, 

riveting conditions, frictions etc. Li et al [33] developed a triple row riveted lap joint model and 

after validating the model he performed a parametric study on the above mentioned parameters. 

They found that large clearance fit would reduce the fatigue strength. They also predicted three 

different crack nucleation sites with three different clearance fit. Their finding on the friction 

coefficient is that large coefficient of friction increases the stresses near the rivet hole. They also 

suggested that in the aircraft, corroded parts should be repaired in a timely manner as multiple 

site damage could occur in corroded lap joints. 

In aircraft, rivet/skin interface fretting is one of the prime reasons for crack nucleation 

and multiple side damage (MSD). Fretting is the damage occurred by the combination of wear, 

corrosion and fatigue. Clamping produced by riveting is the major cause of fretting in the riveted 

lap joint.  Harish and Farris [36] studied the fretting crack nucleation in riveted lap joint. They 
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performed their experiments with a 3×3 pattern lap joint. They applied fatigue load on the 

specimen and observed that failure occurred in the upper or in the lower row of rivets as load 

transfer is high in these outer rows. They found that life of joint increases with the squeeze force 

and decreases with the increase in applied load. From their finite element model they used their 

results as an input to a life prediction program which uses multi-axial fatigue theory to predict 

the location and plane of crack nucleation. 

There are limited numbers of studies on the rivet joints subjected to dynamic loading [4], 

[5], [9], [37], [38]. Failure of an airframe structure is based on the behavior of the joint as they 

are composed of many joints. Previtali et al. [37] suggested a method to create a reliable finite 

element model to predict the behavior under crash conditions. Experimental tests were 

performed to analyze the behavior of rivet joint under different multi-axial loading. The test 

results were compared to the numerical model to validate the reliability of the finite element 

model. In the FE (finite element) model, various constitutive laws were investigated to 

characterize different behavior during tension and compression, and also to avoid failure during 

the installation phase. For different parts of the rivet, different stress strain curves were adopted 

for the plastic region.  After comparing the numerical models with the experimental data, they 

concluded that the FE code can be reliable, and can be used in place of expensive, time 

consuming experiments. One of the drawback of their model though, was the lack of strain rate 

effects in the FE model. 

Langrand et al. [38] proposed a numerical procedure for the assessment of dynamic 

strength of the rivet joint. In their study they developed a finite element model to characterize the 

dynamic failure for rivet joint assemblies. The material properties were based on the Gurson 

damage model [47]. This constitutive damage model is based on the description of the void 
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nucleation, growth and coalescence. An inverse method was adopted to determine the Gurson 

Damage model parameters [47]. To do that, quasi- static and dynamic experiments were used on 

an elementary punched specimens and single shear rivet joint. In another study [9] the authors 

developed a new simplified rivet element which can be accounted for material non linearity to 

improve crashworthiness modeling. They did a crash simulation of an aircraft part assembled 

with 700 rivets. However, the model failed to describe the frames stiffness correctly and also the 

failure was also not very satisfying. As a result, the authors felt the necessity for modeling new 

representative rivet element which can be accounted for structural embrittlement and material 

non linearity. 

 

1.5 Research Objectives 

In the field of airworthiness there has been many studies based on the riveted lap joints. 

Most of them deal with the behavior of the rivet joint during the normal flight load conditions. 

But the area of crashworthiness analysis in riveted joint is still not very rich. In an ongoing 

research at National Institute for Aviation Research, about crashworthiness of generic narrow 

body aircraft, it has been found that energy dissipated through fastener joints during crash can be 

up to 43% of the total energy [46]. So it is necessary to understand the riveted joint behavior 

from the crashworthiness point of view. In this study, a numerical model of a medium load 

transfer single aluminum rivet joint has been developed. The rivet chosen is one of the most 

common types of rivet used in the construction of aircraft structures (Al 2117-T4 universal head 

type) and the plates are fabricated with clad aluminum 2024-T3. 
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The main objectives of this work are  

1. To create 3D finite element model of a single shear rivet joint and simulate the rivet 

installation process to get the residual stress field in and around the rivet.  

2. Validate the model by correlating the squeezing load-displacement curves found from the 

numerical study and experimental results found in open literature. 

3. To investigate the dynamic response of the joint under uniaxial tension loading, 

4. To perform a parametric study with changing squeeze force and rivet/hole clearance on 

the specimen response in terms of load transfer and fastener rotation.   

5. To see the effect of strain rate sensitivity on the dynamic behavior rivet joint. 

6. To quantify the toughness of the joint and the energy partition between the plates and 

rivets. 

 

1.6 Thesis Organization 

The main objective of this thesis is to develop a finite element model to analyze the effect 

of different installation parameters on the stress field and the load transfer under dynamic 

loading. The whole report has seven chapters including the introductory part. As the simulation 

is performed in two steps – installation and dynamic tension test, the chapters are also classified 

accordingly. 

Chapter 2 deals with the details of the specimen geometry, the meshing procedures and 

also the different material properties that have been used.  

Chapter 3 describes the simulation procedure of the riveting process. The validation with 

experimental data from literature is discussed in chapter 4.   
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The simulations of dynamic tensile loading of the river joint specimens are described in 

chapter 5. 

In Chapter 6 the results of the different studies will be presented and discussed. The 

effects of several installation parameters such as squeeze force, clearance fit on the load transfer 

and rivet rotation are discussed in this chapter 

The final Chapter will present some key conclusions and recommendations based on the 

findings from the present study.  
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CHAPTER 2                                                                                                                                  

FINITE ELEMENT MODEL 

 

A finite element model has been used in this study as it facilitates the systematic 

evaluation of various parameters involved in a process. In physical experiments, all the 

parameters acts simultaneously and their relative magnitudes cannot be altered. Therefore it is 

not very easy to isolate the effects of a single parameter on the response of the joint. Finite 

element Analysis (FEA) has an edge over experimental studies where the effect of each 

parameter can be analyzed and visualized individually while keeping all the other parameters 

constant.  

For this study, a three dimensional solid rivet joint specimen was modeled. The 

description of the model geometry, different material models that has been utilized over the 

entire study, the meshing procedure and the simulation steps are discussed in this chapter.   

2.1 Description of the Problem 

To investigate the structural response of a mechanically fastened joint under high speed 

loading a single shear aluminum rivet lap joint (medium load transfer) specimen [32] has been 

modeled in this work. Here the problem is categorized into three main parts- Firstly, the riveting 

procedure, which deals with the simulation of the installation process of an aluminum rivet by 

deforming one end of the rivet creating a buck head. This procedure is also called bucking. 

Secondly, the rivet installation model is validated by comparing with the experimental results 

reported by Rans and Straznicky [22]. As the rivet utilized in this study is not the same type of 

the rivet used by Rans and Straznicky, a separate validation model was created to match the 
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geometry and materials used in their experiment. Finally after the validation, the rivet joint was 

simulated for tension test. To do this analysis a 3D finite element modeling technic has been 

utilized. For the creation of the solid model CATIA V5 has been utilized. For the solid meshing 

of the assembly Altair Hypermesh 12.0 has been used because of its vast array of tools and the 

ability to produce good quality mesh with complex geometries. For Preprocessing Oasys Primer 

10.0 has been used to generate an input file for LS-DYNA Solver. 

2.2 Model Geometry 

The geometry of the finite element model is developed consistent with the specimen used 

by Keshavanarayana, et al [32]. The MLT (Medium Load Transfer) specimen from their study 

has been utilized here in this analysis. The same model was used for the rivet installation and the 

tension test. The only difference between the two simulation models is, in rivet installation there 

was an additional part which is the bucking bar (punch). This bucking bar is used for the 

hammering of the rivet to get a deformed head. The parts used in this study have been illustrated 

in the following paragraphs 

Main part: This is a full dog bone shape specimen. The geometry of this part along with 

its dimensions has been illustrated in Figure 8. 
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Figure 8.  Main part [32] 

 

Load Transfer Part: This is a half dog bone shape specimen. During the tension test, a 

portion of the applied remote load is transferred to this part by the rivet and friction. The 

geometry of this specimen has been illustrated in Figure 9. 

 

Figure 9. Load transfer part [32] 
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Alignment Part: This part is similar to the load transfer part (Figure 10). This part is 

useful to avoid load eccentricity when applying remote load. 

 

Figure 10. Alignment part [32] 

 

Rivet: A universal head solid rivet has been chosen for the whole study. The type of the 

rivet used in this study is MS20470AD5 [51], which is one of the most common type of rivet 

used in the aircraft industry. The dimensions of the rivet with a section view have been shown in 

Figure 11. The diameter of the rivet is smaller than the diameter of the hole in the main part and 

load transfer part, so that it can be easily inserted into the hole. 

Support Bar: Eight rigid support bars are used to provide support and hold the parts 

altogether during the rivet installation and tension test. Also these parts help to avoid unexpected 

bending during the tests. 



 

28 
 

 

Figure 11.  MS20470AD4 Rivet  

 

 

Punch: A punch is used for the rivet installation (Figure 12). In actual rivet installation a 

pneumatic gun is used for upsetting one end of the rivet. Here in this study a rigid punch with 

arbitrary dimension (0.38 in×0.38 in×0.18 in) has been used. 

 

Figure 12. Rigid punch 
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The illustration of the whole assembly before the rivet installation is given in Figure 13.  

 

Figure 13. Illustration of the rivet joint specimen 

 

2.3 Meshing 

In finite element analysis to get good results it is always desired to have a good quality 

mesh. There are some quality criteria which need to be checked before finalizing the mesh. The 

quality of the mesh has been maintained according to the quality criteria mentioned in Table 1. 
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Table 1. MESH QUALITY CRITERIA 

Quality Parameter Allowable Min/Max 
Minimum Length 5 mm 
Maximum Length 30 mm 

Maximum Aspect Ratio 5 
Minimum Quadrilateral Angle 45 degree 
Maximum Quadrilateral Angle 140 degree 

Minimum Triangular Angle 30 degree 
Maximum Triangular Angle 120 degree 
Maximum Warpage Angle 15 degree 

Minimum Jacobian 0.7 
 

For this study a 3D mesh has been used.  A three dimensional element can be a 

hexahedral, pentahedral or tetrahedral. For these elements mass is equally distributed at all the 

nodal points. In this study only hexahedral and few pentahedral elements have been used. To 

understand more about the quality criteria some important quality parameters are explained 

below. 

Minimum length: This is the characteristic length of an element which determines the 

computational time required to run the analysis. It can be the length of a side, diagonal or height 

(for solid elements or triangular elements). In explicit approach, to get the solution to a problem, 

the computational time depends on the time step (Δt) which is proportional to the minimum 

length. So, in order to maintain a time step above 1 micro second the minimum element size 

should be above 5 mm as mentioned in Table 1. For an aluminum element (density ρ = 2 89xE-10   

ton/mm3) of 5 mm length the time step calculation shown below. 

For stable condition, C = Cn 

Where, 



 

31 
 

C = wave speed through material = (E/ρ) 1/2 = (69000/2.89xE-10 )1/2 = 4886249 mm/s 

Cn = numerical stress wave speed = ℓ/ ∆t = 5/∆t mm/s 

By Equating C=Cn it is found that ∆t = 1 µ sec  

Warpage:  This is defined by the angle by which an element deviates from being planar. 

If a two dimensional quadrilateral element is divided into two triangular elements by splitting the 

element along the diagonal then the angle between the two normal is the warpage angle. For a 

perfectly plane element the angle between the two normal lines is zero. The same rule can be 

applied for a solid element. Each face of the solid elements represents 2D element.  

 

Figure 14. Warpage angle  [53] 

 

Aspect Ratio: This is the ratio of the longest edge of an element to either its shortest 

edge or the shortest distance from a corner node to the opposing edge  Aspect ratios shouldn‘t 

exceed 5:1 

Jacobian: Also referred to as Jacobian ratio is a measure of how much an element 

deviates from an ideal shaped element. For example, an ideal shaped quadrilateral element is a 

square. 
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In this study, the above mentioned minimum element size has not been maintained 

because the assembly itself is very small and the thickness of the parts are very thin (0.09 in). 

During the rivet installation tests and the tension tests both the rivets and the plates near the rivet 

hole undergo considerable plastic deformations. The accuracy of the model largely depends on 

the proper mesh size. Very fine mesh has been utilized, especially in the rivet and near the hole 

area to capture the response accurately. The quality and the total number of elements used to 

mesh the parts are shown in the following table: 

 

Table 2. MESH DESCRIPTION 

 

mm mm 
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The density of the mesh is not the same throughout the whole geometry. The area around 

the hole is modeled with finer mesh. Also the rivet is modeled with large number of element in 

order to capture the bucking accurately. The minimum element size of the configuration is 0.2 

mm which is responsible for the expensive computational time. 

Figure 15 and Figure 16 illustrate the mesh around the hole in the load transfer part and 

the main part. Six circumferential divisions have been maintained at the vicinity of the rivet hole. 

The main part has a similar mesh at the top face where the part is in contact with the load transfer 

part. The only difference is in the bottom face. This face is also meshed with circular divisions 

but the first row is meshed with pentahedral elements instead of hexahedral element. The 

problem of using hexahedral around the hole is that, the edge become sharp and as a result those 

areas become very prone to high stress concentration. In the thickness direction four elements 

were maintained in both the parts. 

 

Figure 15. Illustration of the mesh around the hole in load transfer part 
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Figure 16. Illustration of the mesh around the hole in main part 

 

In actual rivet installation when the hole is drilled first, the edges are very sharp and burrs 

are present. To make the edge smooth and to remove the burrs a deburring tool, which is slightly 

oversized than the rivet hole is inserted in the hole. In this study the edge smoothness is achieved 

by modifying the mesh. Figure 17 shows how the meshing is done on the bottom face of the 

main part using pentahedral element around the hole.  

Figure 17. Mesh at the bottom face around the hole (Main Part) 
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To have a better understanding on how the hexahedral element will effects the stress 

concentration around the rivet hole a model with sharp edge around the rivet hole has been 

simulated first. Figure 18 shows the stresses around the rivet hole with hexahedral element 

(sharp edge) and with pentahedral element (smooth edge). It is clearly shown that modifying the 

mesh with pentahedral elements around the hole yield good results. Also the model with 

hexahedral element is checked on the top surface of the main part where the stress concentration 

is not that high. Therefore the upper face kept the same as the load transfer part. 

It has been found from the effective plastic strain contour that the maximum EPS 

(Effective Plastic Strain) for the sharp edge model can reach up to 0.21 whereas in smoothed 

edge model the maximum is only 0.12. So by modeling the edge of the rivet hole area using 

pentahedral elements the plastic strain around the perimeter of the hole edge can be reduced by 

almost 43%. 

 

Figure 18. Effective plastic strain contour of the main part around the hole 
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The rivet was also modeled in a radial fashion. In order to capture the curvatures of the 

rivet geometry and to produce good result during the bucking phase the rivet is meshed with very 

fine element. As a result the element size is very small (0.2 mm) and the number of element in 

the rivet is very high (3804). The graphical representation of the mesh of the rivet has been 

shown in Figure 19. Due to the complexity of the analysis different element formulations has 

been utilized for different phase of the simulation. For this reason about the element selection 

and the hourglassing control will be discussed in later part of this report.   

 

 

Figure 19. Illustration of the rivet mesh [(a) three dimensional view, (b) cross section view and 
(c) top view] 
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2.4 Material Model  

Two types of nonlinear material models have been used in this analysis. Main part, load 

transfer part and the alignment part has been given the material property of clad 2024-T3 

aluminum (AMS-QQ-A-250/5) [41] and the rivet material is 2117-T4 [8] . Although the 

properties for clad 2024-T3 is easily available [41] there are very few studies has been conducted 

to know the behavior of 2117-T4 aluminum. Szolwinski and Farris [8], has done compression 

tests on the billets extracted from the actual rivet and presented the properties. Their experiments 

were limited to strain range of 0.02 < ε <   1   Also Rijck [6] performed a similar kind of 

experiment. The true stress strain curve for both the model has been shown in figure 14. Here, 

Szolwinski‘s material model will be used  The summery of all the material property used has 

been tabulated below in Table 3 and Table 4. 

 

Figure 20. Comparison of true stress-strain curves of 2117-T4 material models [22] 
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Table 3. MATERIAL PROPERTY FOR CLAD 2024-T3 ALUMINUM 

Material AL 2024 - T3 CLAD 

Density         2.77E-09 
Young's Modulus MPa 72395 
Poisson's Ratio   0.33 

Yield Stress MPa 326 
Tangent Modulus MPa 1131 

Failure Strain   0.1677 
 

Table 4. MATERIAL PROPERTY FOR 2117-T4 ALUMINUM 

Material AL 2117-T4 

Density         2.75E-09 
Young's Modulus MPa 71705.5 
Poisson's Ratio   0.33 

Yield Stress MPa 165.5 
Hardening Coefficient MPa 551.6 
Hardening Exponent   0.15 

 

There are few parts which are modeled as a rigid body during the analysis. The rigid 

material properties are given in Table 5. 

Table 5. RIGID MATERIAL PROPERTIES 

Material RIGID Material 

Density         7.73E-09 
Young's Modulus MPa 2047700 
Poisson's Ratio   0.33 

 

In this study, *MAT_024 (*MAT_PIECEWISE_LINEAR_PLASTICITY) card is used to 

define the material aluminum 2024-T3 clad. With this material card elasto-plastic material 
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behavior with arbitrary strain rate dependency can be defined. Failure can be also predicted with 

this material, which is based on either plastic strain or the minimum time step [2]. In this report 

failure is defined by plastic strain. Strain rate sensitivity can be accounted by several ways with 

this model. For the current study Cowper and Symonds material model has been utilized to scale 

the yield stress. The formula used for this model is: 

 

 
        

       
   (

 ̇

 
)

 
 
 

 
(2-1) 

 

Here  ̇ is the strain rate. ‗C‘ and ‗P‘ are the strain rate parameters. Cowper-Symonds material 

formulation with total strain rate can be invoked in the LSDYNA material card by setting VP = 

1. The strain rate sensitive material properties are tabulated in Table 6 [43]. The typical quasi-

static stress strain curve for the clad 2024-T3 aluminum is shown in figure 15. 

 

Table 6. STRAIN RATE SENSITIVE PROPERTY FOR CLAD 2024-T3 

Material AL 2024 - T3 CLAD 

Strain Rate Parameter C 6500     
Strain Rate Parameter P 4 

Viscoplasticity VP  1 
 

 



 

40 
 

 

Figure 21. Typical stress strain curve for clad 2024-T3 Al for different strain rate  

 

As mentioned earlier for aluminum rivet material 2117-T4, the properties are taken from 

Szolwinski‘s experiment [8]. So to match with the given properties and because there were 

similar studies have been performed previously by other authors using material card *MAT_018 

(*MAT_POWER_LAW_PLASTICITY), in this report the same card has been used for the 

aluminum rivet. Nonlinear material behavior is described by this card using power hardening 

rule with isotropic plasticity. Power hardening rule can be defined as below: 
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      ;   When,      
 

(2-2) 
 

 
      ;   When,      

 

(2-3) 
 

Strain rate effects can be also invoked by this material card. One of the major drawbacks 

with this material card is that failure criteria cannot be defined with this card. One can still define 

the failure by using another keywords e.g. *MAT_ADD_EROSION or 

*MAT_ADD_THERMAL_EXPANSION [2]. These are additional cards which are used 

simultaneously with those material cards which has no failure definition. But because there is 

lack of available data for this material, rate sensitivity and failure criteria has not been employed 

for this rivet material throughout this whole study.  A typical stress strain curve for the material 

2117-T4 aluminum has been shown in Figure 22. 

 

 

Figure 22. Typical stress strain diagram for 2117-T4 Aluminum 
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All the other parts in the specimen (punch and support bars) have been given a rigid material 

property. LSDYNA material card *MAT_020 (*MAT_RIGID) has been assigned to those parts 

[2]. The modulus of elasticity of the rigid material has been given a very high value. The 

properties are tabulated in Table 5.   

2.5 Simulation Steps 

This study is focused on the behavior of aluminum rivet joint in high speed load 

conditions. The simulation starts from the rivet installation and after that tensile load is applied to 

the joint. Tensile load is applied until there is some kind of failure has been observed in the 

specimen. So the final stage of the first phase is the starting point of the second phase. The 

installation phase doesn‘t depend on the tension tests to be simulated. Therefore, rivet 

installation has been performed only once and the results used as a starting point for the other 

tension test simulations. It is also possible to run the entire simulation in a single step. But to 

have more control over each stages of the analysis a multiple step analysis has been preferred 

here.  
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Figure 23. Step by step process of the entire simulation 

 

As the entire simulation isn‘t a single step simulation the boundary conditions, loading 

conditions and contact conditions are also different for each step. For that reason these 

conditions will be described separately in the following chapters. 

 

 

Geometry Creation and 
Meshing 

Assigning Material and Section 
properties to the Mesh 

Rivet Installation 

Validation of the the rivet joint 

Preparing the input file for the 
tension tests 

Performing tension tests with 
high speed load 

Extract output files for 
postprocessing  
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CHAPTER 3                                                                                                                  

SIMULATION OF RIVETING PROCESS 

 

Riveting process is one of the most widely applied mechanical joining processes in the 

field of aeronautics. With riveting two or more sheet metal plates can be joined with a rivet. 

There are many types of rivets available but this study is restricted to universal head solid rivet. 

This chapter deals with the physics behind the rivet installation technics and also the finite 

element method used for the simulation. 

3.1 Rivet installation method 

The installation process can be divided into four stages: (a) clamping, (b) drilling, (c) 

squeezing and (d) unclamping [18]. In the clamping step the upper and the lower plates are fixed. 

No sliding is allowed between them. Drilling is done by creating a hole of appropriate diameter 

followed by deburring to avoid sharp edge. The holes are generally 1/16 in. greater than the 

nominal diameter of an undriven rivet.  Next is squeezing or bucking where a die and a punch is 

used. The die is used to constrain the rivet head whereas the punch is used the apply pressure in 

the rivet shank to upset the rivet and create the bucktail or shop head. In unclamping phase all 

the constrained and load are removed.  

This paper deals with only the bucking phase which is the most important among all the 

steps. Figure 24 illustrates the riveting assembly. 
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Figure 24. Rivet installation assembly configuration  

 

3.2 Finite Element Analysis 

The process of the riveting by deforming one end by applying squeezing force can be 

classified by three stages of deformations: the elastic deformation, the plastic deformation and 

the springback of rivet [42] . A finite element model has been created in this study which can be 

utilized to describe all the three stages of deformation. In this section the model creation stages 

has been explained. 

3.2.1 Model Development 

In Chapter 2, the model geometry and the meshing has been described. The minimum 

element size for the mesh is 0.2 mm. The duration of the simulation will be very high as a result 

of very low time step of an explicit calculation method. Therefore, it is necessary to do 
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something to limit the CPU time. For the rivet installation process the whole tension specimen is 

not needed. A one inch length section from both the main part and the load transfer part has been 

assigned to a different component and the remaining portion has been excluded from the 

analysis. The exclusion is done by making all the parts rigid except the two components in the 

main and load transfer part and the rivet. By doing so the number of elements which contributes 

to the explicit calculation is reduced. As a result the CPU time will be low. In this Section the 

main part and the load transfer part will only refer to the 1 inch length section shown below in 

Figure 25. 

 

Figure 25. Area of the main part and LT part utilized in the riveting simulation 

 

3.2.2 Element Selection 

A three dimensional mesh has been developed for this rivet installation model. 3D 

elements are more reliable and more accurate. There are several ways to model this kind of 

fastener joints. But 3D model has been preferred over those models because no geometric, 

constitutive and loading assumptions are required. Except for the main part and the load transfer 
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part all the remaining parts including the rivet has been assigned the constant stress solid element 

with one point integration (ELFORM1). This element type is very accurate, efficient and even 

works with severe deformations but control of zero energy modes is necessary. This zero energy 

mode of deformation refers to hourglass modes. 

 

 

Figure 26. A typical 8-node quadrilateral element with 1-point integration (ELFORM1) [45] 

  

The main part and LT part has been assigned the fully integrated quadratic 8 node 

element with nodal rotations (ELFORM 3) as hourglassing is very high when ELFORM1 was 

used for these parts.  Each node has 6 DOF (degrees of Freedom).These elements doesn‘t 

experience any zero energy modes of deformation as they are fully integrated    (12 integration 

points). But these element formulations are very susceptible to volumetric locking which makes 

the elements very stiff. 
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Figure 27. A fully integrated quadratic hexahedron with nodal rotations [45] 

 

3.2.3 Hourglass Control 

Hourglass modes are nonphysical zero energy modes of deformation which arises when 

reduced integrated element formulations are used in the analysis. There are total twelve kinds of 

hourglass modes exist. A graphical representation of several hourglass mode reported by 

Flanagan and Belytschko [1] is shown in Figure 28. 

 

Figure 28. Hourglass modes of an eight node element with 1 integration point [1] 
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These anomalous modes can be prevented by some controlling methods (Figure 29). One 

way is to use a viscous damping and the other way is to use a small elastic stiffness. The work 

done by the resistive hourglass forces against the formation of the zero energy modes causes a 

slight loss of energy. In the rivet installation model, Belytschko-Bindeman (type 6) hourglass 

control has been applied with Hourglass coefficient, QM=0.1. The value of QM is chosen by trial 

and error method. This type 6 hourglass control is stiffness based control and recommended for 

most situations.  

In riveting simulation, rivet undergoes large deformation. So it is preferred to use under 

integrated element with hourglass control for the rivet. Otherwise if higher order fully integrated 

elements were used there may be a possibility of ‗volumetric locking‘ in the elements and the 

rivet will not behave accurately.  On the other hand, if reduced integrated elements are used for 

main part and LT part, very high hourglass modes have been found near the hole. That‘s the 

reason fully integrated elements are assigned to those parts. 

 

Figure 29. Illustration of hourglass control [45] 
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3.2.4 Material 

Material model is discussed earlier in chapter 2. For rivet installation model only the 1 

square inch area in the main and LT part is given the elastic material property. Also the rivet has 

a material property of 2117-T4 aluminum. All the other parts are rigid. All the rigid materials 

except for the punch have been constrained in each direction. Rigid punch is only allowed to 

move along the Z- direction.  In this section no failure criteria has been assigned to the materials 

as there is only compressive hammering or riveting force will be applied and the materials are 

not supposed to fail under compressive load. 

 

Figure 30. Materials for the riveting model 

 

3.2.5 Contact Modeling 

Contact used for this phase is *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. 

This is a two way type contact where at first the slave nodes are checked for penetration on the 

master segment then master nodes are checked through the slave segments. So this treatment is 
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symmetric and choice of slave and master parts are arbitrary. With this contact compression can 

be carried out but not tension. Sliding between parts can be prevented by friction. 

 

Figure 31. Contact between the parts for rivet installation model 

 

The arrangements of the parts and the parameters used in the contact are tabulated below in 

Table 7. 

Table 7. CONTACT TABLE (RIVETING MODEL) [18][19] 

Contact Name Slave Master FS FD VC 
Rivet -MainPart Rivet Main Part  0.2 0.2 20 

Rivet-Load Transfer Part Rivet LT  0.2 0.2 20 

Main Part- Load Transfer Part Main Part  LT  0.2 0.2 20 

Rivet - Punch Rivet Punch 0.2 0.2 20 
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3.2.5.1 Contact Friction 

Contact friction in LSDYNA is based on coulomb formulation and uses the equivalent of 

an elastic plastic spring. Coulomb friction can be defined by the following equation: 

                          
 

 
 

Where, F is the frictional force and N is the Normal Force. 

 

Figure 32. Diagram of a coulomb friction model 

 

If there is a relative velocity (v) between the slave node and master segment the frictional 

coefficient assumed to be dependent on that. LSDYNA uses the following equation to determine 

the frictional coefficient. 

      (     )   | | (3-1) 
 

Where, FS and FD are the static and dynamic coefficient of friction respectively. DC is the decay 

coefficient and v is the relative velocity. All the parameters can be defined in the contact card. 

The interface shear stresses between the parts developed by coulomb friction sometimes become 

so large that the material is not able to carry the load. To limit this stress a viscous coefficient is 
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provided. In this Riveting analysis FS and FD is set equal to 0.2 [19]. In general, it is 

recommended that static friction should be larger than the dynamic friction. But in numerically 

noisy cases FS and FD are frequently set equal to remove additional noise. In this simulation 

static and dynamic friction both are set equal. 

 

3.2.5.2 Viscous Damping Coefficient 

During the rivet installation when the bucking bar (punch) impacts the rivet it creates an 

oscillation in the parts. Viscous damping can effectively reduce the noisy oscillation by applying 

a contact damping perpendicular to the contacted surfaces. VDC (Viscous Damping Coefficient) 

can be a value between 0-100 [1]. VDC assigned for this riveting model is 20. Equation used for 

calculation the damping is: 

 
  

   

   
      

 
(3-2) 

 

The critical damping may be found as:  

           

 

(3-3) 
 

The value of m is the minimum nodal mass of the slave and master and   is the natural 

frequency which depends on the interface stiffness and nodal masses. 
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3.2.6 Boundary Condition 

For actual rivet installation a die is used to constrain the movement of the manufacturing 

head. So when load is applied in the other side rivet remains in the same place otherwise it might 

be popped out from the hole  To achieve this modeling of a rigid die isn‘t necessary  The same 

thing can be achieved by constraining all the degrees of freedom (DOF) of the rivet head surface. 

Therefore all the nodes of the rivet head have been constrained to X, Y and Z translation and 

rotation. This is done by using the Keyword *BOUNDARY_SPC_SET. In the rivet joint 

specimen except for the 1 sq. inch area, the remaining portions are also constrained with all 6 

DOFs. But the constrained to those portions are defined in the material card. The white areas in 

Figure 33 has given the rigid material properties using *MAT_RIGID keyword. Constraint 

option is activated in *MAT_RIGID by selecting equation +1.0 for CMO (Center of Mass 

Constraint Option). Then EQ7 is chosen for first and second constrain parameter. 

 

Figure 33. Illustration of the boundary conditions for rivet installation  
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EQ7 (Equation 7) represents constraining translation and rotation in all X, Y and Z direction 

(Global). The Punch is also modeled as rigid. But it is not constrained in all direction. Rotational 

constrained is applied in all direction but it is allowed to move freely in the Z direction. Second 

constraint parameter (CON2) is set to 7 and first constraint parameter (CON1) is set to 4 which 

means translational constraint in X and Y displacement. It is required to constrain the punch well 

otherwise during the installation it can move undesirably which results with poor buck head 

dimensions. 

 

3.2.7 Loading  

In this report, the load applied to the punch by means of displacement. There are two 

types of riveting technics used in different literature: (a) force control method and (b) 

displacement control method. The problem of using force control method is it has less control 

over the simulation. When the rigid punch impacts the rivet it tends to bounce back and hit again 

thus creating an oscillatory motion. This motion causes undesirable vibration in the model which 

needed to be controlled by applying some sort of damping. If displacement is applied to the 

punch then there is more control over the simulation. As the motion of the punch is restricted to 

move only in one direction the possibility of vibration is eliminated. In LSDYNA the Keyword 

*BOUNDARY_PRESCRIBED_MOTION_RIGID [2] is used to define the rigid punch motion.   

The illustration of the method of applied load and the defining curve for the load has been shown 

in Figure 34 and Figure 35 respectively. 
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Figure 34. Load applied to the punch (+Z direction) 

 

Figure 35. Load curve for the rivet installation 
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3.3 Solution Scheme 

Rivet Installation is a dynamic situation where the riveting hammer impacts with the rivet 

with a large force in a very short duration of time. Explicit method of time integration algorithm 

is best suited for this kind of problem. In explicit approach, internal and external forces are 

summed at each nodal point and nodal acceleration is calculated by dividing the force by nodal 

mass. 

 , -* ̈+  ,    -  ,    -  (3-4) 

 

The solution time in explicit method is largely depends on the time step. Time step is limited by 

courant stability criteria [1].  

The simulation time chosen in the simulation of rivet installation is 0.001 sec. The model 

has a minimum element size of 0.2 mm. So the time step size is very small. To reduce the CPU 

time the simulation time was made very short and the slope of the load curve was made steeper. 

As a result the model is able to produce very high velocity within very short duration of time. 

There are other methods to reduce the CPU time by doing mass scaling which is not used in this 

case. 

3.4 Load Displacement Curve 

The load displacement curve is used to measure the stiffness of the rivet. This curve is 

used for the validation purpose of this model. Applied load is measured by defining a section by 

using the keyword *DATABASE_CROSS_SECTION [2]. The cross section location is shown 

the Figure 36. The squeeze force vs. the bucking bar displacement plot has been shown in Figure 

37. 
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Figure 36. Cross section location 

 

Figure 37. Squeeze force vs. punch displacement plot 
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3.5 Springback Analysis 

It is often recommended that after a forming simulation an implicit springback analysis is 

needed to be performed in order to stabilize the model. In nonlinear large deformation problems 

such as rivet forming large amount of strain energy gets accumulated in the rivet. When the force 

is removed these energy drives the rivet to try to get back to its original shape. Therefore the 

elastic portion of the deformation gets recovered and only the plastic portions remains. This 

phenomenon is called springback. 

It is assumed in this study that during riveting after the hammering force is removed if 

enough time is given to the model to come at rest, it will have the same effect as implicit 

springback. It is shown in figure 29 that after applying the load punch was moved back to its 

original position and by doing so the model gets time to recover the elastic strains. To support 

this assumption an implicit springback analysis has been done which will be discussed in this 

section. 

It is possible to generate an output ASCII file, ‗dynain‘ which contains the information of 

the  stress , plastic strain and the deformed coordinates of the model at any state of the 

simulation  This ‗dynain‘ file can be used as an input file for another run  In this study the 

residual stresses after riveting is extracted by this file at the end of riveting simulation. Figure 38 

shows a rivet model which is extracted from point A shown in Figure 39. At this point rivet is 

highly stressed because it wasn‘t allowed to get relaxed  To get the actual residual stress by 

allowing the rivet to get relaxed an implicit springback simulation has been performed. 

Springback simulation is done by constraining the model such that there is no rigid body motion. 

The stresses in the model act as the load in this case. The residual stress after springback is 

shown in Figure 40. 
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Figure 38.Illustration of the rivet joint extracted from point A (squeeze force = 15 kN) 

 

 

Figure 39. Load displacement curve (showing point ‗A‘)  
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Figure 40. Reduction of stress by springback method 

 

On the other hand another rivet installation model was prepared by using the same 

technics described in this chapter. Only modification was made in the load curve in such a way 

that the highest amount of squeeze force produce by this model is 15 kN. After the bucking bar 

reaches the required amount of displacement to generate 15 kN squeeze force it is forced to 

return back to the original position, allowing the model to come at rest. The objective of this 

installation model is to check whether it gives the same effect as springback or not. The stress in 

the model over the entire simulation time is plotted in Figure 41. The value of the stress after the 

end of the simulation for both the models are than compared. This is the residual stress which is 

carried over to the next simulation which is the uniaxial tension test of the specimen. 
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Figure 41. Stress vs. Time (squeeze force=15 kN) 

 

By comparing the results it is found that the residual stress found by both the models are 

the same. Therefore we can conclude that riveting process described in this chapter will have the 

same effect if we performed a springback analysis in the middle before taking the simulation to 

the next step. We avoided the springback analysis because it will make the analysis more 

complicated and sometimes the LSDYNA implicit solver could not get a convergent solution in 

large springback problem. Due to those reasons for simplification purpose this springback 

analysis step has been skipped. 

3.6 Different Phases in the Rivet Installation 

Figure 42 and Figure 43 shows the different representative phases during the rivet 

installation process. As mentioned earlier there exists three phases during the riveting Process: 

elastic deformation, plastic deformation followed by springback. These steps are described by 

dividing the resulting stress over the entire computational time into three zones. Zone A 
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represents the elastic deformation; at this stage if the application of load has been removed 

stresses in the rivet will come to zero yielding no permanent deformation. Zone B is the plastic 

phase of deformation at this zone if load is removed only the elastic portion of the deformation 

will be recovered leaving a permanent deformed head. Zone C is the springback zone where after 

the load has been removed the stresses drop to a level. The final stress that remains in the model 

refers to Residual stress. 

 

Figure 42. Representative phases in the rivet installation process 
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Figure 43. Stress vs. Strain diagram showing the representative phases 

 

3.7 Kinematic Frames 

The graphical representation of the kinematic frames during the rivet installation process 

has been shown in figure 38. It can be seen from the figure how the punch moves to the positive 

z direction in order to deform the rivet to produce a buck head.  At the end of the simulation we 

can see the two plates are joined by the rivet developing a clamping force generated from the 

compressive hammering force. 
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Figure 44. Kinematic frames of the riveting process 

 

3.8 Residual Stresses 

At the end of the rivet installation simulation whatever stresses are left on the parts are 

referred to as residual stress. Sometimes it is also called preload as these loads are preexisting 

loads for the next steps. In this analysis the end state of the rivet installation will be the initial 

state of the tension test. The residual stresses present in model carried out to the next step by 

means of ‗dynain‘ file which has been extracted by using LSPREPOST.  The contour of the parts 

showing the residual effective stresses after riveting has been shown in Figure 45, Figure 46 and 

Figure 47. 
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Figure 45. Contour of the main part illustrating the residual stresses on the main part (stresses are 
in MPa) 

 

Figure 46. Contour of the main part illustrating the residual stresses on the Load Transfer part 
(stresses are in MPa) 

 



 

67 
 

 

 

 

Figure 47. Contour of the main part illustrating the residual stresses on the rivet                
(stresses are in MPa) 

 

Figure 48 and Figure 49 shows the residual hoop stress and radial stress distribution at 

the faying surface of the main part. It can be observed form the plots that near the rivet hole the 

state of stresses are compressive in nature. During the installation the rivet is compressed and the 

shank is expanded in the radial direction. With this motion it creates a compressive zone near the 

hole. Also there is a thru thickness compressive stress created by the clamping force between the 

two rivet heads. This residual compressive zone is beneficial for the joint because it retards the 

initiation of crack growth near the hole.    
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Figure 48. Residual hoop stress distribution in the main part near the hole (stresses are measured 
along the thick red line shown in the inset) 

 

Figure 49. Residual radial stress distribution in the main part near the hole (stresses are measured 
along the thick red line shown in the inset) 
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Before going to the uniaxial tension test en effort was made to validate the riveting model 

which has been described in the next chapter. 
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CHAPTER 4                                                                                                                        

VALIDATION OF RIVETING PROCESS SIMULATIONS 

 

The Rivet joint specimen after installation needs to be validated before proceeding to any 

farther study. There are several technics have been used for the validation in different study 

which deals with rivet installation.  The load deflection behavior, the geometrical characteristics 

of the formed rivet head, contact pressure between the plates etc. are the common types of 

method used for validation purpose. In this study an experimental load displacement curve was 

used to validate the riveting method.  

In the study of riveting process induced residual stress [22], Rans. And Straznicky has 

done an experiment to get the load deflection behavior of the bucking bar by using a MTS servo-

hydraulic test frame fitted with standard riveting tool. They used the rivet type NAS1097AD4-4 

which is a reduced depth countersunk head rivet of 6.4 mm length. The rivet used to fasten two 1 

mm thick 2024-T3 aluminum plates. As described in chapter 2 the rivet model used for this study 

is MS20470AD5 and the plate thickness is 2.3 mm (0.09 in). Although both the rivet materials 

are the same but because the dimensions are different, the simulation results found from the rivet 

model of the current study could not be used to compare with Rans‘s experimental result [22]. 

In order to compare with the experimental load deflection curve of the NAS1097AD4 

rivet model a similar riveting model has been generated using the same modeling technics 

described in Chapter 3. This model is only used to verify the riveting model. Description of the 

validation model is given in the following few sections. 
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4.1 Geometry 

The CAD geometry of the validation model is generated by the dimensions provided by 

Rans and Straznicky [22]. The whole assembly has four parts: Rivet, upper plate, lower plate and 

punch. The detailed CAD model of the NAS1097AD4 rivet and the whole assembly is illustrated 

in the following figures. 

 

Figure 50.  NAS1097AD4-4 Rivet 

 

Figure 51. Rivet installation assembly for the validation model 
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4.2 Mesh 

The element formulation chosen for the validation model is the same utilized in the 

riveting model. Meshing is done using the same principle. At the vicinity of the rivet hole area 

mesh has done in a radial fashion. The difference in this model with the actual riveting model is 

in the upper part, where it has a countersunk hole.  The graphical representation of the mesh is 

shown from Figure 52 to Figure 54. 

 

Figure 52. Mesh of the NAS1097AD4 rivet 
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Figure 53. Mesh of the top part 

 

Figure 54. Validation model assembly mesh 
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The quality criteria of the mesh used for this validation model are described in Table 8. 

Table 8. QUALITY PARAMETERS OF THE VALIDATION MODEL 

Quality Parameter Value 

Minimum Element Size 0.16 mm 
Maximum Element Size 2.12 mm 
Maximum Aspect Ratio 8.47 

Maximum Warpage Angle 7.49⁰ 
Minimum Jacobian 0.69 

No  of Elements 7260 
No  of Nodes 8811 

 

4.3 Material Model 

The material of the rivet used for both the actual riveting model and the validation model 

are the same (2117- T3 aluminum).Power law plasticity material model has been undertaken to 

describe the material behavior of the rivet. Both the plates are made of 2024-T3 aluminum and 

piecewise linear plasticity material model is utilized for the analysis. The punch in this case also 

modeled as a rigid body and rigid material properties are given to it.  The material properties are 

tabulated in chapter 2 (Table 3, Table 4 and Table 5). 
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4.4 Contact Conditions 

The contact are modeled same as the actual riveting model. In the Validation model the 

upper and lower parts represents the LT part and the main part in the actual riveting model. 

Keyword *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE [2] is used to model the 

contacts between the parts. There are total number of four contact used in this model. Contact 

between the two plates, contact between rivet and the upper plate, contact between rivet and 

lower plate and contact between the punch and the rivet. Friction coefficient of 0.2 is used for all 

the interfaces [19]. Viscous Damping value of 20 is used for all the contacts to eliminate the 

noise. 

4.5 Boundary Condition and Loading 

Top and bottom plates in the Validation model have been constrained along the periphery 

of those parts. All the six degrees of freedom is restricted for those nodes. The rivet head is also 

fixed to the position. Punch is allowed to move only in positive Z direction. 

 

Figure 55. Representation of the constraints in the model 
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Load is applied to the punch in terms of displacement. The applied load is the same as described 

in section 3.2.7.  

The validation model has been simulated in an explicit time integration method using the same 

control cards used in the riveting model. 

4.6 Kinematic Frames 

Simulation steps of the validation riveting model are shown in figure 48. It can be easily 

seen from the kinematic frames how the punch is moving to upset the rivet to form the buck 

head. The figure depicts that until time 0.0006 second the punch is moving upward and when the 

deformed shape of the rivet has attained it again comes back to its original position. 

 

Figure 56. Kinematic frames of the riveting validation model 
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4.7 Model Verifications 

Rans and Straznicky [22] in their study performed an experiment to find the load 

displacement behavior of the bucking bar (punch). In this study their experiment was simulated 

using the same geometry and material characteristics. The same simulation technics used for the 

actual riveting described in chapter 3 has been applied for the validation model. Then a load 

deflection curve from the simulation was generated and compared with the experimental load 

deflection curve. The comparison of the simulation and the experimental results are shown below 

in figure 49. Good agreement can be observed between the two curves.  

 

Figure 57. Comparison between the Load deflection curves 
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CHAPTER 5                                                                                                                              

DYNAMIC TENSILE LOADING OF RIVET JOINTS 

 

After the rivet has been installed to fasten the two parts, i.e. the main part and the load 

transfer part, the joint specimen was then modeled to simulate the uniaxial tension tests. The 

main objective to perform the tension tests are to see how the rivet joint specimen will fail and 

how much load is transferred to the load transfer part under different loading conditions.  This 

chapter deals with the entire process to model the tension specimen. The steps for the entire 

tension test simulation are depicted by the following process chart. 

 

 

From the last step of the 
rivet installation phase  a 
‘Dynain’ file is extracted 

using LS-PREPOST 

All the parts of the rivet 
Installation phase has 

been replaced with the 
‘Dynain’ file 

The punch along with 
the   previous loading 

and boundary conditions 
has been deleted 

Proper material has 
been applied to the 

parts. 

New Boundary 
conditions and contact 

conditions has been 
updated 

Control Cards has been 
modified  to run the 
simulation implicitly 

Run the analysis in LS-
DYNA solver 

Generated output files 
has been analyzed for 

various studies 
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5.1 Model Development 

At the end of the riveting simulation, all the deformed nodal coordinates along with the 

element history variables (stresses, strains and material model dependent extra history variables) 

are written to an output file refer to as ‗Dynain‘  This dynain file can be included as an input 

deck in multistep simulations. In the tension specimen rivet deformation and the preload 

condition initiated by using this dynain file. All the parts in the riveting model have been 

replaced by this input deck. The punch for riveting has no use for this case therefore that part has 

been deleted. The boundary conditions are also changed. The tension specimen is shown in 

Figure 58.  

 

 

Figure 58. Uniaxial tension specimen 

 

As the mesh is imported from the dynain file the quality of the mesh is totally dependent 

on the final step of the riveting simulation. During the rivet installation phase the rivet and the 

main part and the load transfer part (one sq. inch area near the rivet hole) has given the elastic 
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material properties. For that reason mesh only in those areas undergoes deformation specially the 

rivet. As shown in Figure 59 it is clearly seen that the mesh in the rivet has changed drastically.  

 

Figure 59. Deformation of the rivet after riveting 

 

The quality parameters of the rivet after installation are given in Table 9. It is found from 

the table that most of the quality parameters do not meet the desired quality to start a simulation 

explicitly. As the minimum element size is 0.065 mm the timestep of the explicit run will be very 

small making the CPU time very expensive. Although most the other areas of the specimen will 

have the same element size as before but the tiny element resulting from the rivet deformation 

will control the entire simulation time. So it is not wise to run the tension test simulation 

explicitly. Therefore en effort was made to shorten the computational time by choosing the time 

integration scheme as implicit. The main advantage of an implicit analysis is that the 

computational time is not dependent on the element size, implicit load steps can be defined by 

the user. In other word implicit method is unconditionally stable. The numbers of load or time 
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steps are 100 to 10000 times fewer than the explicit solver [1]. More about implicit solver will be 

explained in the later part of this chapter. 

Table 9. QUALITY PARAMETER OF THE INSTALLED RIVET 

Quality Parameter Value 
Minimum Length    65  mm 
Maximum Length 1 24 mm 

Maximum Aspect Ratio 9 41 
Maximum Warpage Angle     

Minimum Jacobian   55  
No of Hexahedral 3756 
No of Pentahedral 48 

No of Nodes 4378 
No of Element 38 4  

 

5.2 Element Selection 

There were two types of element were used for the riveting simulation: ELFORM=1 

(Constant stress solid) and ELFORM=2 (fully integrated quadratic 8 node element with nodal 

rotations). But in the case of tension test specimen those element formulations cannot be used 

successfully as there is some convergence issue with the LSDYNA implicit solver. To get a 

converged solution it is very important to choose the element formulation right. Here in this case 

ELFORM = 2 which is fully integrated S/R (Selective Reduced) solid element has been used. It 

is always recommended to use more expensive element formulations which are less vulnerable to 

zero energy modes of deformations in case of implicit analysis. 
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5.3 Material Model 

The same materials have been carried out over the entire simulation. The only 

modification that has been made is, now the entire main part and load transfer part has been 

assigned elastic material properties. As the specimen will be under high speed tension load 

failure criteria is also given to the materials. Material properties are tabulated in Table 3 , Table 4 

and Table 5. Figure 60 depicts how materials are assigned to the parts. 

 

Figure 60. Material model of the tension specimen 

 

5.4 Contact Modeling 

All the parts in the tension test specimen are included in an automatic single surface 

contact. In a single surface contact only slave side is needed to be defined. It can treat self-

contacts as well as part to part contact. Static and dynamic friction coefficient of 0.2 has been 
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assigned for the contact [19]. As there was no oscillation observed in the model viscous damping 

is not applied. Contact stiffness calculation is based on penalty method. In this method linear 

springs of stiffness k is assumed between the slave node and the master segment. If a penetration 

is found between the contacted parts then a force proportional to the penetration depth is applied 

to eliminate the penetration. For solid elements the stiffness is measured by the following 

equation, 

 
  

    

 
 

 
(5-1) 

 

Where ‗α‘ is the penalty scale factor, ‗K‘ is the material bulk viscosity, ‗A‘ is the 

contacted segment area and ‗V‘ is the element volume. So in this case contact stiffness depends 

on the material constants and the size of the elements. To avoid spurious penetrations in the 

model contact stiffness has been increased by increasing the penalty scale factor α  This scale 

factor can be changed by putting a value in the variable SLSFAC in the keyword 

*CONTROL_CONTACT. The default value is 0.1 which has been updated to 0.2 in this case. 

5.5 Boundary and Loading Conditions 

The phenomenon of the tension test is very simple. One end of the specimen containing 

the main part and load transfer part was fixed and load applied to the other end of the main part 

(Figure 61). If load is applied in this manner then the model will be susceptible to external 

bending as there is load eccentricity.  Therefore an alignment part is used which is allowed to 

hold together with the main part. Load is applied to the main part as well as the alignment part 

simultaneously. So the line of action of the applied force and the reaction force remains in the 

same line.  
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  Figure 61. Boundary conditions for the tension specimen model 

 

In the bypass end as shown in Figure 61 all the nodes are constrained in all 6 DOF. On 

the other hand, on the load introduction end all the nodes for both the main part and alignment 

part have given a load by means of velocity along the negative X direction. In this study tension 

tests are performed in four different loading rates (0.5 in/s, 5 in/s, 50 in/s and 100 in/s). Each 

time a ramped velocity is applied to each node. Each velocity is started from zero then within a 

very short time it ramped to the desired velocity and remains constant throughout the entire 

simulation.  
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5.6 Implicit Analysis 

The time integration scheme undertaken for the uniaxial tension test is implicit. In 

implicit analysis the computational time doesn‘t depend on the element size which controls the 

time step. As in this case the elements are hugely deformed because of the riveting process 

implicit analysis is preferred over explicit. 

5.6.1 Implicit Solution Method 

The advantage of using implicit solver is it is unconditionally stable which means it 

doesn‘t depend on the critical time step. The steps of the implicit methods are as follows: 

 First, nodal out of balance force is measured by summing up the external and 

internal forces at each node. 

 Then a global stiffness matrix is computed, inverted and applied to the out of 

balance force. 

 Finally obtain the displacement increment. 

The governing equation in this shown in equation (5-2), 

 , -* ̈+    , -* +    ,         -    ,         -  , -* ̈+  
 

(5-2) 
 

For Implicit analysis unknown is present on both side of the equation. Large numerical effort is 

required to calculate and invert the stiffness matrix. Therefore it is always recommended to 

increase the default memory size to run the problem [2].  Explicit analysis consists of large 

number inexpensive time steps. Whereas implicit time steps or load steps can be user defined. So 

typically it consists of small number of relatively large time steps.  At each time steps an iterative 
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search is employed to find the displacement and energy norm. When the norms falls below the 

user defined tolerance convergence is established and solution proceeds to the next step.  

5.6.2 Implicit Control Cards 

In LSDYNA Implicit run is invoked by selecting IMFLAG =1 in the keyword 

*CONTROL_IMPLICIT_GENERAL [2]. Time steps can be defined with this keyword by the 

variable DT0. There are several newton based iterative nonlinear equation solver presents in 

LSDYNA. Among them BFGS (Broyden–Fletcher–Goldfarb–Shanno algorithm) [1] method 

(NSOLVR=2) is the default method which uses ‗Quasi-Newton‘ method which reforms global 

stiffness matrix only after a user defined iteration steps. This iteration step limit can be defined 

by the variable ILIMIT in the keyword *CONTROL_IMPLICIT_SOLUTION [2]. BFGS 

method uses the value 11 for ILIMIT. So after eleven iterative steps the stiffness matrix reforms 

and in between steps are consisting of a relatively inexpensive matrix update. In the tension test 

simulation, large non linearity is present in the model which causes the solution fail to converge. 

For that reason a more expensive ‗Full-Newton‘ iterative scheme was undertaken to run the 

problem  In ‗Full-Newton Method‘, the global stiffness matrix is reformed after each iteration 

step. Full-Newton iteration can be called upon by setting the iteration limit to 1 (ILIMIT=1). 

Typical convergence check iterations during the tension test implicit simulation is described in 

Figure 62.  

The other keyword used to help the solution get converged is 

*CONTROL_IMPLICIT_AUTO [2]. By setting IAUTO=1 activates the automatic timestep 

control. In most cases the degree of nonlinearity of the problem varies with time. By using a 

fixed time step it is often very difficult to the solution to get converged. The step size should 

vary with the non-linearity of the problem to make the convergence less difficult. 
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Figure 62. Convergence check during implicit analysis 

 

In the control card *CONTROL_IMPLICIT_AUTO there is few options by which 

automatic time step can be controlled. By specifying the parameter ITEOPT (Optimum number 

of iteration per step) and ITEWIN the automatic time step can be controlled to get a converged 

solution. By default   the value of ITEOPT is 11 and ITEWIN is 15. In this current research 

default values used as they are good enough to get a converged solution. The time step control is 

purely based on the current number of iteration. If in any step during the simulation the number 

of iteration required to get convergence is more than the (ITEOPT+ITEWIN) then the current 
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time step will be reduced to a lower value by a built in scale factor. On the other hand if the 

number of iteration is lower than (ITEOPT-ITEWIN) then the next time step will be higher than 

the current step size. Figure 63 shows how time size changes with the number of iteration step. If 

the number of iteration falls inside the limit of iterations as seen from Figure 63, time step will 

remain the same. Also there is a limit on the time step size can be also specified with this control 

card by DTMIN and DTMAX. Sometimes inappropriate time step can cause contact instability 

in the model. Too high or too low time step can cause adverse results on the simulations. 

DTMAX can be a constant value or it may be specified with a curve which changes the value 

with time (Figure 64). 

 

Figure 63. Automatic time step control based on number of iteration [1] 
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Figure 64. Limiting the time step size [1] 

 

In Implicit static simulations, simulation time doesn‘t have any real significance  The 

time is mainly an indication of the magnitude of the applied load. In the case of rivet joint 

tension test with a high speed load, time is very important as it is a dynamic case. Also strain rate 

changes with time in the model. To account the dynamic behavior and also to get the strain rate 

sensitivity in the material model another control card is used, which is 

*CONTROL_IMPLICIT_DYNAMICS [1]. This control card activates the dynamic implicit 

analysis by setting IMASS=1, which utilizes Newmark time integration method [2]. Strain rate 

sensitivity can be also invoked with this card by setting IRATE=0.  
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5.7 Failure of the joint 

A rivet joint may fail in several ways. But failure occurs as soon as any of the failure 

modes takes place. The failure modes of the rivet joint are as follows [3]: 

 Tearing of the plate at the section containing the hole, 

 Shearing of the rivet, 

 Crushing of plate and rivet 

 Tearing of plate margin near the rivet hole 

 

 

Figure 65. Failure of the rivet joint under pure shear (loading rate = 0.5 in/s) 

 

From the Figure 65 it can be seen that the dominant failure mode in this specimen which is 

loaded with velocity 0.5 in/s is tearing of the plate at section weakened by the hole. There was no 

rivet shearing was observed. During the tension test the rivet was under high shearing stress. But 

before reaching to the failure limit in the rivet, failure phenomenon occurs in the main part. As 

the main part gets failed, there was no load which can be applied on the rivet as the main part is 
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broken into two parts and load introduction side is disengaged from the joint. The stress on the 

rivet in different stages of the simulation is shown below in Figure 66. 

 

Figure 66. Stress in the rivet (test speed = 0.5 in/s) 

 

 

5.8 State of Stress 

The failure in the main part can be understood better if the residual state stress in the 

main part is analyzed further. During riveting when the compressive stress was applied the rivet 

shank was expanded generating a compressive stress     and    . The state of stress in the main 

part around the hole is illustrated in Figure 67. 
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Figure 67. State of stress around the rivet hole area (main part) 

 

 

5.9 Load Transfer 

When load is applied in a fastener joint a portion of the load is transferred to the joining 

parts. Load is carried over to the joining part by the fastener itself and by friction. The 

percentage of the load which is transferred to from one plate to another plate is called Load 

Transfer (LT).In a fastener joint Load transfer is calculated by the following formula. 

     
                

            
      

 
(5-3) 
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Figure 68. Load transfer specimen 

 

From Figure 68 load transfer can be calculated by dividing the transferred load ΔP by the 

applied load P.  Transferred Load ΔP is measured by defining a cross section far from the rivet  

Figure 69 shows the location of the cross section for computing the transferred load. In this case 

section location is 1.58 inch away from the rivet hole. LSDYNA database card 

*DATABASE_CROSS_SECTION [2] is used to define the cross section and the loads on this 

section can be called by the output file SECFORC.  

 

Figure 69. Cross section location for the measurement of transferred load 
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CHAPTER 6                                                                                                                     

PARAMETRIC STUDY 

 

In this chapter a parametric study has been made to determine the effects of deferent joint 

parameters on the structural response of the rivet joint by means of load transfer. The parameters 

those will be considered for the current study are rivet/hole clearance (Tolerance), riveting 

squeeze force and strain rate sensitivity. The base model was created with a rivet/hole clearance 

of 0.003 inch which was installed with a squeeze force 24 kN. Also rate sensitive material 

properties were utilized for the base model. A comparison study with the strain rate sensitive 

material to non-sensitive material model will also be presented in this section.    

For each study an energy comparison was also performed. An investigation has made on 

how the rivet hole would influence the energy absorption. A patch of       around the rivet hole 

will be considered for this study. It has been observed that the rivet/hole tolerance or the squeeze 

force has very little influence on the energy absorption process. The main influencing variable is 

the strain rate. Therefore the explanation of the energy absorption study will be emphasized in 

the rate sensitivity study in section 6.3.4.  

 

6.1 Parametric Study of Rivet Hole Tolerance  

The base model is created with rivet/hole clearance of 0.003 inch. To see how the 

clearance will have an effect on the load transfer two more rivet joint specimen was created with 

tolerance 0.005 in and 0.007 in. These clearance values are chosen arbitrarily to reduce intricacy 

though this values of clearance are not used in the industry. The cross sections of the models 
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illustrating the clearance are shown from Figure 70 to Figure 72. All three configurations are 

installed with the riveting squeeze force of 24 kN. 

 

Figure 70. Rivet joint specimen cross section with tolerance     3    

 

 

Figure 71. Rivet joint specimen cross section with tolerance     5   



 

96 
 

 

Figure 72. Rivet joint specimen cross section with tolerance     7   

 

The main influence of the rivet/hole clearance is on the residual stress in and around the 

rivet. When a rivet is installed with a larger rivet/hole clearance the shank of the rivet gets more 

space to expand. Because of that the compressive stresses around the hole will not be as high 

when the rivet is installed with a comparatively smaller rivet/hole clearance  For this reason the 

residual stress in the model with     3  clearance has the highest value when compared to the 

other two models.  

 

6.1.1 Load Transfer 

The comparison of the load transfer in the models with three different rivet/hole 

tolerances will be investigated in this section. In a rivet joint, load can be transferred by means of 

three factors [7] 
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a) Rivet load on the grip surface or the bearing load 

b) Interference between the rivet and hole 

c) Friction between the mating sheets 

Also if the fastener is assumed to be rigid and the bearing deformation is negligible then the 

amount of load that can be transferred   is dependent on the relative longitudinal stiffness of the 

main part and load transfer part [32]. 

Figure 73 shows the plots of total load transfer comparison for three different rivet/hole 

clearance models when the loading rate is 0.5 in/s. Also, Figure 74 and Figure 75 describes the 

load transferred by the fastener and by friction. There is no significant difference can be 

observed from the total load transfer plots. At the beginning all three models transfers slightly 

less than 40% of the total applied load. As the applied remote load increases the stiffness of the 

joint reduces and the load transfer level drops to 30%. But there is no considerable change in the 

LT (Load Transfer) can be observed with the change in the rivet/hole clearance.  This is 

understandable as the clearance can only influence the radial and hoop stress around the hole and 

those are not the major variables that can have effect on the load transfer.  

The percentage of the applied load that is being transferred by the rivet is shown in 

Figure 74. By observing the plots a definite pattern can be distinguished between the curves. In 

the case of 0.003 in clearance, the fastener seems to be more active in transferring the load. 

When the rivet has been installed with clearance 0.003 in, it creates higher interference between 

the rivet and hole in comparison to the other two models. As a result this model has a higher 

rotational constraint. For this reason it can be said that the amount of load transfer by the rivet 

decreases with the increase in rivet/hole clearance. For clearance 0.003 in model, about 6% of 
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the total load is transferred by the rivet (not considering the initial stages). For clearance 0.007 in 

model, the load transfer by the rivet is only 2%. For all three models the majority of the load is 

being transferred by friction as shown in Figure 75. 

 

Figure 73. Comparison of total load transfer at test speed 0.5 in/s 

 

 

Figure 74. Comparison of load transfer by rivet at test speed 0.5 in/s 



 

99 
 

 

Figure 75. Comparison of load transfer by friction at test speed 0.5 in/s  

 

Figure 76, Figure 77 and Figure 78 shows the comparison of total load transfer, load transferred 

by the fastener and frictional load transfer with the change in rivet/hole clearance respectively. In 

this case the test speed is 5 in/s. These plots also behave the same way as they did for 0.5 in/s.  

Ignoring the initial stages the load transfer is found to be 40% when the remote applied load is 20 

MPa and gradually reduced to 30% before the failure of the joint. Also it can be observed from 

Figure 77 that rivet/hole clearance has a significant effect on the fastener load transfer. The rivet 

transfers more load in the case of low clearance value. Also in this case the dominant role in 

transferring load is played by friction. As the load transfer plots for 50 in/s and 100 in/s are 

similar they are placed in APPENDIX A. 
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Figure 76. Comparison of total load transfer at test speed 5 in/s 

 

 

 

Figure 77. Comparison of load transfer by rivet at test speed 5 in/s 
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Figure 78. Comparison of load transfer by friction at test speed 5 in/s 

 

 

The percentage of load transfer for different test speed for the rivet/hole clearance of 

0.005in is shown in Figure 79. From the plots there is no significance difference in the amount of 

load transfer has been observed with the change in loading rate in the range of 0 to 300 MPa.  

The material used in these models is strain rate sensitive therefore for each loading rate the joint 

fails at different remote load. The rate sensitive properties scale the yield stress at a higher level 

as a result the specimen with higher test speed fails at a much higher remote stress. When the 

remote load exceeds 300 MPa, the specimen with test speed 0.5 in/s fails at a stress level of 310 

MPa and the load transfer level drops to 30%. For test speed 5 in/s the model fails at 350 MPa at 

the load transfer level drops to 38 %. For higher speed (50 in/s and 100 in/s) the specimen fails in 

the range of 360 MPa to 380 MPa. Load transfer level drops to as low as 20 %. The load transfer 

decreases because plasticity increases in the model for higher remote load. Also the reduction in 

the stiffness of the joint causes the load transfer to drop. 
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Figure 79. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s                  
(rivet/hole clearance = 0.005 in) 

 

Figure 80 and Figure 81 shows the variation of the load that is transferred by the rivet and 

by friction respectively. For all the test speed the rivet transferred the same amount of load which 

is close to 4% of the total applied load. The majority of the load is transferred by friction which 

is close to 35 % at the beginning and drops to 25- 28 % for the test speed of 0.5 in/s and 5 in/s. 

For higher speed frictional load transfer drops to as low as 20% at the instance of failure. 

Fastener load transfer does not shows a considerable drop in load transfer with higher remote 

stress. 
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Figure 80. Comparison of  LT by rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(rivet/hole clearance = 0.005 in) 

 

 

Figure 81. Comparison of  LT by friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(rivet/hole clearance = 0.005 in) 
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6.1.2 Energy Comparison 

 Figure 82 to Figure 85 shows the comparison of energy absorbed by the main part hole 

area with the total energy absorbed by the specimen for rivet/hole clearance of 0.003 in. The 

plots for the other two configurations are placed in APPENDIX A. The area of interest in this 

study is to see how much is the difference in percentage energy absorbed by the main part in 

every test speed. It is observed from the plots that the total energy and the energy absorbed by 

the main part hole area increases with the increase in test speed. Also the energy absorption 

ability of the main part hole area reduces with the increment in test speeds. This is due to the 

plastic deformations in other parts which will be discussed in more detail in section 6.3.4.  

 

Figure 82. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (rivet/hole clearance = 0.003 in) 
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Figure 83. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (rivet/hole clearance = 0.003 in) 

 

 

Figure 84. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (rivet/hole clearance = 0.003 in) 
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Figure 85. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (rivet/hole clearance = 0.003 in) 

 

Figure 86 shows the percentages of energy absorbed by the main part hole area with the 

change in loading rate (Test speed). As seen from the plot with higher rate the energy absorption 

ability of the part reduces. Also the amount of energy absorbed as a function of rivet/hole 

clearance is presented in Figure 87. 
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Figure 86. Percentage of the energy absorbed by the main part hole area with loading rate 
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Figure 87. Energy absorbed by the main part hole area vs. rivet/hole clearance 
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6.2 Parametric Study on Riveting Squeeze Force 

Rivet is installed by a squeezing force sufficiently large enough to deform one end of the 

rivet shank to produce a driven head. Manufactured head and driven head clamp up the plates in 

between them and accomplish joining. There are mainly two parameters which are affected by 

the squeeze force. One is the residual stress field around the rivet hole and another one is the 

clamping force produced by the two heads. In the following sections a comparison will be made 

to evaluate the effect of riveting squeeze forces on the load transfer. 

6.2.1 Load Transfer 

The variation of load transfer as a function of remote stress with different squeeze force 

has been shown in Figure 88. The test speed in this case is 0.5 in/s. It can be seen from the plot 

that load transfer level increases with higher squeeze force value. With a higher squeeze force 

there will be a higher residual compressive stress zone near the rivet hole. This results in a higher 

rotational constraint on the rivet. As a result there will be more bearing pressure on the rivet/hole 

surface when load is applied on the specimen. Therefore the rivet will transfer more load for 

higher squeeze force which is shown in Figure 89. It can be observed form plots that for squeeze 

force of 24 kN the rivet will transfer almost 6% of the total load and for the lowest squeeze force 

(15 kN) amount is almost half. Larger diameter of the driven rivet head can be achieved with 

large squeeze force which contributes to a large thru thickness compressive area around the rivet 

hole. The clamping force is also associated with riveting squeeze force. Higher squeeze force 

results in high clamping force which in turns increases the frictional load transfer at the faying 

surface.  Due to the combined effect of the frictional and fastener load transfer higher squeeze 

force results in a slightly high load transfer. 
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Figure 88. Comparison of load transfer with different squeeze forces at test speed 0.5 in/s 

 

 

From Figure 88 it can be observed that at the beginning the load transfer level was around 

40% for all three squeeze force configurations. But it decreases as the load increases and falls to 

value near 25% - 30% at the time of failure. This can be explained in terms of stiffness of the 

joint.  As load increases the rivet and the surrounding plates experience plastic deformation 

which results in a reduction of stiffness in the parts  When the rivet yields it can‘t take more 

loads to be transferred to the load transfer part. The yielding of the rivet can be quantified by 

observing the rotation of the rivet. As seen in Figure 90 , for squeeze force 15 kN the rotational 

constraint is the smallest among the three. When the specimen is loaded in tension the rivet with 

squeeze force 15 kN always rotates more in comparison to the other two models.  
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Figure 89. Comparison of load transfer by rivet with different squeeze forces at test speed               
0.5 in/s 

 

 

 

 

Figure 90. Comparison of rivet rotation with different squeeze forces at test speed 0.5 in/s 
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Figure 91. Comparison of load transfer by friction with different squeeze forces at test speed 0.5 
in/s 

 

The load transfer variation in the case of 5 in/s loading rate is shown in Figure 92. Similar 

behavior can be observed in this case too. Higher squeezing force results in higher load transfer 

up to the point of joint failure. At the beginning 40% of the applied load is being transferred to 

the load transfer part. As the applied load increases the joint becomes less stiff and transfer less 

amount of load. At the time of failure the level of load transfer reaches in the range between 25 

to 28%. The percentage of load transferred by the rivet itself and the percentage load transferred 

by friction is shown in Figure 93 and Figure 94. Due to the similarity in the load transfer plots 

for higher test speed i.e. 50 in/s and 100 in/s; they are placed in APPENDIX B. 
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Figure 92. Comparison of load transfer with different squeeze forces at test speed 5 in/s 

 

 

Figure 93. Comparison of load transfer by rivet with different squeeze forces at test speed 5 in/s 
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Figure 94. Comparison of load transfer by friction with different squeeze forces at test speed      
5 in/s 

 

The comparison of load transfer with different loading rate for each rivet squeeze force 

configuration is shown in Figure 95. From the figures it can be observed that for each 

configuration at the beginning total load transfer level is near 40% and decreases as the plasticity 

increases in the models. Because of the rate sensitive material higher strain rate causes the 

material to fail at a higher load. For this reason load can be transferred until the remote applied 

load reaches near 380 to 400 MPa with loading rate 50 in/s and 100 in/s. But at this level the load 

transfer is very poor it drops to 22 %. Yielding of the rivet causes the reduction in the amount of 

load being transferred. 
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Figure 95. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s                
(squeeze force = 15 kN) 

 

 

 

Figure 96. Comparison of  LT by the rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(squeeze force = 15 kN) 
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Figure 97. Comparison of  LT by the friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 
in/s (squeeze force = 15 kN) 

 

The comparison of the other two models (Squeeze force 18 kN and 24 kN) is shown in 

APPENDIX B.   

 

6.2.2 Energy Comparison 

Figure 98 to Figure 101 shows the comparison of energy absorbed by the main part hole 

area with the total energy absorbed by the specimen for riveting squeeze force of 24 kN. The 

plots for the other two configurations are placed in 0. The area of interest in this study is to see 

how much is the difference in percentage energy absorbed by the main part in every test speed. It 

is observed from the plots that the total energy and the energy absorbed by the main part hole 

area increases with the increase in test speed. Also the energy absorption ability of the main part 

hole area reduces with the increment in test speeds in a non-linear way. This is due to the plastic 

deformations in other parts specially rivet which will be discussed in more detail in section 6.3.4.  
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Figure 98. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (squeeze force = 15 kN) 

 

 

Figure 99. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (squeeze force = 15 kN) 
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Figure 100. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (squeeze force = 15 kN) 

 

 

Figure 101. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (squeeze force = 15 kN) 
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Figure 102. Percentage of the energy absorbed by the main part hole area with loading rate 

 

Figure 102 shows the percentages of energy absorbed by the main part hole area with the 

change in loading rate (Test speed). As seen from the plot with higher rate the energy absorption 

ability of the part reduces. Also the amount of energy absorbed as a function of riveting squeeze 

force is presented in Figure 103. 
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Figure 103. Energy absorbed by the main part hole area vs. squeeze force 
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6.3 Rate Sensitivity Study 

When the stress versus strain characteristics of any material is dependent on the rate of 

loading then that material is said to be strain rate sensitive. In other words, when a rate sensitive 

material is loaded with a fast speed and the same material is loaded with a slow speed the stress 

strain diagram will be different for both the cases. In this research the main part and the load 

transfer part is modeled with a rate sensitive property. Cowper Symonds material formulation is 

used for the sensitive materials. Previously the material properties have been described in section 

2.4. In Cowper Symonds material model the yield stress of the materials scales to a higher value 

with higher strain rates. 

In this section the rivet joint specimen with hole clearance 0.003 in and the riveting 

squeeze force 24 kN has been investigated for both type of material model: One with strain rate 

sensitivity and the other one which is not sensitive to strain rate. The purpose of the study is to 

see the effect of strain rate on the specimen in terms of load transfer.  

 

6.3.1 Load Displacement Plots 

Figure 104 to Figure 107 shows the load versus displacement plots for different loading 

rate. Loads and displacements are measured at the load introduction end. It is seen from the plots 

that as the loading rate increases failure stars in the sensitive material at a higher level than the 

non-sensitive material. For every speed the non-sensitive material model starts to fail near 15 kN. 

Sensitive material starts to fail at different values with each loading rate. For 0.5 in/s the model 

fails at 17 kN, for 5 in/s it fails at 19 kN, for 50 in/s it fails at 22 kN and for 100 in/s the model 

starts to fail near 23 kN.  The comparison in the load displacement plots with change in test 
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speed is shown in Figure 108 and Figure 109. It can be seen from the plots that for sensitive 

material model the load to failure increases with the increase in loading rate. For non-sensitive 

material model failure starts at the same time. Also the displacement to failure for the models 

also shows an increment with the loading rate. The curves for the higher test speeds are not 

smooth as with the lower test speed conditions. This is because of the dynamic effect in the 

simulations. With higher speed dynamic effect makes the curve noisy. For this reason the curves 

for 50 in/s and 100 in/s are not smooth.  

 

 

Figure 104. Load displacement comparison for strain rate sensitive vs. non-sensitive model 
(loading rate = 0.5 in/s) 
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Figure 105. Load displacement comparison for strain rate sensitive vs. non-sensitive model 
(loading rate = 5 in/s) 

 

 

Figure 106. Load displacement comparison for strain rate sensitive vs. non-sensitive model 
(loading rate = 50 in/s) 
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Figure 107. Load displacement comparison for strain rate sensitive vs. non-sensitive model 
(loading rate = 100 in/s) 

 

 

Figure 108. Comparison of load displacement curve for strain rate sensitive material with 
different loading rate 
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Figure 109. Comparison of load displacement curve for strain rate non-sensitive material with 
different loading rate 

 

To see how the strain rate changes in the main part near the hole area and  far from the 

hole area with the change in loading rate a comparison has been made in Figure 110 and Figure 

111.  The curves are plotted in a logarithmic scale. 

 

Figure 110. Remote strain rate for different loading rate  
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Figure 111. Strain Rate near the rivet hole for different loading rate 

 

6.3.2 Stress-Strain plots 

One of the main features of a strain rate sensitive material is it changes the stress strain 

characteristics with the change in strain rate. As seen from Figure 110 and Figure 111 , it is 

obviously visible that strain rate changes with the change in loading rate. Therefore the material 

properties should also change with the loading rate. As described earlier Cowper Symonds 

material model has been undertaken for this research a higher yield stress is expected with the 

increase in loading rate or the strain rate. Figure 112 to Figure 115 depicts the comparison of 

stress-strain curves between the sensitive material model and the non-sensitive material model. It 

is observed that non sensitive material doesn‘t change its yield stress as expected  But yield 

stress for the sensitive material increases with the increase in loading rate. 
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Figure 112. Strain rate sensitivity comparison on the stress-strain plot (loading rate = 0.5 in/s) 

 

 

Figure 113. Strain rate sensitivity comparison on the stress-strain plot (loading rate = 5 in/s) 
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Figure 114. Strain rate sensitivity comparison on the stress-strain plot (loading rate = 50 in/s) 

 

 

Figure 115. Strain rate sensitivity comparison on the stress-strain plot (loading rate = 100 in/s) 
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The variation of the stress – strain curves for all the test speeds and also for the quasi-

static case is shown below in Figure 116. Comparison between the effective stresses versus 

effective plastic strain curves are plotted in APPENDIX D. 

 

Figure 116. Stress-strain plots for quasi-static case and dynamic cases 

 

 

6.3.3 Load Transfer 

A comparison has been made to observe the effect of strain rates on the percentage of 

load transfer is shown from Figure 117 to Figure 120.  Load transfer curves are plotted for both 

rate sensitive and non-sensitive material models keeping all other parameters constant. For the 

Non sensitive material model as the effect of strain rates on the material properties has been 

suppressed and the relative stiffness between the parts are the same for all the loading conditions, 

it is likely to get a similar nature in the load transfer plots (Figure 121). Also friction coefficient 

used for all the models are the same. For rate sensitive material model the predictions about the 
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load transfer should also be the same until the point when the strain rate is high enough to scale 

the yield stress to a higher value from the quasi static yield stress. It is identified from the plots 

that for higher loading rate the main part can carry more loads. For the test speed 100 in/s the 

main part fails at the remote stress level of 380 MPa whereas for quasi static case it fails near 

300 MPa. The load transfer level drops to 20 % in the case of 100 in/s before failure. For the 

strain rate sensitive material model, the percentage of load transfer as a function of remote stress 

for different loading rate is shown in Figure 122. 

 

Figure 117. Load transfer comparison on strain rate sensitive vs. non-sensitive material model 
(loading rate = 0.5 in/s) 
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Figure 118. Load transfer comparison on strain rate sensitive vs. non-sensitive material model 
(loading rate = 5 in/s) 

 

 

Figure 119. Load transfer comparison on strain rate sensitive vs. non-sensitive material model 
(loading rate = 50 in/s) 
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Figure 120. Load transfer comparison on strain rate sensitive vs. non-sensitive material model 
(loading rate = 100 in/s) 

 

 

 

Figure 121. Load transfer comparison for loading rate 0.5 in/s, 5 in/s, 50 in/s and 100 in/s with a 
non-sensitive material model 
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Figure 122. Load transfer comparison for loading rate 0.5 in/s, 5 in/s, 50 in/s and 100 in/s with a 
rate sensitive material model 

 

6.3.4 Energy Comparison 

Crashworthiness analysis of an entire aircraft needs proper modeling of the joints. Also 

one of the main aspects of crashworthy design is the ability of the aircraft parts to absorb high 

impact loading. A study about how the rivet installation influences the nearby material in terms 

of energy absorption will be discussed here. For this purpose a region approximately having an 

area of        (1 in × 1 in) around the rivet hole in the main part will be investigated (Figure 

123). Energy absorption comparison is made for both strain rate sensitive and non-sensitive 

material model in this section. 
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Figure 123. Illustration of the main part hole area 

 

When dynamic tension load is applied to the rivet joint specimen it elongates and after a 

while it breaks into two at a section along the rivet hole which is perpendicular to the loading 

axis. The load displacement plots are shown in section 6.3.1. The area under the load 

displacement curves represents how much energy has been absorbed by the entire model. By 

observing Figure 108 it is very clear that the specimen absorbs maximum energy for the highest 

test speed case. The comparison about the amount of energy absorbed by the main part hole area 

with the total energy absorbed by the specimen is plotted in Figure 124 to Figure 127. The 

amount of energy absorbed by that particular area has been tabulated in Table 10. It can be seen 

from the plots that the main part hole area absorbed more that 90 % of the total energy. This 

particular area undergoes large plastic deformation which contributes to the energy absorption. 

Failure also initiates from this part.  

In this study, MAT 24 material model has been assigned to the main part hole area. 

Failure of the model is associated with this material card. Failure is based on plastic strain. 

Whenever the elemental plastic strain reaches the failure value elements have been deleted from 
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the simulation. That‘s how LSDYNA modeled failure  The energy associated with each element 

that has been failed is written to a database output ASCII file GLSTAT as eroded internal 

energy. The energy absorbed by each individual part can be found from the output file 

MATSUM. The energy associated with MATSUM gives the energy of any part in a given state 

without considering the eroded elements. In this current study almost all the elements that has 

been failed (eroded) is from the main part hole area. These eroded elements has been absorbed 

the maximum amount of energy it can take and then they were deleted. So there contribution is 

very important as they are integral part of the main part hole area. Therefore in the plots the 

energy absorbed by the main part is actually the sum of the energy acquired from the MATSUM 

file and the global eroded internal energy.  

 

Figure 124. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (rate sensitive material model) 

 



 

136 
 

 

Figure 125. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (rate sensitive material model) 

 

 

Figure 126. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (rate sensitive material model) 
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Figure 127. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (rate sensitive material model) 

 

Figure 128 to Figure 131 represents the amount of energy absorbed by the main part hole area 

for strain rate non-sensitive material model with different loading rate. Each plot is compared 

with the total energy absorption. By looking at the difference between the total internal energy 

and the energy absorbed the main part hole area it can be identified that the difference is 

increasing with the increase in loading rate for the strain rate sensitive material model. For the 

non-sensitive material model the difference is also increasing but not the way it is doing for 

sensitive material model. The difference represents how much energy is absorbed by the other 

parts of the system (Figure 134). This energy is associated with any plastic deformation in the 

other parts. It may be because of the bending or yielding of the rivet and the plastic deformation 

at the vicinity of the hole of the load transfer part. The remaining main part will be free from any 

plastic deformation as it is far from the hole. 
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Figure 128. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (non-sensitive material model) 

 

 

Figure 129. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (non-sensitive material model) 

 



 

139 
 

 

Figure 130. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (non-sensitive material model) 

 

 

Figure 131. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (non-sensitive material model) 
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Figure 132. Percentage of the energy absorbed by the main part hole area with different test 
speed 

 

Figure 132  represents the percentage of total energy that is being absorbed by the main 

part hole area. There is a clear notification than strain rate sensitivity influence the amount of 

energy absorption. From the plot it is seen that for lower speed level (test speed 0.5 in/s and 5 

in/s) the difference in energy absorption is not very noteworthy. The energy absorption for both 

the material model ranges from 98% to 99%. So at low speed level the almost all the energy is 

absorbed by the area near the rivet hole in the main part. For test speed 50 in/s the energy 

absorbed by the main part hole area reduces to 93.5% and for 100 in/s speed it reduces to 92 %. 

The reduction in the percentage of energy absorption by the main part hole area can be explained 

by observing the effective plastic strain contour for the rivet (Figure 133). From the contour plots 

at high speeds (50 in/s and 100 in/s) there is an initiation of rivet shearing can be observed by the 

red area in the rivet shank. Whenever there is a plastic deformation in any part energy is utilized 
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to deform the part further. Therefore for high speeds the rivet and also the load transfer parts 

contribute to the energy absorption. The energy absorption by the remaining parts has been 

shown in Figure 134. The effective plastic strain contour for the Load transfer part and also for 

the main part hole area is shown in Figure 135 and Figure 136. 

 

Figure 133. Effective plastic strain contour for the rivet (rate sensitive material) 

 

The amount of energy absorbed from the main part hole area and the total energy 

absorbed by the specimen for each loading rates for both strain rate sensitive and non-sensitive 

material model is presented in Table 10. 
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Table 10. ENERGY COMPARISON TABLE  

 

 

Figure 134. Energy absorbed by the remaining parts (remaining main part, load transfer part and 
rivet) 
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Figure 135. Effective plastic strain contour for the load transfer part (rate sensitive material) 
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Figure 136. Effective plastic strain contour for the main part hole area (rate sensitive material) 
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CHAPTER 7                                                                                                                     

CONCLUSION 

 

In the present days the growth of air traffic increases the potential of survivable crash 

events. So the importance of aircraft crashworthiness analysis is increasing day by day. The 

aircraft must be designed airworthy, that means it can withstand normal operating loads during 

its flight and also crashworthy, which means the aircraft structure must hold its integrity during 

sudden impact loading conditions. The structure must absorb maximum energy to prevent 

failure. Finite element methods have been used in this area of study for many years because of 

their reliability and cost effectiveness. To predict how the structure would fail under crash 

situations with finite element analysis hugely depends on the proper modeling of the joints, 

because the joints hold the parts together and also transfer loads from one part to another. Failure 

of the joint, load transfer mechanism and also the energy absorption capability of the joint during 

crash condition must be properly understood in order to predict the behavior of the entire aircraft. 

In this study a three dimensional finite element model of a rivet joint specimen have been 

modeled and studied the behavior under different circumstances. It is a common practice to 

model the bolted or riveted joints in aircraft structures with rigid links or beams. Because there 

are thousands of joints exist in a large aircraft and to model each of them with solid elements is 

not a practical thing at all. Also the presence of small rivet holes in the large assembly is often 

ignored. The mechanical characteristics of a sheet metal without a hole in it, is not going to be 

the same when it carries a hole in it. Another fact is that, when rivet is installed to join two or 

more parts it creates compressive residual stresses around the rivet hole.  For large scale 

problems those residual stresses are often neglected as they are not very influential to the 
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behavior of the whole model. But to characterize the joint under different conditions it is needed 

to understand the behavior of a single rivet under different loading conditions. Therefore in this 

study a medium load transfer rivet joint specimen was modeled with solid elements to study the 

effect of installation parameters as well as the strain rate sensitivity the load transfer process. 

Also the contribution on the energy absorption by the region near the hole is also investigated 

with different loading conditions. 

To get the deformed head configurations and also the residual stress field in and around 

the rivet, at first rivet installation has been simulated and then validated. That rivet joint 

specimen was then tested for various loading conditions and configurations. Three different rivet 

hole configuration were used which creates the clearance between the rivet and the hole 0.003in, 

0.005 in and 0.007 in. It is found from the load transfer comparison that rivet/hole clearance has 

very little influence on the total load transfer but it has significant effect on the load transferred 

by the rivet. It can be seen that for low clearance fastener load transfer is more. 

Another investigation was made for different squeeze force values. For this study the 

rivet was installed with three different squeeze forces: 15 kN, 18 kN and 24 kN. Squeeze force 

has a huge influence on the residual stresses and also on the deformed head dimensions. High 

squeeze force creates higher compressive stress field around the hole also in the thru thickness 

direction. Friction between the matting parts also increases because of that. In this study it has 

been seen that total load transfer as well as fastener load transfer is more for higher squeeze force 

value. However, the variation of the total load transfer is not very distinguishable for different 

cases and only valid for low speed cases (0.5 in/s and 5 in/s).  But fastener load transfer is high 

for higher squeeze forces even for high speed cases (50 in/s and 100 in/s).  Therefore it can be 

say that installation parameters such as rivet/hole clearance and squeeze force doesn‘t influence 
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the total load transfer that much. But clearly the amount of load transfer only by the rivet 

immensely depends on the installation parameters. It can be summarized as: 

 For tighter clearance fit load transfer only by the rivet itself is more. 

 For higher squeeze force load transfer only by the rivet itself is more. 

 Overall load transfer doesn‘t change much with varying installation parameters   

 

The medium load transfer specimen used for the study has assigned a material property 

which is strain rate sensitive. For a higher speed when the strain rate is high, the material model 

scales the yield stress to a higher level. Therefor the same material will fail at a higher load when 

it is under high speed rather than quasi-static. The energy absorption capability also increases at 

higher strain rate. A non-sensitive specimen was also modeled and compared with the sensitive 

model for energy absorption and load transfer.  

 

Later in this study an energy absorption study was inspected to observer how much 

energy has been absorbed during the process by an area surrounding the rivet hole in the main 

part. The presence of hole in the parts makes the energy absorption study very interesting. It is 

found that at lower strain rate level almost 98-99 % of the energy is absorbed by the area near the 

hole. As the strain rate increases the energy absorption ability of the area near the hole reduces as 

with high strain rates the rivet as well as the load transfer parts undergoes higher plastic 

deformations which contributes to the energy absorptions. It can be summarized as: 

1. Energy absorption capability of the specimen increases with the increase in strain rate 

while using rate sensitive material model. 
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a) Total energy absorption increases by 83% (from 0,5 in/s to 100 in/s) 

b) Energy absorption by the area near the hole in the main part  increases by 71 % 

(from 0.5 in/s to 100 in/s) 

2. The percentage of energy absorbed by area near the hole decreases as strain rate increase. 

3. At higher strain rate rivet and the load transfer part also undergo plastic deformation 

which contributes to the energy absorption process. 

4. For non-sensitive material model energy absorption doesn‘t change with the change of 

strain rate. 

 

 

Recommendations for the future studies are given below: 

1. The friction coefficient used in this study has been made constant (0.2) 

throughout all the simulations. The effect of the friction should be studied with 

changing frictional coefficient values. 

2. The relative stiffness between the parts can be changed with varying thicknesses 

and the width of the load transfer part which will change the load transfer level. 

Different kind of load transfer specimen should be studied with high speed 

loading conditions to see the effect of thicknesses on the load transfer. 

3. In this study the rivet joint failure is predicted by the tearing of the plates. If 

different combinations of material have been utilized there might be a case when 
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the rivet joint will fail by rivet shearing. So the effect of different materials as 

well as different types of rivet should be analyzed. 

4. Residual stress has been extracted in this study by modeling the actual rivet 

installation. There are few other technics by which rivet installation could be 

skipped and the analysis can be done in a single step. The effect of the single step 

model should be checked with the multi-step model to reduce the computational 

hazards. 
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APPENDIX A                                                                                                                    

CLEARANCE STUDY 

Effect of rivet/hole clearance on the load transfer (Loading Rate = 50 in/s) 

 

Figure 137. Comparison of load transfer with different rivet/hole clearance                             
(Loading Rate= 50 in/s) 

 

Figure 138. Comparison of load transfer by rivet with different rivet/hole clearance                 
(Loading Rate= 50 in/s) 
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Figure 139. Comparison of load transfer by fastener with different rivet/hole clearance             
(Loading Rate= 50 in/s) 

 

Effect of rivet/hole clearance on the load transfer (Loading Rate = 100 in/s) 

 

Figure 140. Comparison of load transfer with different rivet/hole clearance                               
(Loading Rate= 100 in/s) 
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Figure 141. Comparison of load transfer by rivet with different rivet/hole clearance                 
(Loading Rate= 100 in/s) 

 

 

 

Figure 142. Comparison of load transfer by friction with different rivet/hole clearance               
(Loading Rate= 50 in/s) 
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Effect of loading rate on the load transfer (Clearance = 0.003 in) 

 

Figure 143. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.003 in) 

 

 

Figure 144. Comparison of  LT by rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.003 in) 
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Figure 145. Comparison of  LT by friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.003 in) 

 

Effect of loading rate on the load transfer (Clearance = 0.007 in) 

 

Figure 146. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.007 in) 

 



 

163 
 

 

Figure 147. Comparison of  LT by rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.007 in) 

 

 

 

Figure 148. Comparison of  LT by friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s 
(Rivet/Hole clearance = 0.007 in) 
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Energy Comparison ( Clearance = 0.005 in) 

 

Figure 149. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (Rivet/Hole clearance = 0.005 in) 

 

 

Figure 150. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (Rivet/Hole clearance = 0.005 in) 
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Figure 151. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (Rivet/Hole clearance = 0.005 in) 

 

 

 

Figure 152. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (Rivet/Hole clearance = 0.005 in) 

 

 



 

166 
 

Energy Comparison (Clearance 0.007) 

 

Figure 153. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (Rivet/Hole clearance = 0.007 in) 

 

 

Figure 154. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (Rivet/Hole clearance = 0.007 in) 
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Figure 155. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (Rivet/Hole clearance = 0.007 in) 

 

 

Figure 156. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (Rivet/Hole clearance = 0.007 in) 
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APPENDIX B                                                                                                                           

SQUEEZE FORCE STUDY 

Effect of riveting squeeze force on the load transfer (Test speed = 50 in/s) 

 

Figure 157. Comparison of load transfer with different squeeze forces at test speed 50 in/s  

 

 

Figure 158. Comparison of load transfer by rivet with different squeeze forces at test speed       
50 in/s 
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Figure 159. Comparison of load transfer by friction with different squeeze forces at test speed       
50 in/s 

 

Effect of riveting squeeze force on the load transfer (Test speed = 100 in/s) 

 

Figure 160. Comparison of load transfer with different squeeze forces at test speed 100 in/s 
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Figure 161. Comparison of load transfer by rivet with different squeeze forces at test speed       
100 in/s 

 

 

 

Figure 162. Comparison of load transfer by friction with different squeeze forces at test speed       
100 in/s 
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Effect of loading rate on the load transfer (Squeeze Force = 18 kN) 

 

Figure 163. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s              
(riveting squeeze force = 18 kN) 

 

 

Figure 164. Comparison of  LT by the rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 
in/s (riveting squeeze force = 18 kN) 
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Figure 165. Comparison of  LT by the friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 
in/s (riveting squeeze force = 15 kN) 

 

Effect of loading rate on the load transfer (Squeeze Force = 24 kN) 

 

Figure 166. Comparison of  LT with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 in/s                 
(riveting squeeze force = 24 kN) 
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Figure 167. Comparison of  LT by the rivet with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 
in/s (riveting squeeze force = 24 kN) 

 

 

 

Figure 168. Comparison of  LT by the friction with loading rate 0.5 in/s , 5 in/s , 50 in/s and 100 
in/s (Riveting Squeeze Force = 24 kN) 
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Energy Comparison (Squeeze Force = 18 kN) 

 

Figure 169. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (squeeze force = 18 kN) 

 

 

Figure 170. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (squeeze force = 18 kN) 
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Figure 171. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (squeeze force = 18 kN) 

 

 

 

Figure 172. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (squeeze force = 18 kN) 
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Energy Comparison (Squeeze Force = 24 kN) 

 

Figure 173. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 0.5 in/s (squeeze force = 24 kN) 

 

 

 

Figure 174. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 5 in/s (squeeze force = 24 kN) 
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Figure 175. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 50 in/s (squeeze force = 24 kN) 

 

 

Figure 176. Comparison of the energy absorbed by the main part hole area with the total internal 
energy at test speed 100 in/s (squeeze force = 24 kN) 
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APPENDIX C                                                                                                                                  

RATE SENSITIVITY STUDY 

Effect of strain rate sensitivity on the load transfer 

 

Figure 177. Comparison of Load transfer by rivet on strain rate sensitive vs. non-sensitive 
material model 

 

Figure 178. Comparison of Load transfer by rivet on strain rate sensitive vs. non-sensitive 
material model 
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Figure 179. Comparison of Load transfer by rivet on strain rate sensitive vs. non-sensitive 
material model 

 

 

Figure 180. Comparison of Load transfer by rivet on strain rate sensitive vs. non-sensitive 
material model 
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Figure 181. Comparison of Load transfer by friction on strain rate sensitive vs. non-sensitive 
material model 

 

 

Figure 182. Comparison of Load transfer by friction on strain rate sensitive vs. non-sensitive 
material model 
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Figure 183. Comparison of Load transfer by friction on strain rate sensitive vs. non-sensitive 
material model 

 

 

Figure 184. Comparison of Load transfer by friction on strain rate sensitive vs. non-sensitive 
material model 
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Effect of loading rate on the load transfer by Rivet 

 

Figure 185. Comparison of load transfer by rivet for loading rate 0.5 in/s, 5 in/s, 50 in/s and 100 
in/s with a non-sensitive material model 

 

 

Figure 186. Comparison of load transfer by rivet for loading rate 0.5 in/s, 5 in/s, 50 in/s and 100 
in/s with a rate sensitive material model 
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Effect of loading rate on the load transfer by Friction 

 

Figure 187. Comparison of load transfer by friction for loading rate 0.5 in/s, 5 in/s, 50 in/s and 
100 in/s with a rate sensitive material model 

 

 

Figure 188. Comparison of load transfer by friction for loading rate 0.5 in/s, 5 in/s, 50 in/s and 
100 in/s with a rate sensitive material model 
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APPENDIX D                                                                                                                       

EFFECTIVE STRESS VS EFFECTIVE PLASTIC STRAIN 

 

 

Figure 189. Effective Stress vs. Effective Plastic Strain (Loading Rate = 0.5 in/s) 

 

Figure 190. Effective Stress vs. Effective Plastic Strain (Loading Rate = 5 in/s) 
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Figure 191. Effective Stress vs. Effective Plastic Strain (Loading Rate = 50 in/s) 

 

 

Figure 192. Effective Stress vs. Effective Plastic Strain (Loading Rate = 100 in/s) 
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Figure 193. Effective Stress vs. Effective Plastic Strain 

 


