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ABSTRACT 

A composite is defined as a material that constitutes of at least two constituents, which 

are bonded together along the interface in the composite. Metal Matrix Composite (MMC) is a 

composite material in which one constituent is a metal or alloy forming at least one percolating 

network. The other constituent is embedded in this metal matrix.  

 The particulate metal matrix composites when compared to metal alloys exhibit higher 

strength, wear resistance and stiffness. Because of their high plastic modulus, they exhibit higher 

buckling and compressive strength. They have high electrical conductivity, better thermal 

conductivity and low thermal expansion. More over their isotropic behavior and formability by 

conventional methods makes them good choice for low cost applications.  

Optimization of the design of structural joints leads to increase in their load carrying 

capacity, minimizing weight and cost. Extensive knowledge of multiple parameters that effect 

the behavior of the structural joints is required for reliable and effective design of joints. The aim 

of this research is to predict the stress concentration around the hole in the lap joint made of 

MMC and to investigate the effects of the different parameters on the stress around the hole. A 

three dimensional finite element model has been developed to study the effects of various design 

parameters on the structural performance of such joints.  

The model is validated by comparing the results with a closed form solution for a simple 

problem of determining the stress around the hole in a flat plat. The present study quantifies 

relationship between stress concentration around the hole and the bolt diameter; distance 

between the holes, Young’s modulus, fastener pre-tension and the axial load.   
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

The structural joints are essential and critical elements of a structural assembly. The main 

purpose of the structural joint is to transfer loads across different members of a structural 

assembly. There is every need to optimize the design of a structural joint, which will maximize 

the load carrying capacity, structural integrity and minimize weight factor of the whole 

assembly. The mechanical joints are widely used in various structural assemblies and this makes 

their design to be of great importance for both weight saving, cost reduction as well as for failure 

prevention. 

Depending on the direction of the external load acting on a joint, the bolted joints are 

classified in to two categories. The joint is said to be loaded in tensile when the forces on the 

bolted join are acting parallel to the axis of bolt and is called tensile joint. The other type of joint 

is called shear joint, in this kind of joint the forces on the joint are acting perpendicular top the 

axis of the bolt. Tensile joint is the most commonly used joint in the structures.     

Composite materials are best suited for net-shaped manufacturing and thus have the 

potential for reducing the number of individual parts and as a result reduction of number of 

structural joints. The clamping and fastening force, the viscoelastic behavior and the material 

properties of the adherands determine the long-term strength of the mechanically fastened joints 

made of polymer material composite. 

The load applied to a composite is transmitted directly from the matrix to the fiber by 

means of the sheer stress action on the surface of the fiber. Therefore, it is important to achieve 

large contact area between the matrix and the reinforcement as compared with cross-sectional 
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area of the fiber. The matrix in the fiber reinforced composite binds the fibers to create an 

engineering material and to increase the strength of the whole system. 

It requires special design criteria that accounts for anisotropic behavior of composite 

materials considering the minimum weight design for given load scenarios. In order to achieve 

structural efficiency and safety in joining techniques, the anisotropic nature of these materials 

must be taken in to consideration. Either adhesive bonding or mechanical fasteners are used to 

design general joints, adhesive bonding techniques offer maximum joint efficiency in terms of 

load transfer capabilities through out the joints. On the other, hand bolted joints are preferred 

over other techniques because they offer the advantage of disassembly and manufacturing 

requirements. Since the joints are critical components of any structure, careful design and 

analysis are required during the development of joining concept to maintain an acceptable level 

of structural efficiency and integrity.  

             The analysis of the bolted lap joints of composite materials presents a challenging 

technical problem because of the anisotropic and non-homogenous nature of the composites. 

Their solution is more serious and more critical, than in case of the conventional metal joints, 

more over some of the composites exhibit brittle elastic behavior, which results in premature 

catastrophic joint failure unless considerable care is taken during design. 

Because of the non-homogenous nature of the fiber composites, this leads to non-uniform 

stress levels with in the material. At the interface between different constituents high stress are 

generated leading to failure of the structure as fiber matrix debonding or delaminations. At the 

locations of discontinuity, high stress arise which ultimately lead to fatigue damage and failure. 

Under the mechanical and thermal loading, initiation and growth of cracks occur in both metallic 
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and polymeric composites. The structural joints made of fiber reinforced composites exhibit 

various failure modes such as bending, sheer out or delamination. 

In the automotive and aerospace industry, particulate metal matrix composites, in which 

the reinforcing components are particles or chopped fibers, are widely used for manufacturing 

lightweight and high performance components.  Particulate metal matrix composites have low 

density, high stiffness and good strength and can be modeled as isotropic materials for the 

purpose of the design and analysis. 

1.2 Objective 

The main aim of this study is to predict the stress concentration around the holes in a 

particulate metal matrix composite material and predict the load transfer efficiency through both 

single and double lap joint. 

1.3 Methodology     

A three dimensional Finite element model is developed for both single and double lap 

joints with three fasteners. The important feature is the 3D modeling of the contact surface 

between the connected plates and the bolt and the plates. 

The model is validated by comparing the results with a closed form solution for a simple 

problem of determining the stress around a circular hole in a flat plat. A parametric study has 

been conducted to determine the effects of various parameters such as bolt diameter, distance 

between the holes, fastener pre-tension, Young’s modulus and axial load on the stress 

concentration around the hole.     

1.4 Thesis Organization   

The main aim of this study is to advance the current knowledge regarding the influence 

of the design and fabrication parameters on the stress concentration around the holes in bolted 
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lap joints. The following chapters give an insight in to the study and establish a foundation to the 

subsequent chapters.  In the chapter 2, a general literature review is presented. It provides with 

various methods of finite element methods as they are used to model and understand the stress 

around the hole in a lap joint. Chapter 3 presents a description of the finite element model 

developed for this study. Chapter 4 discusses the stress distribution around the hole in single lap 

joints. Chapter 5 discusses the stress distribution around the hole in a double lap joint. Chapter 6 

deals with the conclusions and recommendations.     
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Research Survey 

          Extensive research has been done in the past to study the bolted lap joints. This chapter 

presents with review of the past studies on bolted joints. Various experimental and finite element 

analysis conducted on the bolted joints are available in this review.  

(Lehnhoff 1996) has developed an axisymmetric finite element model of a bolted lap 

joint to study the effects of the both magnitude and the position of the external load on the stress 

on the surface between the members and the separation radius. The radial distance between the 

members can effect to maintain a sealed joint. Compression of the connected members in the 

near vicinity of the bolt causes the member separation. By controlling this tendency for the 

members to separate for the members to separate by proper spacing of bolts in a joint helps in 

preventing leakage. The point where the two members separate due to the loading effect is called 

separation radius. The separation radius is function of magnitude and position of the external 

load and the thickness ratio of the connected materials. Large bolts have grater separation radius, 

this is attributed to the large contact area between the bolt head and the member. The separation 

is nonlinearly related to the magnitude and the position of the external load. With the change in 

the magnitude and the position of external load, there was a change in the value of the stress on 

the surface between the members. For large external loads, the stress was higher near the bolts. 

(Jung 2000) using fatigue modulus concept analyzed the fatigue life prediction of 

SUS304 stainless steel with bolted joints. To consider the relaxation of steel concentration due to 

fasteners a modified, fatigue life prediction equation as an exponential function of fatigue 

modulus, fatigue cycle and load transfer level was derived. The aim of this study was to 
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characterize the fatigue behavior of mechanically fastened joints, identifying the relaxation of 

stress concentration and the effect of clamping force on the fatigue strength. Plate type specimen 

with bolted holes was used for conducting fatigue tests and to observe the stress concentration 

near bolts finite element models were used. By the relaxation of stress concentration due to 

fasteners, extension of fatigue life is observed. Clamping force affects nonlinearly the gradient of 

stress distribution. The predicted life was close to the test data, this shows that the constants of 

fatigue modulus degradation model contain geometry data representing notch effect.      

 (Cope 2000) developed a method to depict mechanical fasteners in a lap joint using finite 

element methods. An empirical force displacement relationship is used to determine the fastener 

material for spring element representation of fasteners. Different combinations of explicit and 

spring elements representation of fasteners are used to model a lap joint with three rows of 

fasteners. The aim of this research is to determine the appropriate level of model refinement 

needed for SFI solutions for the crack emanation at the fastener holes. A FRANC 2D/L (Fracture 

Analysis code 2 Dimensional/ Layered) has been used for modeling and analysis in this study.  

Fasteners displacements account for 75% of the displacement in a joint it is essential that 

appropriate spring force displacements are selected to ensure displacement compatibility 

between the layers of the sheet material. It is assumed that the fastener displacement is due to the 

bending and shear load for determining the material properties of the adhesive element between 

fasteners layers. The fastener displacement δ can be expressed as  

      

  

(2.1) 
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Where E is elastic modulus of sheet material, d is diameter of the fastener, t1 and t2 are the 

thicknesses of the jointed plates, and B and C are constants. 

(Ireman 1998) developed a three-dimensional finite element model of composite joint to 

determine non-uniform distribution of stress through the thickness of composite laminate near 

bolt hole. The aim of this research was to develop a three dimensional finite element model of an 

isolated region of the joint. The model was validated against experimental strain and deformation 

measurements. Various joint configurations including variations of many significant joint 

parameters like laminate layup, bolt diameter, bolt type, bolt pretension and lateral support 

conditions were studied. IDEAS was used to model the joint and the analysis was carried out in 

ABAQUS. The specimen used were Quasi-Isotropic [(±45/0/90)4]S32 and zero dominated 

[(±45/90/02/90/02)2] S32 and quasi isotropic [(±45/0/90)8]S64  the aluminum plates were made from 

AA7475-T76 and bolt material was Titanium Ti6A114VSTA. The fit between the hole and the 

bolt was ISO f7/H10 for all specimen configurations. For quasi-isotropic specimen with counter 

sunk bolts, without lateral support and no pretension of the bolt, there was good agreement 

between measured and computed strains. The measured and computed relative displacement 

between parts is of the same magnitude. With same conditions for protruding head bolts, there 

was agreement between measured and calculated strain in 45º direction, while for all other 

directions the computed strain s are slightly smaller than the measured. For zero dominated 

laminates with counter sunk bolts, the computed and measured strains were in agreement for 

both with and without lateral support. The second bending measure was higher in experimental 

results than in test results. This is accounted for stiffness of the Finite element models. The 

coefficient of friction is uncertain, as it is assumed based on frictional measurements at the 

fracture surface. 
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(Hung 1992) carried out a finite element analysis of unidirectional continuous fiber 

reinforced metal matrix composite system. In the present study, two patterns of fiber 

arrangements squared and close packed pattern are studied assuming plane strain condition. 

Various combinations of friction and number of fibers were tested. Based on the saturated flow 

stress values equivalent material models are proposed. In the deformation, pattern the resultant 

orthotropic equivalent material model and the two-phase simulation showed good agreement. It 

is reasonable to assume the property in the plane normal to the reinforcement to be that of 

isotropic matrix material alone.   

(Drabek 2006) investigated ductile damage in material matrix composite reinforced with 

particle and fiber using finite element analysis. The study discusses the element removal 

technique triggered in a ductile damage indicator and versions of the ductile rupture modes. For 

reducing the mesh dependency non-local average method is employed. A three dimensional 

matrix particle configuration is used to demonstrate the efficiency of the approach in limiting the 

mesh sensitivity. A non-local ductile damage model has been implemented in to a commercial 

finite element program; this approach remarkably reduces the mesh dependency of the response 

of the metal matrix composite. 

(Rodriguez 2005) has developed a analytical FEM model and sinusoidal vibration tests 

for studying stress concentration in bolted joints. Aluminum alloy 6082T6 is used in this study, 

using different Finite element Modellisation techniques under dynamic load stress distribution in 

a sample structure are determined. In the experimental study, a bolted joint sample structure is 

subjected to sinusoidal vibrations. The real vibration test results are compared to the results from 

different modeling techniques. Both the sold and shell Finite element models predicted the 
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breaking at the same location. In the FEM model made in ABAQUS boundary conditions that 

are more realistic can be applied and it gives optimistic results. 

  (Lehnhoff 1998) conducted axisymmetric finite element analysis on bolted lap joints to 

determine the effect of the thread on the bolt and on the stiffness of the members. For different 

bolt diameters as the external load increases the stiffness of the members decrease. The study 

includes both friction and geometry of the bolt. The aim of the analysis was to determine how the 

bolt stiffness changes with the increase of the external load. With the increase in the thickness of 

the top member of the joint the, bolt stiffness decrease. The relationship between member 

stiffness and the external load for steel, aluminum, cast iron and aluminum/cast iron members, 

material combination was that the member stiffness decreases with increase of external load for 

all the members. Significant differences were observed in the bolt and member stiffness when 

thread geometry was included. When bolt preload was applied, member stiffness increases due to 

the decrease in the member deflection. 

(Menzemer 1999) considered shear failure of aluminum connecting elements. An 

experimental and analytical method was used to study the block shear failure of aluminum 

connecting elements. A study was conducted on the extrinsic parameters such as geometry of the 

specimen to include the variation in joint length, gage space of the fasteners and orientation of 

the specimen. Gage refers to the distance between fasteners lines. Four different configurations 

of the specimen were examined, during the early stage of the tests; the load displacement curve 

showed a progressive increase in slope, such behavior is accounted to the removal of the slack 

from the load train coupled with gradual slip in the bearing. Up on the removal of the initial load, 

in major of the test records linear load-displacement region was observed along with strain 

hardening in to plastic domain. Once ultimate load has been reached majority of the specimen 
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exhibited decrease in load. In the uniaxial tension test, yielding occurs in a gradual manner as in 

stress-strain curve. It is observed that large gage specimen results in enhanced deformation in the 

specimen. Increase in gage specimen provides grater tensile ligament area and sufficient shear 

along the bolt line. The length of the connection affects the average sheer stress. With the 

increase in the connection, length there is an increase in joint capacity. The failure or rupture of 

the ligament between the fastener holes is reached when tensile stress between the upper most 

rows of bolt reach a point. When the samples and the failed surfaces were examined in JEOL 

scanning electronic microscope, the surface raveled clear elongated dimples and localized 

shearing. Random distributions of voids of varying sizes were observed at the fracture surface. 

The numerous voids of various sizes and shallow dimples on the fracture surface mean the 

existence of local ductile mechanism. For a bolted joint, with the increase in connection length 

the efficiency of the joint loaded in shear decrease. The effective stress varies between ultimate 

strength and yield strength in shear and is expressed as   

 

(2.2) 

Where σeff the effective stress in shear is, σy is the yield strength of the material, σu is the 

ultimate strength of the material and CI is the connection length factor. 

At some joint length, the connection length factor equals zero and /or the effective stress 

equals the yield strength in shear. The shear stress value would approach the ultimate tensile 

strength for very short joints.   

(Shankar 2002) investigated the effects of the oily film corrosion prevention compound 

on the fatigue behavior of the aluminum alloy 7075-T6 fastener joints. A constant amplitude 

fatigue loading was applied on a double lap joint with single bolt fastener, with and without 
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treatment with lubricative corrosion-prevention compound during the test. For all the specimens 

the fracture was observed in the middle plane or near the vicinity of the reduced section as the 

fastener hole. Bearing mode initiates at the bore of the hole and spreads diametrically across the 

fastener hole and fretting failure initiates from flaws created by the fretting damage on the 

surface of the middle plate. With the increase in the clamping force it is observed that the 

fracture line shifts away from center line of fastener hole and towards the loaded end of the 

middle plate. Higher lives were observed for specimen that failed in fracture mode that those 

failed in bearing mode for each load case and surface condition. This behavior is accounted for 

the fact that the bearing failure occurs at the edge of the fastener holes, where high levels of 

stress concentration are observed, while the fracture mode failure occurs away from the edge of 

hole, where much less stress concentrations are observed. With the increase of clamping force, 

there is a decrease of bearing stress and the stress intensity at the two locations become 

comparable, shifting failure from one mode to another. All failures are observed in bearing mode 

at certain level of frictional load transfer ratio, while at higher values of friction force the failure 

is observed in fretting mode. The transition between bearing and failure mode occurs at the same 

load transfer ratio for both the specimens. As long as the maximum frictional force is 

maintained, the CPC has no effect on the fatigue life for the joints that fail in bearing mode, 

where as application of CPC increase the fatigue life for specimen that fail in fretting mode at 

higher values of frictional force.  

(Cope 2004) in their research has developed a methodology to evaluate stress intensity 

factors for crack at the fasteners in mechanically fastened joints. Stress intensity is affected by 

geometric complexities, along with variations in load transfer in fasteners and fastener interface. 

A methodology is derived using finite element method, which depicts mechanical fasteners. 
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Based on the empirical force-displacement relationship the material properties of the fasteners 

are determined. For determining loads, stress and stress intensity factors for cracks in lap joints 

the two fasteners characterizations are used in combination. The stress intensity is not effected 

by the material properties of fasteners. Fastener diameter has a significant effect on the stress 

intensity. The residual strength depicted in FEM analysis was in agreement with the 

experimental results.       

(Fukuoka 1998) in has research has analyzed the mechanical behavior of bolted joints in 

various clamping configurations using finite element modeling as multi-body elastic contact 

problem. For through, studs and tap bolts the effects of nominal diameter, friction and pitch error 

up on stress concentration were evaluated. With the increase of the coefficient of friction (µ), the 

stress concentration at the thread root becomes remarkable. On the contrary, it is observed that µ 

increases and the stress concentration factor decreases when the bolt head is subjected to pure 

tension. This opposing phenomenon on the stress concentration factor observed at the bolt head 

and the thread root may be accounted to the difference in sliding direction of these two regions, 

as the bolt thread slides inwards, and the bolt head expands outwards. There is an increase in 

stress concentration under the bolt head with small radial coefficient of friction and large 

circumferential coefficient in case of tap bolt heads. Compared with through bolts, the 

mechanical behavior of the studs is not affected by the friction on the contact surface. High stress 

concentration factors may occur at the thread roots located in the rear of the bolt due to imperfect 

geometry caused by low accuracy in machining. For reducing high stress concentration, recessed 

internal threads are effective. In the loosening process to restrict the rotation of bottoming stud, 

the magnitude of bottoming torque should be more than half of tightening torque. 
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(Gerbert 1993) have analyzed different designs of bolted joints, which are externally 

loaded. The mount stiffness of bolt and abutment predicted in this study was higher than the bolt 

load. A load application factor was introduced in VDI 2230 and a new fraction was determined, 

which was much lower than the existing one. In practical design, there was no effect of the 

location of the external load on the application factor, but it was affected by the layout of the bolt 

joint.  The load factor Φ based on the mounting stiffnesses of the bolt and abutment is only valid 

when the external load is applied directly at the bolt head.   

 (Pratt 2002) developed a non-linear finite element models to predict the load elongation 

behavior of single and dual bolted conical head bolted lap joints. The study shows that the test 

specimen results of conical head bolts, the dual fasteners and the axisymmetric underestimate 

those of the single fasteners joints up to 17% in thick panels. The underestimation of joint 

strength results in over conservative joint design that in turn corresponds to excess weight and 

cost. To determine the joint stiffness and joint yield strength, the load elongation trace was used. 

The “joint yield strength is defined as the load at which a line, offset from the origin by 4% of 

the fastener hole size and having a slope equal to the joint stiffness, intersect the load elongation 

trace”. The direct measure of the resistance of joint elongation is given by the area under the 

load-elongation trace. A nonlinear finite element code NIKE3D was used to develop the models, 

a bilinear elastic-plastic material model has been used. The effective coefficient of friction (µ) 

for subsurface shear is given by  

 

(2.3) 

Where, P is Normal force and A is contact area. 
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To predict the slip resistance of experimental specimen the fastener to panel frictional coefficient 

and residual fastener clamp are used. The dual fastener results were halved to enable a 

comparison with single fastener specimen results. In thick panels, the dual fasteners 

underestimate the yield strength of single fastener by 10%, a 17% high slip resistance was 

observed in single fastener lap joint when compared to dual fastener test results. The 

experimental data was substantiated with finite element analysis results. The model’s load 

elongation predictions were in agreement with experimental data.  

2.2 Summary  

Mechanically fastened joints typically display three failure modes, bearing, shear out and net 

tension. Combination of these failures modes is also possible. The strength of the mechanically 

joints is effected by various parameters. The parameters that have most influence on the failure 

mode of the bolted lap joints are distance from bolt to the edge of the laminate and the width of 

the joint. The structure is also affected by the clearance between the fastener and the hole. 

Friction between the bolt head and the laminate also affects the strength of the joint. Hence all 

these parameters are to be studied to design a bolted joint.    

 

 

 

 

 

 

 

 

  14



CHAPTER 3  

FINITE ELEMENT MODEL DEVELOPMENT 

3.1 Introduction 

                The following chapter discusses in detail the 3D Finite Element Model developed to 

predict the stress concentrations around the hole in a metal matrix composite connected through 

three rows of fasteners in both single and double lap joints. The model results are validated 

theoretically by comparing with closed form solution.      

3.2 Finite Element Modeling  

               ABAQUS/Standard pre and post processor program has been used to create and 

analyze the Finite element model. ABAQUS is a powerful engineering simulation program based 

on finite element methods, which can solve most challenging non-linear simulations. Extensive 

libraries of element types are found in ABAQUS, which can be used to model any geometry. In 

addition to element library, we can find extensive list of material models, which can simulate any 

engineering material. In most simulations including the nonlinear simulation, the only 

parameters the user has to provide are geometry of the structure, material properties, the 

boundary conditions and the loads applied. Abaqus automatically chooses the load increments 

and the convergence tolerance for nonlinear analysis.  

3.3 Development of Model 

          The model for this analysis consists of two components as shown in the Figures 3.1 and 

3.2. 

• Panels 

• Three protruding head bolts 
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General layout of the both single and double lap joints and the geometric parameters of their 

elements (panels and bolts) are shown in the Figures 3.3, 3.4 and 3.5. 

 

Figure 3.1 Schematic of flat panel 

 

 

Figure 3.2 Schematic of protruding head bolt 
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Table 3.1 illustrates the main dimensions of the components of bolted lap joint for both 

single and double lap joints. The joints are assumed to be assembled from prismatic connected 

plates made of metal alloys or metal matrix composites fastened with three rows of fasteners. 

Fastener bolts were with out any threading. The purpose of this model was to study the effect of 

various parameters on the stress around the hole. For detailed modeling of the contact surfaces 

between the panels of the joint and between the fasteners and the hole, the components were 

meshed with 8-node solid brick element. 

 

 

 

 

 

 

 

 

 

DHL DH/2

T

RBB

B

Figure 3.3 Layout of double lap joint 

 

TABLE 3.1 DIMENSIONS OF THE PLATE COMPONENTS OF THE LAP JOINT 

L  B DH/2 T RB DH

60mm  20mm 20mm 1mm 3mm 40mm 
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DH/2DHL 

T
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B

Figure 3.4 Layout of single lap joint 

 

DH

TH
B

DB

Figure 3.5 Layout of fastener 

 

TABLE 3.2 DIMENSIONS OF THE FASTENER COMPONENT 

Parameter TH B DB DH  

Single Lap 1 2 6 9 

Double Lap 1 3 6 9 
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3.4 Contact Surfaces 

  The contact surface between the connected plates is modeled chosen as a sliding interface with 

a coefficient of friction, such a sliding surface is placed between the top plate and middle plate, 

between the middle plate and lower plate and between the fasteners and the plates. The role of 

such a surface is to prevent the penetration of elements of each component, which resist the 

relative sliding of the surfaces in to account. The coefficient of friction (µ) is defined as a 

interaction property in the modeling process. The common friction model used to describe the 

contact surface is called coulomb friction. The product ‘µP’ where P is defined as the contact 

pressure between the two surfaces in contact, gives the limiting friction shear stress value for the 

contact surface. Usually for most surfaces, the coefficient of friction value lies between Zero and 

the 0.1 to 0.3. In this study the coefficient of friction for the interface between the panels is set to 

0.2 and for panel to fastener interface the value is set to 0.07 as shown in the Table 3.3  

 

TABLE 3.3  COEFFICIENT OF FRICTION TO DEFINE CONTACT INTERFACE 

CONDITIONS 

Parameter Value Analysis type 

Plate-to-Plate 0.2 Mechanical 

Plate-to-Fastener 0.07 Mechanical 

 

3.5 Boundary and Loading Conditions 

  The Figure 3.6 shows the boundary and loading condition of the mechanical model for 

both single and double lap joints. 
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The nodes constrained 
in X and Y direction 

Uniform axial Load

 

Figure 3.6 Boundary and loading conditions 

   In case of single lap joint the left end of the upper panel was constrained in both X and Y 

directions and at the right end of the lower plate a uniform axial load in the form of pressure was 

applied. In case of double lap joint the left end of both the upper and lower plate are constrained 

in both X and Y direction and uniform axial load in the form of pressure is applied to the right 

end of the middle plate.  

3.6 Fastener Pretension  

The pre-tension section is modeled as surface inside the fastener, which divides the fastener in to 

two equal halves as shown in the Figure 3.7.  A pre-tension node is used to transfer the assembly 

load across the pre-tension section and this pre-tension node is not attached to any of the 
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elements in the model. The coordinates of this point are not significant and a concentrated load is 

applied in the Z direction at this node as shown in the Figure 3.8.    

 

Pre-Tension 
surface 

Figure 3.7 Fastener pre-tension surfaces 

 

 

Pretension 
Node 

Figure 3.8 Fastener pre-tension node 
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 3.7 Material Model 

            The material behavior of fasteners and the panels is simulated by assuming linear elastic 

plastic model. This model assumes an equivalent isotropic homogeneous material, which can be 

used in conjunction with shell, solid or beam elements alike. The parametric study conducted by 

using this model assumes that the jointed plates are made of conventional metal alloys or metal 

matrix composites. Fastener was assumed to be made of titanium. To determine the effects of the 

elastic properties of the jointed plate materials on the stress fields around the hole of the bolted 

joints, the study was extended to traditional metals such as steel and aluminum 

              The stress-strain curve in the linear elastic plastic material model is represented by a 

bilinear relation. The material behavior is assumed to be linear elastic until the effective stress 

reaches yield stress, σ0 and in this region the stress-strain relation is represented by Hook’s law  

 
(3.1)

Where σ represents the applied uniaxial stress and the ε represents the induced strain. The 

behavior of the material enters work hardening zone when the applied stress increases beyond 

the yield stress, which in turn results in both elastic and plastic deformation [3]. A new yield 

surface called subsequent yield surface is created at each stage of plastic deformation. According 

to the following relation the subsequent yield stress σY can be expressed as a function of effective 

plastic strain εp
eff and modulus of plastic hardening Ep 

 
(3.2) 

The modulus of plastic hardening associated with plastic deformation component is determined 

in terms of the elastic modulus E, and the tangent modulus Et as follows 
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(3.3) 

For such material model, Von Mises yield condition describes the yield condition: 

 
(3.4) 

Where J2 second  stress invariant and is defined in terms of deviatoric stress tensor components,  

 

(3.5) 

The effective plastic strain is given by  

 

(3.6) 

The material properties of all the materials used in this simulation are listed in the Table 3.4.  

3.8 Element Formulation 

                Different techniques were employed to mesh the components of the lap joint used in 

this analysis. The Figure 3.9 show the typical finite element meshes of the components of the lap 

joints.   

               The meshes of the panel were partitioned in to squares where the panels overlapped and 

the region around the hole where the panel was in contact with the fasteners was partitioned in 

circular. The mesh used to model the interface between the hole and the fastener is very fine in 

order to, accurately simulate the cylindrical surface and to capture high stress generated around 

the hole. A biased mesh is employed at the far ends of the panels where the panels do not over 

lap as shown in the Figure 3.11. All the components of the joint are meshed using 8-node solid 
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brick element (ABAQUS element C3D81). Figure 3.12 illustrates the finite element meshed bolt 

component.       

 

Figure 3.9 Finite element meshed model of a plate with holes 

 

 

Figure 3.10 Mesh field around the hole 
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Figure 3.11 Baised mesh used at the far ends of the plate 

 

 

Figure 3.12 Finite element meshed model of a fastener 
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TABLE 3.4 DIFFERENT MATERIAL MODELS AND MATERIAL PROPERTIES 

 

Material                          Material Model                            Property                                  Value     

 
 
                                                                                            Density (Kg/m3)                       2700 
Aluminum                      Linear Elastic Plastic                  Young’s Modulus (GPa)           70  
                                                                                            Poisson’s Ratio                         0.35 
                                                                                            Yield Strength (MPa)               103  
 

 
 
                                                                                             Density (Kg/m3)                      8030 
Steel                               Linear Elastic Plastic                   Young’s Modulus (GPa)          193.1  
                                                                                             Poisson’s Ratio                        0.29 
                                                                                             Yield Strength (MPa)              275  
 

 
 
                                                                                             Density (Kg/m3)                       4710 
Titanium                        Linear Elastic Plastic                    Young’s Modulus (GPa)          116  
                                                                                             Poisson’s Ratio                        0.34 
                                                                                             Yield Strength (MPa)              138  
 

 
 
Metal Matrix                                                                        Density (Kg/m3)                      2800 
Composite                     Linear Elastic Plastic                     Young’s Modulus (GPa)        127 
(Lanxide reinforced                                                              Poisson’s Ratio                      0.31 
AL-30% SIC reinforced)                                                     Yield Strength (MPa)             177.6 

 
 
Metal Matrix                                                                         Density (Kg/m3)                    6430 
Composite                     Linear Elastic Plastic                     Young’s Modulus (GPa)       199 
(Lanxide reinforced                                                              Poisson’s Ratio                     0.29 
AL-55% SIC reinforced)                                                      Yield Strength (MPa)           275    
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3.9 Model Validation  

 The finite element model developed in this study has been validated by comparing the 

results of the Finite element model with the results obtained by using a closed form solution. 

 A classical problem of a flat plate with a circular hole has been used for above validation 

study, since the stress, concentration around the hole shown in the Figure 3.13 can be calculated 

using a closed form solution. In this validation method, the edges of the plate with a hole are 

subjected to a uniform axial stress of σ0. The plate is of uniform thickness with T=3mm. the 

above problem is modeled in ABAQUS, the two far ends of the flat plate with a hole is subjected 

to a uniform load of σ0. The plate under consideration is modeled using the same mesh used to 

model the plates of the bolted joint. The stress generated around the hole in the finite element 

model is compared with those obtained by using the closed form solution for circular hole in an 

infinite plane under uniaxial tension [2].  

3.9.1 Closed Form Solution for a Plate with a Circular Hole  

            Considering the infinite plate in Y-direction, with a circular hole of radius a in the center 

and under uniaxial tension σ0,  the plane stress components at any point with respect to polar 

coordinates (r,θ) are given by the following Equation 3.1 

 

 

(3.7) 
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We can observe the stress state given by the above equation satisfies the boundary conditions at 

r=a (σrr = σrθ = 0 for all θ) and at r = infinity (σxx = σrr = σ for θ=0 and σyy = σrr = 0 for θ= π/2 and 

3π/2) 

Using two dimensional stress transformation equations, from the above equation we can 

obtain the Cartesian components of the stress in X and Y direction at any point around the 

boundary of the circular hole.  

By setting the values of θ = 90º and the r = X in the above equation 3.1, we can obtain the stress 

component in Y-direction. 

 

(3.8) 

The stress distribution ratios σxx / σ0 and σyy / σ0 along Y-direction are plotted along with the 

results obtained from finite element analysis as show n in the Figures 3.15 and 3.16. 

Similarly, by setting the values of θ = 0º and the r = X in the above equation 3.1, the stress 

component along X-direction can be obtained. 

 

(3.9) 
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The stress distributions σxx / σ0 and σyy / σ0 along X-direction are plotted along with the results 

obtained from the finite element analysis. 

A good agreement was observed in all these graphs between the closed form solution results and 

the finite element results. The differences observed between theses two approaches especially at 

the free ends is attributed to the numerical errors in finite element analysis and the assumptions 

such as infinitely extended plate included in the closed form solution. 

 

Figure 3.13 Infinite plate with a circular hole  

 

Figure 3.14 Flat plate with circular hole for validation of fem model  
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Figure 3.15 Distribution of σxx / σ0 and σyy / σ0 stress along Y-direction  

 

Figure 3.16 Distribution of σxx / σ0 and σyy / σ0 stress along X-direction  
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CHAPTER 4 

STRESS DISTRIBUTION FOR SINGLE LAP JOINT  

4.1 Introduction 

The following chapter gives a detailed overview of the stress fields computed using finite 

element model for a single lap joint. A parametric study has been carried out to find the effect of 

various parameters namely Young’s modulus, Fastener Pre-tension, Bolt diameter, axial load and 

the distance between the holes, on the stress distribution around the hole. 

 4.2 Stress Distribution around the Hole in the Lower Plate of Single Lap Joint   

In a single lap joint, the axial load applied on the joint is transferred from one component 

to other through two types of mechanisms, one through the friction at the interface between the 

plates and the second through the transverse shear force transmitted to the bolt through the 

contact between the bolt and plate. Due to the eccentricity of the loading in a single lap joint, 

bending of the joint is observed as shown in the Figure 4.2.  For a single lap joint, it very 

complex to predict the possible failure modes due to the bending effect associated with the fact 

that the load path through the joint is not a straight line. All the stress outputs are computed for 

the hole in the bottom plate, which is nearer to the edge to which the axial load is being applied.  

The distribution of Vonmises stress, developed around the hole closer to the right edge, in 

the lower plate is shown in the Figure 4.1. A very low value of the compressive stress at the 

contact side between the bolt surface and the hole indicates that the joint is transferring most of 

the applied load through friction at the interface. 

The distribution of the normal stress along X-direction (σxx) component and Shear stress 

component developed around the hole are shown in the Figures 5.3 and 5.4. 
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The shear stress distribution (τxy) around the hole in the lower plate is illustrated in the 

Figure 4.4. The distribution of effective stress developed in the lower plate of the joint where 

axial load is applied is shown in the Figure 4.1. It can be observed that the area around the hole is 

subjected to high concentration of stress indicating that potential failure will be initiated in that 

region. 

 

 

 

Figure 4.1 Distribution of Vonmises stress in the lower plate 
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Figure 4.2 Predicted deformation of single lap joint under axial loading  

 

 

Figure 4.3 Maximum principle stress distribution in the lower plate 
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Figure 4.4 Shear stress distribution in the lower plate 

 

4.3 Effect of Material Properties 

The effect of material properties on the stress around the hole in the lower plate of lap 

joint is studied by changing the Young’s modulus of the jointed plates. In this study, four 

different materials have been used to determine the effect of the material properties on the stress 

around the hole. Aluminum reinforced with 30% silicon carbide with Young’s modulus (E 

=127Gpa), aluminum reinforced with 55% silicon carbide with E=199Gpa, Aluminum with 

E=70Gpa and Steel with E=193.1Gpa are being used, the detailed material properties of these 

materials have been shown in the Table 3.4. It is observed from the plots that there is no 

  34



significant change in the effective and normal stress along X direction with the change of 

material properties of the plates as seen in the Figures 4.5 and 4.6.  

However, we can observe that a change in the Young’s modulus has an effect on the 

strain developed around the hole in the lower plate as seen in the Figure 4.7. With the increase of 

Young’s modulus, there is a decrease in strain value. One can expect that the strains around the 

hole be reduced when stiffer materials are used.    

There is difference of 6% in the effective stress when AL-55%SIC is used over AL-

30%SIC, the difference comes down to 2% when Aluminum is used and when Steel is used the 

difference is 5% as shown in the Figure 4.8. 

The difference in the normal stress around the hole for different material models is shown 

in the Figure 4.9. The normal stress increases by 6% when AL-55%SIC is used and the 

difference is 6% when Aluminum is used over AL-30%SIC. The difference is 5% when Steel is 

used. From the above values, we can conclude that the material properties do not have any 

significant effect on the effective stress and normal stress around the hole. 

However from the Figure 4.10 we can observe that the with the decrease of Young’s 

modulus the strain value around the hole increase. The strain increases by 73 % between AL-

30%SIC and AL-55%SIC, and between Aluminum and AL-55%SIC the difference is 90%, the 

difference comes down to 8% between Steel and AL-55%SIC.    
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Figure 4.5 Distribution of Vonmises stress around the hole for different material models 

 

Figure 4.6 Distribution of Normal stress (σxx) around the hole for different material models 
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Figure 4.7 Distribution of Normal strain (εxx) around the hole for different material models 

 

Figure 4.8 Difference in Vonmises stress around the hole for different material models 
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Figure 4.9 Difference in Normal stress (σxx) around the hole for different material models 

 

Figure 4.10 Difference of Normal strain (εxx) around the hole for different material models 
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4.4 Effect of Axial Load 

The effect of axial load on the stress around the hole is studied by running the finite 

element analysis for two values of axial load. Loads of 40Mpa and 100Mpa are being studied. 

The Figure 4.11 Illustrates the distribution of the effective stress developed around the hole for 

different axial load applied to the joint. It can observed that with an increase in the applied load 

there is an increase in the effective stress. 

The Figure 4.13 Illustrates the effect of shear stress around the hole, as it is seen shear 

stress is positive on one side of the hole and negative on the other side. The distribution of 

normal stress is plotted for different axial loads in the Figure 4.12.    

The effective stress around the hole increases by 67% with the increase of the axial load 

as shown in the Figure 4.14. Similarly, the normal stress around the hole increases by 70% when 

the axial load is increased from 40Mpa to 100Mpa as shown in the Figure 4.15. the difference in 

the shear stress is 78% as shown in the Figure 4.16.  

 

Figure 4.11 Distribution of Vonmises stress around the hole for different axial loads 
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Figure 4.12 Distribution of Normal stress (σxx) around the hole for different axial loads 

     

 Figure 4.13 Distribution of Shear stress (τxy) around the hole for different axial loads 
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Figure 4.14 Difference in Vonmises stress around the hole for different axial loads 

 

Figure 4.15 Difference in Normal stress (σxx) around the hole for different axial loads 
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Figure 4.16 Difference of Shear stress (τxy) around the hole for different axial loads 

 

4.5 The effect of Bolt Diameter 

The effect of the bolt diameter on the stress around the is studied by running the finite 

element analysis of the model by changing the diameter of the hole, bolt diameters of 5mm, 6mm 

and 7mm are being used to study the effect of the bolt diameter. We can observe from the Figure 

4.17. That with the increase in the diameter of the bolt there is an increase in the stress developed 

around the hole. The normal stress along X direction and shear stress also follow similar 

phenomena with the change in the bolt diameter as shown in the Figures 4.18 and 4.19.    
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The effective stress increases by 34% when the bolt diameter is increased from 5mm to 

6mm as shown in the Figure 4.20. The difference in effective stress around the hole is 65% when 

the bolt diameter of 7mm is used. 

The normal stress also increases with the increase of the bolt diameter as shown in the 

Figure 4.21. There is an increase of 53% when the bolt diameter is increased from 5mm to 6mm 

and the increase is 69% for the bolt diameter of 7mm. 

Similarly, for shear stress the increase is 12% for bolt diameter 6mm and 41% for bolt 

diameter 7mm as shown in the Figure 4.22.   

 

 

Figure 4.17 Distribution of Vonmises stress around the hole for different bolt diameters 
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Figure 4.18 Distribution of Normal Stress (σxx) around the hole for different bolt diameters 

 

Figure 4.19 Distribution of Shear stress (τxy) around the hole for different bolt diameters 
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Figure 4.20 Difference in Vonmises stress around the hole for different bolt diameters 

 

Figure 4.21 Difference in Normal stress (σxx) around the hole for different bolt diameters 
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Figure 4.22 Difference of Shear stress (τxy) around the hole for different bolt diameters 

 

4.6 Effect of Distance between the Holes 

By changing the distance between the holes in the jointed plate its effect on the stress 

developed around the hole are studied, in the study three different distances between the holes 

35mm, 40mm and 45mm are being used to determine its effect. The distance between the holes 

is changed by keeping all the other parameters constant. Large distance between the holes leads 

to decrease in the stress levels around the hole, this phenomena is attributed to the fact that there 

is on increase in the distance from the center of the hole to the edge of the plate with the increase 

in the distance between the holes. 

With the increase in the distance between the holes, there is a decrease in the effective 

stress and normal stress around the hole as seen in the Figures 4.23 and 4.24.  
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The effective stress around the hole decreases with the increase of distance between the 

holes. The effective stress increases by 37% when the distance between the holes decreased to 

40mm from 45mm and the stress increases by 47% when the distance between the holes is 35mm 

as shown in the Figure 4.25. 

Similarly, the normal stress value increases by 51% when the distance between the holes 

is 40mm and when the distance between the holes is 35mm, the normal stress increases by 60% 

as shown in the Figure 4.26. 

   

 

Figure 4.23 Distribution of Vonmises stress around the hole for different distances  
between holes 
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Figure 4.24 Distribution of Normal stress (σxx) around the hole for different distances  
between holes 

 

Figure 4.25 Difference of Vonmises stress around the hole for different distances  
between holes 
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Figure 4.26 Difference of Normal stress (σxx) around the hole for different distances  
between holes 

 

4.7 Effect of Fastener Pretension 

The effect of fastener pretension on the stress developed around the hole is investigated by 

applying different levels of fastener pretension pressures at the center of the bolt and observing 

the associated changes in the stress distribution developed around the hole in the lower plate for 

each case of the pretension pressure. Three different levels of fastener pretension pressure 

100Mpa, 150Mpa and 200Mpa are being applied on the bolt surface along the Z direction while 

all the other parameters are kept constant. The distribution of the Vonmises stress around the 

hole for different pretension pressures is plotted in the Figure 4.27. It can be observed that with 

the increase in pretension pressure there is an increase in the stress around the hole. 
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It can be observed from the Figure 4.28 that with the increase in the pretension pressure there is a 

decrease in the normal stress value along the X direction and this phenomenon is attributed to the 

increase in the amount of load transfer through friction as the pretension pressure increases. 

Since the friction forces are likely to increase with the increase of the pretension pressure, the 

shear stress in X-Y plane will also increase as seen in the Figure 4.29. 

 The effective stress around the hole increases with the increase of fastener pretension 

value as shown in the Figure 4.30. As the pretension, value is increased from 100Mpa to 

150Mpa, the stress value increases by 29% and for the pretension value of 200Mpa the stress 

value is increases by 55%.  

 The shear stress value increases by 56% when the fastener pretension is increased to 

150Mpa and the stress value increases by 68% when the fastener pretension value of 200Mpa is 

applied as shown in the Figure 4.32. 

 However the normal stress values increases with the increase of fastener pretension 

values as shown in the Figure 4.31. The normal stress value increases by 55% when the 

pretension is decreased to 150Mpa from 200Mpa. The normal stress increases by 69% when the 

pretension value of 100Mpa is applied to the joint.   
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Figure 4.27 Distribution of Vonmises stress around the hole for different bolt pretension 

 

Figure 4.28 Distribution of Normal stress (σxx) around the hole for different bolt pretension 
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Figure 4.29 Distribution of Shear stress (τxy) around the hole for different bolt pretension 

 

Figure 4.30 Difference of Vonmises stress around the hole for different bolt pretension 
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Figure 4.31 Difference of Normal stress (σxx) around the hole for different bolt pretension 

 

Figure 4.32 Difference of Shear stress (τxy) around the hole for different bolt pretension 
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CHAPTER 5 

STRESS DISTRIBUTION FOR DOUBLE LAP JOINT  

5.1 Introduction 

The following chapter gives a detailed overview of the stress fields computed using finite 

element model for a double lap joint. A parametric study has been carried out to find the effect of 

various parameters namely Young’s modulus, Fastener Pre-tension, Bolt diameter, axial load and 

the distance between the holes, on the stress distribution around the hole. 

 5.2 Stress Distribution around the Hole in the Middle Plate of a Double lap Joint  

In a double lap joint, the axial load applied on the joint is transferred from one 

component to other through two types of mechanisms, one through the friction at the interface 

between the plates and the second through the transverse shear force transmitted to the bolt 

through the contact between the bolt and plate. As the load is applied at the right edge of the 

middle plate, it is transferred to the other two plates through the first mechanism until the 

magnitude of the applied load overcomes the frictional forces at the interface between the jointed 

plates. Then the plate slides over each other with the amount clearance between bolt and hole at 

this time, the bolt transfers the amount of load that exceeds the frictional force by shear to the 

other plates. The amount of load that is transferred is function of fastener tightening pressure, 

coefficient of friction between the plates and the overlapped area between the plates. 

Distribution of the Vonmises stress as developed around the hole in the middle plate, is 

illustrated by the Figure 5.1. Figure 5.2 illustrates the deformed shape of the double lap joint 

when an axial load is applied to the middle plate. 

       The distribution of the normal stress along X-direction (σxx) component and Shear 

stress component developed around the hole are shown in the Figures 5.3 and 5.4. It can be 
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observed that the area around the hole is subjected to high concentration of stress indicating that 

potential failure will be initiated in that region. 

 

 

Figure 5.1 Distribution of Vonmises stress in the middle plate 

 

 

Figure 5.2 Predicted deformation in double lap joint 
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Figure 5.3 Predicted distribution of normal stress in middle plate 

 

 

Figure 5.4 Predicted distribution of shear stress in middle plate 
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5.3 Effect of Material Properties 

The effect of material properties on the stress around the hole in the lower plate of lap 

joint is studied by changing the Young’s modulus of the jointed plates. In this study, four 

different materials have been used to determine the effect of the material properties on the stress 

around the hole. Aluminum reinforced with 30% silicon carbide with Young’s modulus (E 

=127Gpa), aluminum reinforced with 55% silicon carbide with E=199Gpa, Aluminum with 

E=70Gpa and Steel with E=193.1Gpa are being used, the detailed material properties of these 

materials have been shown in the Table 3.4. It is observed from the plots that there is no 

significant change in the effective and normal stress along X direction with the change of 

material properties of the plates as seen in the Figures 5.5 and 5.6.  

However, we can observe that a change in the Young’s modulus has an effect on the 

strain developed around the hole in the lower plate as seen in the Figure 5.7. One can expect that 

the strains around the hole are reduced when stiffer materials are used. 

There is difference of 1% in the effective stress when AL-30%SIC is used over 

Aluminum, the difference is 3% when AL-55%SIC is used and when Steel is used the difference 

is 3% as shown in the Figure 5.8. 

The difference in the normal stress around the hole for different material models is shown 

in the Figure 5.9. The normal stress increases by 5% when AL-55%SIC is used and the 

difference is 5% when Aluminum is used over AL-30%SIC. The difference is 2% when Steel is 

used. From the above values, we can conclude that the material properties do not have any 

significant effect on the effective stress and normal stress around the hole. 

However from the Figure 5.10 we can observe that the with the decrease of Young’s 

modulus the strain value around the hole increase. The strain increases by 65% between AL-
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30%SIC and AL-55%SIC, and between Aluminum and AL-55%SIC the difference is 93%, the 

difference comes down to 5% between Steel and AL-55%SIC.    

 

Figure 5.5 Distribution of Vonmises stress around the hole for different material models 
 

 

Figure 5.6 Distribution of Normal stress (σxx) around the hole for different material models 
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Figure 5.7 Distribution of Normal strain (εxx) around the hole for different material models 

 

Figure 5.8 Difference of Vonmises stress around the hole for different material models 
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Figure 5.9 Difference of Normal stress (σxx) around the hole for different material models 
 

 

Figure 5.10 Difference of Normal strain (εxx) around the hole for different material models 
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5.4 Effect of Axial Load 

The effect of axial load on the stress around the hole is studied by running the finite 

element analysis for two values of axial load. Loads of 40Mpa and 100Mpa are being studied. 

The Figure 5.11 Illustrates the distribution of the effective stress developed around the hole for 

different axial load applied to the joint. It can observed that with an increase in the applied load 

there is an increase in the effective stress. 

The Figure 5.13 Illustrates the effect on shear stress around the hole, as it is seen shear 

stress is positive on one side of the hole and negative on the other side. The distribution of 

normal stress is plotted for different axial loads in the Figure 5.2.    

The effective stress around the hole increases by 66% with the increase of the axial load 

as shown in the Figure 5.14. Similarly, the normal stress around the hole increases by 46% when 

the axial load is increased from 40Mpa to 100Mpa as shown in the Figure 5.15. The difference in 

the shear stress is 51% as shown in the Figure 5.16.  

 
 

Figure 5.11 Distribution of Vonmises around the hole for different axial loads 
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Figure 5.12 Distribution of Normal stress (σxx) around the hole for different axial loads 
 

 
 

Figure 5.13 Distribution of Shear Stress (τxy) around the hole for different axial loads 
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Figure 5.14 Difference of Vonmises around the hole for different axial loads 
 

 
 

Figure 5.15 Difference of Normal stress (σxx) around the hole for different axial loads 
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Figure 5.16 Difference of Shear Stress (τxy) around the hole for different axial loads 

5.5 Effect of Bolt Diameter 

The effect of the bolt diameter on the stress around the is studied by running the finite 

element analysis of the model by changing the diameter of the hole, bolt diameters of 5mm, 6mm 

and 7mm are being used to study the effect of the bolt diameter. We can observe from the Figure 

5.17 that with the increase in the diameter of the bolt there is an increase in the stress developed 

around the hole. The normal stress along X direction and shear stress also follow similar 

phenomena with the change in the bolt diameter as shown in the Figures 5.18 and 5.19.    
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The effective stress increases by 35% when the bolt diameter is increased from 5mm to 

6mm as shown in the Figure 5.20. The difference in effective stress around the hole is 58% when 

the bolt diameter of 7mm is used. 

The normal stress also increases with the increase of the bolt diameter as shown in the 

Figure 5.21. There is an increase of 59% when the bolt diameter is increased from 5mm to 6mm 

and the increase is 73% for the bolt diameter of 7mm. 

Similarly, for shear stress the increase is 26% for bolt diameter 6mm and 67% for bolt 

diameter 7mm as shown in the Figure 5.22.   

 

 
 

Figure 5.17 Distribution of Vonmises stress around the hole for different bolt diameters 
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Figure 5.18 Distribution of Normal stress (σxx) around the hole for different bolt diameters 

 

Figure 5.19 Distribution of Shear stress (τxy) around the hole for different bolt diameters 
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Figure 5.20 Difference of Vonmises stress around the hole for different bolt diameters 
 

 
 

Figure 5.21 Difference of Normal stress (σxx) around the hole for different bolt diameters 
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Figure 5.22 Difference of Shear stress (τxy) around the hole for different bolt diameters 

5.6 Effect of Distance between the Holes 

By changing the distance between the holes in the jointed plate its effect on the stress 

developed around the hole are studied, in this study three different distances between the holes 

35mm, 40mm and 45mm are being used to determine its effect. The distance between the holes 

is changed by keeping all the other parameters constant. Large distance between the holes leads 

to decrease in the stress levels around the hole, this phenomenon is attributed to the increase in 

the distance from the center of the hole to the edge of the plate with the increase in the distance 

between the holes. 
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With the increase in the distance between the holes there is an increase in the effective 

stress and normal stress around the hole as seen in the Figures 5.23 and 5.24.  

The effective stress around the hole decreases with the increase of distance between the 

holes. The effective stress increases by 27% when the distance between the holes decreased to 

40mm from 45mm and the stress increases by 53% when the distance between the holes is 35mm 

as shown in the Figure 5.25. 

Similarly, the normal stress value increases by 38% when the distance between the holes 

is 40mm and when the distance between the holes is 35mm, the normal stress increases by 67% 

as shown in the Figure 5.26. 

 
 

Figure 5.23 Distribution of Vonmises stress around the hole for different distances  
between the holes  
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Figure 5.24 Distribution of Normal stress (σxx) around the hole for different distances  
between the holes 

 

 
 

Figure 5.25 Difference of Vonmises stress around the hole for different distances  
between the holes  
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Figure 5.26 Difference of Normal stress (σxx) around the hole for different distances  
between the holes 

 
5.7 Effect of Fastener Pretension 

The effect of fastener pretension on the stress developed around the hole is investigated 

by applying different levels of fastener pretension pressures at the center of the bolt and 

observing the associated changes in the stress distribution developed around the hole in the lower 

plate for each case of the pretension pressure. Three different levels of fastener pretension 

pressure 100Mpa, 150Mpa and 200Mpa are being applied on the bolt surface along the Z 

direction while all the other parameters are kept constant. The distribution of the Vonmises stress 

around the hole for different pretension pressures is plotted in the Figure 5.27. It can be observed 
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that with the increase in pretension pressure there is an increase in the effective stress around the 

hole. 

As the Figure 5.28 illustrates, that with the increase in the pretension pressure there is a 

decrease in the normal stress value along the X direction and this phenomena is attributed to the 

increase in the amount of load transfer through friction as the pretension pressure increases. 

Since the friction forces are likely to increase with the increase of the pretension pressure, the 

shear stress in X-Y plane will also increase as seen in the Figure 5.29. 

The effective stress around the hole increases with the increase of fastener pretension 

value as shown in the Figure 5.30. As the pretension, value is increased from 100Mpa to 

150Mpa, the stress value increases by 33% and for the pretension value of 200Mpa the stress 

value is increases by 48%.  

 The shear stress value increases by 26% when the fastener pretension is increased to 

150Mpa and the stress value increases by 46% when the fastener pretension value of 200Mpa is 

applied as shown in the Figure 5.32. 

 However the normal stress values increases with the increase of fastener pretension 

values as shown in the Figure 5.31. The normal stress value increases by 33% when the 

pretension is decreased to 150Mpa from 200Mpa. The normal stress increases by 51% when the 

pretension value of 100Mpa is applied to the joint.   
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Figure 5.27 Distribution of Vonmises around the hole for different bolt pretension 
 

 
 

Figure 5.28 Distribution of Normal stress (σxx) around the hole for different bolt pretension 
 

  73



 
 

Figure 5.29 Distribution of Shear stress (τxy) around the hole for different bolt pretension 

 

Figure 5.30 Difference of Vonmises around the hole for different bolt pretension 

  74



 
 

Figure 5.31 Difference of Normal stress (σxx) around the hole for different bolt pretension 
 

 
 

Figure 5.32 Difference of Shear stress (τxy) around the hole for different bolt pretension 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Due to the complexities and dependency on many material and geometric variables, the 

behavior of bolted joints in composite structures is of high concern. Extensive knowledge of the 

multiple parameters that affect the behavior of the structural joints is required for reliable and 

effective design. A three dimensional finite element model has been developed to study the 

effects of various parameters on the stress distribution developed around the hole. The results 

obtained from the finite element analysis have been validated by using a closed form solution 

model, which consists of an infinite, elastic plate with a circular hole subjected to uniform axial 

load. The stress predicted by the closed form model along the X and Y axes are compared with 

the corresponding values from the finite element analysis and good agreement was obtained. 

The primary conclusions of the investigation in this thesis are summarized below: 

A. The Young’s modulus of the plate material does not have significant effect on the stress 

distribution around the hole. However, the strain levels around the hole increase as the 

Young’s modulus decreases.  

B. With the increase of the applied axial load increase of stress values around the hole have 

been observed. 

C. The bolt diameter has an affect on the stress distribution around the hole, as the bolt 

diameter increases the stress values increase. 

D. The stress developed is affected by the distance between the holes, as the distance 

increases there is a decrease in the stress values. 
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E. Increase in the fastener pretension increases the effective stress and the shear stress 

around the hole but the normal stress values decrease with the increase of the fastener 

pretension. 

6.2 Comparison of Single lap and Double lap Joint  

 The stress values around the hole for single lap and double lap joint are compared in this 

section. The effective stress around the hole in a single lap joint is more by 48%, normal stress 

value is more by 41% and Normal strain value is more by 40% when compared to double lap 

joint when AL-30%SIC is used. Similarly, when AL-55%SIC is used the effective stress in the 

single lap joint is more by 51%, normal stress value is more by 46% and the Normal strain value 

is more by 16%. 49% of more effective, 47% more of normal stress and 5% more of Normal 

strain were observed in single lap joint when Aluminum was used. With steel, the effective stress 

is more by 51%, normal stress was more by 50% and the Normal strain was more by 27% in 

single lap joint as shown in the Figures 6.1 and 6.2. 

 As shown in the Figure 6.3 an increase of 49% in effective stress, 42% of increase in 

normal stress and 73% of increase in shear stress was observed in single lap joint when axial 

load of 40Mpa was applied. Similarly, when axial load of 100Mpa was applied an increase of 

50% in effective stress, increase of 49% in normal stress and increase of 88% in shear stress was 

observed in single lap joint. 

 When bolt diameter of 5mm was used, an increase of 49% in the effective stress, increase 

of 39% in normal stress and increase of 78% in shear stress was observed in single lap joint as 

shown in the Figure 6.4. Similarly, for bolt diameter 6mm, an increase of 48% in effective stress, 

31% increase in normal stress and 74% in shear stress was observed in single lap joint. For bolt 
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diameter 7mm the effective stress increases by 58%, normal stress increases by 30% and shear 

stress increases by 72% in single lap joint. 

 With the distance being 35mm between the holes, an increase of 34% in effective stress 

and 21% in normal stress was observed in single lap joint as shown in the Figure 6.5. For 

distance between the holes equal to 40mm the effective stress increases by 40% and the normal 

stress increases by 31%. Similarly, for distance between the holes equal to 45mm an increase of 

48% in effective stress and 35% in normal strain was observed  in single lap joint.  

 For fastener pretension value equal to 100Mpa the effective stress value increases by 

45%, normal stress by 59% and shear stress by 74% in single lap joint as shown in the Figures6.6 

and 6.7. When the value of the fastener pretension is changed to 150Mpa, an increase of 48% in 

effective stress, 28% in normal stress and 84% in shear stress was observed. Similarly, when the 

fastener pretension value of 200Mpa was applied the effective stress increases by 23%, normal 

stress by was observed in single lap joint. 

6.3 Recommendations 

It is important to study the complex modes of failure associated with bending effect 

caused by the loading eccentricity in single lap joint. The complex damage mechanism such as 

fiber micro buckling and inter-laminar cracking involved in bearing failure requires further 

investigation. The fatigue behavior of both single lap and double lap joints requires further 

investigation. The effect of parameters such as temperature, on the stress around the hole is to be 

studied. 
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Figure 6.1 Comparison of Vonmises stress in single lap and double lap joint for different 
material models 

 

 

Figure 6.2 Comparison of Normal strain in single lap and double lap joint for different material 
models 
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Figure 6.3 Comparison of Vonmises stress in single lap and double lap joint for different axial 
loads 

 
 

Figure 6.4 Comparison of Vonmises stress in single lap and double lap joint for different bolt 
diameters 
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Figure 6.5 Comparison of Vonmises stress in single lap and double lap joint for distances 
between the holes 

 

 
 

Figure 6.6 Comparison of Vonmises stress in single lap and double lap joint different for fastener 
pretension levels 
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Figure 6.7 Comparison of Normal stress in single lap and double lap joint for different fastener 
pretension levels 
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*Heading 
** Job name: br6al30 Model name: 23 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=BOTPLAT-1 
*End Part 
*Part, name=FASTNER-1 
*End Part 
*Part, name=FASTNER-2 
*End Part 
*Part, name=FASTNER-3 
*End Part 
*Part, name=TOPPLAT-1 
*End Part 
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=TOPPLAT-1, part=TOPPLAT-1 
*Node 
      1,     139.9966,           0.,         14.5 
      2,     139.9966,           1.,         14.5 
      3,     139.9966,           1.,          13. 
       . 
       . 
       . 
       . 
*Elset, elset=_I1, internal, generate 
   1,  384,    1 
*Elset, elset=_I2, internal, generate 
  385,  1720,     1 
** Region: (Section-1-_I1:_I1), (Controls:Default) 
** Section: Section-1-_I1 
*Solid Section, elset=_I1, material=ALUMINIUM 
1., 
** Region: (Section-2-_I2:_I2), (Controls:EC-1) 
** Section: Section-2-_I2 
*Solid Section, elset=_I2, controls=EC-1, material=ALUMINIUM 
1., 
*End Instance 
**   
*Instance, name=BOTPLAT-1, part=BOTPLAT-1 
*Node 
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      1,     139.9966,           0.,         14.5 
      2,     139.9966,           0.,          13. 
      3,     137.8787,           0.,     12.12132 
       . 
       . 
       . 
       . 
*Elset, elset=PT1, instance=FASTNER-1 
  25,  26,  27,  28,  33,  34,  35,  36,  41,  42,  43,  44,  49,  50,  51,  52 
   
*Elset, elset=PT2, instance=FASTNER-2 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=PT3, instance=FASTNER-3 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_PT1_S2, internal, instance=FASTNER-1 
  25,  26,  27,  28,  33,  34,  35,  36,  41,  42,  43,  44,  49,  50,  51,  52 
   
*Elset, elset=_TP2_S1, internal, instance=TOPPLAT-1 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_TP2_S3, internal, instance=TOPPLAT-1 
  672,  673,  674,  675,  676,  677,  678,  679,  680,  681,  682,  683, 1000, 1001, 1002, 1003 
 
 *Elset, elset=_TP2_S4, internal, instance=TOPPLAT-1 
  446,  447,  448,  449,  450,  451,  452,  453,  454,  455,  456,  457,  458,  459,  460,  684 
   
 *Elset, elset=_TP2_S6, internal, instance=TOPPLAT-1 
 426, 427, 428, 429, 430, 431, 432, 433, 434, 435, 436, 437, 438, 439, 440, 441 
  
*Elset, elset=_TP2_S2, internal, instance=TOPPLAT-1 
  193,  194,  195,  196,  197,  198,  199,  200,  201,  202,  203,  204,  205,  206,  207,  208 
   
*Elset, elset=_TP3_S3, internal, instance=TOPPLAT-1 
 508, 509, 510, 511, 512, 513, 514, 515, 516, 517, 518, 519, 540, 541, 542, 543 
 
*Elset, elset=_TP3_S4, internal, instance=TOPPLAT-1 
 520, 521, 522, 523, 524, 525, 526, 527, 528, 529, 530, 531, 532, 533, 534, 535 
 
*Elset, elset=_TP3_S2, internal, instance=TOPPLAT-1 
 544, 545, 546, 547, 548, 792, 793, 794, 867, 868, 869, 870, 871 
 
*Elset, elset=_TP3_S6, internal, instance=TOPPLAT-1 
   1,   3,   5,   7,   9,  11,  13,  15,  17,  19,  21,  23,  25,  27,  29,  31 
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*Elset, elset=_TP3_S1, internal, instance=TOPPLAT-1 
  73,  74,  75,  76,  77,  78,  79,  80,  81,  82,  83,  84,  85,  86,  87,  88 
   
*Elset, elset=_TPHOLE1_S2, internal, instance=TOPPLAT-1 
 1041, 1042, 1043, 1044, 1045, 1046, 1047, 1048, 1049, 1050, 1051, 1052, 1053, 1054, 1055 
 
*Elset, elset=_TPHOLE1_S5, internal, instance=TOPPLAT-1 
 1093, 1094, 1099, 1100, 1105, 1106, 1111, 1112, 1117, 1118, 1123, 1124, 1129, 1130, 1135,  
 
*Elset, elset=_TPHOLE1_S4, internal, instance=TOPPLAT-1 
 1043, 1046, 1049, 1052, 1055, 1058, 1061, 1064, 1067, 1070, 1073, 1076, 1079, 1082, 1085 
 
*Elset, elset=_TPHOLE2_S2, internal, instance=TOPPLAT-1 
 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160 
 
*Elset, elset=_TPHOLE2_S1, internal, instance=TOPPLAT-1 
 217, 218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228, 229, 230, 231, 232 
 
*Elset, elset=_TPHOLE2_S4, internal, instance=TOPPLAT-1, generate 
 147,  336,    3 
 
*Elset, elset=_TPHOLE3_S2, internal, instance=TOPPLAT-1 
  49,  50,  51,  52,  53,  54,  55,  56,  57,  58,  59,  60,  61,  62,  63,  64 
   
*Elset, elset=_TPHOLE3_S4, internal, instance=TOPPLAT-1 
   2,   4,   6,   8,  10,  12,  14,  16,  18,  20,  22,  24,  26,  28,  30,  32 
   
*Elset, elset=_TPHOLE3_S5, internal, instance=TOPPLAT-1 
   5,   6,  11,  12,  17,  18,  23,  24,  29,  30,  35,  36,  41,  42,  47,  48 
 
*Elset, elset=_BP1_S3, internal, instance=BOTPLAT-1 
 1274, 1275, 1276, 1277, 1278, 1279, 1280, 1281, 1282, 1283, 1284, 1285, 1306, 1307, 1308,  
 
*Elset, elset=_BP1_S4, internal, instance=BOTPLAT-1 
 1286, 1287, 1288, 1289, 1290, 1291, 1292, 1293, 1294, 1295, 1296, 1297, 1298, 1299, 1300,  
 
*Elset, elset=_BP1_S2, internal, instance=BOTPLAT-1 
 1089, 1090, 1091, 1092, 1093, 1094, 1095, 1096, 1097, 1098, 1099, 1100, 1101, 1102, 1103,  
 
*Elset, elset=_BP1_S6, internal, instance=BOTPLAT-1 
 1356, 1357, 1358, 1359, 1360, 1361, 1362, 1363, 1364, 1365, 1366, 1367, 1368, 1369, 1370,  
 
*Elset, elset=_BP1_S1, internal, instance=BOTPLAT-1 
 1065, 1066, 1067, 1068, 1069, 1070, 1071, 1072, 1073, 1074, 1075, 1076, 1077, 1078, 1079,  
 
*Elset, elset=_BP2_S2, internal, instance=BOTPLAT-1 
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  97,  98,  99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112 
  
*Elset, elset=_BP2_S1, internal, instance=BOTPLAT-1 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_BP3_S2, internal, instance=BOTPLAT-1 
   1,   2,   3,   4,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16 
   
*Elset, elset=_BPHOLE1_S1, internal, instance=BOTPLAT-1 
 1113, 1114, 1115, 1116, 1117, 1118, 1119, 1120, 1121, 1122, 1123, 1124, 1125, 1126, 1127 
 
*Elset, elset=_BPHOLE1_S2, internal, instance=BOTPLAT-1 
 1041, 1042, 1043, 1044, 1045, 1046, 1047, 1048, 1049, 1050, 1051, 1052, 1053, 1054, 1055,  
 
*Elset, elset=_BPHOLE1_S4, internal, instance=BOTPLAT-1, generate 
 1043,  1232,     3 
 
*Elset, elset=_BPHOLE2_S1, internal, instance=BOTPLAT-1 
 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136 
  
*Elset, elset=_BPHOLE2_S2, internal, instance=BOTPLAT-1 
 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160 
  
*Elset, elset=_BPHOLE2_S4, internal, instance=BOTPLAT-1, generate 
  99,  288,    3 
 
*Elset, elset=_BPHOLE3_S1, internal, instance=BOTPLAT-1 
  25,  26,  27,  28,  29,  30,  31,  32,  33,  34,  35,  36,  37,  38,  39,  40 
   
*Elset, elset=_BPHOLE3_S4, internal, instance=BOTPLAT-1 
   3,   6,   9,  12,  15,  18,  21,  24,  27,  30,  33,  36,  39,  42,  45,  48 
   
*Elset, elset=_FT1_S4, internal, instance=FASTNER-1 
  21,  22,  23,  24, 409, 410, 411, 412, 433, 434, 435, 436, 437, 438, 439, 440 
  
*Elset, elset=_FT1_S3, internal, instance=FASTNER-1 
  17,  18,  19,  20,  57,  58,  59,  60,  61,  62,  63,  64, 429, 430, 431, 432 
  
*Elset, elset=_FT1_S2, internal, instance=FASTNER-1 
  65,  66,  67,  68,  69,  70,  71,  72, 953, 954, 955, 956, 957, 958, 959, 960 
 
*Elset, elset=_FT1_S1, internal, instance=FASTNER-1 
 1009, 1010, 1011, 1012, 1013, 1014, 1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022, 1023, 1 
  
*Elset, elset=_FB1_S2, internal, instance=FASTNER-1 
  961,  962,  963,  964,  965,  966,  967,  968,  969,  970,  971,  972,  973,  974,  975,  976 
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 *Elset, elset=_FT2_S2, internal, instance=FASTNER-2 
  993,  994,  995,  996,  997,  998,  999, 1000, 1001, 1002, 1003, 1004, 1005, 1006, 1007, 1008 
  
*Elset, elset=_FB2_S1, internal, instance=FASTNER-2 
  977,  978,  979,  980,  981,  982,  983,  984,  985,  986,  987,  988,  989,  990,  991,  992 
 
*Elset, elset=_FB2_S3, internal, instance=FASTNER-2 
 185, 186, 187, 188, 225, 226, 227, 228, 229, 230, 231, 232, 261, 262, 263, 264 
  
*Elset, elset=_FB2_S4, internal, instance=FASTNER-2 
 189, 190, 191, 192, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244 
  
*Elset, elset=_FB2_S2, internal, instance=FASTNER-2 
 305, 306, 307, 308, 309, 310, 311, 312, 713, 714, 715, 716, 717, 718, 719, 720 
 
*Elset, elset=_FT3_S2, internal, instance=FASTNER-3 
  993,  994,  995,  996,  997,  998,  999, 1000, 1001, 1002, 1003, 1004, 1005, 1006, 1007, 1008 
 1 
*Elset, elset=_FB3_S1, internal, instance=FASTNER-3 
  977,  978,  979,  980,  981,  982,  983,  984,  985,  986,  987,  988,  989,  990,  991,  992 
  
*Elset, elset=_FB3_S3, internal, instance=FASTNER-3 
 185, 186, 187, 188, 225, 226, 227, 228, 229, 230, 231, 232, 261, 262, 263, 264 
  
*Elset, elset=_FB3_S4, internal, instance=FASTNER-3 
 189, 190, 191, 192, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244 
  
*Elset, elset=_FB3_S2, internal, instance=FASTNER-3 
 305, 306, 307, 308, 309, 310, 311, 312, 713, 714, 715, 716, 717, 718, 719, 720 
 
*Elset, elset=_PT2_S2, internal, instance=FASTNER-2 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_PT3_S2, internal, instance=FASTNER-3 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_TP1_S1, internal, instance=TOPPLAT-1 
 1065, 1066, 1067, 1068, 1069, 1070, 1071, 1072, 1073, 1074, 1075, 1076, 1077, 1078, 1079,  
 
*Elset, elset=_TP1_S2, internal, instance=TOPPLAT-1 
 1476, 1477, 1478, 1559 
 
*Elset, elset=_TP1_S3, internal, instance=TOPPLAT-1 
 1274, 1275, 1276, 1277, 1278, 1279, 1280, 1281, 1282, 1283, 1284, 1285, 1306, 1307, 1308,  
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*Elset, elset=_TP1_S4, internal, instance=TOPPLAT-1 
 1286, 1287, 1288, 1289, 1290, 1291, 1292, 1293, 1294, 1295, 1296, 1297, 1298, 1299, 1300,  
 
*Elset, elset=_TP1_S6, internal, instance=TOPPLAT-1 
 1089, 1091, 1093, 1095, 1097, 1099, 1101, 1103, 1105, 1107, 1109, 1111, 1113, 1115, 1117,  
 
*Nset, nset=_PickedSet153, internal, instance=TOPPLAT-1 
   
*Nset, nset=_PickedSet154, internal, instance=BOTPLAT-1 
 823, 849 
 
*Elset, elset=_TP2_S1, internal, instance=TOPPLAT-1 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Elset, elset=_TP2_S3, internal, instance=TOPPLAT-1 
  672,  673,  674,  675,  676,  677,  678,  679,  680,  681,  682,  683, 1000, 1001, 1002, 1003 
 
 *Elset, elset=_TP2_S4, internal, instance=TOPPLAT-1 
  446,  447,  448,  449,  450,  451,  452,  453,  454,  455,  456,  457,  458,  459,  460,  684 
   
*Elset, elset=_TP2_S6, internal, instance=TOPPLAT-1 
 426, 427, 428, 429, 430, 431, 432, 433, 434, 435, 436, 437, 438, 439, 440, 441 
  
*Elset, elset=_TP2_S2, internal, instance=TOPPLAT-1 
  193,  194,  195,  196,  197,  198,  199,  200,  201,  202,  203,  204,  205,  206,  207,  208 
   
*Surface, type=ELEMENT, name=TP2 
_TP2_S1, S1 
_TP2_S3, S3 
_TP2_S4, S4 
_TP2_S6, S6 
_TP2_S2, S2 
 
*Elset, elset=_TP3_S3, internal, instance=TOPPLAT-1 
 508, 509, 510, 511, 512, 513, 514, 515, 516, 517, 518, 519, 540, 541, 542, 543 
  
*Elset, elset=_TP3_S4, internal, instance=TOPPLAT-1 
 520, 521, 522, 523, 524, 525, 526, 527, 528, 529, 530, 531, 532, 533, 534, 535 
  
*Elset, elset=_TP3_S2, internal, instance=TOPPLAT-1 
 544, 545, 546, 547, 548, 792, 793, 794, 867, 868, 869, 870, 871 
 
*Elset, elset=_TP3_S6, internal, instance=TOPPLAT-1 
   1,   3,   5,   7,   9,  11,  13,  15,  17,  19,  21,  23,  25,  27,  29,  31 
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*Elset, elset=_TP3_S1, internal, instance=TOPPLAT-1 
  73,  74,  75,  76,  77,  78,  79,  80,  81,  82,  83,  84,  85,  86,  87,  88 
  
*Surface, type=ELEMENT, name=TP3 
_TP3_S3, S3 
_TP3_S4, S4 
_TP3_S2, S2 
_TP3_S6, S6 
_TP3_S1, S1 
 
*Elset, elset=_TPHOLE1_S2, internal, instance=TOPPLAT-1 
 1041, 1042, 1043, 1044, 1045, 1046, 1047, 1048, 1049, 1050, 1051, 1052, 1053, 1054, 1055,  
 
*Elset, elset=_TPHOLE1_S5, internal, instance=TOPPLAT-1 
 1093, 1094, 1099, 1100, 1105, 1106, 1111, 1112, 1117, 1118, 1123, 1124, 1129, 1130, 1135,  
 
*Elset, elset=_TPHOLE1_S4, internal, instance=TOPPLAT-1 
 1043, 1046, 1049, 1052, 1055, 1058, 1061, 1064, 1067, 1070, 1073, 1076, 1079, 1082, 1085,  
 
*Surface, type=ELEMENT, name=TPHOLE1 
_TPHOLE1_S2, S2 
_TPHOLE1_S5, S5 
_TPHOLE1_S4, S4 
 
*Elset, elset=_TPHOLE2_S2, internal, instance=TOPPLAT-1 
 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160 
  
*Elset, elset=_TPHOLE2_S1, internal, instance=TOPPLAT-1 
 217, 218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228, 229, 230, 231, 232 
  
*Elset, elset=_TPHOLE2_S4, internal, instance=TOPPLAT-1, generate 
 147,  336,    3 
 
*Surface, type=ELEMENT, name=TPHOLE2 
_TPHOLE2_S2, S2 
_TPHOLE2_S1, S1 
_TPHOLE2_S4, S4 
 
*Elset, elset=_TPHOLE3_S2, internal, instance=TOPPLAT-1 
  49,  50,  51,  52,  53,  54,  55,  56,  57,  58,  59,  60,  61,  62,  63,  64 
   
*Elset, elset=_TPHOLE3_S4, internal, instance=TOPPLAT-1 
   2,   4,   6,   8,  10,  12,  14,  16,  18,  20,  22,  24,  26,  28,  30,  32 
   
*Elset, elset=_TPHOLE3_S5, internal, instance=TOPPLAT-1 
   5,   6,  11,  12,  17,  18,  23,  24,  29,  30,  35,  36,  41,  42,  47,  48 
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*Surface, type=ELEMENT, name=TPHOLE3 
_TPHOLE3_S2, S2 
_TPHOLE3_S4, S4 
_TPHOLE3_S5, S5 
 
*Elset, elset=_BP1_S3, internal, instance=BOTPLAT-1 
 1274, 1275, 1276, 1277, 1278, 1279, 1280, 1281, 1282, 1283, 1284, 1285, 1306, 1307, 1308,  
 
*Elset, elset=_BP1_S4, internal, instance=BOTPLAT-1 
 1286, 1287, 1288, 1289, 1290, 1291, 1292, 1293, 1294, 1295, 1296, 1297, 1298, 1299, 1300,  
 
*Elset, elset=_BP1_S2, internal, instance=BOTPLAT-1 
 1089, 1090, 1091, 1092, 1093, 1094, 1095, 1096, 1097, 1098, 1099, 1100, 1101, 1102, 1103,  
 
*Elset, elset=_BP1_S6, internal, instance=BOTPLAT-1 
 1356, 1357, 1358, 1359, 1360, 1361, 1362, 1363, 1364, 1365, 1366, 1367, 1368, 1369, 1370,  
 
*Elset, elset=_BP1_S1, internal, instance=BOTPLAT-1 
 1065, 1066, 1067, 1068, 1069, 1070, 1071, 1072, 1073, 1074, 1075, 1076, 1077, 1078, 1079,  
 
*Surface, type=ELEMENT, name=BP1 
_BP1_S3, S3 
_BP1_S4, S4 
_BP1_S2, S2 
_BP1_S6, S6 
_BP1_S1, S1 
 
*Elset, elset=_BP2_S2, internal, instance=BOTPLAT-1 
  97,  98,  99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112 
  
*Elset, elset=_BP2_S1, internal, instance=BOTPLAT-1 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Surface, type=ELEMENT, name=BP2 
_BP2_S2, S2 
_BP2_S1, S1 
 
*Elset, elset=_BP3_S2, internal, instance=BOTPLAT-1 
   1,   2,   3,   4,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16 
   
*Surface, type=ELEMENT, name=BP3 
_BP3_S2, S2 
 
*Elset, elset=_BPHOLE1_S1, internal, instance=BOTPLAT-1 
 1113, 1114, 1115, 1116, 1117, 1118, 1119, 1120, 1121, 1122, 1123, 1124, 1125, 1126, 1127 
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*Elset, elset=_BPHOLE1_S2, internal, instance=BOTPLAT-1 
 1041, 1042, 1043, 1044, 1045, 1046, 1047, 1048, 1049, 1050, 1051, 1052, 1053, 1054, 1055,  
 
*Elset, elset=_BPHOLE1_S4, internal, instance=BOTPLAT-1, generate 
 1043,  1232,     3 
 
*Surface, type=ELEMENT, name=BPHOLE1 
_BPHOLE1_S1, S1 
_BPHOLE1_S2, S2 
_BPHOLE1_S4, S4 
 
*Elset, elset=_BPHOLE2_S1, internal, instance=BOTPLAT-1 
 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136 
  
*Elset, elset=_BPHOLE2_S2, internal, instance=BOTPLAT-1 
 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160 
  
*Elset, elset=_BPHOLE2_S4, internal, instance=BOTPLAT-1, generate 
  99,  288,    3 
 
*Surface, type=ELEMENT, name=BPHOLE2 
_BPHOLE2_S1, S1 
_BPHOLE2_S2, S2 
_BPHOLE2_S4, S4 
 
*Elset, elset=_BPHOLE3_S1, internal, instance=BOTPLAT-1 
  25,  26,  27,  28,  29,  30,  31,  32,  33,  34,  35,  36,  37,  38,  39,  40 
   
*Elset, elset=_BPHOLE3_S4, internal, instance=BOTPLAT-1 
   3,   6,   9,  12,  15,  18,  21,  24,  27,  30,  33,  36,  39,  42,  45,  48 
   
*Surface, type=ELEMENT, name=BPHOLE3 
_BPHOLE3_S1, S1 
_BPHOLE3_S4, S4 
 
*Elset, elset=_FT1_S4, internal, instance=FASTNER-1 
  21,  22,  23,  24, 409, 410, 411, 412, 433, 434, 435, 436, 437, 438, 439, 440 
  
*Elset, elset=_FT1_S3, internal, instance=FASTNER-1 
  17,  18,  19,  20,  57,  58,  59,  60,  61,  62,  63,  64, 429, 430, 431, 432 
 
*Elset, elset=_FT1_S2, internal, instance=FASTNER-1 
  65,  66,  67,  68,  69,  70,  71,  72, 953, 954, 955, 956, 957, 958, 959, 960 
 
*Elset, elset=_FT1_S1, internal, instance=FASTNER-1 
 1009, 1010, 1011, 1012, 1013, 1014, 1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022, 1023,  
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*Surface, type=ELEMENT, name=FT1 
_FT1_S4, S4 
_FT1_S3, S3 
_FT1_S2, S2 
_FT1_S1, S1 
 
*Elset, elset=_FB1_S2, internal, instance=FASTNER-1 
  961,  962,  963,  964,  965,  966,  967,  968,  969,  970,  971,  972,  973,  974,  975,  976 
  
*Surface, type=ELEMENT, name=FB1 
_FB1_S2, S2 
 
*Elset, elset=_FT2_S2, internal, instance=FASTNER-2 
  993,  994,  995,  996,  997,  998,  999, 1000, 1001, 1002, 1003, 1004, 1005, 1006, 1007, 1008 
  
*Surface, type=ELEMENT, name=FT2 
_FT2_S2, S2 
 
*Elset, elset=_FB2_S1, internal, instance=FASTNER-2 
  977,  978,  979,  980,  981,  982,  983,  984,  985,  986,  987,  988,  989,  990,  991,  992 
  
*Elset, elset=_FB2_S3, internal, instance=FASTNER-2 
 185, 186, 187, 188, 225, 226, 227, 228, 229, 230, 231, 232, 261, 262, 263, 264 
  
*Elset, elset=_FB2_S4, internal, instance=FASTNER-2 
 189, 190, 191, 192, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244 
  
*Elset, elset=_FB2_S2, internal, instance=FASTNER-2 
 305, 306, 307, 308, 309, 310, 311, 312, 713, 714, 715, 716, 717, 718, 719, 720 
 
*Surface, type=ELEMENT, name=FB2 
_FB2_S1, S1 
_FB2_S3, S3 
_FB2_S4, S4 
_FB2_S2, S2 
 
*Elset, elset=_FT3_S2, internal, instance=FASTNER-3 
  993,  994,  995,  996,  997,  998,  999, 1000, 1001, 1002, 1003, 1004, 1005, 1006, 1007, 1008 
  
*Surface, type=ELEMENT, name=FT3 
_FT3_S2, S2 
 
*Elset, elset=_FB3_S1, internal, instance=FASTNER-3 
  977,  978,  979,  980,  981,  982,  983,  984,  985,  986,  987,  988,  989,  990,  991,  992 
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*Elset, elset=_FB3_S3, internal, instance=FASTNER-3 
 185, 186, 187, 188, 225, 226, 227, 228, 229, 230, 231, 232, 261, 262, 263, 264 
  
*Elset, elset=_FB3_S4, internal, instance=FASTNER-3 
 189, 190, 191, 192, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244 
  
*Elset, elset=_FB3_S2, internal, instance=FASTNER-3 
 305, 306, 307, 308, 309, 310, 311, 312, 713, 714, 715, 716, 717, 718, 719, 720 
 
*Surface, type=ELEMENT, name=FB3 
_FB3_S1, S1 
_FB3_S3, S3 
_FB3_S4, S4 
_FB3_S2, S2 
 
*Elset, elset=_PT2_S2, internal, instance=FASTNER-2 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Surface, type=ELEMENT, name=PT2 
_PT2_S2, S2 
 
*Elset, elset=_PT3_S2, internal, instance=FASTNER-3 
 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184 
  
*Surface, type=ELEMENT, name=PT3 
_PT3_S2, S2 
 
*Elset, elset=_TP1_S1, internal, instance=TOPPLAT-1 
 1065, 1066, 1067, 1068, 1069, 1070, 1071, 1072, 1073, 1074, 1075, 1076, 1077, 1078, 1079,  
 
*Elset, elset=_TP1_S2, internal, instance=TOPPLAT-1 
 1476, 1477, 1478, 1559 
 
*Elset, elset=_TP1_S4, internal, instance=TOPPLAT-1 
 1286, 1287, 1288, 1289, 1290, 1291, 1292, 1293, 1294, 1295, 1296, 1297, 1298, 1299, 1300,  
 
*Elset, elset=_TP1_S6, internal, instance=TOPPLAT-1 
 1089, 1091, 1093, 1095, 1097, 1099, 1101, 1103, 1105, 1107, 1109, 1111, 1113, 1115, 1117,  
 
*Elset, elset=_TP1_S3, internal, instance=TOPPLAT-1 
 1274, 1275, 1276, 1277, 1278, 1279, 1280, 1281, 1282, 1283, 1284, 1285, 1306, 1307, 1308,  
  
*Surface, type=ELEMENT, name=TP1 
_TP1_S1, S1 
_TP1_S2, S2 
_TP1_S4, S4 
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_TP1_S6, S6 
_TP1_S3, S3 
 
*Elset, elset=_PT1_S4, internal, instance=FASTNER-1 
  58,  60,  62,  64,  66,  68,  70,  72, 442, 444, 446, 448, 450, 452, 454, 456 
  
*Surface, type=ELEMENT, name=PT1 
_PT1_S4, S4 
_PT1_S3, S3 
 
*Elset, elset=__PickedSurf155_S4, internal, instance=BOTPLAT-1, generate 
 1570,  1640,    10 
 
*Elset, elset=__PickedSurf155_S6, internal, instance=BOTPLAT-1, generate 
 1641,  1711,    10 
 
*Surface, type=ELEMENT, name=_PickedSurf155, internal 
__PickedSurf155_S4, S4 
__PickedSurf155_S6, S6 
 
*NODE 
100001, 60, 0, -10 
 
*NODE 
100002, 100, 0, -10 
 
*NODE 
100003, 140, 0, -10 
 
*PRE-TENSION SECTION,SURFACE=PT1,NODE=100001 
 
*PRE-TENSION SECTION,SURFACE=PT2,NODE=100002 
 
*PRE-TENSION SECTION,SURFACE=PT3,NODE=100003 
*End Assembly 
 
**  
** ELEMENT CONTROLS 
**  
*Section Controls, name=EC-1, hourglass=RELAX STIFFNESS 
1., 1., 1. 
**  
** MATERIALS 
**  
*Material, name=ALUMINIUM 
*Elastic 
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127000., 0.31 
*Material, name=TITANIUM 
*Elastic 
116000., 0.34 
**  
** INTERACTION PROPERTIES 
**  
*Surface Interaction, name=PROPERTY 
1., 
*Friction, slip tolerance=0.005 
 0.2, 
*Surface Behavior, pressure-overclosure=HARD 
 
*Surface Interaction, name=PROPERTY2 
1., 
*Friction, slip tolerance=0.005 
 0.07, 
*Surface Behavior, pressure-overclosure=HARD 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-1 Type: Displacement/Rotation 
*Boundary 
_PickedSet153, 1, 1 
_PickedSet153, 2, 2 
 
** Name: BC-2 Type: Displacement/Rotation 
*Boundary 
_PickedSet154, 2, 2 
**  
** INTERACTIONS 
**  
** Interaction: PROPERTY-1 
*Contact Pair, interaction=PROPERTY, small sliding, adjust=0.02 
TP1, BP1 
** Interaction: PROPERTY-2 
*Contact Pair, interaction=PROPERTY, small sliding, adjust=0.02 
TP2, BP2 
** Interaction: PROPERTY-3 
*Contact Pair, interaction=PROPERTY, small sliding, adjust=0.02 
TP3, BP3 
** Interaction: PROPERTY2-1 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 
FB1, BPHOLE1 
** Interaction: PROPERTY2-2 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 

  99



FB2, BPHOLE2 
** Interaction: PROPERTY2-3 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 
FB3, BPHOLE3 
** Interaction: PROPERTY2-4 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 
FT1, TPHOLE1 
** Interaction: PROPERTY2-5 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 
FT2, TPHOLE2 
** Interaction: PROPERTY2-6 
*Contact Pair, interaction=PROPERTY2, small sliding, adjust=0.02 
FT3, TPHOLE3 
** ---------------------------------------------------------------- 
**  
** STEP: pretension 
**  
*Step, name=pretension, nlgeom=YES 
*Static 
1., 1., 1e-09, 1. 
*CLOAD 
100001, 1, 100 
100002, 1, 100 
100003, 1, 100 
** CONTROLS 
*contact controls, automatic tolerances 
*controls, analysis= discontinuous 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT 
*El Print, freq=999999 
*Node Print, freq=999999 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: load 
**  
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*Step, name=load, nlgeom=YES 
*Static 
1., 1., 1e-05, 1. 
**  
** LOADS 
**  
** Name: Load-1   Type: Pressure 
*Dsload 
_PickedSurf155, P, -40. 
**  
*CONTACT CONTROLS, AUTOMATIC TOLERANCES 
*CONTACT CONTROLS, FRICTION ONSET=DELAYED 
*controls, analysis= discontinuous 
**  
*BOUNDARY, FIXED 
100001, 1, 1 
100002, 1, 1 
100003, 1, 1 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=1 
**  
** FIELD OUTPUT: F-Output-2 
**  
*Output, field 
*Contact Output 
CDISP, CSTRESS 
**  
** FIELD OUTPUT: F-Output-3 
**  
*Node Output 
CF, RF, U 
**  
** FIELD OUTPUT: F-Output-4 
**  
*Element Output 
E, LE, NE, S 
**  
** HISTORY OUTPUT: H-Output-2 
**  
*Output, history 
*Contact Output 
CAREA, CFT 
*End Step 
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