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Abstract           
 
This paper presents the development of a finite element method for modeling fastener 
joints in aircraft structures. By using connector element in commercial software Abaqus, 
the finite element method can handle multi-bolt joints and secondary bending. The plates 
in the joints are modeled with shell elements or solid elements. 
 
First, a pre-study with linear elastic analyses is performed. The study is focused on the 
influence of using different connector element stiffness predicted by semi-empirical 
flexibility equations from the aircraft industry. The influence of using a surface coupling 
tool is also investigated, and proved to work well for solid models and not so well for 
shell models, according to a comparison with a benchmark model.  
 
Second, also in the pre-study, an elasto-plastic analysis and a damage analysis are 
performed. The elasto-plastic analysis is compared to experiment, but the damage 
analysis is not compared to any experiment. The damage analysis is only performed to 
gain more knowledge of the method of modeling finite element damage behavior. 
 
Finally, the best working FE method developed in the pre-study is used in an analysis of 
an I-beam with multi-bolt structure and compared to experiments to prove the abilities 
with the method. One global and one local model of the I-beam structure are used in the 
analysis, and with the advantage that force-displacement characteristic are taken from the 
experiment of the local model  and assigned as a constitutive  behavior to connector 
elements in the analysis of the global model.  
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1 Introduction 

1.1 About Saab 
Saab stands for Svenska Aeroplan Aktiebolaget, and is mainly focused on defense 
technology, civil security and aeronautical engineering. It was founded in 1937 for the 
purpose of securing the domestic production of Swedish fighter aircraft and is today one 
of the world-leading companies in the defense industry.   
Saab has developed several generations of military aircraft such as Tunnan, Lansen, 
Draken, Viggen, Gripen and Florette (Sk 60), (Saabgroup, 2010) 
 
Jas 39 Gripen is a fourth generation fighter developed and produced by Saab AB. It is a 
multi-role fighter used for fighting, attack and reconnaissance missions. The name JAS 
39, stands for “Jakt”, “Attack”, “Spaning” (“Fighting”, “Attack”, “Reconnaissance”). The 
latest version of Gripen is being developed under the working name Gripen NG, which 
stands for Gripen Next Generation.  
 
Saab is today serving the global market with world-class solutions, products and services 
ranging from military defense to civil security. Today there are around 12 500 employees 
divided into five business areas, active mostly in Europe, South Africa, Australia and the 
United States.  
 

1.2 Problem description 
Fastener joints are one of the most important structural element types in aircraft 
structures. Basically a large part of aircraft structure contains joints. The design of joints, 
influences the overall structural behavior, due to their critically. They are often the weak 
points in the structure and are therefore important from a solid mechanical aspect.  
  
Typical applications of fastener joints in aircraft structures are found in the skin to 
spar/rib connections in e.g. a wing structure, the attachment of fittings and the wing to 
fuselage connection etc. Figure 1 shows examples of such joints from the fighter aircraft 
JAS 39 Gripen. 
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Figure 1- Examples of bolted joints in a wing of JAS 39 Gripen 
 
Structural analyses are a significant part of the aircraft design process. It is very 
important to have a good understanding of the structural behavior of the aircraft in order 
to certify its strength and airworthiness.  
 
Aircraft are often exposed to large forces in service, which make the joints deform in 
order to accommodate for the transferred load. Welds are usually not used for joining of 
aircraft structure because of the low flexibility, instead bolts and rivets are preferred.  
 
Bolted joints can be exposed to different kinds of loading conditions. Shear loaded joints 
are often subjected to different types of bending such as: primary bending, secondary 
bending and local fastener bending, see Figure 2. Primary bending is caused by a bending 
moment applied to each end of the plates. Secondary bending is caused by shear forces, 
tensile or compressive, and occurs because of the eccentricity i.e. the plates are located in 
different planes. In shear lap joints, the secondary bending is reduced by joint symmetry, 
e.g. symmetric double lap joint resists secondary bending better than single lap joints. 
Figure 3 shows typical configurations of shear lap joints. 
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Figure 2- The different bending effects in shear bolted joints; a) Primary bending, b) Secondary 
bending, c) Fastener bending and tilting 

 
Figure 3- a) Single shear lap joint, b) Symmetric double shear lap joint 
 
Fastener joints can be difficult to analyze due to the many parameters and complex 
phenomena involved in the behavior of the joints such as (Ekh, Schön, Melin, 2005), 
(Ekh, Schön, 2006): 

 Friction 
 Sliding 
 Bolt hole deformation 
 Contact 
 High local stresses 
 Fastener bending and tilting 
 Plate bending  
 Non-linear material behavior 
 Different thermal coefficients  
 Bolt hole clearance 
 Pre-tension 

 
 To include all parameters in a structural analysis of a general fastener joint is almost 
impossible even with the most powerful computers of today. It is therefore necessary to 
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reduce the problem to a manageable size by reasonable assumptions and proper modeling 
rules. 
 
A typical procedure of a finite element (FE) structural analysis of an aircraft is shown in 
Figure 4. First, a global model of the aircraft based on sub-structuring technique, is used 
to analyze a large number of flight states. Next, a load distribution analysis is performed 
on a smaller structural part, e.g. a wing, and local loads for small structural elements, like 
bolts and rivets, are obtained. In this model the bolts can be represented by line elements 
like springs or beams. In the third step, a local stress analysis is performed using the 
results from the load distribution model as input.  

 

 
Figure 4- Typically finite element model analysis procedure 
  
The local analysis can be detailed and contain a number of local phenomena such as the 
parameters affecting the fastener joint mentioned earlier. The combined effect of these 
parameters gives generally a macroscopically non-linear behavior of the whole joint. This 
behavior, including damage modeling and progressive joint failure, can be incorporated 
already in the load distribution model using Abaqus connector elements. These elements 
can be assigned force-displacement characteristics as shown in Figure 5. 
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Figure 5- Different types of behaviors of the fastener joints a) Linear Elastic Behavior, b) Non-linear 
Elasto-Plastic Behavior, c) Damage Behavior 
 
Different methods can be used for FE modeling of fastener joints, e.g. the plates can be 
modeled with solid elements or shell elements. Solid models are very time-consuming 
and expensive and therefore the shell models are preferred. Fasteners can be modeled by 
using a point-to-point connection, which means the fastener element is a link between 
two nodes. Ways to present fasteners in Abaqus (version 6.9-EF, 2009) 
are to use: 
 

 Beam elements 
 Connector elements 
 Rigid elements 
 Solid elements 
 Spring elements 

 
In this study focus is only at beam and connector elements, solid, spring and rigid 
elements are not studied. 

 
Beam elements have proved to work very well in shell models (Gunbring, 2008), but not 
in solid models due to the lack of the rotational degrees of freedom (DOF’s) in solid 
elements. Beam elements work well in shell models, due to both shell elements and beam 
elements have six DOF’s which means both have translational and rotational DOF’s. 
Solid elements have only three translational DOF’s and no rotational DOF’s, which 
makes it difficult to connect them to beam elements. The problem is to distribute the load 
to the surrounding nodes. It is after all possible to perform a FE modeling with beam 
elements and solid elements, but it is very time-consuming and complicated to manage 
and especially if there are many bolts in the joint. The methods for connecting beam 
elements to solid elements are shown in Figure 6. One is to connect additional beam 
elements to the surrounding nodes and the other alternative is to model the bolt-hole and 
then put additional beam elements from the center of the bolt-hole to the hole edge. But 
there is a new method but in Abaqus (version 6.9-EF, 2009) for distribution of the load 
which requires that connector elements are used instead, and this method don’t need 
additional beam elements for load distribution. The keyword for the method in Abaqus 
(version 6.9-EF, 2009) is called *FASTENER, and the abilities of this method is 
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investigated in this study, see more about this method in chapter 2 description of part 2 
case 2. 
 

 
Figure 6- Two alternatives to couple a beam element to a solid model, a) additional beam elements to 
the surrounding nodes, b) model the bolt-hole and put additional beam elements from the center of 
the bolt-hole to the hole edge 
 
Two master-theses on FE modeling of fastener joints have previously been performed at 
Saab. In the first one (Olert, 2004), an investigation of the load distribution in a multi-
bolted fastener joint due to composite damage and metal plasticity was carried out. Two 
different methods to predict failure in fastener joints were studied. Different types of 
failure modes in composites were presented and the most common ones were net-section 
failure and bearing failure, which the study was focused on. Net-section failure is abrupt 
and catastrophic, and bearing failure is more ductile and therefore more often preferred, 
see Figure 7. 
 

 
Figure 7- Macroscopic failure modes a) Net-section failure, b) Bearing failure 
  
In the study, 3D solid modeling was performed and verified with experiments. 
Development of a 1D model with truss elements representing the plates, and spring 
elements representing the bolts was carried out, and compared with the 3D solid models. 
Following conclusions were made: 
 
Advantages: 

 The 1D model worked well and had good accuracy for predicting bolt load 
distribution and redistribution, if the secondary bending effects were negligible  

 The industry empirical equation for prediction of constitutive stiffness behavior 
by Grumman (4) gave good results for the case with thin composite plate and 
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thick aluminum plate whereas the results with thick composite and thin aluminum 
were poor. 

 
Disadvantages: 

 Truss elements can only carry load in one direction  
 No secondary bending can be modeled 

 
In the second master-thesis (Gunbring, 2008), a prediction of bolt flexibility in fastener 
joints was performed. In the study, the plates were modeled with shell or solid elements, 
but focus was on shell elements, and the bolts were modeled with beam or Cartesian 
connector elements. The shell models were analyzed in a parametric study and compared 
with a 3D solid benchmark model. The 3D solid benchmark model was developed in the 
study and was in good agreement with experiments (Huth, 1983).  
 
The parametric study consisted of nineteen different cases and the object was mainly to 
compare the Cartesian connector element to beam element. 
 
The models with Cartesian connector elements had convergence problems because of 
their incapability of transferring moments. Thus, no secondary bending could be 
modeled, see Figure 22. The plates had to be modeled in the same plane without offset, to 
eliminate secondary bending.  
 
In the parametric study, the empirical flexibility equation Grumman (4) was used for 
prediction of the constitutive bolt stiffness. Other empirical flexibility equations such as 
Huth (2), Boeing (6) and Douglas (Gunbring, 2008) were also studied but were not used 
in the parametric study. Conclusions of the study (Gunbring, 2008) were: 
 
Advantages: 

 Shell models are simple to use compared to solid models 
 Beam elements can handle secondary bending 
 Beam elements can be used to model fastener joints with offset between the plates 
 Connector elements with Grumman (4) bolt stiffness, gave good results according 

to the benchmark model, when the plates where modeled without offset 
 

Disadvantages: 
 Cartesian connector elements cannot handle secondary bending and therefore the 

plates must be modeled in the same plane 
 Connector element with Grumman (4) constitutive stiffness behavior, gave twice 

as high joint flexibility in the analyses compared to the benchmark model 
flexibility 

 

1.3 The object 
The objective of this master-thesis is to develop a FE method for modeling of bolted 
joints in structures, and also be able to manage complex non-linear behavior. In earlier 
FE methods the analyses of bolted joints have only been performed of specimens, due to 
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complexity which often occurs in structures. But it is important to also have method for 
structures, due to the behavior of a structure often differs from the behavior of a 
specimen. The issues mentioned in the problem description hinder the development of a 
FE method for structures. These issues are to be solved in this study, to be able to 
develop a FE method for modeling bolts in structures. Summary of the issues are: 
 

 Secondary bending of the fastener joint  
 Modeling of the plates in different planes  
 Simple method for distribution of the load in the surrounding area of the fastener 

in a solid model 
 Find a semi empirical flexibility equation for prediction of the constitutive 

connector element stiffness behavior, which gives correct connector element 
behavior 

 Modeling elasto-plastic and damage behavior of fastener joint in a simple way  
 

1.4 Procedure 
An overall view of the procedure of the study is shown in Figure 8 below. 

 
Figure 8- Flow chart of the procedure 
 
The study is divided into three parts, the first two parts represents a pre-study, containing 
of different parametric studies. In the third part of the study the best working FE method 
developed in the pre-study is tested by an application of an I-beam with multi-bolt and 
multi-row structure. The objects of the parametric studies in the pre-study are to: 
 

 Test if the FE method can handle secondary bending 
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 Distinguish the difference between the different semi-empirical bolt flexibility 
equations 

 Investigate the Abaqus (version 6.9-EF, 2009) method of using *FASTENER 
 Study the method of using force-displacement characteristics when assign elasto-

plastic and damage behavior to the connector elements  
 

The different parameters used in the parametric studies are: 
 Number of bolts (1, 2, 3, 8) 
 Material of the plates 
 Thickness of the plates 

 
A summary of the three parts of the study is shown in Table 1 below.  
 
Table 1- Description of the three parts in this study 

Part of the 
study 

Model Load 
type 

Case Description 

Case 1 One bolt 
Case 2 Two bolts 
Case 3 Eight bolts 

Part 1 
 

Different 
thickness and 
different 
material of the 
plates 

Shear 
load 

All 
cases 

Compared the results of the connector 
elements to the beam elements (only linear 
elastic analysis) 

Case 1 Linear elastic analysis (Model 1 and Model 
2) 

Case 2 Using *FASTENER, (Model 2) 
Case 3 Elasto-plastic analysis, (Model 1) 
Case 4 Damage behavior 

Part 2 Equal 
thickness and 
equal material 
of the plates 

Shear 
load 

Case 
1,2,3 

Compared to 3D Benchmark model 
(Gunbring, 2008) and experiment (Huth, 
1983) 

Flange of a I-
beam 

Shear 
load 

Local 
model 

Force-displacement characteristics from 
experiment 

Part 3 

I-beam Four-
point-
bending 

Global 
model 

Load versus beam deflection analysis 
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2 Approach 

2.1 Description of part 1 
First part of this study is focused on linear elastic analyses of bolt flexibility and load 
distribution in single shear lap joints. The bolts are modeled with Abaqus Bushing 
connector elements or beam elements, and the plates are modeled with shell elements. 
Dimensions of the models are shown in Figure 18 and boundary conditions are shown in 
Figure 19, and all the input data can be found in Appendix Part 1. 
 
The objective of the first part of the study is to distinguish the difference between the 
different semi-empirical bolt flexibility equations and compare to the beam element 
behavior. Comparison to beam elements is performed because of beam elements in shell 
models have proved to work very well in former studies (Gunbring, 2008). Following 
different semi-empirical bolt flexibility equations are analyzed:  
 

 Huth (2) 
 Tate & Rosenfeld (5) 
 Grumman (4) 
 Boeing (6) 
 ESDU (A98012, 2001) 
 Euler Bernoulli (3) 

 
The model used in the analyses, has one thick composite plate and one thin aluminum 
plate, and bolts of titanium with equal diameters. Three different cases are analyzed: 
 
Case 1- Fastener joint with one bolt 
Case 2- Fastener joint with two bolts 
Case 3- Fastener joint with eight bolts 
 
Below, in Figure 9 the procedure for part 1 is shown. 
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Figure 9- The procedure of part 1  
 

2.2 Description of part 2 
The second part of the study consists of four cases. In all four cases the same type of 
models as in the experiment by Huth (1983) are used. The models are single shear lap 
joints, with two plates of aluminum and equal thickness, and bolts of titanium with equal 
diameters. The models differ by the number of bolts: 
 
Model 1- Fastener joint with two bolts  
Model 2- Fastener joint with three bolts 
 
The dimensions of the models are shown in Figure 18 and the boundary conditions are 
shown in Figure 19, and all the input data can be found in Appendix Part 2. 
 
In case 1, a shell- Bushing connector element model is compared to a benchmark model 
from (Gunbring, 2008).  The benchmark model by Gunbring (2008), is a 3D solid model 
that represents the experiment (Huth, 1983). The benchmark model is in good agreement 
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with the experiment (Huth, 1983). The objective of case 1 is to distinguish the difference 
between the different semi-empirical bolt flexibility equations and compare to the 3D 
benchmark model (Gunbring, 2008). A comparison with the results of part 1 are also 
performed to distinguish the influence of the parameters of different material and 
different thickness of the plates. 
 
In case 2, the method of using a surface coupling tool in Abaqus (version 6.9-EF, 2009) 
with keyword *FASTENER is analyzed, due to solve the problem with time-consuming 
additional beam elements for distribution of the load. The object is to compare this 
method using *FASTENER to the old method using additional beam elements. The old 
method can be seen in Figure 6.  In the analyses, the plates are modeled with both shell 
elements and solid elements, see the procedure in Figure 10. The results in case 2 are also 
compared to the benchmark model (Gunbring, 2008). 
 

 
Figure 10- Procedure in case 2 
 
*FASTENER is a mesh independent method to define point-to-point connections 
between two or more surfaces, see Figure 11. Different ways of defining the surfaces 
with *FASTENER are: 
 

 Radius of influence 
 Search radius  
 Attachment method 
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 Number of layers 
 

 
Figure 11- Typical *FASTENER configuration 
 
*FASTENER ties the nodes of the connector element to nearby nodes of solid or shell 
elements thru a distributing coupling element, and it always connects at least three of the 
neighboring nodes to the connector element nodes. Both beam elements and connector 
elements are point-to-point connections, but only connector elements are able to utilize 
the *FASTENER method.  
 
 In case 3 an elasto-plastic analysis is studied and compared to the experiment (Huth, 
1983). The constitutive connector element behavior is given by assigning force-
displacement characteristic from experiment (Huth, 1983) curve. The object of case 3 is 
to confirm that the method of using force-displacement characteristics when assign 
elasto-plastic behavior to the connector elements are working. 
 
In case 4, the damage behavior of the connector element is studied. The damage analysis 
is only performed to gain more knowledge of how the FE modeling of connector element 
damage behavior can be managed, no comparison with experiments is performed. In 
Figure 12 below a typical force displacement response is shown for an elasto-plastic 
analysis with a linear damage evolution (Abaqus, version 6.9-EF, 2009), (Nguyen, 
Mutsuyoshi, 2010). The damage evolution can also be non-linear, see Figure 5 c. In this 
study, the initiation damage criterion is controlled by the critical force, Fc. The damage 
evolution corresponds to the rate at which the material stiffness is degraded once the 
damage initiation criterion is reached. Two alternatives can be used to manage the 
damage evolution, one is to decide the critical fracture energy, and the other is to assign a 
damage evolution displacement, e = f – 0. The shaded area under the curve corresponds 
to the critical fracture energy, Gc, which is required for failure in the shear direction. In 
this study the method using damage evolution displacement e is used, and the linear 
softening behavior is assumed, as shown in Figure 12.   
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Figure 12- Typical force- displacement response (elasto-plastic) and linear damage evolution 
 

2.3 Description of part 3 
The object of the third part of the this study is to use the best working FE method 
developed in the pre-study, part 1 and 2, and prove the ability of the method in an 
application model, and then compare the results to experiments (Nguyen, Mutsuyoshi, 
2010). The application model is based on two experiments (Nguyen, Mutsuyoshi, 2010), 
one global model of an I-beam and one local model of a flange of the I-beam. The idea is 
to take force-displacement characteristic from the experiment (Nguyen, Mutsuyoshi, 
2010) of the local model, and then assign these characteristics as constitutive behavior to 
connector elements in the analysis of the structure which is the global model. To control 
that correct force-displacement values have been taken from the experiment (Nguyen, 
Mutsuyoshi, 2010) of the local model, analyses of the local model are also performed. 
 
The application model is a double lap joint of steel plates bolted to an I-beam of hybrid 
fiber reinforced polymer (HFRP) laminate, exposed to a four-point bending, see Figure 
13 and Figure 20. The local model which represents the flange is a double lap joint of 
steel plates bolted to HFRP laminate plates, but instead exposed to shear load, see Figure 
14 and Figure 19. The same dimensions and materials are used in both the global and 
local model, except for the row spacing which is 55 mm for the global flange, see cross 
section view of the I-beam in Figure 13, and 40 mm for the local flange, see Figure 14.  
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Figure 13- Dimensions of the I-beam, the fastener joint has 40 bolts 
 

 
Figure 14- Geometry and material in the local model, the shear loaded flange 
 
In this study, analyses of following models are performed: 

 The reference model, (Local model) 
 Beam B2 (40 bolts), (Global model)   

Below a description of the experiments (Nguyen and Mutsuyoshi, 2010) can be followed: 
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In the study by Nguyen and Mutsuyoshi (2010), experiments of the local and global 
model were performed. First a parametric study of the local model was carried out, and 
the effects of adhesive layer thickness, V-notched splice plates, bolt-end-distance, and 
bolt torque were studied. The reference local model had: 

 flat splice plates 
 no adhesive layers 
 bolt-end distance of 3Db 

 
Below a summary of the different experiments (Nguyen and Mutsuyoshi, 2010) 
performed of the local model can be seen:  

Adhesive layer thickness- three specimens with different layer thicknesses were studied:  
 0,1-0,2mm  
 0,5-1,5mm 
 > 1,5 mm  

An adhesive layer is like glue, to prevent sliding of the plates. 
 
V-notched splice plates versus flat splice plates- The idea of using v-notched splice plates 
was to prove more clamping force between the splice plates and the HFRP laminate plate 
with an appropriate amount of torque, to avoid damage of the outermost surface of the 
specimens, when the experiments are carried out. See Figure 15 below. 

 
Figure 15- Different type of splice plates, flat and v-notched 
 
Bolt-end distance- three different distances were studied:  

 2Db (Db =bolt diameter) 
 3Db 
 4Db 

 
Bolt torque- three different torque were studied: 

 5 Nm 
 20Nm 
 30Nm 

 
Following results and conclusions of the study (Nguyen and Mutsuyoshi, 2010) of the 
local model were made: 
 
In the experiments (Nguyen and Mutsuyoshi, 2010) with adhesive layer thickness, all the 
specimens had same failure load and failure mode. The failure mode was shearing for the 
bolts and debonding for the adhesive layers. Interesting, 0,5-1,5mm and >1,5mm had 
almost the same stiffness up to the major debonding of the adheasive layers, which 
indicates that the increasing of adhesive layer thickness over 0,5 gives an insignificant 
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increase of the joint stiffness. In the initial loading stage of the load-displacement curve, 
0,1-0,2mm shows a stabile behavior compared to the other two specimens, which exhibit 
a zigzag behavior. The zigzag behavior was probably due to stress concentrations caused 
by the adhesive thickness holders, which lead to local debonding. Conclusions of the 
experiments were that it is not a good idea to use adhesive thickness holders to control 
thickness of the adhesive layers in practical applications, and for hybrid joints very small 
or no thickness control is recommended.  
 
In the experiments (Nguyen and Mutsuyoshi, 2010) of the v-notched and flat splice 
plates, results shows that the stiffness of the specimens are the same up to the bolts slip 
into bearing failure region, but after that when the load increases more the v-notched 
specimen shows higher stiffness than the flat specimen. Conclusion of the experiments 
was that the rough surface of the specimen with v-notched splice plates may contribute to 
improve bonding between the splice plates and HFRP laminate plate, and therefore the 
higher stiffness.  
 
In the experiments (Nguyen and Mutsuyoshi, 2010) of bolt-end distance, results show 
that the bolt-end distance had a minor effect on the failure strength if adhesive layers 
were used, since the load was mostly carried by the adhesive. But without adhesive layer 
thickness bolt-end distance 2Db had the lowest failure load and 3Db and 4Db hade almost 
as low failure load, but different failure modes. Conclusions of these experiments were 
that 4Db is most appropriate for bolted joints in the HFRP laminates, but a minimum bolt-
end-distance of 3Db is recommended.  
 
In the experiments (Nguyen and Mutsuyoshi, 2010) of bolt torque effect, results show 
that 5 Nm and 20 Nm had almost the same stiffness and failure load. The bolt with 30 
Nm torque had a slightly lower stiffness than the other, which probably was due to the 
high torque caused an adhesive layer thickness of zero, which reduced the bonding 
strength of the hybrid joints. Conclusions of the experiments were that an appropriate 
amount of torque needs to be applied and recommended is 20Nm.  
 
In the experiments (Nguyen and Mutsuyoshi, 2010) of the global model, the beam 
deflection of a four point bending I-beam and also the failure load and failure mode were 
investigated, three different setup of the I-beam were studied: 
 
Beam B0, I-beam without any fastener joint, named “Control beam” 
Beam B1, a double lap joint of steel plates bolted with 24 bolts to an I-beam  
Beam B2- same as B1 but with a larger fastener joint of 40 bolts 
 
The object of the experiments (Nguyen and Mutsuyoshi, 2010) was to compare the 
failure load and failure mode of the three I-beam setups, B0, B1, and B2. The setups with 
fastener joints, B1 and B2, were following the recommendations given by the 
experiments of the local model, which were: 
 

 small adhesive layers, approximately 0.5 mm 
 V-notched splice plates 
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 bolt-end- distance of 3Db 
 
Following results were obtained in the study (Nguyen and Mutsuyoshi, 2010) of the 
experiments of the global model: 
 

 B1 was linear up to 130kN, then the behavior become non-linear because of the 
major debonding of the adhesive layers and shear/ bending of the bolts, see Figure 
16 and Figure 17  

 B0 and B2 behaved linearly up to failure, see Figure 16 
 The failure mode of B0 and B2 was crushing of the fiber near the loading point, 

and followed by delamination of the top flange of the HFRP I-beam, see Figure 
17 

 B2 failed at a slightly lower load than B0 
 B2 exhibit higher stiffness than B0, due the presence of the fastener joint  
 The ultimate load of B1 and B2 was predicted with Equation (1), and showed 

good agreement with experiments see Figure 16   
 

 
Figure 16- Load versus deflection, a comparison between Beam B1 (24 bolts) and BeamB2 (40 bolts) 
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Figure 17- Failure modes of Beam B1 and Beam B2 
 
The ultimate load, was calculated by using Equation (1) below (Nguyen and Mutsuyoshi, 
2010): 

NAP b
u
bultimate 2          (1) 

 
Ab= cross-sectional area of one bolt [mm2] 

u
b = ultimate shear load [N] 

N= number of bolts in the hybrid joints 
 

2.4 Dimensions  
The dimensions of the single and double shear lap joints in the study can be seen in 
Figure 18. Input data for the dimensions can be found in Appendix Part 1, Appendix Part 
2, Appendix Part 3. 
 

 
Figure 18- Dimensions (Db=bolt diameter) a) single lap joint, b) double lap joint 
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2.5 Boundary condition and loads 
The boundary conditions for a shear joint are shown in Figure 19. As the figure show, the 
fastener joint is exposed to a tensile force at both ends in x-direction, which gives a shear 
load at the fasteners. The left end of the plate is fixed which means prevented from both 
moving and rotating by BC1 and BC2, and the end of the right plate is prevented from 
bending up in z-direction and rotate round y-axis, but forced to move in x-direction due 
to the applied load.  
  

 
 

Figure 19- Boundary conditions and loads for the shear lap joints, above is a single lap and below a 
double lap joint 
 
The boundary conditions for the four-point bended I-beam are shown in Figure 20. As the 
figure shows the I-beam is simply supported by two supporters in the ends, preventing 
the I-beam from moving in z-direction see BC1 and BC2. At the supporters, two blocks 
are fixing the I-beam preventing it from moving in y-direction, see BC3. And finally, a 
force is applied in z-direction, and equal distributed at each side of the fastener joint, to 
complete the four-point bending case.  
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Figure 20- Boundary conditions and loading for the four-point bended I-beam 
 

2.6 Implementations 
Hyper Mesh is used for pre-processing and to generate input files for ABAQUS/Standard 
solver is used. Results and output data are analyzed in Excel and post-processed in Hyper 
View. 
 

2.7 FE models 
There are many different types of elements that can be used for FE modeling of fasteners 
in Abaqus (version 6.9-EF, 2009), and the most commons are: 
 

 Solid elements 
 Beam elements 
 Spring elements 
 Connector elements 

o Bushing 
o Cartesian  
 

Figure 21 below shows the alternatives for modeling fastener joints in Abaqus (version 
6.9-EF, 2009), the shaded boxes are analyzed in this report. 
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Figure 21- The alternative for FE modeling of fastener joints in Abaqus (version 6.9-EF, 2009) 
 
In this study the plates are modeled with 8-node brick elements, Abaqus Hex C3D8R 
element, which have three translational DOF’s and also with 4-node shell elements, 
Abaqus S4R element, which have six DOF’s (Abaqus, version 6.9-EF, 2009). 
 
Connector elements in Abaqus (version 6.9-EF, 2009) have in common that they 
represent a mechanical constitutive behavior between two or three nodes. They can be 
used to model rivets, bolts, and spot welds effectively. There are various connector 
elements with various capabilities. Some of them have translational DOF’s and some of 
them have rotational DOF’s and some have both. Example of connector elements are: 
 

 Abaqus Cartesian connector element 
The element has only translational DOF’s. Figure 22 shows how a Cartesian 
connector element behaves due to secondary bending. 

 
Figure 22- Cartesian connector element (three DOF’s) behaving due to secondary bending 

 
 Abaqus Bushing connector element 

Bushing connector element has six DOF’s, i.e. both translational DOF’s and 
rotational DOF’s. Figure 23 shows how a Bushing connector element behaves due 
to secondary bending 
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Figure 23- Bushing connector element (six DOF’s) behaving due to secondary bending 
 
Connector element requires to be given a constitutive behavior. The constitutive behavior 
can be predicted by using a semi-empirical flexibility equation, see Figure 24 (Huth, 
1983), (Gray, McCarthy, 2011), (Jarfall, 1983). These equations include important 
parameters that affect the fastener behavior such as fastener bending, bolt shearing and 
bearing with respect to the bolt diameter, bolt E-modulus, plate thickness, and number of 
plates. Bearing means deformation of the bolt hole and shearing means bolts exposed to 
shear load. With the semi-empirical equation the linear elastic constitutive behavior is 
obtained. To obtain plastic behavior of the connector element force-displacement 
characteristics can be assigned. Also damage behavior and progressive joint failure can 
be assigned by force-displacement characteristics or as exponential power of law.  
 
 

 
Figure 24- Different constitutive connector element behavior 
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In this report beam elements are also used, type B31 (Abaqus, version 6.9-EF, 2009), and 
it has six DOF’s, which means both translational and rotational DOF’s. Important to 
mention is that despite connection type, the constitutive behavior is always assigned for 
each bolt, not the complete joint. 
 

2.8 Semi-empirical flexibility equations 
There are several semi-empirical equations for fastener flexibility prediction within the 
aircraft industry (Huth, 1983), (Gray, McCarthy, 2011), (Jarfall, 1983). In order to make 
a correct structural analysis of e.g. the load distribution, the connector element 
representing the fastener must be given the correct constitutive stiffness behavior. 
Determining and using flexibility data from the empirical flexibility equations can lead to 
some difficulties due to approximations in the equations. The equations are built on 
experiments in the aircraft industry, and lots of approximations have been done, in order 
to simplify the use of the equations. The equations have been created by different 
researchers and under different circumstances which make the simplification of the 
relative terms in the equations vary. In general the equations include terms that account 
for: 

 Bolt bending 
 Bolt shearing 
 Bolt/Plate bearing (Deformation of the bolt hole) 
 Empirical factor- includes bolt bending, bolt tilting and secondary bending of the 

plates 
 

Important when assigning the constitutive stiffness behavior to the connector element, is 
that the stiffness must represent only the bolt without including the effect from the plates. 
Otherwise the effect from the plates is account for twice. 
 
Below in Table 2, descriptions of the various parameters used in the semi-empirical 
flexibility equations are shown. 
 
Table 2- Description of the various notations in the semi-empirical flexibility equations 
Parameter Description Unit 
Ab bolt cross-sectional area 

4

2
b

b
DA  

mm2 

CJ joint flexibility mm/N 
CB bolt flexibility mm/N 
Db bolt diameter mm 
Eb Young’s modulus of bolt MPa 
E1 Young’s modulus of plate 1 MPa 
E2 Young’s modulus of plate 2 MPa 
Gb Shear modulus of bolt      

Gb = 
b

bE
12

 

MPa 
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Ib moment of inertia of bolt 
cross-section 

64

4
b

b
DI  

mm4 

Lb length of bolt  

2
21 ttLb  

mm 

P shear force N 
S stiffness N/mm 
t1 thickness of plate 1 mm 
t2 thickness of plate 2 mm 

 Relative displacement of 
the nodes in beam or 
connector element 

mm 

b  Poisson’s ratio of material  
n Number of lap 

n=1 for Single- Lap 
n=2 for Double-Lap 

 

a Bolt metal, a=2/3 
Bolt, carbon a= 2/3 
Rivet, metal a=2/5 

 

b Bolt metal, b=3 
Bolt, carbon b= 4.2 
Rivet, metal b=2.2 

 

 Empirical factor for 
bending moment 

 

  
 
Huth flexibility equation can be used in both single and double shear lap joints, by 
changing the parameter n, see Table 2 and Equation (2). 
 

Huth:  
212211

21

2
1

2
111

2
)(

tnEtEtnEtEn
b

D
ttC

bb

a

b
J       (2) 

 
Other semi-empirical flexibility equations (Dahlberg, 2001), (Gray, McCarthy, 2011), 
(Jarfall, 1983) used in this report are: 

Euler Bernoulli (beam theory): 
b

b

b

bb
B EI

L
EI

L
P

LC
33

12
1

3
2/22/2       (3) 

 

Grumman:    
2211

3

2
21 1172.3)(

tEtEDE
ttC

bb
J          (4) 
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Tate & Rosenfeld: 31112
3

2
112212

1212

EtEtEtt
tt

AG
ttC

bbb
J      (5) 

 
 

Boeing: 
221112

12
3
21

2
22

2
1

3
112 11

40
55

5
4

EtEtEtt
tt

IE
tttttt

AG
ttC

boltbbboltbolt
J  (6) 

 
ESDU, Engineering Sciences Data Unit (A98012, 2001) has developed formulas for 
calculation of the bolt and joint flexibility and also the load distribution. The formulas 
can handle both single and double lap shear joints, and also multi-bolted and multi-row 
lap joints. For the analysis, ESDU have made a computer program in FORTRAN, where 
input such as width, thickness, length, E-modulus of the plates, and bolt diameter and bolt 
E-modulus and pitch between the bolts are required. 
 

2.9 Measurements 
In both experiments and analyses of shear loaded joints, measuring of the fastener joint 
flexibility is often of interest. The flexibility is defined as relative displacement through 
applied load see Equation (7) below, description of the variables can be found in Table 2 
chapter 2.8.  

N
mm

SP
C 1               (7) 

 
In FE models, the relative displacements for each bolt can be calculated by measuring the 
difference between the nodes in connector or beam element, see Figure 25. 
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Figure 25- Measurement of relative displacement in a FE model of a)single shear lap joint, b) double 
lap joint 
 
When measuring the relative displacement in experiments, the difference between two 
points, clip gages attached to both plates, gives the relative displacement, see Figure 26, 
Figure 27.  
 
In general the fastener flexibility can be defined by Huth (1983) measurement definitions. 
For a single shear lap joint, see Equations (8)-(15) and Figure 26, and for a double shear 
lap joint, see Equations (16) - (19) and Figure 27: 
 

 
Figure 26- Huth (1983) measurement definition for a single shear lap joint 
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 Bolt number 1: 
2

1
1 PCb         (11) 

2

21
21 PCC bb    (12) 

Bolt number 2:  
2

2
2 PCb         (13) 

 
Gives the flexibility: 
 

PPCCC bbJ
2121
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2
2
1

2
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P
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Figure 27- Huth (1983) measurement definition for a double shear lap joint 
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3 Results 

3.1 Part 1- Parametric study 1 
Table 3 shows a summary of the different cases in part 1.  
 
Table 3- Summary of the different cases in part 1 

Part of 
the study 

Model Load 
type 

Case Description 

Case 1 One bolt 
 

Case 2 Two bolts 

Case 3 Eight bolts 

Part 1 
 

Different 
thickness 
and 
material of 
the plates 

Shear 
load 

All 
cases 

Compared the results of the connector 
elements to the beam elements (linear 
elastic analysis) 

 
The different constitutive stiffness for the connector elements in case 1, 2, 3 are shown in 
Table 4, and as the table shows the predicted stiffness differ a lot between the different 
semi-empirical equations. The differences are due to the empirical factors in the 
equations. Depending on what the empirical factors includes, it affects the predicted 
stiffness, if bending of plates are included it gives a lower predicted stiffness, e.g. as for 
Grumman (4) and ESDU (A98012, 2001), but if the equation only takes the bolt into 
account, it gives a greater stiffness, e.g. Euler Bernoulli (3).  In Appendix Part 1, the 
constitutive behavior for the beam element can be found, and all the other input data for 
the analyses and attached results can be found.  
 
Table 4- Linear elastic constitutive behavior to the connector elements 
Semi-empirical equation Applied stiffness (in the 

load direction) [N/mm] 
All the other directions 

Euler Bernoulli - differential 
bending (3) 

715781 
 

Rigid 

Huth (2) 172968 
 

Rigid 

Tate & Rosenfeld (5) 56022 
 

Rigid 

Boeing (6) 65410 
 

Rigid 

Grumman (4) 33293 
 

Rigid 

ESDU(A98012, 2001) 
 

34037 
 

Rigid 

 
As Figure 28 shows the joint is exposed to secondary bending, and the FE method has no 
problem of handle it.  
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Figure 28- Displacements in case 3, the upper plate is a thick composite plate and the lower one is a 
thin aluminum plate, and bolt nr 1 in the bolt-row is the leftmost one in the figure 
 
The mean value of the bolt flexibility in case 2 is shown in Figure 29.The ratio between 
the beam element and the connector element with different constitutive stiffness is the 
same in all cases, therefore only one of the cases is shown. Euler Bernoulli (3) and Huth 
(2), prove to be most similar to the beam element flexibility. The value of the connector 
element flexibility is twice as large for Grumman (4) and ESDU (A98012, 2001) as for 
the beam element, and 1.5 times lager than for Huth (2) compared to the beam element.  
 

Case 2- Mean Value of Bolt Flexibility
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Figure 29- Mean value of the bolt flexibility in case 2, for the beam element and the connector 
element with different constitutive stiffness  
 
In case 2, the load distribution is almost equal between the bolts, but in case 3 the 
outermost bolts carry the most load, but remark that the first bolts in the bolt-row carries 
a little bit more load than the last bolts, see case 3 in Figure 30 below. 
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Case 3- Load distribution 
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Figure 30- Load distribution for case 3 (Px1= bolt nr 1, Px2= bolt nr 2, etc.) 
 
The relative displacement in case 3, is greatest for the first bolts in the bolt-row, which 
probably is because of that the thin aluminum plate is bending much more compared to 
the thick composite plate, see Figure 28 and Figure 31.  
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Figure 31- Relative displacement for each bolt in case 3 ( 1= bolt nr 1, 2=bolt nr 2, etc) 
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3.2 Part 2- Parametric study 2 
Table 5 shows a summary of the different cases in part 2.  
 
Table 5- Summary of the cases in part 2 
Part of 
the 
study 

Model Load 
type 

Case Description 

Case 1 Linear elastic analysis (Model 1 and 
Model 2) 
 

Case 2 Using *FASTENER, (Model 2) 
 

Case 3 Elasto-plastic analysis, (Model 1) 
 

Case 4 Damage behavior (Model 1) 
 

Part 2 Equal 
thickness 
and 
material 
of the 
plates 

Shear 
load 

Case 
1,2,3 

Compared to 3D Benchmark model 
(Gunbring, 2008) and experiment 
(Huth, 1983) 
 

Model 1 Fastener joint with two bolts 

Model 2 Fastener joint with three bolts 

 
The different linear elastic constitutive stiffness behavior for the connector elements in 
case 1, 2, 3, 4 are shown in Table 6. In Appendix Part 2, the constitutive behavior for the 
beam element can be found, and all the other input data for the analyses and also attached 
results can be found.  
 
 
Table 6- Linear elastic constitutive behavior to the connector elements 
Semi-empirical equation Applied stiffness in the 

load direction [N/mm] 
All the other 
directions 

Huth (2) 185051 
 

Rigid 

Tate & Rosenfeld (5) 54315 
 

Rigid 

Grumman (4) 35962 
 

Rigid 

 
In case 1 and 2 the analyses are only linear elastic, but in case 3 and 4 the analyses are 
elasto-plastic. In the elasto-plastic analysis, the connector elements are assigned a force-
displacement characteristic, by taking values from the force-displacement curve (Huth, 
1983), see Table 7.  
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Table 7- Plastic constitutive behavior of the connector element, taken from experiment (Huth, 1983) 
force-displacement curve  
Force (each bolt) [N] Relative plastic displacement [mm] 

(Huth (2) linear elastic constitutive 
behavior) 

1000 0.000 
2000 0,005 
4000 0,020 
6000 0,080 
9000 0,225 
11000 0,400 
13000 0,640 
 

3.2.1 Case 1 
In the load distribution analysis of model 2, both the beam and the connector elements 
with different constitutive stiffness show good agreement with the benchmark model 
(Gunbring, 2008), see Figure 32. The outermost bolts carry the most of the load, as in 
part 1 case 3, but with the difference that the first and the last bolt in the bolt-row now 
carry equal load, which they do not in part 1. The difference between part 1 and part 2 is 
that the plates in part 1 have different thickness and material compared to the plates in 
part 2 which have the same thickness and materials. Part 2 has symmetry in the models, 
which gives symmetry in the load distribution.  
 

"Model 2"- Load distribution [%] 
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Figure 32- Load distribution in model 2 for each bolt 
 
The mean value of the bolt flexibility is greater for Grumman (4) and ESDU (A98012, 
2001) than for Huth (2) same as in part 1, but in part 2 the difference is smaller than in 
part 1. This is probably also due to symmetry in the models in part 2. Connector element 
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with Huth (2) constitutive stiffness shows very good agreement with the benchmark 
model (Gunbring, 2008) according to the analysis of the bolt flexibility, see Figure 33. 
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Figure 33- Mean value of the bolt flexibility in model 2 for the beam element and the connector 
element with different constitutive stiffness behavior 
 
Figure 34 and Figure 35, shows the relative displacement for each bolt in the fastener 
joint of model 2, and as the figure shows, the outermost bolts have equal displacements 
and more displacement compared to the bolt in the middle of the joint. This load 
distribution is due to secondary bending of the fastener joint. As Figure 35 shows the 
plates are bending equal, which they do not in part 1.  
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Figure 34- Relative displacement for each bolt in model 2  
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Figure 35- Displacement model 2, case 1 

3.2.2 Case 2 
The object of this analysis is to study the influence of using *FASTENER, see chapter 
2.2. The analyses are performed both with and without *FASTENER to distinguish the 
influence of using it. In the analyses the models are displacement-controlled. Connector 
elements are assigned Huth (2) constitutive stiffness see Table 6, due to the good 
agreement with the benchmark model (Gunbring, 2008) in case 1. The method is tested 
for both shell models and solid models, although the need of this method is mostly for 
solid models. 
  
Figure 36 shows the load distribution in model 2, and as the figure shows the shell model 
with *FASTENER and course mesh does not agree well with the benchmark model 
(Gunbring, 2008).  
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Figure 36- Load distribution in case 2 (connector element with Huth (2) constitutive stiffness 
behavior, see Table 6), verification by 3D benchmark model (Gunbring, 2008) 
 
Best agreement with the benchmark model, according to load distribution and bolt 
flexibility analyses, shows the solid model with *FASTENER and the shell model 
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without *FASTENER, see Figure 36 and Figure 37.  An improvement of the shell model 
with *FASTENER was done by refining the mesh, four times as fine. By refining the 
mesh the error went from nine percent to seven percent, which is still not enough 
accurate, but an improvement.   
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Figure 37- Mean value of the bolt flexibility in case 2 (connector element with Huth (2) constitutive 
stiffness see Table 6 behavior), verification by 3D Benchmark model (Gunbring, 2008) 
 

3.2.3 Case 3  
One elastic and one elasto-plastic analysis was performed and compared with experiment 
(Huth, 1983). The semi-empirical flexibility equation Huth (2) was used to give the 
connector element the linear elastic constitutive behavior. Force-displacement 
characteristics were taken from the experiment curve (Huth, 1983) and assigned to the 
connector element as plastic constitutive behavior. As Figure 38 shows Huth (2) gives a 
very good prediction of the elasto-plastic force-displacement curve as expected, even 
better than the 3D benchmark model (Gunbring, 2008). This analysis was only performed 
to test the method of assigning force-displacement characteristics, and it appears to be 
simple to use. 
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Figure 38- Connector element with Huth (2) stiffness (see Table 6) both elastic and elasto-plastic 
analysis, and validated against Huth experiment ISS11 (1983) 
 

3.2.4 Case 4 
In this case, a test of how to manage the connector element damage behavior is 
performed. The model is displacement- controlled and the relative displacement is set to 
0.7. Damage initiation is managed by a critical force, set to 5000N (for each connector 
element), and the damage evolution displacement, e = f – 0 is set to 0.3.The damage 
evolution curve is linear.  
 
 As the results show in Figure 39, the damage initiation starts at 5000N, when the relative 
displacement is 0=0.1. At first, the damage evolution curve is non-linear, but at L=0.16 
it becomes linear. The damage evolution displacement seems to start from L instead of 

0, due to e = f – L=0.46-0.16= 0.3, Abaqus program seems to need some transition 
points before the linear softening starts, e.g. points between 0 and L, see Figure 39. 
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Figure 39- Damage behavior of connector element, manage by critical force at 5000 N, e =0.3 
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3.3 Part 3 – Application Model 
In the pre-study, part 1 and 2, Abaqus Bushing connector element shows the ability of 
handle effects like secondary bending, which also means no problem with modeling the 
plates in different planes. It also shows good ability to handle elasto-plastic behavior, if 
force-displacement characteristics are assigned. The object of the third part of this study 
is to use these abilities when modeling a structure. The idea is to take force-displacement 
characteristic from an experiment performed on a smaller model of a structure, and then 
assign these characteristics as constitutive behavior to connector elements in the analysis 
of the structure.  
 
In the study, the structure is represented by an I-beam with multi-bolt and multi-row 
joints, and it is called the global model, and the smaller model of the structure represents 
the flange of the I-beam and is called the local model. 
 
The analysis of the global model is compared to experiment of the global model, to 
confirm that the method using force-displacement characteristics from the local model 
works. The global model is exposed to a four-point bending, which causes shear loads at 
the upper and lower flange, and therefore the local model is a shear lap joint. The global 
and local model is shown in Figure 40 below. In chapter 2 (description of part 3), more 
about the experiments (Nguyen and Mutsuyoshi, 2010) of the local and global model can 
be found. 
 

 
Figure 40-A global model of an I-beam and a local model of a flange of the I-beam 
 
First, analyses of the local model are performed to control that the correct constitutive 
behavior has been given to the connector elements. Two different approaches are used to 
assign the elasto-plastic constitutive behavior to the connector elements:  
 
Option 1 (Huth (2)): The linear elastic constitutive behavior is predicted by using the 
semi-empirical equation Huth (2) and the plastic behavior is assigned by taking force-
displacement characteristics from the experiment force-displacement curve (Nguyen and 
Mutsuyoshi, 2010) of the local model. 
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Option 2 (EBC(20)): Both the linear elastic and plastic constitutive behavior is taken 
from the experiment force-displacement curve (Nguyen and Mutsuyoshi, 2010) of the 
local model. The linear elastic behavior is calculated by measuring the slope of the curve, 
EBC (20), see Figure 41 and Equation (20) below.  
 
The constitutive behavior should always be assigned for each bolt, independent of 
connection type. Therefore the applied load has to be divided by six to represent only one 
bolt when calculating EBC (20). Observe that the first part (O-A-B in Figure 41) in the 
experiment force-displacement curve (Nguyen and Mutsuyoshi, 2010) is not accounted 
for in the analyses, due to this part represents the slip resistance of the plates before the 
experiment have stabilized. Therefore the displacement (O-A-B) has to be subtracted in 
the calculations of EBC (20), which corresponds to 0,7mm.   
 

mm
NEBC 27777

7,09,1
6

200000

       (20) 

 
In Table 8, the different linear elastic constitutive behavior for the connector elements are 
shown. In Appendix Part 3, input data for the analyses can be found. 
 
Table 8- Linear elastic constitutive behavior to the connector elements 
Part of the structure Linear elastic 

stiffness equation 
Applied stiffness in 
the load direction 
[N/mm] 

All the other 
directions 

 
Flange  

 
Huth (2) 

 
1884475 

 
Rigid 

 
Flange  

 
EBC (20) 

 
27777 

 
Rigid 

 
Web  

 
Huth (2) 

 
1690679 
 

 
Rigid 

 
The plastic behavior of the connector elements is shown Table 9 . The values are 
intended for each bolt, and picked from the experiment force-displacement curve 
(Nguyen and Mutsuyoshi, 2010) of the local model. 
  
Table 9- Plastic constitutive behavior of the connector element, taken from experiment force-
displacement curve (Nguyen and Mutsuyoshi, 2010) of the local model 
Force (complete 
joint) [kN] 

Force (each bolt) 
[N] 

Relative plastic 
displacement  [mm] 
(Huth (2) linear 
elastic constitutive 
behavior) 

Relative plastic 
displacement [mm]  
(EBC (20) linear 
elastic constitutive 
behavior) 

200 33333 0 0 
250 41667 0,6 0,1 
280 54167 1,2 0,6 
315 51667 2,3 1,5 
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325 54167 3,1 2,0 
330 55000 3,5 2,5 
320 53333 3,7 2,8 
310 51667 4,1 3,2 
 
In Figure 41 the control analysis of the EBC (20) is shown, and as expected this follow 
exactly the experiment curve, due to it was given the directly picked input data for the 
force-displacement curve.  

 
Figure 41 Linear elastic curve and elasto-plastic curve of the shear model versus experiment curve 
(Nguyen and Mutsuyoshi, 2010), EBC (20)  linear elastic connector element stiffness is used 
 
Second, analyses of the global model are performed. The load versus beam deflection is 
analyzed and compared to experiment (Nguyen and Mutsuyoshi, 2010).   
 
I the analyses of the global model, results show that Option 1 (Huth (2)) gives a stronger 
prediction of the load-deflection curve compared to experiment (Nguyen and 
Mutsuyoshi, 2010) and control beam (without any fastener), see Figure 42. 
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Figure 42- Load versus beam deflection of the I-beam, FE model with Option 1 ( Huth (2)) compared 
to experimental (Nguyen and Mutsuyoshi, 2010) 
 
Option 2 (EBC (20)) gives a weaker prediction of the load-deflection curve compared to 
experiment (Nguyen and Mutsuyoshi, 2010) and control beam (without any fastener), see 
Figure 43. 

 
Figure 43- Load versus beam deflection of the I-beam, FE model with Option 2 (EBC (20)) compared 
to experimental (Nguyen and Mutsuyoshi, 2010)  
 
An overall view of all the analyses can be seen in Figure 44. As the figure shows the 
experiment (Nguyen and Mutsuyoshi, 2010) are stopped at 190kN, due to delamination 
and fiber crushing occurs which was mentioned in the description of the experiments 
chapter 2.3, the specimen B2 only shows linear behavior, it never plasticize.  The FE 
models (Option 1 and Option 2) also behave linear up to 190 kN, but then at 225kN 
Option 1(Huth (2)) starts to plasticize and at 290 kN Option 2(EBC (20)) starts to 
plasticize.  
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Figure 44- Load versus beam deflection, comparison between the FE models (Option 1 and 2) and the 
experiment (Nguyen and Mutsuyoshi, 2010) of I-beam B2   
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4 Discussion 
Beam elements have proved to work very well in linear elastic analyses of shell models, 
but are time-consuming to use in solid models, due to the need of additional beam 
elements to manage the analyses. The object of this study was to develop a FE method 
for modeling bolted joints in structures, which can involve both modeling of shell and 
solid models, and macroscopic non-linear behavior. Because of the method of modeling 
beam elements in solid models is too time-consuming instead the possibilities of using 
Abaqus Bushing connector element have been investigated in this study. The interest for 
Abaqus connector element has also been brought because of the ability of assigning 
force-displacement characteristics, which opens the possibilities of modeling 
macroscopic non-linear behavior and also damage behavior. 
 
As the analyses show Abaqus Bushing connector element works very well in both shell 
models and solid models. Both the connector and the beam elements behave equally in 
the linear elastic analyses of load distribution and bolt flexibility, they only differ with 
the values but the ratio is the same. 
 
In the pre-study the object was to distinguish the difference by using the different semi-
empirical flexibility equations when assigning the constitutive behavior to the connector 
elements. In part 1, the different semi-empirical equations are compared to the beam 
element, and results shows that Euler Bernoulli (3) and Huth (2) is very much alike the 
behavior of the beam element. In part 2 the semi-empirical equations are compared to a 
3D benchmark model (Gunbring, 2008), and the results show that both Huth (2) and the 
beam element shows good agreement with the 3D benchmark model (Gunbring, 2008). 
The prediction of the constitutive connector element behavior by Grumman (4) and 
ESDU (A981012, 2001) gives a very low stiffness, which is because of the bending of 
the plates are included in the equations. The results of this are that the bending of the 
plates is accounted for twice in the analyses, and it gives no good agreement with the 3D 
benchmark model. Therefore Huth (2) was used in the application model, part 3 of this 
study. 
 
In all the analyses, secondary bending occurs, and as the results show Abaqus Bushing 
connector element and the beam element have no problem with the secondary bending. 
Typical for multi-bolt fastener joints exposed to secondary bending is that the outermost 
bolts carry the most load, due to the bending of the plates, which can be seen in the 
results of part 1 and 2. In a fastener joint without secondary bending the load is uniformly 
distributed. 
 
The geometry of the fastener joints affects the load distribution, which the parametric 
studies of part 1 and 2 shows. For part 1, see Figure 28,  the plates are bending differently 
due to one thick plate and one thin plate, but for part 2, see Figure 35, the plates are 
bending equally due to equal thickness of the plates. 
 
The method of using *FASTENER works differently well, depending on what type of 
model that is analyzed. In a shell model, *FASTENER gives a too stiff behavior of the 
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fastener joint, but shell models are not needed the method, it works very well without 
*FASTENER. This has been proved in the analyses in part 2 of this study, where the 
results were compared to the 3D benchmark model (Gunbring, 2008). Using 
*FASTENER in solid models gave however very good results, and good agreement with 
the 3D benchmark model (Gunbring, 2008), and therefore this method is strongly 
recommended for modeling of connector elements in solid models. Compared to the old 
method of using additional beam elements, *FASTENER is much more time-saving 
because of the less work that needs to be done.  

 
In part 2 case 3, the method of assigning elasto-plastic force-displacement characteristics 
to the connector elements was investigated and it proved to work very well compared to 
the experiment (Huth, 1983).  
 
In the analysis of the global model in part 3, two options were analyzed, option 1 (Huth 
(2)) and option 2 (EBC (20)), and compared to experiment (Nguyen and Mutsuyoshi, 
2010). Option 1, gives a weaker prediction of the global model compared to experiment 
(Nguyen and Mutsuyoshi, 2010), and the reasons for that may be: 
  

 The local model has flat splice plates and the global model has v-notched splice 
plates which are rougher and improves the bonding between the splice plates.  

 The local model has less row spacing (40mm) between the bolts than the flange in 
the global model (55mm), which gives increased secondary bending for the local 
model, and increased secondary bending means decreased stiffness. 

 
These two parameters contribute to a weaker behavior of the local model compared to the 
global model. Since the connector elements are given the constitutive behavior of the 
local model, in analysis of the global model, the FE models should be given a weaker 
prediction of the global model compared to the experiment of the global model as Option 
2 does. But Option 1 gives a stronger prediction of the load-deflection curve compared to 
experiment curve (Nguyen and Mutsuyoshi, 2010), which was not surprising, due to Huth 
(2) has proved to predicted a very stiff behavior of the connector element in all the earlier 
analyses also.     
 
In the experiment of B1 plasticity occurs soon after the bolt failure and web splice 
rotation occurs, but in the experiment of B2 no plasticity occurs at all under the test, even 
that delamination occurs at 190 kN. The question is if the fastener joint in beam B2 
would have a plastic behavior if the experiment was not stopped, or if the fastener joint 
was too strong compared to the laminate that bolt failure probably never would have 
occurred? In the analysis of beam B2 plasticity occurs at loads over 190kN, Option 1 
shows plastic behavior at 225kN, and Option 2 at 290 kN. If no delamination had 
occurred at 190kN, it may have been possible for the fastener to behave plastic at the 
predicated loads of the analyses.  
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5 Conclusions 
Conclusions of using the developed FE method with Abaqus’s Bushing connector 
element are: 
 
Advantages of using Abaqus’s Bushing Connector Element 

 Easy to use “point-to-point” connection when modeling of bolted joints in 
structures and larger installations with many bolts 

 Can handle both elastic, plastic and damage behavior in a simple way 
 Works with both solid and shell models 
 Can handle bending moment as secondary bending 
 The plates can be modeled with or without offset 
 Works well for both double shear lap joints and single-shear lap joints 
 Works very well in larger installations with several bolts as in structures 
 Compatible with the mesh independent method *FASTENER 

 
Disadvantages of using Abaqus’s Bushing Connector Element 

 Calculations by hand needs to be performed to obtain the bolt stiffness, which 
adds one more operation in the procedure 

 Force-displacement curve has to be known (from experiment in order to use non-
linear behavior) 
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6 Recommendations- further work 
The work may be extended to a deeper study of the connector element damage behavior 
due to composite damage and metal plasticity. Comparison against experiment of 
composite damage in fastener joints has to be performed.  
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Appendix- Part 1 
In Table 10 the unmodified geometry is shown and in Table 11 the modified geometry 
for the different cases is shown. The material data is the same in all cases and can be seen 
in Table 12.  

 
Table 10- Unmodified geometry, which is equal in the three cases 
GEOMETRY 
[mm] 

Same in all cases 

Plates:  
t1 (thickness) 2,7 
t2 7,28 
w1=w2 (width) 36 
Bolt:  
Db (diameter) 6 
Lb,    Lb=(t1+t2)/2  4,99 
 
Table 11- Geometry data for the different cases 
GEOMETRY 
[mm] 

Case 1: 
1- bolted joint 

Case 2: 
2- bolted joint 

Case 3: 
8- bolted joint 

L1=L2,  length of 
the plate 

100 100 184 

Overlap 30 36 108 
Distance edge 15 12 (2Db) 12 (2Db) 
Pitch- distance 
between the bolts  

 12 (2Db) 12 (2Db) 

 
Table 12- Material data for parametric study 1 
MATERIAL value 
Aluminium_1  
EA1 70300 MPa 
NuA1 0,33 
Elastic type isotropic 
Expansion type ISO 
Composite_1  
EC 78855 MPa 
E1 134600 MPa 
E2 8700 MPa 
NuC 0,27 
G12 3900 MPa 
G13 3870 MPa 
G23 2900 MPa 
Elastic type Orthotropic 
Expansion type Lamina 
Layer thick 0,13 mm 
Number of layers 56 
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Layup [±45/0/90/0/±45/0/90/0/90/0/±45/0/90/±45/0/±45]s56 
Titanium_1  
Eb 116500 MPa 
Nub 0,29 
Elastic type isotropic 
 
In Figure 45, Figure 46, and Figure 47 attached results can be seen. 
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Figure 45- Bolt flexibility in case 1 
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Figure 46- Bolt flexibility in case 2, with two bolts, (C1= bolt nr 1, C2= bolt nr 2, etc) 
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Case 3- Bolt flexibility
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Figure 47- Bolt flexibility in case 3, with eight bolts (C1= bolt nr 1, C2= bolt nr 2, etc) 
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Appendix - Part 2 
 
In Table 13 the unmodified geometry is shown and in Table 14 the modified geometry 
for the different models is shown. The material data is the same in all cases and can be 
seen in Table 15.  
 
Table 13- Unmodified geometry, which is equal in the two models 
GEOMETRY 
[mm] 

Same in the two 
models 

Plates:  
t1 5,1 
t2 5,1 
Bolt:  
Db  5 
Lb,    Lb=(t1+t2)/2  5,1 
 
Table 14- Geometry data for the different fasteners 
GEOMETRY 
[mm] 

Model 1 
2- bolted joint 

Model 2 
3- bolted joint 

L1=L2,  length of 
the plate 

100 125 

Overlap 45 70 
Distance edge 10 (2Db) 10 (2Db) 
Pitch- distance 
between the bolts  

25 (5Db) 25 (5Db) 

 
Table 15- Material data for parametric study 2 
MATERIAL value 
Aluminium_2  
EA2 72000 MPa 
NuA2 0,33 
Elastic type isotropic 
Expansion type ISO 
Titanium_2  
Eb 110300 MPa 
Nub 0,29 
Elastic type isotropic 
  
 
In Figure 48 and Figure 49 attached results can be seen. 
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"Model 1"- Load distribution [%] 
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Figure 48- Load distribution in model 1, with two bolts (Px1= bolt nr 1, Px2= bolt nr 2) 
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Figure 49- Bolt flexibility in model 1, with two bolts (C1= bolt nr 1, C2= bolt nr 2, etc) 
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Appendix - Part 3 
Geometry for beam B2 can be seen in Figure 13, and for the reference local model in 
Figure 14. The material is the same for the global and local model, see  
Table 16, Table 17 and Table 20. The I-beam consists of a HFRP laminate, see Table 18. 
In Table 19 translation for the different abbreviations are shown. In Figure 50 the layup 
and stacking sequence for the I-beam is shown. 
 
Table 16- Material data for the splice plates, I-beam and the bolts 
MATERIAL Same for the global 

and local model 
Splice Plates  Steel 
I-Beam HFRP Laminate 
Bolts  Stainless steel 
 
Table 17- FE input for the splice plates and bolts 
Name Type of 

steel 
 Young’s 
modulus: 
E(N/mm2) 

Poisson’s 
ration:  

Yield 
stress: y 
(N/mm2) 

Plastic 
strain: p 

Bolt and 
Nut 

SUS304 197, 000 0.3 205 
520 

0 
0.4 

Splice 
splate 

SS400 206, 000 0.3 240 
450 

0 
0.21 

 

 
Figure 50- Layup and stacking sequence of the HFRP I-beam 
 
Table 18- Fiber orientation and volume content of FRP lamina in the HFRP I-beam  
HFRP I-BEAM Type of Lamina Fiber orientation( ) Volume content 

(%) 
Flange *CFRP 0 34 
 *GFRP 0/90 17 
  +45 41 
  CSMa 8 
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Web *GFRP 0/90 43 
  +45 43 
  CSMa 14 
 
Table 19- Translation of the abbreviations for the different materials 
ABBREVIATIONS Translation 
FRP Fiber- Reinforced Polymers 
HFRP Hybrid Fiber- Reinforced Polymers 
CFRP Carbon Fiber- Reinforced Polymers 
GFRP Glass Fiber- Reinforced Polymers 
CSM Continuous Strand Mat 
 
Table 20- Mechanical properties of materials in HFRP laminate 
Parameter Notation CFRP, 

0  
GFRP, 
0 /90  

GFRP, 
+45  

GFRP, 
CSM 

Volume 
fraction 

(%) 

Vf 55 53 53 25 

Young’s 
modulus 

(GPa) 

E11 
E22=E33 

128.1 
14.9 

25.9 
25.9 

11.1 
11.1 

11.1 
11.1 

Shear 
modulus 

(GPa) 

G12=G13 
G23 

5.5 
3.9 

4.4 
4.4 

10.9 
10.9 

4.2 
4.2 

Poisson’s 
ratio 

12= 13 
=23 

0.32 
0.45 

0.12 
0.12 

0.58 
0.58 

0.31 
0.31 

 
The analysis of the reference local model was performed as a control of that the correct 
values from force-displacement curve of the local model have been taken. In Option 1 the 
linear elastic constitutive stiffness by using Huth (2), show good agreement with 
experiment (Nguyen and Mutsuyoshi, 2010) of the local model, see Figure 51.  
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Figure 51- Linear elastic curve and elasto-plastic curve of the shear model versus experiment curve 
(Nguyen and Mutsuyoshi, 2010), Huth (2) linear elastic connector element stiffness is used 
 
In Figure 52 the beam deflection of the global model is shown. In Figure 53 the effect 
from the four-point-bending at the fastener joint is shown, as the figure shows the flanges 
are exposed to shear loads, lower flange is exposed to tensile forces and the upper flange 
is exposed to compressive forces.  

 
Figure 52- Beam deflection of the I-beam exposed to four-point bending 

 
Figure 53- Closer view of the mid-span of the fastener joint in the I-beam 
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