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ABSTRACT 

 

 

Simplified finite element joint models were compared to a detailed three-dimensional 

model at coupon level to study their performance. Simplification of bolted joints is warranted by 

the element size limitation present when using explicit time integration methods for studying 

large scale finite element models. Two simplified models which are the rigid beam element bolt 

model with hole (configuration 1) and the mesh independent spotweld beam model 

(configuration 2), and extensions to these models which are the mesh independent spotweld 

beam with an elastic patch model (configuration 3)  and the rigid beam element bolt model with 

no hole (configuration 4) were explored in this study. The load transfer, failure modes, stresses 

and strains, energy levels and bolt loads were evaluated for each simplified technique using a 

single shear lap joint specimen and compared to the detailed model. In addition, the effect of 

friction (0 to 0.4), preload (0 to 2300 N) and material rate sensitivity (loading rate, 20 in/s, 50 

in/s and 100 in/s) was also studied.  

In comparison to the detailed model, the load transfer was up to 10% higher for 

configuration 1, 9% higher to 17% lower for configuration 2, 11% higher to 8% lower for 

configuration 3 and 3% higher to 10% lower for configuration 4. The simplified models captured 

load transfer but due to the joining methods and absence of fastener hole (weak point in a joint), 

the joint was in fact stiffer and resulted in large load carrying capability. Higher loading rates did 

not affect the load transfer but increased the load carrying capacity of the detailed model by 26% 

and simplified model by 5%. Preload affected the load transfer in detailed model but not in 

simplified models. Friction affected the detailed model by 4% and the simplified model by 1%. 

The detailed finite element model used for comparison was successfully validated using 

experimental test data and can be used as a baseline for further studies.  
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CHAPTER 1 

INTRODUCTION 

Fastener joints are extensively used is structural assemblies, such as airplanes, and are 

exposed to several different types of loading throughout its life. Although considered as 

secondary elements, fasteners play a major role in defining the crashworthiness behavior of a 

structure. This study is performed to support finite element modeling (FEM) of large structural 

models where fasteners have to be idealized due to several restrictions on model refinement and 

size as discussed later in this chapter. LS DYNA [1], a powerful FEM tool capable of non-linear 

explicit dynamics is used for this study. 

 Bolt Modeling in FEM and the Need for Simplified Bolt Models    1.1

Aircraft structures contain several sub-components, such as engines, seats, radome and 

more, that require extensive destructive testing for certification. In addition, aircraft structure 

also requires certification for events such as bird strike, lightning strike and survivable crash 

scenarios. Physical testing of different subcomponents and events such as bird strike can be 

expensive since several variations exist for each case. With the recent improvements in 

computing technology, such large structural models and complex phenomena can be handled by 

analytical tools such as FEM [2][3][4]. Thus there is significant effort from industry and 

researchers around the globe to convince the authorities to accept certification by analysis (CBA) 

and hence minimize expensive physical testing [5][6][7].  

CBA offers a rapid and less expensive way to evaluate design concepts and design 

changes while minimizing the requirement for physical testing to baseline models or worst case 

scenarios. An example of CBA is the AC 20-146 [9] developed by the FAA for aircraft seat 

certification. As per the AC 20-146, FE models can replace physical testing when: 1) 



 

2 

 

demonstrating compliance to standard test requirements for changes to a baseline seat design, 2) 

establishing the critical seat installation/configuration in preparation for dynamic testing. 

Although powerful computing capabilities are available today for FEM, several 

shortcomings still exist when it comes to modeling elemental structures such as fasteners in large 

models [8]. Fasteners can be classified as either bolts or rivets, and although both have 

significant differences in appearance, structure, and installation methods, they both serve the 

same purpose. Large structural assemblies use fasteners as the primary joining entity to facilitate 

slip resistance and load transfer between joined parts [10][11][12]. Fastener joints are also 

common sites for fatigue crack initiations arising at the hole boundary due to stress 

concentrations resulting from bypass and bearing loads [12]. During a crash, a structure and the 

associated joints are required to fail in a controlled manner to absorb energy and alleviate the 

effects of the impact loading on the occupants. The energy is absorbed by the plastic collapse of 

thin-walled structures, and often they contain fastener joints. Hence, it is important to understand 

the behavior of fastener joints for improving crashworthiness characteristics. Researchers have 

conducted several crash tests and generated FE models of large structural assemblies 0[1][4][5], 

to evaluate the survivability of the occupants, but little has been reported in terms on joint 

behavior and fastener failures.  

In a recent narrow body transport crashworthiness study conducted at the NIAR [13], it 

was reported that approximately 22000 fasteners were utilized in connecting a 10-ft fuselage 

section FE model and more than 10
5
 fasteners for the full narrow body transport aircraft FE 

model. It was also noted from the study that for a 10-ft fuselage section with cargo, 14% of the 

residual internal energy was stored in the fasteners. As shown in Figure 1, the energy stored in 

the fasteners is more than the energy stored in frames or skin of the fuselage section. 
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Figure 1. Energy Distribution in 10-ft Fuselage Section with Full Cargo (t=0.3sec) [13] 

The study mentioned above was conducted using a powerful FEM tool, LS DYNA. The 

computational cost in LS DYNA is controlled by the size of the mesh, specifically the minimum 

element length [14]. In aircraft structures, the size of a rivet or bolt is considerably small 

compared to the full aircraft and when a FE model of such size is generated, it is not practical to 

accurately model the fasteners in order to control the computational cost. For example in LS-

DYNA, the minimum time step (Δt) is calculated using the minimum element length (l) and the 

wave speed through the material (C) as shown in equation (1.1) [14].  This indicates that the 

smaller the element length, the smaller the time step and thus the higher the computational cost. 

           [14] (1.1) 

In addition, modeling the fasteners in detail is a time consuming task as the 

discretization (meshing) of each component has to be controlled to ensure the mesh at fastener 

locations corresponds to the detailed fastener modeling method. Therefore, in the FE models of 

Full Cargo (t=0.3s) No Cargo (t=0.3s)

Frames, 8%
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Rivets, 43%
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the study mentioned here, holes for fastener joints were eliminated to control mesh size and the 

fasteners are idealized using beam elements.  

The approximation of fasteners as beams can capture the simple mechanism of load 

transfer, in a bolted joint, to a certain extent. However, the underlying mechanisms of a joint are 

a lot more complex due to the presence of stress concentrations around the hole, clamp-up 

induced friction at faying surfaces, fastener rotations and end-fixity conditions on the fastener 

due to the presence of the head and nut [10][11][12][15]. In addition, at times crashworthiness 

analysis requires the consideration of strain rate effects which may also affect the behavior of the 

joint.  Numerous studies, both experimental and analytical, have addressed these issues under 

fatigue and static loading conditions [15][16][17], but the consideration of high strain rates and 

dynamic loading is still open for exploration. To accurately simulate the effects of all 

mechanisms, a good quality finite element model capturing all geometrical features with 3D 

elements is necessary. While providing useful information, it has been shown [6][8] that such 

models are not practical when simulating large structural models. The idealization of fasteners 

with simplified techniques is the only practical solution that exists today for large FE models. 

With the advancement in CBA, increasing popularity of large models used for crashworthiness 

analysis, and the important role of fasteners in crash models, it is important to understand the 

limitations of simplified bolt modeling techniques under both static and dynamic loading 

conditions.  

In a real world scenario, a fastener joint is likely to experience combined loading of 

tensile and shear loads. For detailed analysis, the focus of this study has been limited to shear 

loaded fastener joints, specifically bolts. In the following sections a summary of the literature 
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review detailing the factors affecting fastener joints, behavior of shear loaded joints and work 

done on FE analysis of joints and experimental testing of joints, is presented. 

 Single Shear Lap Joint Performance 1.2

When two plates are joined with a bolt, the bolt shank experiences pretension loads and 

thus opposing clamping forces are introduced on the plates by the bolt head and nut. When a 

longitudinal force is applied, shear forces develop in the fastener and bearing stresses and 

friction forces develop on the joined plates. Figure 2 shows the loads in a single shear lap joint 

[18]. 

 

Figure 2. Single lap joint connected with a bolt and the corresponding forces 

The primary objective of mechanically fastened joints is to facilitate load transfer [12]. 

In doing so many factors such as stress concentrations, secondary bending, fastener rotation and 

bending, clamp-up loads and friction affect the performance of the joint [12][15][25]. Many of 

these factors are also interrelated. A brief description of load transfer and factors that affect joint 

performance is provided in subsequent sections.  

1.2.1 Load Transfer 

In a single lap shear joint when a Force (F) is applied, due to the displacement 

compatibility between the main part and transfer part [12], F is divided into load transfer force 

(Ftransfer) and bypass force (Fbypass). Fbypass is the load that remains in the main part and Ftransfer is 

the load that is transmitted to the load transfer part. Ftransfer is generated from a bearing force 

Clamping Force 

Friction Force 

Clamping Force 

Pretension in Bolt 

Force 

Bearing Stress 
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(Fbearing) resulting from pressure exerted by the bolt shank on the hole surface and a friction force 

(Ffriction) resulting from mating of the sheets. Due to bolt preload, friction effects are largely 

localized under the bolt head and nut surface where maximum clamping occurs. 

 

Figure 3. Static Force Distribution in Detailed 3D Joint Model 

Figure 2 presents only a basic force distribution encountered by the specimen setup. It 

should be noted that load transfer is a rather complex phenomenon and factors such as the 

deformation of the hole, rotation of the joint, fastener bending, bolt clamp-up, hole preparation 

and friction level will affect the load transfer [15][19]. 

 Factors Affecting Bolted Joints 1.3

The static, dynamic and fatigue performance of the joint under different loading 

conditions is affected by several parameters. Some of these parameters are discussed in this 

section. 

1.3.1 Installation Parameters 

The quality of the components that make up a joint, and the conditions induced on 

installation of these components have a significant effect on the performance on the joint [10]. In 
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addition, many of these installation conditions are interrelated. Some of the installation 

parameters are the surface condition and quality of the mating parts, fastener hole preparation 

(interference/ clearance), fastener type and finish, and clamping load.  

The roughness of the surface dictates the friction on the faying surfaces of the joint. The 

strength of a shear joint is dependent on the friction of faying surfaces [10]. Initial residual 

stresses in the plates due to hole preparation or cold working also affect the strength of the joint.  

Fastener hole preparation is also known to affect the strength and fatigue life of the 

joint. Interference fit fastener holes have shown improved fatigue life compared to clearance fit 

fastener holes [20]. 

Zeng L. and Haylock L. [21] have shown in their study that fastener coating and shear 

strength have an effect on the lap shear performance of the joint. 

Clamping load is the load introduced to the fastened plates due to the tightening of the 

nut. Rivets have low clamping load compared to bolts, where it can be controlled. Studies have 

shown that higher clamping load increases the fatigue life of joints [22]. Higher clamping load 

decreases the stress concentrations around the fastener hole and increases the slip resistance [22].   

1.3.2 Loading Parameters  

A joint can be designed for pure shear loads, tensile loads or combined loading. In 

aircraft structures, combined and shear loading are common. The design of a joint can vary based 

on the principal load it experiences. The rate at which a joint is loaded also affects the strength of 

a joint. A study by Birch and Alves [23] shows that increasing pull velocity increased the mean 

load and the absorbed energy. 
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1.3.3 Stress Concentrations 

Stress concentrations occur in loaded structures near section changes, that is holes, 

grooves, notches, sharp corners, cracks and others [24]. Due to the presence of bolt hole, stress 

concentrations are also expected in single lap shear joint specimen of this study. In mathematical 

terms, a stress concentration factor (KT) is defined as the ratio of the maximum localized stress 

(σmax) to the nominal stress in the member (σnom) as shown in equation (1.2) [24].  

                  [24]         (1.2) 

In a plate with a circular hole, as shown in Figure 4, it has been found that stress 

concentrations occur when θ = (1/2)π or θ = (3/2)π [24]. 

 

Figure 4. Plate with circular hole [24] 

Studies have shown that tensile load passing through the hole, bearing loads and loads 

on the hole surface due to fastener bending and rotation contribute to the stress concentration 

factor of a fastener joint [16][17]. 
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1.3.4 Secondary Bending 

Secondary bending is a phenomena that occurs in single lap shear joints where the bolt 

and joint plates undergo bending due to loading eccentricities resulting in a non-uniform stress 

distribution through the thickness of the joined plates [19][25]. Experimentally, several ways of 

using strain gages to quantify secondary bending have been documented [15][26]. For this study, 

due to limited resources, these methods have not been employed.  

 Local load transfer, fastener diameter, plate thickness and clamping force are some of the 

parameters known to affect secondary bending [26][27][28][29]. Secondary bending is known to 

have a major effect on the fatigue life of single shear joints [30]. 

1.3.5 Fastener Rotation/ Bending 

Fastener rotation/ bending or commonly known as fastener flexibility depends on the 

joint geometry, clamp up loads and the sheet and fastener materials [12]. It is an important 

parameter for determining the load transfer distribution in joints with multiple fastener rows [12]. 

Fastener rotation and bending are dependent on the end fixity provided by head and nut, clamp-

up induced friction and material plasticity [19]. The joint compliance increases with excessive 

fastener rotation causing a decrease in load transfer. 

1.3.6 Failure Modes 

Failure modes depend on the strength of the joint members versus the strength of the 

bolt. It is also affected by the distance between the bolt and the edges [10]. In the case of single 

shear lap joint the following failure modes exist. These are also illustrated in Figure 5.  

a. Tear out or marginal failure, where bolts are too close to an edge of the plate 

b. Net section failure, where the plate is too thin, or soft compared to the bolt  
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Figure 5. Failure modes in single shear lap joint [10] 

 FE Analysis of Joints 1.4

FEM is a numerical method often used to solve real-world problems that involve 

complicated physics, geometry and boundary conditions [31].  In terms of fastener joints, a great 

deal of research has already been conducted using FEM for detailed mechanical joint models 

[19][22][32] and simplified FE joint models [33][34][35][36], under various loading conditions. 

A summary of the different bolt modeling techniques and previous studies on bolted joints using 

FE analysis is presented in this section. Note that focus is directed to FE bolt modeling methods 

for the FEM tool LS DYNA. 

1.4.1 Bolt Modeling Techniques for FEM 

It has been shown that simplified bolt modeling techniques are necessary when using 

FEM for large structural models. A summary of some of the existing methods of modeling bolts 

for FE analysis are presented in Table 1 below. It should be noted that the methods shown in 

Table 1 are generic and show the basic entities required for the modeling technique. Several 

variations exist for some of the techniques and these variations can be found in the respective 

references. 

 

(a) (b) 
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TABLE 1 

BOLT MODELING TECHNIQUES USED IN FEM 

 

Technique Illustration Description Advantages Disadvantages FE Modeling REF 

1. Solid 

Bolt Model 

 

Head, Nut and 

bolt shank 

modeled with 

solid elements 

- Provides best Accuracy 

- Allows transfer of 

tensile, bending and 

thermal loads 

-Complete Stress 

Distribution can be 

obtained 

- Allows Preload 

application 

- Failure can be modeled 

- Requires contact 

definitions 

- Consists high number 

of elements 

- Not practical for large 

structural models 

- Not 

practical for 

large 

structural 

models 

- Requires 

modeling of 

hole 

[34] 

2. Hybrid 

Bolt Model 

 

Head and Nut 

modeled with 

solid elements, 

Shank with beam 

element 

- Allows transfer of 

tensile, bending and 

thermal loads 

-Complete Stress 

Distribution can be 

obtained 

- Allows Preload 

Application 

- Failure can be modeled 

- Requires contact 

definitions 

- Consists high number 

of elements 

- Not practical for large 

structural models 

- Not 

practical for 

large 

structural 

models 

- Requires 

modeling of 

hole 

[34] 

3. Spider 

Bolt Model 

 

Head, Nut and 

bolt shank 

modeled with 

beam elements 

- Allows transfer of 

tensile, bending and 

thermal loads 

- Requires small no. of 

elements and simplify 

process of extracting 

results 

- Failure can be modeled 

- Requires contact 

definitions 

- Properties of beams 

have to be set to 

represent the head and 

nut moment of inertia 

and volume 

- Time consuming for 

large models 

- Time 

consuming 

for large 

models 

- Requires 

modeling of 

hole 

 

[34] 
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TABLE 1 (continued) 

 

Technique Illustration Description Advantages Disadvantages FE Modeling REF 

4. Coupled 

Bolt Model 

 

Only Bolt Shank 

modeled with beam 

element. DOF of 

surround nodes 

coupled with beam 

to represent head 

and nut. Many 

different Variations 

exist.  

- One beam element to 

define bolt 

- Allows Preload 

application 

- Does not require 

contact definition 

- Can be modeled 

without hole 

- Failure can be modeled 

- Only allows axial loads 

to be transfered through 

coupled nodes 

- Time 

consuming 

setup for 

large models 

[34] 

5. Rigid 

Body 

Element 

(RBE) Bolt 

Model 

 

Only Bolt Shank 

modeled with beam 

element.  

Surrounding nodes 

of hole connected 

with beam using 

RBE to represent 

head and nut 

- One beam element to 

define bolt 

- Allows Preload 

application 

- Does not require 

contact definition 

- Allows transfer of 

tensile, bending and 

thermal loads 

- Failure can be modeled 

- Rigid elements do not 

account for stiffness 

- Time 

consuming 

setup for 

large models 

- Requires 

modeling of 

hole 

[34] 

6. Rigid 

Body 

Element 

(RBE) Bolt 

Model with 

No hole  

 

Only Bolt Shank 

modeled with beam 

element.  

Surrounding nodes 

connected with 

beam using RBE to 

represent head and 

nut 

- Extension to 

model 5 

- One beam element to 

define bolt 

- Allows Preload 

application 

- Allows transfer of 

tensile, bending and 

thermal loads 

- Hole is not modeled 

- Failure can be modeled 

- Requires contact 

definitions 

- Not practical for large 

structural models 

- Time consuming setup 

process 

- Several variations can 

exist with different 

results 

- Time 

consuming 

setup 
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TABLE 1 (continued) 

 

Technique Illustration Description Advantages Disadvantages FE Modeling REF 

7. Mesh 

Independent 

Spotweld 

Modeled 

with Beams 

 

Head and Nut not 

modeled. Beam 

element represents 

bolt shank. 

Connected to parts 

using tied contact 

- Allows transfer of 

tensile, bending and 

thermal loads 

- One beam element 

needed 

- Mesh independent 

therefore less 

preprocessing time 

- Failure can be modeled 

- Requires contact 

definitions 

- Absence of fastener 

hole mitigates stress 

concentrations 

- Results Vary with 

position of beam relative 

to center of contact 

segment 

- Practical for 

large models 

- Does not 

require 

modeling 

holes 

- Quick 

modeling 

[35], 

[46] 

8. Mesh 

Independent 

Spotweld 

Modeled 

with Beams 

and Elastic 

Patch to 

simulate 

hole 

 

Head and Nut not 

modeled. Beam 

element represents 

bolt shank. 

Connected to parts 

using tied contact. 

A patch with 

elastic material 

properties 

modeled to 

simulate hole 

Extension to 

model 7. Created 

in house. 

- One beam element to 

define bolt 

- Allows Preload 

application 

- Allows transfer of 

tensile, bending and 

thermal loads 

- Hole is not modeled 

- Failure can be modeled 

- Requires contact 

definitions 

- Not practical for large 

structural models 

- Time consuming setup 

process 

- Several variations can 

exist with different 

results 

- Time 

consuming 

setup as it is 

required to 

control mesh 

to ensure the 

element can 

simulate hole 

 

 

 

 

 

 



 

14 

 

TABLE 1 (continued) 

 

Technique Illustration Description Advantages Disadvantages FE Modeling REF 

9. Massless 

Truss 

element 

Bolt 

 

Head and Nut not 

modeled. Truss 

element represents 

bolt shank. 

Connected node to 

node. Type of a 

nodal constraint. 

- One beam element to 

define bolt 

- Hole is not modeled 

- Does not require 

contact definition 

- Failure can be modeled 

- Only transfers axial 

loads 

- Absence of fastener 

hole mitigates stress 

concentrations 

-Time 

consuming 

setup process 

as mesh has 

to be 

controlled 

since 

connection is 

node to node 

[35] 

10. 

Massless 

Beam 

element 

Bolt 

 

Head and Nut not 

modeled. Beam 

element represents 

bolt shank. 

Connected node to 

node. Type of a 

nodal constraint. 

- One beam element to 

define bolt 

- Hole is not modeled 

- Does not require 

contact definition 

- Failure can be modeled 

- Absence of fastener 

hole mitigates stress 

concentrations 

-Time 

consuming 

setup process 

as mesh has 

to be 

controlled 

since 

connection is 

node to node 

[35] 

11. Shell 

Elements 

Bolt 

 

Shell elements 

used to model 

head nut and bolt 

shank 

- Provides better 

Accuracy than beams 

- Allows transfer of 

tensile, bending and 

thermal loads 

- Allows Preload 

application 

- Failure can be modeled 

- Requires contact 

definitions 

- Consists high number 

of elements 

- Not practical for large 

structural models 

- Not 

practical for 

large 

structural 

models 

- Requires 

modeling of 

hole 

[36] 
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In addition to the methods described in Table 1, researchers have developed more 

complex ways of representing a bolt using simplified elements. Gadekar et al. [18] developed 

and validated a bolt model, using LS DYNA, employing three different element types as shown 

in Figure 6. The bolt shank was modeled with a beam element and is connected to the periphery 

of the hole using contact springs. Shell element patches, representing the bolt head and nut, are 

modeled as rigid bodies. They found that under shear loading, stress patterns closely matched 

with realistic physical behavior for both configurations. The tensile and compressive behavior of 

the beam bolt model closely matched that of the solid model. The physical tensile test showed a 

softer response in the elastic region compared to simulation predictions. The frictional forces 

were also well predicted by the proposed models and they closely matched the physical test 

results. Gadekar et al [18] concluded that both approaches show good correlation with theoretical 

calculations and physical test results under shear and tensile loadings. The beam model is 

advantageous if failure forces for bolted joint are known under different loading conditions. 

Further detailed study is required using dynamic loading that occurs in crash applications. 

 

Figure 6. FE Bolt Model by Gadekar et al. [18] 
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Figure 7 shows a bolt model generated by U. Sonnenschein [37]. This model consists of 

three different components. The bolt shank is modeled with a beam element and shell elements 

are used for the head and nut. Null beams are modeled around the periphery of the hole for 

contact purposes. The model showed good force characteristics and calculated bolt failure. 

Plastic deformations observed in the test were also reflected in the simulation. 

 

Figure 7. FE Bolt Model by U. Sonnenschein [37] 

1.4.2 Research on FE Bolt Modeling 

Factors that affect bolted joints and the mechanisms observed in bolted lap joints have 

been discussed in section 1.3 and 1.2. Some of these factors have been addressed in the 

following research conducted using FEM. 

In the study performed by Ghods [19], a detailed three dimensional FE model of Hi-

Lok® fastener joint system was used to investigate the effects of parameters such as clamp-up, 

friction coefficient, load transfer and plasticity on the structural response of the joint system. 

Medium, intermediate and low load transfer coupons were used to achieve different percentage 

1
2

3

Component Description

1 Elfrom 9, Spotweld Beams

2 Null beams for Contact

3 Shell Elements for Bolt Head and Nut
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of load transfer. This study was conducted under quasi-static loading conditions with both tensile 

and compressive forces applied to the specimen by a cycle of loading and unloading. 

Based on the study, Ghods concluded that friction coefficient, of all the parameters, had 

the most influence on load transfer, stress concentration factor and fastener rotation in all three 

geometries. In the presence of friction, the load transfer decreases non-linearly for both loading 

and unloading under both tensile and compressive conditions. It was also noted that load transfer 

is higher under loading than unloading for all scenarios. It was found that fastener rotation and 

stress concentration factors decrease with an increase in friction coefficient. 

Ghods also found that fastener preload affects load transfer, stress concentration factors 

and fastener rotations only at low levels of applied loading. Load transfer increases with 

increasing fastener preload while the stress concentration factors decrease.  

Material plasticity also had an influence on load transfer and stress concentrations. 

Elastic material models showed higher percentage of load transfer during tension compared to 

elastic-plastic material model. In addition, reduced stress concentration factors were observed in 

the presence of plasticity. Also, fastener rotations were slightly higher with plastic deformations. 

Researchers have also looked into simplified bolt modeling techniques under both static 

and dynamic loading conditions. A summary of some of the key work and their conclusions are 

presented below.  

Kang, Kim and Yoon [33] also conducted a comparison study between four of the bolt 

model types discussed in Table 1. They compared the solid model, spider model, coupled model 

and the no bolt model. They also used the bolt models for a structural analysis of a large marine 

diesel engine consisting of several parts. Pretension was applied to the four models by artificial 

coefficients of thermal expansion. 
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They used three different verification tests to compare the bolt models. First, they 

conducted a static experiment where a 10 N static load is applied at the free end of a lap joint and 

stresses and strains are measured at three locations on the surface of the specimen. Secondly, 

they conducted general loading tests where they subjected the bolt models to three different 

kinds of loading: two types of bending and shear. Finally they conducted a modal analysis to 

verify the bolt models for dynamic simulations. 

The static test yielded similar overall stress distributions for all models but large 

discrepancies were observed in the region near the bolted joint. The general loading conditions 

yielded similar results as the static test. Major differences were seen around the hole for bending 

tests due to the absence of bolt head and nut on other models. For the case of shear loading, the 

results for the three models show very little variance since the analysis is largely dependent on 

the friction. From the modal analysis, natural frequencies for the different models were 

compared to experimental test. The three models yielded similar results to test and hence, are 

verified for dynamic analysis. From the test on the diesel engine, the solid bolt model predicted 

most accurately. From static analysis results, coupled bolt model and spider bolt model saved 

62% and 49% of computational time and 21% and 19% of memory usage compared to solid bolt 

model. 

Sonmez, Tanlak and Talay [36] studied detailed and simplified bolt models under 

impact loading. A plate was connected to two smaller, but thicker, sheets at each end by 

fasteners. This assembly was attached to a main frame. An impactor was dropped at the center of 

the plate to introduce the dynamic load. A full 3D model of the shell and plates was tested as the 

control and the plates were modeled with shell elements for comparing twelve different 
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simplified techniques. The following simplified techniques were studied (follows the order in 

Figure 8).  

1) 3D bolt model with shell plates 

2) Rigid shank with coupling constraints to represent head and nut 

3) Deformable shell bolt  

4) Rigid shell bolt 

5) Timoshenko beam with coupling constraints 

6) Timoshenko beam with coupling constraints without a hole 

7) Tie constraint with hole 

8) Tie constraint without hole 

9) Cross coupling constraint with hole 

10)  Connector beam along the perimeter of the hole 

11)  Connector beam along the perimeter of the hole and the washers outer profile 

12)  Cross connector beams 

The results of the study were then summarized in a table and normalized based on the 

detailed 3D model. Based on the results shown in Figure 8, Sonmez et al concluded that the 

simplified models resulted in computational time savings of 80% to 90% and among the 

simplified models, model 3 most accurately predicted the behavior of the structure for various 

loading cases and mesh densities. Note that model 3 consists of the fastener hole. 
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Figure 8. Normalized Values of Outputs for Bolt Models [36] 

 Research on Experimental Testing of Bolted Joints 1.5

Physical testing is a key aspect for any structural development. It is used for validation, 

certification and documentation purposes. A variety of different tests have been performed on 

bolted joints including but not limited to fatigue, tension, compression, dynamic and torsion.  

In an study performed by Keshavanarayana et al. [15], MLT specimens, same as the 

ones used for this study, were joined using Hi-Lok® and rivets and were subjected to cycle of 

tension and compression loading at a quasi-static loading rate. A clearance hole was used in the 

specimen with the Hi-Lok® fastener. The load transfer was measured for the tension 

compression cycle and the specimen with the Hi-Lok® fastener experienced an initial drop in the 

%LT after which the %LT stayed at slightly below 40% for the rest of the tensile loading phase. 

Dynamic failure of structural joint system has been heavily studied by Birch and Alves 

[23]. Several single lap bolted specimens were tested at different loading rates. The specimens 

were divided into two sets: set-A specimens were connected using a bolt which had 3mm socket 

diameter and 5.3mm head diameter and no washer was used, while set-B specimens were 

connected using a 5mm diameter hexagon headed bolts with 9.7mm diameter steel washers. A 

high speed servo-hydraulic tensile test machine was used to test the specimens. The plates were 

constructed from cold rolled mild steel and were 1mm thick. In-plane shear load was introduced 
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and was measured using high frequency response piezoelectric load cell placed as close as 

possible to grip. Displacements were measured using LVDT transducer located on the hydraulic 

ram of the test machine. 

Similar failure patterns for both set of specimens were observed. For set A, the head of 

the bolt was always pulled through the parent material. No change in failure mode with respect 

to pull velocity was observed. There was little bending across the lateral axis of the joined plates. 

The absorbed energy and mean loads increased significantly with respect to pull velocity. This 

could be attributed to material strain rate sensitivity. 

 Objectives 1.6

The understanding of the contributions and mechanisms of bolts is crucial to predict the 

behavior of a structure and to design of an efficient structure. For large FE models simplification 

of the fastener joint is necessary for cost effectiveness, due to the presence of thousands of such 

joints. In support to the CBA efforts, the following objectives are set for this study. 

1. To generate experimental test data for single lap shear joints subjected to tensile 

loading and to quantify the load transfer. 

2. To build a detailed FE model using 3D elements capable of capturing the effects of 

clamping force and friction accurately and to validate it against experimental testing results and 

to serve as baseline for comparison with simplified FE bolt models. 

3. To investigate simplified FE bolt modeling methods in single lap shear joints 

subjected to tensile loading and to highlight their limitations and performance.  

4. To study the effects of high rate loading on the behavior of single lap shear joints 

for both the detailed and simplified models.  
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 Methodology 1.7

A summary of the steps taken for this study are summarized in this section along with 

the details of the component (specimen) used for the study. 

1.7.1 Definition of Coupon used for this Study 

The study is performed with a half dog-bone type single lap shear assembly as shown in 

Figure 9. The assembly consists of two parts connected using a Hi-Lok® fastener. A doubler was 

used to eliminate any eccentricity in loading the specimen. An illustration of the assembled 

specimen and the terminology used is shown in Figure 9. The specimen assembly used in this 

study has already been used by previous researchers [15][19]. 

The fastener used is a Hi-Lok® system with a HL-18 steel pin and a HL-70 aluminum 

nut. Details of the pin and the nut can be found in APPENDIX A. Hi-Lok® fastener system is 

widely used in aircraft structures [12]. 

The main part that carries the applied load has a full dog bone shape. The main part is 

gripped at the larger tab and a constant displacement is applied. Once the load is transferred, the 

remaining bypass load is carried by the bypass side, that is, the side after the fastener. The main 

part is constructed from Aluminum 2024-T3 Clad and its dimensions are detailed in Figure 10.  

The load transfer part, sketched in Figure 11, has the shape of a half dog bone. Load is 

transferred from the main part to this part through the fastener and through friction between 

faying surfaces. The load transfer part and the main part are gripped and constrained at the 

bypass end. This part is constructed from Aluminum 2024-T3 Clad.  

Note that this structural assembly consists of a bolt with a steel pin (Young’s Modulus = 

approx. 200,000 MPa) connecting aluminum parts (Young’s Modulus = approx. 70,000 MPa). 
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Thus the stiffness of the fastener is much greater than the stiffness of the plates it connects and 

therefore fastener failure will not occur. 

                

Figure 9. Load Transfer Test Specimen 

 

Figure 10. Main Part [15] 
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Figure 11. Load Transfer Part [15] 

1.7.2 Approach 

Several tests are performed on single lap Hi-Lok® fastener joint system. The 

repeatability of the tests is documented to verify the test results. A three dimensional finite 

element is modeled and validated against the test results.  

Since this study is aimed to support crashworthiness of large structural models, several 

simplified FE bolt models are selected based on their applicability to such models. Simulations 

of large structural FE models require efficient element formulations with preferably large 

element length to control the time step. Thus simplified models chosen for comparison are 

models where the fastener hole is not accounted for. The fastener hole cannot be accurately 

captured with such large elements. In addition, such models generally consist of several parts 

connected together by a single bolt. Thus a simplified model capable of connecting parts 

irrespective of the mesh of individual components is desired. Without such capability, 

preprocessing of the model itself would become very costly.  Keeping this in mind, a few 

simplified FE bolt models are compared to the validated solid model. The limitations and use of 

the simplified techniques are also discussed. A selected simplified technique is then subjected to 
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a preload and friction parametric study. Further an analysis of the selected model is performed at 

high loading rates using rate sensitive material properties.  

Finally the results are discussed, conclusions and recommendations are drawn, and 

comments are made for future work. 

 Thesis Structure 1.8

The main focus of the thesis is to study simplified bolt modeling techniques for crash 

simulations and large FE models and to understand the effect of strain rate sensitivity, preload, 

friction and mesh on the simplified joint models.  

Chapter 2 discusses the experimental tests performed to support this study. Three tests 

were performed: test to quantify preload, material characterization tests and the load transfer test 

(single lap shear). The apparatus, methodology, and the testing results are documented in this 

section. 

Chapter 3 details the development of the finite element model of the system. The FE 

mesh, contacts, material cards and boundary conditions are detailed in this chapter.  

Chapter 4 details the validation of the detailed finite element model and the comparison 

of simplified joint models to the detailed joint model. In addition the effect of material strain rate 

sensitivity, friction and preload on both detailed and simplified joint model is also presented. 

Chapter 5 consists of a summary of the results from the study and conclusions drawn 

from this study. Recommendations for future work are also detailed in this chapter. References 

are then listed and other information sources and detailed results from the simulations have been 

presented in the Appendices. 
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CHAPTER 2 

TESTING 

Experimental testing is a key part of research used for studying the physical behavior of 

a system or a component. It can be used for generating mechanical properties of materials, for 

studying the performance of a component or a system, or to study the interaction and 

contribution of each component within a system. It is also used for verification and conformity of 

finite element models. For this study, three different experimental tests were conducted as 

detailed below. Test setup details, procedure and results for each test has been presented in the 

sections that follow. 

1. Tests were conducted to quantify the clamping load introduced on the specimen 

when the Hi-Lok® fastener is installed. This was necessary for accurate FE models. 

2. Tests were conducted to quantify the material properties for the specimens used in 

the load transfer tests. The material data is crucial for FE models. FE models perform only as 

good as the data that is input in the model. 

3. Tests were conducted to study the load transfer characteristics of a one half dog 

bone single lap joint specimen. The results from the detailed FE model will be compared to this 

test data and further the limitations and performance of the simplified bolt modeling techniques 

will be evaluated based on the detailed FE model. 

 Clamping Force Measurements 2.1

This test was a preface to the tensile single shear joint tests. The test was designed to 

measure the preload for a Hi-Lok® Fastener system and evaluate the variability for a set of 

fasteners. Ghods [19] found that fastener preload affects load transfer, stress concentration 

factors and fastener rotations only at low levels of applied loading. He found that load transfer 
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increases with increasing fastener preload while the stress concentration factors decrease. 

Therefore, it is necessary to quantify the bolt preload for accurate finite element models.   

Chakherlou, Vand and Oskouei [38] measured the clamping force of a bolted 

connection by placing a strain gage mounted steel bushing between the plate and nut. This was 

possible due to the large size of the bolt. The fastener type used for this study is a HL 18 pin and 

a HL 70 collar. The nominal diameter of the pin is 0.1625 in and due to such small size the 

preload could not be directly measured at the fastener shank using a strain gage or another 

instrument. In this experiment, the preload was calculated based on the clamping force of the 

fastener. The clamping force was measured using a washer load cell (LWO-2) that was placed in 

between two aluminum plates of the same thickness and material as the plates used for the load 

transfer test. The HL-18 fastener was inserted through the plates and the load cell and the 

assembly was clamped with a HL 70 nut. The clamping force, measured by the load cell when 

the fastener installation was complete, was recorded along with the torque. 

The effect of fastener hole preparation was also studied through this test. Fastener holes 

can be machined for an interference fit or a clearance fit. Therefore, plates with these two 

configurations were used for the experiments. 

2.1.1 Description of the Hi-Lok® Fastener System [39][40] 

A Hi-Lok® fastener consists of a Pin and a Collar as shown in Figure 12 below. Hi-

Lok®s are designed with a predefined range of preload, and to achieve that, the collar consists a 

hex nut that shears off at a certain range of torque. The process of fastening involves the use of a 

hex key that is inserted into the pin which prohibits the pin from spinning. The torque on the nut 

is applied while the pin is held using the hex key. Therefore this process requires the use of a box 

end head for the torque wrench. It is important to ensure that the pin does not spin so that all the 
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torque applied is used for fastening and not to overcome friction between the pin and the plates. 

An illustration of the Hi-Lok® fastening system is shown in Figure 12. 

 

Figure 12. Hi-Lok® Fastener System [39] 

2.1.2 Test Article 

The test article assembly consisted of two aluminum plates, HL18 pin, HL 70 nut and a 

LWO-2 load cell [41]. The load cell was placed in between two plates and the pin and nut were 

used to clamp the plates and the load cell together. The specimen assembly is shown in Figure 13 

below. 

                  

Figure 13. Test Specimen 
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 LWO-2 Load Cell 2.1.2.1

The LWO series load cells are washer shaped, strain gage based load cells most 

commonly used in fastener testing and through hole load applications. The load cell LWO-2 used 

for this test is manufactured by transducer techniques [41] and has a load measuring range of up 

to 2400 lbs. Figure 14 below shows the geometry and specifications of the load cell. 

 

Figure 14. LWO-2 Load Cell Specifications [41] 

 Plates 2.1.2.2

The plates were manufactured from the same material used for the single shear test 

coupons, which is clad Aluminum 2024-T3. Figure 15 below shows the dimensions of the plates. 

To study the effects of hole preparation the plates were prepared with two different hole 

diameters. One set was manufactured with hole diameter less than the nominal fastener diameter 

to obtain an interference fit and the other set was manufactured with diameter equal to the 

maximum fastener diameter for a clearance fit. The requirements specified in the Hi-Lok® 

fasteneing guide [39] were used to machine the interference fit. Each plate contained five holes 

and three sets of plates were used for each hole diameter configuration. 
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Figure 15. Plate Dimensions with List of Diameters Tested 

 Hi-Lok® Fastener 2.1.2.3

The Hi-Lok® fastener consists of two parts, the pin and the collar. The fastener used for 

this test was the same fastener configuration as the load transfer tests. The fastener consisted of a 

HL 18 pin and a HL 70 nut (APPENDIX A).   

2.1.3 Test Setup 

To perform the test, the specimen assembly described above was set up as shown in 

Figure 16 below. The equipment used for the experiment was a vise, TMO-2 signal conditioner 

by trasducer techniques, voltmeter and a Tohnichi digital torque wrench [42]. The vise was used 

to clamp the specimen assembly. The load cell was connected to a signal conditioner and the 

voltage output from the signal conditioner was read by a voltmeter. The digital torque wrench 
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was used to torque the nut and the maximum torque reading from the wrench, the torque at 

which the hex portion of the nut sheared off, was recorded. 

           

Figure 16. Test Setup for Preload measurement using Load Cell 

2.1.4 Test Procedure 

Before setting up the test, the specimen dimensions were noted. The specimen assembly 

described in section 2.1.2 was then clamped using a vise. The load cell was connected to a signal 

conditioner which was connected to a voltmeter for voltage output. The voltage corresponds to a 

clamping load. The nut was then tightened, using a torque wrench, until the hex portion of the 

nut sheared off as described in section 2.1.1. The torque at nut shear off and the corresponding 
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voltage from the voltmeter were recorded. The clamping force was then determined by look up 

on the voltage versus load plot which was generated as described below. 

 Load Cell Verification and Signal Conditioner Calibration 2.1.4.1

Prior to using the load cell, a compressive load was applied on the load cell using a 5 

kip MTS test machine to verify the load cell readings and to set the gain on the signal 

conditioner. The load cell was connected to the signal conditioner and a volt meter and the 

maximum limit load of the load cell (2400 lbf) was applied using the MTS machine [43]. The 

gain on the signal conditioner was adjusted until the voltmeter read 10 V. After setting the gain a 

load versus voltage plot, shown in Figure 17, was generated by performing several loading 

cycles on the load cell. This plot was used to generate an equation (2.1) to convert the voltage 

recorded from the load cell to load value, as shown in the test set-up in section 2.1.3. 

   = 0.000 27 app ied + 0.1 8241 (2.1) 

 

Figure 17. Applied Load versus Voltage from Load Cell tested on MTS machine    
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2.1.5 Clamping Force Test Results 

A total of fifteen samples were collected for each hole diameter configuration. A linear 

curve fit was created to fit the data points. Results for clearance fit hole are shown in Figure 19 

and those for interference fit hole are shown in Figure 20. Based on the results, clearance fit 

plates experienced higher overall clamping force compared to interference fit. During the test, it 

was noted that in the interference fit specimens, the coating (thin layer on the outside of the bolt) 

on the bolt was getting scrapped on the installation of the bolt to the plates, as shown in Figure 

18. In addition, interference fit will cause higher friction values between the hole surfaces and 

the bolt shank. As a result, lower clamping force is seen on interference fit specimens since some 

load is required to overcome the friction between the pin and the inner surface of the holes. No 

particular trend in torque versus clamping load is seen in the results for both clearance and 

interference fit. Since the configuration of the load transfer test specimens was interference fit 

hole, equation (2.2), extracted by a linear fit of data in Figure 20, was used to evaluate the 

clamping force.  

    a p   1230.4  -  02.   (2.2) 

 

Figure 18. Bolt Condition after Preload Test 
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Figure 19. Clamping Force versus Torque for Clearance Fit Hole 

 

Figure 20. Clamping Force versus Torque for Interference Fit Hole 

 Material Characterization Tests 2.2

The FE model generated is only as good as the data that is input to the model. As 

discussed in section 1.7.1, the bolt is much stiffer than the plates and hence plastic deformations 

will occur on the plates. Thus, for capturing the plastic behavior of the plates in the FE model, 
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coupons were extracted from the plate material and quasi-static tests were conducted to obtain its 

stress-strain relationship. 

2.2.1 Test Specimen Geometry 

The specimens tested for material characterization were dog-bone shape with an 

extended tab [45] constructed from Aluminum 2024-T3 clad with a nominal thickness of 0.09 

inches, which is the same material and thickness of the plate used for the load transfer tests. 

Nominal dimensions of the specimen, tested for material characterization, are shown in Figure 

21. 

 

Figure 21. Geometry of Specimen used for Material Characterization 

2.2.2 Test Setup and Procedure 

A servo-hydraulic test system, shown in Figure 22, was used for this test. The test 

system was a 22-kip MTS system with fixed grips. A CEA-06-250UN-350/P2 Vishay strain gage 

[44] was mounted at the center of the gage section of five specimens as shown in Figure 23. Due 

to the limitation of maximum strain reading by the strain gage, a laser extensometer was used to 
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capture the deformations up to failure. The full test set-up with the laser extensometer is shown 

in Figure 24.  

To ensure the repeatability of results, the following procedure was followed for five 

specimens. After mounting the strain gage, the specimen was first gripped at the top. The bottom 

actuator was then moved to grip the bottom half of the specimen. To set up the laser 

extensometer, two pieces of tape were placed on the specimen to mark the gage section. The 

extensometer was positioned to read the distance between the tapes. An initial load of 

approximately 20 lbf was introduced to the specimen to ensure that the strain gage and the 

extensometer are functioning. After the checks, a tensile load was applied to the specimen 

monotonically by displacing the actuator at a quasi-static rate of 0.05 in/min and the data (force, 

displacement, strain) was acquired at 10 Hz. 
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Figure 22. Schematic of Servo-Hydraulic Test System 
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Figure 23. Specimen Prepared with Strain Gage for Material Characterization 

 

Figure 24. Material Characterization Test Setup 

2.2.3 Test Results 

Important material properties were extracted from the test data for all five specimens 

and are shown in Table 2. To evaluate the repeatability of the test, the average (x), standard 

Crosshead 

Loadcell 

Top Grip 

Laser 

Extensometer 

Test 

Specimen 

Actuator 



 

38 

 

deviation (s) and the coefficient of variation (CV) have also been reported in Table 2. These 

parameters are evaluated using equations (2.3), (2.4) and (2.5) [45]. 
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 100 = V 
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C  (2.5) 

Overall, except for the young’s modulus calculated using extensometer data, all the 

evaluated material properties vary within 10%. Thus good repeatability of the test data was 

achieved through the tests. 

TABLE 2 

SUMMARY OF MATERIAL PROPERTIES OF ALUMINUM 2024-T3 CLAD FROM 

TESTING 

 

 

Youngs 

Modulus 

(Strain Gage) 

Yield Stress 

(Strain 

Gage) 

Youngs 

Modulus 

(Ext.) 

Yield 

Stress 

(Ext.) 

Ultimate 

Stress 

(Ext.) 

Failure 

Strain 

(Ext.) 

 
MPa MPa MPa MPa MPa mm/mm 

FJM_QS_1   01 .27 32 .7   1347.23 334.00 4 4.17 0.2122 

FJM_QS_2  8 22.34 327.33 7 4 3.22 328.11 4 1.33 0.2329 

FJM_QS_3 728  .73 331. 7 55837.3  333.57 4 4.87 0.2066 

FJM_QS_4   010.77 331.2  50307.2  335. 8 4 4.42 0.2255 

FJM_50_3_QS   513.27 331.58 5802 .73 338.50 4  . 8 0.2298 

Average (x) 69806.48 330.38 60402.36 334.03 464.29 0.22 

Standard 

Deviation (s) 
0.3 276.0 1.4 557.3 279.4 0.01 

Coefficient of 

Variation (CV%) 
2.5 0.6 16.3 1.2 0.4 5.2 

Note: Ext. - Laser Extensometer 
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In addition to the material properties, the stress-strain profiles for the specimens were 

also extracted. Figure 25 shows the stress-strain profile generated using strain values recorded by 

the strain gage. Since the strain gage data was limited, a laser extensometer was also used to 

record the deformations. The stress-strain curve with strain extracted from extensometer data is 

shown in Figure 26. Stresses were evaluated using equation (2.6), where F is the force recorded 

by the load cell and A is the cross-sectional area at the gage section of the specimen. The strain 

data was extracted from the extensometer using equation (2.7), where L is the length and L0 is 

the original length. Figure 27 shows the post failure condition of the specimens and it can be 

noted that, as expected, failure was consistently obtained at the gage section. 

 
A

F
 = Stress  (2.6) 

 
0

0ensometer)Strain(Ext
L

LL 
  (2.7) 

 

Figure 25. Stress versus Strain (Recorded from Strain Gage) for Aluminum 2024-T3 Clad at 0.05 

in/min 
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Figure 26. Stress versus Strain (Recorded from Extensometer) for Aluminum 2024-T3 Clad at 

0.05 in/min 

 

Figure 27. Material Characterization Specimens Post Failure 
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transfer part were manufactured from clad aluminum 2024-T3 and a Hi-Lok® fastener was used 

to connect the parts. Tensile load at quasi-static rate is introduced in the main part (loading 

region), and as the fastener gets engaged, the load gets transferred to the transfer part and some 

gets by-passed to the main part (by-pass region). The amount of load transfer was evaluated until 

failure was reached on the specimen. 

2.3.1 Test Article 

Description of the test article is provided in section 1.7.1. In addition to the coupon an 

anti-buckling fixture (ABF), with Teflon body and aluminum plates at the end, was also utilized 

to eliminate secondary bending of the specimen as shown in Figure 28. The aluminum plates 

were attached to the Teflon body to provide stiffness and to avoid bending in the fixture itself.  

 

Figure 28. Anti-Buckling Fixture for Load Transfer Tests 

2.3.2 Test Setup and Procedure 

This test was also set up on a servo-hydraulic system as shown in Figure 22. The long 

term goal of this topic is to test the same specimen configuration under high strain rates and 

hence a high speed servo hydraulic MTS machine [43] was used to conduct the tests. Figure 29 

shows the setup used for this test including the fixtures for constraining the anti-buckling. 
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Specifications of the high speed MTS machine are detailed in section 2.3.2.1. A tensile load on 

the specimen is introduced by displacing the actuator. For testing at high speeds, it was important 

to ensure that on the onset of loading, the actuator had reached the desired speed. To achieve 

this, a slack inducer system, designed and fabricated at WSU/NIAR (Wichita State University/ 

National Institute for Aviation Research) was utilized for the test. Details of the system have 

been discussed in section 2.3.2.2. Although the tests for this study are only at quasi-static rates, 

the setup used for the test is intended for high speed testing. This was done to reduce the 

variability when comparing the quasi-static testing results to the high speed data in the future. 

 

Figure 29. Load Transfer Test Setup 
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Several steps were taken to prepare the specimens for testing. First, three strain gages 

were mounted on the specimen. Two gages were mounted on the main part; one on the loading 

region and one on the by-pass region. The third strain gage was mounted on the load transfer 

part. Details of the strain gage used and a schematic of the gage placement are shown in section 

2.3.2.3. After the installation of the gages, the Hi-Lok® fastener is installed and the torque at the 

hex shear off is recorded. To install the Hi-Lok® fastener, the specimen is constrained on a 

fixture and the fastener is installed following the guidelines for Hi-Lok® Installation [39]. The 

clamping force is calculated using equation (2.2), and the toque and clamping force data is 

presented in Table 3. This data is used for the detailed and simplified FE models. The anti-

buckling fixture is then mounted on the specimen and the gages are connected to the data 

acquisition system to ensure there is no contact between the ABF and the gages. This is done by 

compressing the ABF at the gage locations and monitoring the strains. The specimen assembly is 

then mounted on the MTS test machine and the slack inducer is adjusted for quasi-static testing. 

To check the set-up, an initial load of approximately 20 lbf is applied to the system. After all 

checks, a tensile load is introduced by displacing the actuator at a quasi-static rate of 0.05 in/min. 

Displacement of the actuator, Load recorded by the load cell and strains from the three gages are 

recorded by the data acquisition system at 10 Hz.  

TABLE 3 

TORQUE ON BOLT INSTALLATION ON LOAD TRANSFER TEST COUPONS 

 

Test # 
Torque at Hex Breakoff 

(N.m) 

Clamping force (N) 

(using eqn. 2.2) 

1 2.32 1952 

2 2.79 2530 

3 2.62 2321 

Average 2.6 2296 
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 High Speed Servo Hydraulic MTS Machine 2.3.2.1

The tension testing was conducted at NIAR using a high stroke rate MTS servo 

hydraulic testing machine shown in Figure 30. The testing machine is capable of maximum 

speeds up to 500 inches/sec. The testing machine can apply sustained loads up to 5000 lbf at 

maximum speed and up to 9000 lbf sustained when the speed is reduced to quasi-static range 

(less than 1 inch/sec).   

                                 

 

Figure 30.  High Rate Servo Hydraulic MTS Testing Machine at NIAR 

 WSU/NIAR Slack Inducer System [45] 2.3.2.2

One of the possibilities in the future is to extend this testing for high loading rates for 

which the slack inducer system is required. That is because to reach a desired loading rate, a 

finite period of acceleration and a finite displacement is required. The amount of displacement is 

proportional to the loading rate required. By using the slack inducer system, the user can define a 

certain distance (or slack) to allow the actuator to reach the desired loading rate prior to loading 
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the specimen. The slack inducer mechanism was designed and fabricated at WSU/NIAR and is 

illustrated in Figure 31. 

 

Figure 31.  Schematic of Tension Testing showing Slack inducer Mechanism [45] 

 Strain Gage Installation 2.3.2.3

Three strain gages were placed on specimen. Two gages were placed on the main part 

on either sides of the bolt and one gage will be placed on the transfer part. All the gages were 

placed 1 inch away from the center of the hole. A schematic showing the strain gage positions is 

presented in Figure 32 below. Vishay CEA-06-250UN-350/P2 strain gages with a gage factor of 

2.105 and resistance of 350 ohms were used for this test. 
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Figure 32. Strain Gage Locations 

2.3.3 Load Transfer Test Results 

Strain gage data and percentage load transfer from three tests is presented in Figure 33. 

The data is compared against remote stress, which is evaluated using equation (2.6) where F is 

the force from the load cell, SG1 are strains are strain gage 1, SG2 are strains at strain gage 2 and 

A is the cross sectional area of the main part. The strain gage locations are illustrated in Figure 

32. The load transfer was estimated by using strain gage measurements at location 1 and location 

2, as shown in equation (2.8). The data presented is plotted until failure was reached.  

 %100*
1

2
-1 =Transfer  Load % 









SG

SG
 (2.8) 

Based on the test results, it can be noted that location at strain gage 1 shows plastic 

behavior before failure is reached. From the material characterization tests, the yield strain can 

be estimated to 0.004733 in/in and the results for strain gage 1 show that the strains are well 

above the calculated material yield strain value. As a result, using equation (2.8), an increase in 

load transfer is obtained beyond that point. For test 3, the strain gage 1 location reaches yield 

sooner than test 1 and 2. This can be attributed to the variability in the material properties and 

errors induced during test setup as this setup was complex with many components. 
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Figure 33. Load Transfer Test Results: (a) Strain Gage 1 (b) Strain Gage 2 (c) Strain Gage 3 and 

(d) % Load Transfer 

The percentage load transfer for the tests remains at a similar average value of around 

40%. This value is consistent with the load transfer of a similar configuration reported in [15]. 

Although the strains are similar for all three tests, the %LT values for test 2 show rather higher 

values at very low remote stress. At such low loading, the strain values are very small in 

magnitude and hence even a slight change in the strain will result in a high percentage change.  

Figure 34 shows the failure location for the three tests. Failure observed was a tear out of the 

plate material at the net section. Plastic deformations are observed at the boundary of the hole 

(a) (b) 

(c) (d) 
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due to bearing loads. Necking and thinning is also observed on the main part at approximately 

the mid-plane of the hole or the net section. The necking and thinning of the material at the 

failure location, along with the 45 degree, to the tensile load, failure plane are properties of a 

ductile failure which is expected from the material. 

 

 

Figure 34. Failure on Specimen for the Load Transfer Test 
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CHAPTER 3 

FINITE ELEMENT MODELING – DESCRIPTION OF MODELS AND METHODS 

This chapter describes the FE modeling practices used for this study. The setup of the 

models, boundary conditions, contact modeling, material definitions and modeling of bolt 

preload have been summarized in this chapter. Also, since there are several different simplified 

bolt modeling techniques generated for this study, a nomenclature system is specified to the FE 

models. In addition, the parameters studied for each FE analysis and the calculations performed 

are detailed in this chapter.  

The FEM solver used for this study is LS-DYNA, a powerful general-purpose FE 

program capable of simulating complex real world problems [6][7]. LS DYNA offers several 

solving options, but for this study the non-linear explicit method was used to solve the FE 

models.  

 FE Model Setup 3.1

A description of the FE models generated for this study is provided in this section. Five 

main FE models were generated, one detailed FE Model and four simplified bolt models. The 

simplified models were selected based on their applicability to large structural FE crash models 

as described in section 1.7.2. The selected simplified models are: 1) Rigid Body Element bolt 

model, 2) RBE bolt model with no hole, 3) Mesh Independent Spotweld Beam Model and 4) 

Mesh Independent Spotweld Beam with elastic patch model. Brief details of these models can be 

found in Table 1, entry number 5 to 8. For each simplified model, several different variations 

were also generated.  

As described in section 1.7.1, the specimen assembly consists of the main part, transfer 

part, doubler and Hi-Lok® bolt and nut. To accurately capture the behavior of the specimen, the 
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anti-buckling fixture used in the test was also modeled for the simulations. Although the purpose 

of the anti-buckling fixture is to constrain the specimen from bending, a simple boundary 

constraint cannot be used in the FE model to represent this because the interaction the specimen 

with the anti-buckling fixture is complex. For all the FE models generated, one inch long patch 

of elements around the fastener hole of the main part and transfer part were put into separate 

components for extracting information such as energy and stresses only in the vicinity of the 

hole. Table 4 summarizes the quality criteria used for all the FE models for consistency and good 

results [46][47].  

TABLE 4 

MESH QUALITY CRITERIA 

 

Parameter Allowable Parameter Allowable 

Jacobian > 0.7 Skew < 60 

Warpage < 5.0 Min Angle > 45 

Aspect Ratio < 10 Max Angle < 135 

 

3.1.1 Detailed FE Model 

To validate the modeling techniques used for this study, a detailed FE model of the 

specimen assembly was generated using 3D elements. In terms of capturing the fine details of the 

geometry, this model most closely represents the test coupon and hence the results of this model 

have been compared to the test data. Once validated, the detailed FE model can provide useful 

data such as stress concentrations, stress distributions, strain energy and more that cannot be 

obtained from the test data. Thus the results from the detailed FE model were used as a baseline 

for comparing the performance of the simplified bolt modeling techniques. A schematic of the 

detailed FE model is shown in Figure 35.  
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Figure 35. Detailed 3D FE Model Setup 

The cost of simulation was disregarded for this model and hence a very fine 

discretization, with a minimum element length of 0.206 mm, was applied to critical areas of the 

specimen geometry. This mesh is considered fine because to control time step in large models, 

the minimum element length used is 3mm [47]. These include the area around the hole on main 

part and transfer part as shown in Figure 38, and the bolt and nut as shown in Figure 36. The 

threads of the bolt were not modeled for this study therefore, although the nut was modeled as a 

separate component, the nodes of the nut are shared with the bolt. The doubler and the anti-

buckling fixture were meshed with larger elements, as shown in Figure 37, since these are not 

parts of interest. As illustrated in Figure 38, one inch long patch of elements around the fastener 
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hole of the main part and transfer part were put into separate components. In addition, at least 

four elements were placed across the thickness on the main part and the load transfer part. Due to 

similarities in the geometry, the same mesh was used for the main part and the transfer part. Note 

that detailed FE model is also referred to as solid model when presenting the FEM results. 

 

Figure 36. FE Discretization of Hi-Lok® Bolt and Nut 

 

Figure 37. FE Discretization of (a) Doubler and (b) Anti-buckling Fixture 
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Figure 38. FE Discretization of Main Part and Load Transfer Part 

3.1.2 Simplified Technique – RBE Bolt Model 

In this technique, the bolt is idealized with a beam element and ends of the beam are 

connected to the boundary of the bolt hole using rigid body elements as shown in Figure 39. 

These rigid body elements are known as nodal rigid bodies in LS DYNA [48] and can be 

modeled using the card *CONSTRAINED_NODAL_RIGID_BODY [48]. The bolt is idealized 

using beam element formulation type 9 and *MAT_SPOTWELD [48]. Details of the beam 

element formulation and the material model can be found in section 3.2 and 3.6 respectively.  

1 in
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Figure 39. Model Setup of RBE Bolt Model 

Since the RBE Bolt model uses rigid body elements, the boundary of the hole is 

essentially rigid. Therefore the possible variations for this type of simplified modeling exist in 

the mesh size. For this study, three different models with RBE Bolt model are generated as 

shown in Figure 40. Configuration 1 is a very fine mesh RBE Bolt Model with minimum 

element length of 0.331 mm. In this configuration, the number of elements on the edge of the 

hole is same as the elements on the detailed 3D model. In configuration 1A, a coarser mesh, with 

minimum element length of 3mm, is used to represent the specimen. Four nodes are placed on 

the boundary of the hole and thus a square hole is formed. Minimum element length of 3mm is 

appropriate and has been used in the past for FE models of large structures [7][13][50]. In 

configuration 1B, 8 nodes are maintained around the edge of the hole and the minimum element 
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length is 2 mm. Note that the main part and the transfer part both have the same setup unless 

otherwise stated. 

 

Figure 40. Variations of RBE Bolt Models 

3.1.3 Simplified Technique – Mesh Independent Spotweld Beam Model 

In this method the bolt shank is idealized using beam element formulation type 9 and 

*MAT_SPOTWELD is used for the material definition. The head and nut of the bolt are not 

modeled. The beam is connected to the parts using a tied contact formulation, 

*CONTACT_SPOTWELD [48]. The setup of this FE model is shown in Figure 41. 

The tied contact mechanism, *CONTACT_SPOTWELD, is explained in detail in 

section 3.4.1. In summary, forces at the nodes of an element in contact change based on the 

location of the beam (slave node) with respect to the element (see section 3.4.1). When large 

models are meshed, it is a laborious process to align elements of joining parts to ensure that the 

beam is placed at an ideal location with respect to the contact surface. Thus for this study several 

possible variations of the beam location with respect to the element are explored as shown in 

Figure 42. 
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Figure 41. FE Model Setup of Mesh Independent Spotweld Beam Bolt Model 

 

Figure 42. Variations of Mesh Independent Spotweld Beam Bolt Model – Same mesh on Main 

Part and Transfer Part 
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As seen in Figure 42, configuration 2 is a fine mesh model with the beam placed at an 

arbitrary location with respect to the element. The fine mesh model has a minimum element 

length of 0.3 mm. For the rest of the configurations, the minimum element length is 3 mm. Note 

that for variations shown in Figure 42 the main part and the transfer part both have the same 

mesh setups. Variations shown in Figure 42 rarely occur in large models, where parts are meshed 

independently, and for that reason a few combinations of different mesh on main part and 

transfer part are also studied as shown in Figure 43. 

 

Figure 43. Variations of Mesh Independent Spotweld Beam Bolt Model – Different mesh on 

Main Part and Transfer Part 
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3.1.4 Simplified Technique – Mesh Independent Spotweld Beam with Elastic Patch Model 

This method is an extension to Configuration 2. This modeling method follows the 

same setup as described in section 3.1.3 for the bolt shank. The difference in this method is that 

the elements to which the bolt connects are modeled using an elastic material model (no failure) 

to simulate the presence of a fastener hole. By controlling the Young’s modulus of the elastic 

elements, stress concentrations develop in the surrounding elements which are representative of 

the scenario experienced with a fastener hole. In this model, the group of elements with elastic 

material properties is referred to as an elastic patch. Figure 44 shows the setup for this simplified 

bolt modeling technique where the red represents the elastic patch. The elastic patch is modeled 

as steel which is the same material for the bolt head and nut. A stiff material will facilitate load 

transfer and will not store high amounts of energy thus representing a hole (no energy since no 

material) 

Some variations of this model have been generated as shown in Figure 45. 

Configuration 3 is a fine mesh model with the same mesh as the detailed 3D model except the 

hole is filled with elements with elastic material properties. In configuration 3A and 3B, a coarse 

mesh with minimum element length of 3mm is used. In configuration 3A, the elastic patch is 

only maintained on the main part which is likely to fail while in configuration 3B, both the main 

part and the load transfer have an elastic patch. It should be noted that even though this method 

follows the same setup as described in section 3.1.3, the influence of the beam model with 

respect to the location on the contact segment is not explored since the patch is intended to 

represent the fastener hole and the bolt is supposed to be placed at the center of the hole. 
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Figure 44. FE Model Setup of Mesh Independent Spotweld Beam with Elastic Patch Model 

 

Figure 45. Variations of Mesh Independent Spotweld Beam with Elastic Patch  

3.1.5 Simplified Technique – RBE Bolt Model with No Hole 

This simplified technique is an extension to the technique shown in section 3.1.2. As 

shown in Figure 46, this technique uses the same setup as the technique described in section 

3.1.2 except the hole on the main part and the transfer part is not modeled. Due to this, the nodes 

of the nodal rigid body are connected to the main part and transfer part using a tied contact 
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option *CONTACT_TIED_NODES_TO_SURFACE [48]. This method allows the nodal rigid 

bodies to be connected to the parts at any location desired. Note that the beam which represents 

the bolt shank is not connected to any of the parts. The beam is only connected to the nodal rigid 

body. Therefore this method allows us to have more connection points on an element rather than 

a single point as the methods described in 3.1.3 and 3.1.4. 

 

Figure 46. FE Model Setup of RBE Bolt Model with No Hole 

Number of nodes in a nodal rigid body and the position of those nodes can be controlled 

and hence this allows for several variations in this method of bolt modeling. The variations 

studied are shown in Figure 47. Configuration 4 is a model with a very fine mesh (0.3 mm 

minimum element length) and about 38 nodes to represent the nodal rigid body. These are the 

same number of nodes around the hole of the detailed FE model. From configuration 4A to 4D, 

four nodes have been used to represent the nodal rigid body and the nodes have been rotated by 

15 degrees for each configuration. In configuration 4E, the nodal rigid body consists of 8 nodes. 

Z 

X 



 

61 

 

While maintaining the same nodal rigid body, the mesh is changed in configurations 4F to 4H. A 

coarser mesh with minimum element length of 3 mm is used for the main part and transfer part 

from configurations 4A to 4H. Note that the nodes of the nodal rigid bodies represent the 

diameter of the bolt hole.  

 

Figure 47. Variations of RBE Bolt Model with No Hole  

 Element Definitions 3.2

Overall, the FE models were discretized using 3D solid elements, 2D shell elements or 

1D beam elements or a combination of all. LS DYNA provided the used with many different 
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formulations for each of these elements. The selection of section properties and element 

formulation was based on efficiency and use in large structural models. 

3.2.1 3D Solid Elements 

As shown in Figure 48, solid elements include tetrahedrons, pentahedrons and 

hexahedrons where hexahedrons are desirable while the others may cause problems in certain 

situations. A given geometry can be most accurately discretized using solid elements. Based on 

the LS DYNA user’s guide [49], the following is known about solid elements. The hexahedron 

solid element, which is a 8-noded element uses one point integration scheme by default. This 

default option is known as the constant stress solid element in LS DYNA. This is the most 

efficient solid element formulation in terms of computational cost, but can experience zero-

energy modes (hourglassing) and thus requires hourglassing control. Another option available is 

the fully-integrated scheme which eliminates the zero-energy modes but is 4 times more costly.  

For this study the default solid element formulation is used by ensuring that the added 

hourglassing energy is significantly lower than the total energy. In addition, since this option 

only consists of one integration point, at least four elements were used through the thickness of 

the main part, bolt and the load transfer part of the specimen to accurately capture bending. 

 

Figure 48. 3D Solid Elements [49] 
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3.2.2 2D Shell Elements 

Shell elements 2D elements generally used to represent sheet metals or parts with small 

thicknesses. As shown in Figure 49, shell elements include quadrilateral or triangular elements 

where the triangular elements exhibit a stiffer behavior and hence quadrilateral elements are 

preferred [50]. For all the FE models and for large structural models, the shell element 

formulation of choice is the BELYTSCHKO-LIN-TSAY shell due to its computational 

efficiency compared to other models [47]. This element formulation also requires hourglass 

control [48].  

 For non-linear material models, it is recommended to use more than two integration 

points through the thickness. For this study, three integration points through thickness are used 

similar to the setup used in a study performed by NIAR [13]. The computational cost increases 

with higher number of integration points [45].  

 

Figure 49. 2D Shell Elements [49] 

3.2.3 1D Beam Elements 

Beam elements are 1-D elements with two nodes, as shown in Figure 50, and can be 

used as truss, beams, discrete springs or dampers. For this study a beam element, specifically 

type-9 beam element formulation which is a spotweld beam, is used a simplified technique to 

model bolts. Type-9 beam element formulation is a Hughes-Liu Beam type which means it is 

incrementally objective (rigid body rotations do not generate strains) [51]. Hughes-Liu beam 
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types are known to be simple which translates into robustness and computational efficiency [49]. 

The element variables for this beam type are integrated at the midpoint of the reference axis with 

multiple points on the cross-sectional area [51]. The beam element formulation requires special 

treatment for torsion and ignores Poisson’s effect [51]. Only *MAT_SPOTWELD material 

definition can be used to define the material properties for the beam. This beam element 

formulation has been used to model bolts for many studies involving large structural models 

[13], [50].   

 

Figure 50. 1D Beam Element [49] 

 Boundary Conditions and Constraints 3.3

Boundary conditions for all the FE models were specified as per the load transfer tests 

described in section 2.3. The test equipment, that is the grips, slack-inducer system and the MTS 

machine were not modeled in the FE models and thus similar boundary conditions were applied 

by selecting the nodes of the tab area. As a result, the effect of test machine compliance cannot 

be captured by the FE models. Boundary conditions applied to the FE models are shown in 

Figure 51. Note that all the boundary conditions are applied in global coordinate system. For the 

fixed boundary, both the translations and rotations in the global X, Y and Z coordinates are 

constrained *BOUNDARY_SPC card in LS DYNA [48]. The anti-buckling fixture is 

constrained on one end only, similar to the test setup shown in Figure 28.  
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Figure 51. FE Model Boundary Conditions 

The tests were conducted at quasi-static rate of 0.05 in/min and failure was attained 

after approximately 4 minutes of loading. Since all the FE analyses were conducted using the 

explicit LS DYNA solver, it would be very costly to run a FE simulation for 4 minutes. Hence, 

the displacement used for all the quasi-static FE analysis is 0.5 in/s and is applied using 

*BOUNDARY_PRESCRIBED_MOTION. 

A constraint type used for the FE models is a nodal rigid body. This option is available 

in LS DYNA using the card *CONSTRAINED_NODAL_RIGID_BODY. By using this option, 

the selected nodes get constrained and behave as a rigid body. The loads experienced by the first 

selected node are transferred to the rest of the nodes of the nodal rigid body. For the FE models 
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of this study, nodal rigid bodies are used to constrain the anti-buckling fixture as shown in Figure 

52and are also used for the RBE Bolt models described in sections 3.1.2 and 3.1.5. 

 

Figure 52. Constraint on the Anti-Buckling Fixture 

 Contact Modeling 3.4

LS DYNA provides several methods for contact modeling with automatic options or 

manual options. With automatic options, nodes are checked for contact in both directions of the 

normal vector while in manual options, the check is only performed in the direction of the 

normal [49]. Several options for modifying the contact performance are available for each 

contact and can be found in [48]. Note that for this study, the default options were used to model 

the contacts.  

Friction parameters are also defined in the contact card. The parameters available to 

define friction in contacts are FS, static coefficient of friction, FD, dynamic coefficient of 

friction, DC, the decay constant and VC, coefficient of viscous friction [48]. The coefficient of 

friction (µc) is evaluated using FS, FD, DC and the relative velocity of surfaces in contact (Vrel) 
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as shown in equation (3.1) [48]. Equation (3.1) is an exponential equation where the curve is 

dictated by DC and the friction coefficient (µc) ranges from FS to FD [48].  

  FD)e-(FSFD=
Vrel-DC

c  [48] (3.1) 

For this study, the values of FS, FD or DC were not quantified by any experiments and 

hence remain unknown. Therefore, for all the simulations, FS is set equal to FD and DC is set to 

zero. A study with different values of FS or FD was conducted to understand the effect of 

friction (see section 4.3.3) and a value of 0.1was used for FS and FD for validation with test data.  

For the detailed FE model, *AUTOMATIC_SINGLE_SURFACE [48] and the 

*AUTOMATIC_SURFACE_TO_SURFACE [48] options were used for modeling contact. Two 

contact definitions were required for defining contact because the coefficient of friction between 

the specimen and the anti-buckling fixture was zero, compared to 0.1 used for friction within the 

specimen itself.  

Similarly for shell element models two *AUTOMATIC_SURFACE_TO_SURFACE 

contacts were used, one for the specimen itself and one between the specimen and anti-buckling 

fixture. For shell element models, *AUTOMATIC_SINGLE_SURFACE was not used because it 

resulted in penetrations on the application of bolt preload. In addition, a tied contact, 

*CONTACT_SPOTWELD was used to connect the beam element to the shell elements in 

simplified techniques described in section 3.1.3 and 3.1.4. 

*CONTACT_TIED_NODES_TO_SURFACE_OFFSET was used for connecting nodes of the 

nodal rigid body to the shell elements for the simplified technique described in section 3.1.5.  
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3.4.1 *CONTACT_SPOTWELD 

It is crucial to understand the tied contact, *CONTACT_SPOTWELD as it is the 

primary entity forming the joint on some of the simplified joint methods. The description of this 

contact below is summarized from [14] and [51]. 

This contact is a constraint based contact which means no sliding is allowed between 

the components. It enables coupling of both translational and rotational degrees of freedom. The 

components in contact are defined as slave, which are the nodes of the beam and master, which 

are the segments of the shell elements. The components of this contact are shown in Figure 53. 

 

Figure 53. Components of *CONTACT_SPOTWELD [51]  

On initialization, the contact point is established by searched for the closest master 

segment to the slave node. Once the contact point is established, constraints are developed based 

on shape functions as shown in Figure 54. 

 

Figure 54. Shape Functions [51] 
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Thus the incremental master segment nodal force Δ 
 

 i
 and mass Δ  

 i
 are calculated 

using the shape functions as shown by equations (3.2) and (3.3) respectively [51]. The forces on 

the slave node  
s
 are computed as the weighted average of the master segment nodes as shown by 

equation (3.4). For instance, if the contact point is at the center of the element shown in Figure 

54, all the four nodes will get 25% of the slave nodal force and mass. 

 

Δfm
 i

= Ni ξ,η *fs

4

i=1

  

            [51] (3.2) 

 

Δmm
 i

=  Ni ξ,η *ms

4

i=1

 

          [51] (3.3) 

 

fs= N ξ,η *fi
 j

4

i=1

 

                  [51] (3.4) 

As a result, this contact is highly affected by the location of the contact point on the 

master segment. It is noted in the LS-DYNA keyword manual that failure forces change with 

respect to the contact point location and scaling factors and options for failure force are also 

available in the manual [48].  

3.4.2 *CONTACT_TIED_NODES_TO_SURFACE_OFFSET 

This contact is similar to *CONTACT_SPOTWELD except it couples only translational 

degrees of freedom. The offset option was used because it is required for contact between rigid 

body and deformable body. 



 

70 

 

 Preload Modeling 3.5

A key question to be answered in this study is the importance of preload application for 

simplified bolt models. The physics and mechanics of bolt preload, and the factors that affect 

bolt preload are many and have been studied at length by [10][11]. For this study, a Hi-Lok® 

fastener is used which comes with a pre-existing preload as described in section 2.1. From the 

load transfer tests conducted, the average measured bolt preload was 2296 N as shown in Table 

3. Several options are available for the application of preload in LS DYNA and two different 

methods, one for solid element bolt model and one for beam element bolt model, were used for 

this study. 

3.5.1 Preload in Solid Bolt Model 

Six different preload application methods can be used for a solid bolt model as 

presented by Nakalswamy [52]. A detailed study was performed using four of the six methods 

and is presented in APENDIX A. From the preload study, *INITIAL_STRESS_SECTION 

option was used for the FE models in this study. In brief, to use this method of preload 

application, a cross-section plane is defined through the center of the bolt shank and a curve 

defining the desired stress in the bolt shank is also defined. A pseudo-simulation, called the 

dynamic relaxation phase, is used for the preload application. Once convergence is achieved, the 

model with the preloaded final state is used as the initial point for the transient simulation (actual 

simulation) [48].  

This preload application method requires the input of stress which was evaluated using 

equation (2.6), where F is 2296 N (Table 3) and A is the cross-sectional area of the bolt, which 

was calculated using the bolt diameter of 4.1275 mm. As a result, the equivalent stress required 
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for preload was evaluated to be approximately 172 MPa. The result of preload application is 

shown in Figure 55. 

 

Figure 55. Preload on Solid Bolt Model 

3.5.2 Preload in Beam Bolt Model 

For the remaining simplified models, beam element is used for representing the bolt 

shank. To introduce a preload on the beams, the *INITIAL_AXIAL_FORCE_BEAM card was 

used. This card only works with beam element formulation type 9 and is used to initialize axial 

force resultants in the beam [48]. Similar to the preload application in solid model, the dynamic 

relaxation phase was used to achieve the desired force. Once convergence was attained, the 
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actual tensile loading of the specimen begins. Figure 56 shows that the desired preload of 2296 N 

was attained by this method.  

 

Figure 56. Preload on Beam Bolt Model 

 Material Modeling 3.6

Accurate modeling of materials in FEM is very important to capture the behavior of a 

system. Based on the specimen assembly, the main part, the transfer part and the doubler are 

constructed from clad aluminum 2024-T3, the bolt consists of a steel pin and aluminum nut, and 

the anti-buckling fixture consists of Teflon material and Aluminum backing. It can be noted that 

since the bolt consists of a steel pin, which is much stiffer than the aluminum parts it joins, 

failure is expected to occur on the aluminum parts. Therefore, an elasto-plastic material 

definition with the stress-strain profile is necessary for the main part and transfer part to study 

plasticity effects and to model failure. For the other parts, since failure or plastic strains are not 

expected, the elastic material model is sufficient for capturing the material stiffness. To ensure 

FE models accurately represent the tests material characterization tests were conducted, as 

documented in section 2.2, to extract the material properties for clad aluminum 2024-T3 and 

generic properties were used for other materials [53], TEFLON. The mechanical properties, 
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along with the LS DYNA material card used for different parts, of the specimen assembly are 

listed in Table 5. 

TABLE 5 

MECHANICAL PROPERTIES OF MATERIALS USED IN FE MODEL 

 

Part 
LS DYNA 

MAT [55] 

Density 

(tonne/mm
3
) 

Youngs 

Modulus 

(MPa) 

Poisson’s 
ratio 

Yield 

Strength 

(MPa) 

Failure 

Strain 
REF 

Main Part 

*MAT_024 2.7 8e-    80  0.33 330.38 0.1   
Sec 

2.2 

Transfer 

Part 

Doubler 

Bolt Pin 

(solid) 
*MAT_001 2.7 8e-8 1   48 0.27 - - [53] 

Bolt Pin 

(beam) 
*MAT_100 2.7 8e-8 1   48 0.27 - - [53] 

Bolt Nut 

(solid) 
*MAT_001 2.7 8e-  723 5 0.33 - - [53] 

ABF 

Aluminum 
*MAT_001 2.7 8e-  723 5 0.33 - - [53] 

ABF Teflon *MAT_001 2.1 e-  723 .5 0.33* - - [54] 

*Assumed 

The elasto-plastic material properties are defined using the LS DYNA material card 

*MAT_024 [55]. This material card is a piecewise linear plasticity elasto-plastic material model 

with an arbitraty stress versus strain curve and where arbitrary strain rate dependency can be 

defined [55]. Failure in the material model is defined based on plastic strains. A study performed 

at NIAR [45], has shown that this material model provides good performance and correlation to 

test data.  

For *MAT-024, along with the mechanical properties listed in Table 5, the stress strain 

profile extracted from the test (section 2.2) was used to define the behavior of the material after 

yielding occurs. This material card requires the stress versus strain curve to be input in the form 

of effective stress versus effective plastic strain. As a result, additional adjustments (using 
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equations found in [45]) were made to convert the test data, which is presented in the form of 

engineering stress versus engineering strain, to the required format. Figure 57 below shows the 

effective stress versus effective plastic strain curve. 

 

Figure 57. Comparison of Engineering Stress-Strain to Effective Stress vs. Effective Plastic 

Strain for Clad Aluminum 2024-T3 at Quasi-static Rate  

For parts where failure is not expected, *MAT_001 [48], a linearly elastic material 

model is used where the only parameters defined are the materials Young’s modulus, density and 

Poisson’s ratio. For representing the bolt as a type   beam, *MAT_100 is the only material 

model that can be used [48]. Although failure can be described in this model, for this study bolt 

failure was out of the question since the bolt is fabricated from Steel while the parts it connects 

are Aluminum.  

3.6.1 Material Strain Rate Dependency 

Mechanical properties of certain materials such as yield stress, ultimate stress and 

failure strain are known to change when different strain rates are applied. A part of this study 

involves exploring the effect of high strain rates (common in a crash scenario) on the load 
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transfer characteristics of the detailed and simplified bolt modeling techniques. To perform this 

study via FEM, strain rate sensitive material data is required. *MAT_024 material model allows 

the user to define a table with stress versus strain curves for different strain rates [55]. If strain 

rates fall within the curves for the specified rates, LS DYNA extrapolates the provided curves for 

that strain rate. If the strain rate exceeds the specified rate, LS DYNA uses the stress-strain curve 

for the maximum rate specified [55].  

In a Round Robin exercise performed by NIAR [56], bare Aluminum 2024-T3 was 

tested at different strain rates. The data from bare Aluminum was used to scale the test data 

documented in section 2.2 to obtain the rate sensitive stress versus strain curves for Clad 

Aluminum 2024-T3 for this study. As specified in the standard ASTM B209-10 [57], the 

difference between Clad Aluminum and Bare Aluminum is that the Clad Aluminum consists of a 

very thin layer (approx. 0.2% thickness) of pure aluminum on the surface. The strain rate 

dependent material data used for this study is shown in Figure 58.  

 

Figure 58. Clad Aluminum 2024-T3 Material Data for Quasistatic and Strain Rate 187.5/s 
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 FE Simulation Parameters Studied 3.7

First, the study is performed at quasi-static strain rates where four different simplified 

bolt modeling techniques (each has more variations) are compared to the detailed 3D FE bolt 

model (ideal representation). For each comparison, the load transfer (%LT), energy stored in the 

bolt, energy stored in 1 inch long patch around the bolt (in both main part and load transfer part), 

overall energy distribution, stress/strain fields around the joint, shear and normal force on bolt 

and failure modes are investigated. Further the strain rates, friction and preload were varied on 

the detailed FE model and a selected simplified model. The effect of these variables on the 

simplified bolt model is studied  

 Calculations 3.8

For presenting the FE simulation results, some of the parameters were calculated as 

explained in subsequent sections. 

3.8.1 Load Transfer 

The load transfer calculation for the simulations differs slightly from that used in the 

test. In the test, strain gages were only used on the surface and due to that, the effect of 

secondary bending on load transfer was not captured by the test. Secondary bending is explained 

in section 1.3.4. Therefore, to account for secondary bending, the load transfer for all the 

simulations was evaluated using cross sectional forces. The cross sections were located at the 

same locations as the strain gages as shown in Figure 59. Equation 3.5 is used to evaluate the 

percentage load transfer. CS 1 is cross section 1 and CS 2 is cross section 2 

 

   Load Transfer = (
               

               
)  x 100  (3.5) 
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Figure 59. Cross Section Plane Locations on Single Shear Specimen 

3.8.2 Load Transfer by Bolt and by Friction 

The % load transfer by bolt and by friction was also evaluated. To accomplish this, a 

cross section plane was placed through the center of the bolt shank for both the solid model and 

the simplified models as shown in Figure 60. The load transfer by bolt was then evaluated using 

equation where CS 1 is the cross section plane that measures the load on the transfer part as 

shown in Figure 59. The remainder of the load is transferred by friction.  

 

   Load  rans er         = (
               

               
) x 100  (3.6) 
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CHAPTER 4 

FINITE ELEMENT MODELING - RESULTS 

Detailed and simplified numerical models of the one half dog bone specimen assembly 

were generated to study the behavior of mechanical joints under single lap shear loading. In 

section 4.1, the analysis of the detailed FE model is presented and validated against test results 

presented in section 2.3. This is done to validate the FE modeling practices used in this study. In 

section 4.2 simplified FE models are generated and compared to the detailed FE model. For 

parametric studies, the material rate sensitivity, preload and friction are varied for the detailed FE 

model and a selected simplified model. Although the effect of friction and preload in the 3D 

model has been highlighted by Ghods [19], the effect of such parameters on simplified joint 

modeling is yet to be explored. The parametric study is documented in section 4.3. 

 Detailed FE Bolt Model 4.1

There are two main reasons for creating a 3D FE model for this study: 1) to validate the 

FE modeling methods (since 3D modeling is the most ideal way to represent the test) and 2) to 

extract data that cannot be collected from the test (such as energies, stress distribution and more) 

for evaluating the simplified bolt modeling techniques. 

It should be noted that for the FE simulations, assumptions were made to simplify the 

models and reduce the computational cost. These assumptions are as follows: 

1. The slack-inducer system, the grips and the test machine were not modeled in the 

simulations, and hence the compliance of these parts is not taken into account. 

2. The friction value of 0.1 between the aluminum parts  was used based on the study presented 

in section 4.3.3 and the friction value of 0 was used between the anti-buckling fixture and the 

specimen. 
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3. In the test, bolts were used to clamp the anti-buckling fixture with 10 in-lb torque on each 

bolt. In the simulation, the anti-buckling fixture was clamped using nodal rigid body 

elements (RBE).  

4. In the test, the ABF was held in place using brackets and a bar attached to the MTS machine 

post while in the simulation a SPC constraint was utilized to represent this.  

5. Average preload of all three tests was used for the simulations. 

4.1.1 Validation of FE Model and FE Modeling Methods 

Prior to presenting the comparison of the test and simulation data, it is important to 

understand the basic forces in the system as shown by the free body diagram in Figure 61. Force 

(F) is generated on the application of displacement and due to the displacement compatibility 

between the main part and transfer part [12], F is divided into load transfer force (Ftransfer) and 

bypass force (Fbypass). Fbypass is the load that remains in the main part and Ftransfer is the load that is 

transmitted to the load transfer part. Ftransfer is generated from a bearing force (Fbearing) resulting 

from pressure exerted by the bolt shank on the hole surface and a friction force (Ffriction) resulting 

from mating of the sheets. Due to bolt preload, friction effect is localized under the bolt head and 

nut surface where maximum clamping occurs. 

Figure 61 presents only a basic force distribution encountered by the specimen setup. It 

should be noted that load transfer is a rather complex phenomenon and factors such as the 

deformation of the hole, rotation of the joint, fastener bending, bolt clamp-up, hole preparation 

and friction level affect the load transfer as described in section 1.3. 
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Figure 61. Static Force Distribution in Detailed FE Model 

Figure 62 presents the comparison of simulation results to test data. Results from 

simulation were obtained in the same manner as the test was conducted that is the average strains 

were used for evaluating the %LT using equation (2.8). Strains were averaged from elements 

over the area and location of the strain gages (Figure 32).  

The comparison presented in Figure 62 shows that the strains at the three strain gage 

locations and the %LT from the detailed FE model are in good correlation to the test data. For 

majority of the elastic portion, the %LT is in good agreement to the test data. It can be noted that 

at the beginning, when remote loads are very low the %LT for the simulation is different from 

the test. It should be noted that the simulation is not able to match 100% of the test data due to 

several unknown factors such as friction on faying surfaces and bolt preload which will vary for 

each test. In addition, the test specimens carry imperfections from manufacturing and specimen 

handling and such imperfections are not accounted for in the simulation. Also, simulation 

requires assumptions due to several limitations posed by the FE tool, time and cost constraints 

(section 4.1). Further, the %LT is evaluated using strains (equation (2.8)), and at very low remote 
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loads, the strains are very low hence even a small change in strains will result in a large change 

in % LT.  

 

Figure 62. Detailed FE model (sim-solid) vs Load Transfer Test Results: (a) Axial Strain at 

Strain Gage 1 (b) Axial Strain at Strain Gage 2 (c) Axial Strain at Strain Gage 1 and (d) % LT 

Comparison of the simulation results to the test data validates the FE modeling methods 

and hence the detailed FE model can be used to compare and evaluate the simplified bolt 

modeling techniques.  

4.1.2 Kinematic Frames 

Due to the presence of a hole, stress concentrations and hence failure are expected along 

the center line of the hole perpendicular to the direction of loading as shown in Figure 63. The 

(a) (b) 

(c) (d) 
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expected necking and failure, as seen on the test, is attained through the simulation model as 

shown in Figure 64. 

 

Figure 63. Stress Concentration in Plates with Hole 

 

Figure 64. Kinematic Frames for Solid Model 

4.1.3 Stress and Strain Profiles 

Figure 65 shows the stresses developed on the plates from the application of bolt 

preload. High compressive stresses, in the magnitude of 30 to 160 MPa, occur in a localized area 

beneath the head and the nut. As a result, friction forces are higher in that region. These friction 

forces affect the load transfer within the joint system. 
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Figure 65. Clamping Stresses Due to Preload Application on Detailed FE Joint Model 

The state of stress at the initiation of failure on the main part is shown in Figure 66. The 

stresses at the edge of hole agree with the expected state of stress as shown in Figure 63.  

 

Figure 66. VonMises Stress on Main Part: Solid Model 

4.1.4 Bolt Loads 

Figure 67 shows the load transferred to the transfer part, the shear force on bolt and the 

% LT by the bolt. The %LT can be divided into bearing force and friction force. The bearing 
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load translates into shear force in the bolt, while the friction force is dictated by the clamp-up of 

the bolt. Based on the clamp-up stress distribution shown in Figure 65, high friction forces are 

expected in the vicinity of the joint. As loading begins, load is transferred only through friction 

until the bolt comes in contact with the hole surface. At this point, the bearing loads kick in and 

end fixity of the bolt head and nut occurs due to fastener rotation which results in fastener 

bending and higher shear force on the fastener. As a result, the %LT shifts dependency from 

friction to the bolt. Thus based on Figure 67, it can be noted that at the beginning of the 

simulation, majority of the load is transferred by friction and towards the end of the simulation 

only up to 20% of work is done by friction.  

Figure 68 shows the axial force on the bolt of the solid model. The decrease of axial 

load can be attributed to the following mechanisms occurring in the joint system. On continued 

application of loading, the specimen length increases and the thickness at the gage section (in 

this case, the area around the hole) decreases due to Poisson’s ratio effect. As a result the preload 

applied to the bolt, which is a tensile load, relaxes and thus the axial load decreases. On the other 

hand, continued application of axial load to the specimen results in bearing loads acting on the 

hole of the plates. The bearing loads result in compressive forces on the surface of the hole 

which causes the thickness to bulge up, thus adding to the axial load. In addition to these 

mechanisms, due to the end fixity condition of the fastener the bolt shank experiences bending 

which also adds to the change in axial loads.  
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Figure 67. Load Transferred by bolt on Solid Model (a) Load on transfer part, (b) Shear force on 

bolt and (c) %LT by bolt 

 

Figure 68. Axial Force on Bolt Solid Model 

(a) (b) 

(c) 



 

86 

 

4.1.5 Energy 

The energy levels seen on the solid model simulation are summarized in Figure 69. It 

can be noted that majority of the total energy is translated into internal energy and some into 

interface energy. The eroded internal energy is the energy stored in the deleted elements and is 

already included within the internal energy plot shown in Figure 69(a).  

Figure 69(b) shows a comparison of internal energy versus remote stress. It can be 

noted that the total internal energy level in the system amounts to approximately 18 J. For the 

solid model up to 16 J (approx. 88 %) of internal energy is stored in the joint, which is comprised 

of the 1 in patch on the main part and load transfer part and the bolt. It can be noted that most of 

the energy within the joint is stored in the 1 in patch on the main part where failure occurs. 

 

Figure 69. Energy levels from Solid Model (a) Energy Balance (b) Internal Energy Distribution 

 Simplified FE Bolt Models 4.2

The assumptions specified in section 4.1, for the detailed FE model, also apply to the 

simplified bolt FE models.  

(a) (b) 
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4.2.1 Configuration 1 – RBE Bolt Model 

Three different variations, one a fine mesh and two coarse mesh models, of the RBE 

Bolt Model are compared to the detailed FE model. The RBE bolt models have been described in 

detail in section 3.1.2. To obtain a better understanding of this setup, the static forces related to 

the RBE bolt model are shown in Figure 70.  

 

Figure 70. Static Force Distribution in RBE Bolt Model 

The force (F) introduced in the system is split into transfer force (Ftransfer) and bypass 

force (Fbypass) due to displacement compatibility enforced by the presence of the bolt [12]. Fbypass 

is the load that remains in the main part and Ftransfer is the load that is transmitted to the load 

transfer part. The bolt shank in the RBE bolt model is represented by beam element and the 

nodes of the beam are connected to the respective side fastener hole boundary using rigid body 

elements (RBE). Thus all the RBE share a common node, which is the node of a beam. As a 

result, the RBE also play a part in Fbypass. Since the hole boundary is rigid, and moves with the 

beam node, there are no bearing loads in this model. Ftransfer is via the shear loads (Fbeam) 

registered in the bolt and friction force between the plates (Ffriction). The bolt head and nut are not 
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modeled in this setup and hence the clamp-up loads on the plates are no longer localized as is the 

case in the solid model. In addition, since the plates are a continuum the clamping forces will be 

distributed throughout the plate and the localized effect of friction due to clamping won’t be 

present. Thus the contribution of Ffriction to Ftransfer will be less than in the Solid model. 

 Load Transfer 4.2.1.1

The percentage load transfer for this comparison was evaluated using equation (3.5). 

The following points can be deduced from the comparison of %LT between the detailed solid 

model and the RBE bolt model as shown in Figure 71.  

The load transfer comparison indicates that the three variations of configuration 1 have 

very similar %LT. As described in section 4.2.1 this simplified bolt modeling techniques uses 

rigid body elements to connect the bolt (modeled as a beam) to the bolt hole. As a result, the 

nodes on the boundary of the hole are rigid and do not undergo any deformations (only rigid 

body motion). This indicates that the load transfer is not sensitive to mesh size. 

The %LT is higher for all the RBE bolt models when compared to the detailed solid 

model. Since the nodes of hole are coupled with the beam using RBE, all those nodes undergo 

similar displacements. As a result, the fastener does not undergo bending and the fastener hole 

will not deform. In addition, friction does not play a major role in the load transfer process since 

the clamp-up loads are not localized. Due to these events the %LT in RBE models is higher than 

solid model. 

It can also be noted from Figure 71 that failure on the RBE bolt models occurs at a 

higher remote stress compared to the solid model. Due to the rigid hole and use of RBE, stress 

concentrations occur at different locations in the models. The stress concentrations are dependent 

on the orientation of the RBE elements (generally occurs at the first rigid node on the load 



 

89 

 

introduction side). In the solid model, the net section area is smaller due to the fastener hole 

while in the RBE models even though there is a hole it behaves as a continuum due to the rigid 

links and thus the net section is larger. As a result, RBE models require larger remote load to fail.  

 

Figure 71. Load Transfer Comparison of Configuration 1 – RBE Bolt Model to Solid Bolt Model 

 Kinematic Frames and Failure Modes 4.2.1.2

The kinematics for the solid model and simplified RBE bolt models is shown in Figure 

72. In comparison to the Solid Model the failure mode for configurations 1, 1A and 1B is also 

tear-out of the main part, but this occurs on the load introduction side of the main part, in front of 

the bolt hole. Also necking on the main part occurs on the load introduction side of the main part. 

In comparison to the solid model, this simplified technique is quite different in terms of failure 

mode and remote stress at failure. 
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Figure 72. Kinematic Frames Comparing Solid model to RBE Bolt Models 

 Stress and Strain Profiles 4.2.1.3

The preload measured in the test was applied to all the FE models. For different bolt 

modeling techniques the stresses that develop in the vicinity of the bolt hole, as a result of the 

application of preload, are quite different.  The stresses developed on the main part and transfer 

part of the solid model due to preload are shown in Figure 65. Since the bolt head and nut are not 

modeled for the simplified techniques, on the application of preload, the localized compressive 

stresses (seen in solid model) are not present in such models as shown in Figure 73. Therefore, 

although preload is applied to this simplified model, the localized effect of preload are not 

captured by this technique and thus preload may not have an effect on the overall performance of 

the specimen. On the other hand, the preload on the bolt itself is sustained which may improve 

the performance of the beam itself.  
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Figure 73. Stresses due to Preload Application (a) Sim-Config 1 (b) Sim-Config 1A and (c) Sim-

Config 1B 

Figure 66 shows the state of stress (vonMises stress) at the initiation of failure on the 

main part of the Solid model and Figure 74 shows the comparison of the state of stress on the 

main part of simplified RBE bolt models. These provide an indication of the location of stress 

concentrations. It can be noted that when the mesh is changed, the location of the first rigid node 

on the load introduction side also changes thus the stress distribution in the vicinity of the bolt is 

different for each case. In addition, stress concentrations occur at different locations for the 

(a) (b) 

(c) 
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simplified models which indicate that failure will occur at a different location compared to the 

Solid model (this is shown in Figure 72).  

 

 

Figure 74. VonMises Stress Comparison on Main Part (a) Sim-Config 1 (b) Sim-Config 1A and 

(c) Sim-Config 1B 

Strains, at the strain gage locations shown in Figure 32, are compared in Figure 75. 

These strains provide an indication of the state of loading at locations further away from the 

fastener hole. For all the simplified RBE bolt models, strains at strain gage 1 location are in good 

correlation to the solid model. This indicates that the use of shell elements in simplified models 

(a) (b) 

(c) 
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is sufficient to capture the stress-strain distribution. On the other hand, strains at strain gage 2 

and strain gage 3 are similar to the solid model only at low remote loads (less than 150 MPa). 

Deviations in strains between the solid and simplified models are seen after this point. This can 

be attributed to the differences in load transfer for the different models. As shown in Figure 71, 

load transfer is higher for simplified models, and higher transferred loads result in higher strains 

on transfer part as seen on Figure 75 (d). 

 

Figure 75. Axial Strain vs Remote Stress for RBE Bolt Models (a) Strain gage 1 (b) Strain Gage 

1 (close-up) (c) Strain Gage 2 and (d) Strain Gage 3 

(a) (b) 

(c) (d) 
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 Bolt Loads 4.2.1.4

In addition to the %LT, it is interesting to understand what percentage of load is 

transferred by the bolt versus the percentage of load transferred by friction. This can be deduced 

by comparing the shear force on the bolt and the load recorded in the cross-section plane on the 

load transfer part as shown in Figure 76. For the simplified RBE bolt models, the boundary of 

the hole is rigid and connected to the bolt and thus majority of the load passing through that 

region gets transferred to the bolt. Thus higher percentages of loads are transferred through the 

bolt in the RBE bolt models. In addition, Figure 73 indicates that the compressive stresses due to 

bolt preload are negligible on the simplified models and thus resulting in lower load transferred 

through friction. The effect of this can be seen on Figure 76 (c), where the load transfer by 

friction lasts for very low remote loads on the simplified models compared to the solid model. 

For the solid model, the load transferred by the bolt is around 75% on average 

compared to 96% in the RBE Bolt models. The remaining load is transferred by friction.  From 

Figure 76 (c) it can be noted that for all the models %LT by the bolt starts from zero and 

increases with increasing remote stress. When the loading begins, the bolt is not engaged, at low 

remote loads, and the load transfer is carried out purely by friction. As the bolt gets engaged, 

bearing loads kick in and the bolt starts picking up load. 
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Figure 76. Comparison of Loads transferred by bolt (a) Load on Transfer Part (b) Shear Force on 

Bolt and (c) % LT by Bolt 

Figure 77 shows the comparison of axial loads on the bolt. As expected, the initial axial 

load for all the models is approximately 2300 N, which is the preload applied to all the models. 

Configurations 1 and 1B show good correlation to the solid model, especially at low remote 

loads. The RBE bolt models also exhibit a drop in axial load as the solid model. The orientation 

of the RBE to the direction of loading is different on configuration 1A and 1B and that seems to 

affect the axial loads. 

(a) (b) 

(c) 
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Figure 77. Comparion of Axial Force on Bolt – Solid vs Simplified Config 1 

 Energy Comparison 4.2.1.5

Figure 78 presents the energy distribution for configuration 1B to represent the energy 

distribution seen for this technique. As described in section 3.1, one inch long patch of elements 

in the vicinity of the bolt, on the main part and transfer part, were placed in separate components. 

The strain energy in these areas and the strain energy in the bolt shank, at different remote loads, 

is compared to the solid model in Figure 79 and Figure 80 respectively.  

In comparison to the energy distribution in the solid model (total energy ~ 1  J), this 

simplified technique shows a total energy of approximately 170 J. The energy levels are higher 

for the simplified model because the simplified models reach failure at much higher remote 

stress thus inputting more energy into the structure. In addition, for this simplified model, 

majority of the internal energy (approx. 120 J or 71 ) is stored in the main part and not within 

the joint. The joint which is comprised of 1 in patch on the main part and load transfer part and 

the bolt only stores 2    of total internal energy at failure. This can be attributed to the shift in 

stress concentrations, towards load introduction side, created by the simplified joint. In addition, 

large amounts of plastic strains are also seen at the strain gage 1 location on the main part (see 
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Figure 75) which is a contributing factor to the internal energy. Note that the energy distribution 

shown in Figure 78 may not apply to the fine mesh model (Config 1) but since the focus of this 

study is crashworthiness, larger mesh models are focused on.  

 

Figure 78. Energy Distribution in Configuration 1B (a) Energy Balance (b) Internal Energy 

Based on Figure 79 the energy in the Solid model is higher than the simplified because 

the Solid model consists of a deformable hole where stress concentrations are found and thus 

high strains are found in that region for both the main part and transfer part. High clamp-up 

stresses present in the solid model explain the high initial strain energy. The use of RBE’s in the 

simplified models results into a rigid hole boundary and thus deformations are mitigated away 

from that region through higher load transfer therefore lower strains are recorded in the 1 in 

patch of the main part and transfer part.  

The energy in the bolt shank, shown in Figure 80 is higher in the RBE Bolt models 

compared to the solid model. This result is expected since the shear force on the bolt shank of the 

simplified models is much higher than the solid model, as shown in Figure 76 (b). 

(a) (b) 
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Figure 79. Comparison of Strain Energy per Volume in 1 in. long patch (a) Main Part (b) 

Transfer Part 

 

Figure 80. Comparison of Strain Energy in Bolt Shank versus Remote Stress – Configuration 1 

4.2.2 Configuration 2 – Mesh Independent Spotweld Beam 

Many different configurations exist for this type of simplified connection, but selected 

11 configurations are compared in this study. Six of the configurations (2 – 2E) are such that the 

location of the node of the bolt (modeled as beam), with respect to the element, is the same on 

both the main part and load transfer part while on the remaining five configurations (2K – 2O), 

the locations vary. Detailed explanation of the setup of this simplified bolt modeling technique is 

(a) (b) 
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provided in section 3.1.3. To obtain a better understanding of this setup, the static forces related 

to this simplified technique are shown in Figure 81. 

 

Figure 81. Static Force Distribution in Mesh Independent Spotweld Beam Model 

The force (F) introduced in the system is split into transfer force (Ftransfer) and bypass 

force (Fbypass) due to displacement compatibility enforced by the presence of the bolt [12]. Fbypass 

is the load that remains in the main part and Ftransfer is the load that is transmitted to the load 

transfer part. The bolt shank is represented by beam element and the nodes of the beam are 

connected to the plates by a tied contact, *CONTACT_SPOTWELD. Tied contact couples the 

nodes of the connected segment to the bolt node, as detailed in section 3.4.1, thus there are no 

bearing loads in this model. Since there is no fastener hole in this modeling technique, the joint is 

a continuum and thus facilitates some Fbypass load to pass through. Ftransfer is via the shear loads 

(Fbeam) registered in the bolt and friction force between the plates (Ffriction). The bolt head and nut 

are not modeled in this setup and hence the clamp-up loads on the plates are no longer localized 

as is the case of the solid model. In addition, since the plates are a continuum the clamping forces 

will be distributed throughout the plate and the localized effect of friction due to clamping won’t 
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be present. Thus the contribution of Ffriction to Ftransfer will be significantly less compared to the 

solid model. 

 Load Transfer 4.2.2.1

The %LT of the different configurations of mesh independent spotweld beam model is 

compared to the detailed FE model in Figure 82 and Figure 83. Based on the comparison, a lot of 

scatter is observed in the %LT results. Less scatter is observed in the models where the beam 

contact point is different on main part and transfer part as seen on Figure 83. An attempt is made 

to understand the underlying factor affecting the %LT.  

 

Figure 82. Load Transfer Comparison of Config 2 Mesh Independent Spotweld Beam - Similar 

mesh on Main Part and Transfer Part 
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Figure 83. Load Transfer Comparison of Config 2 Mesh Independent Spotweld - Beam Mesh 

different on Main Part and Transfer part 

 

From the explanation of the how *CONTACT_SPOTWELD works, detailed in section 

3.4.1, it is understood that the constraints change based on the location of contact point. It is 

speculated that the change in constraints affects the bending stiffness of the contact region which 

in turn affects the load transfer. It can be said that the higher the bending stiffness, the higher the 

load transferred. To prove this point four configurations, configurations 2B, 2L, 2M and 2N, are 

compared. These configurations are chosen because they all they have same contact point on the 

main part and different contact points on the load transfer part as shown in Figure 84. Thus the 

bending stiffness of the load transfer part will be analyzed for these models and correlated to the 

load transfer. 
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Figure 84. Configurations chosen for Further Analysis 

In order to understand how the bending stiffness changes, the nodes and elements 

affected by the contact point have been highlighted in Figure 85. Therefore just by analyzing 

Figure 85, one can deduce that Config 2L will have the highest bending stiffness on the load 

transfer part followed by Config 2B, Config 2M and Config 2N with the least. This is also 

reflected in the comparison of %LT of these four configurations shown in Figure 86. 

 

Figure 85. Nodes and Elements affected by Contact Point on Load Transfer Part 
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Figure 86. %LT Comparison for Config 2B, 2L, 2M and 2N 

To further support the point, the bending stiffness for each of the models is analyzed by 

plotting the out of place displacement of the contact region as shown in. The configuration with 

the highest bending stiffness is expected to have the lowest out of plane deformations. Figure 87 

shows that Config 2L has the lowest out of place displacements, as expected, followed by Config 

2B, Config 2M and Config 2N. The net out of plane displacement on Config 2L is 0.206 mm, 

0.278 mm on Config 2B, 0.294 on Config 2M and 0.322mm on Config 2B. These displacement 

values are calculated using highest and lowest values in front and aft of the connection point as 

shown in Figure 87. Thus it can be concluded that the load transfer in Mesh independent 

spotweld beam model is affected by the bending stiffness of the localized area of the plates 

which changes based on the contact point.  
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Figure 87. Out of Plane displacements (mm) on Load Transfer Part of Config 2B, 2L, 2M & 2N 

Looking back at Figure 82, it can be noted that Config 2A, 2E, 2K and 2L show higher 

load transfer compared to solid model. Config 2B has good correlation to solid model at low 

remote loads after which the load transfer remains high. Config 2M shows very good correlation 

to the solid model. To simplify further analysis of this method, Config 2C, 2D and 2N are 

dropped due to poor load transfer performance in comparison to the solid model. In the solid 

model, the net section area is smaller due to the fastener hole while in this simplified model the 

plates are a continuum and thus the net section is larger. As a result, failure occurs at larger 

remote stress for all the configurations. 

 Kinematic Frames and Failure Modes 4.2.2.2

Based on the kinematic frames shown in Figure 88 and Figure 89, failure modes on all 

the models is tear-out of the loading side of the main part due to the constraints created by 

*CONTACT_SPOTWELD. Also necking on the main part occurs on the load introduction side 

of the main part. For all the models, the initiation of failure occurs at different remote stresses. 

This can be attributed to the differences in stiffness induced by the contact which affects the load 

Config 2B Config 2L Config 2M Config 2N 
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carrying capabilities within that region. In comparison to the solid model, this simplified 

technique is quite different in terms of failure mode and remote stress at failure. This indicates 

that a new technique is required for modeling failure of the simplified joint systems where shear 

failure of the joined plates is expected.  

 

Figure 88. Kinematic Frames Comparison of Mesh Independent Spotweld Beam Config 2-2E 
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Figure 89. Kinematic Frames Comparison of Mesh Independent Spotweld Beam Config 2L-2O 

 Stress and Strain Profiles 4.2.2.3

The preload measured in the test was applied to all the FE models. Due to different bolt 

modeling techniques the stresses that develop in the vicinity of the bolt hole, as a result of the 

application of preload, are quite different.  The stresses developed on the main part and transfer 

part of the solid model due to preload are shown in Figure 65. Since the bolt head and nut are not 

modeled in the simplified techniques, on the application of preload, the localized compressive 

stresses (seen in solid model) are not present in such models and thus the stress levels seen on the 

models of this simplified technique are close to 0 MPa as shown in Figure 90 and Figure 91. 

Therefore, although preload is applied to this simplified model, the localized effect of preload are 

not captured by this technique and thus preload may not have an effect on the overall 

Sim-Config 2K 

Sim-Config 2L 
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performance of the specimen. On the other hand, the preload on the bolt itself is sustained which 

may improve the performance of the beam itself.  

 

 

Figure 90. Stresses due to Bolt Preload (a) Sim-Config 2, (b) Sim-Config 2A, (c) Sim-Config 2B 

and (d) Sim-Config 2E 

(a) (b) 

(c) (d) 
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Figure 91. Stresses due to Bolt Preload (a) Sim-Config 2K, (b) Sim-Config 2L, (c) Sim-Config 

2M and (d) Sim-Config 2O 

The state of stress (vonMises stress) at the initiation of failure on the main part of the 

Solid model is presented Figure 66 and for the Mesh Independent spotweld beam model is 

presented in Figure 92 and Figure 93. The fine mesh model, configuration 2, shows slightly 

better comparison to the solid model while the rest of the configurations do not compare well 

with the solid model. Although the fine mesh configuration exhibits a better stress distribution, it 

should be noted that the minimum element size used for that model is 0.3 mm which makes it 

impractical for use in large FE models. For this simplified technique, the stresses are highly 

concentrated on the load introduction side of the main part which is where necking and 

(a) (b) 

(c) (d) 
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ultimately failure occurs. Changing the contact point location does not drastically affect the 

stress concentrations in the simplified models.  

 

Figure 92. Von-Mises Stresses on Main Part at Initiation of Failure (a) Sim-Config 2, (b) Sim-

Config 2A, (c) Sim-Config 2B and (d) Sim-Config 2E 

 

(a) (b) 

(c) (d) 
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Figure 93. Von-Mises Stresses on Main Part at Initiation of Failure (a) Sim-Config 2K, (b) Sim-

Config 2L, (c) Sim-Config 2M and (d) Sim-Config 2O 

Strains, at the strain gage locations shown in Figure 32, are compared in Figure 94 and 

Figure 95. These strains provide an indication of the state of loading at locations further away 

from the fastener hole. For all the models of this simplified technique, strains at strain gage 1 

location are in good correlation to the solid model. This indicates that the use of shell elements in 

simplified models is sufficient to capture the stress-strain distribution. On the other hand, strains 

at strain gage 2 and strain gage 3 have large deviations between the solid and simplified models. 

This can be attributed to the differences in load transfer for the different models. As shown in 

Figure 82, the load transfer is scattered for the simplified models with some showing higher 

(a) (b) 

(c) (d) 
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%LT than the solid model, while the others showing less load transfer. It can be noted from 

Figure 94 (d) and Figure 95 (d) that the configurations with higher %LT show higher strains.  

Configuration 2M and 2B, which showed good correlation of %LT to the solid model, 

also show very good correlation of strains to the solid model.  

 

Figure 94. Axial Strain vs Remote Stress for Mesh Independent Spotweld Models Config 2-2E 

(a) Strain gage 1 (b) Strain Gage 1 (close-up) (c) Strain Gage 2 and (d) Strain Gage 3 

(a) (b) 

(c) (d) 
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Figure 95. Axial Strain vs Remote Stress for Mesh Independent Spotweld Models Config 2K-2O 

(a) Strain gage 1 (b) Strain Gage 1 (close-up) (c) Strain Gage 2 and (d) Strain Gage 3 

 Bolt Loads 4.2.2.4

The shear force on the bolt and the load recorded in the cross-section plane on the load 

transfer part are compared to deduce the percentage of load transferred by the bolt and that 

transferred by friction as shown in Figure 96 and Figure 97. For the simplified bolt model 

configurations the compressive stresses due to bolt preload are negligible and thus results in 

lower load transferred through friction and higher through the bolt.  The effect of this can be seen 

on Figure 96 (c) and Figure 97 (c), where the load transfer by friction lasts for very low remote 

loads on the simplified models compared to the solid model. 

(a) (b) 

(c) (d) 
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For the solid model, the load transferred by the bolt is around 75% on average 

compared to 96% in the simplified bolt model configurations. The remaining load is transferred 

by friction.  From Figure 96 (c) and Figure 97 (c) it can be noted that for all the models %LT by 

the bolt starts from zero and increases with increasing remote stress. When the loading begins, 

the bolt is not engaged, at low remote loads, and the load transfer is carried out purely by 

friction. As the bolt gets engaged, bearing loads kick in and the bolt starts picking up load. 

 

Figure 96. Comparison of Loads transferred by bolt (a) Load on Transfer Part (b) Shear Force on 

Bolt and (c) % LT by Bolt 

(a) (b) 

(c) 
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Figure 97. Comparison of Loads transferred by bolt (a) Load on Transfer Part (b) Shear Force on 

Bolt and (c) % LT by Bolt 

Figure 98 shows the comparison of axial loads on the bolt. As expected, the initial axial 

load for all the models is approximately 2300 N, which is the preload applied to all the models. 

For all the simplified models except Configuration 2 (fine mesh), it can be noted that the axial 

load is sustained or drops very slightly up to 300 MPa of remote stress after which there is a drop 

and rise in the axial load. The levels of drop and rise vary between different simplified 

configurations. Due to different contact points and contact constraints in the simplified 

configurations, the localized bending is different for all the models as discussed in section 4.2.2.1 

(a) (b) 

(c) 
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and thus the rotation of the bolt is also different. As a result, the axial loads are also affected. The 

correlation of axial loads to the solid model, of this simplified technique, is not good. In the 

detailed model, the bolt undergoes complex loading due to the end fixity of head and nut, bearing 

loads and high friction on faying surfaces. None of these phenomena are observed in the 

simplified model.  

 

Figure 98. Comparison of Axial Force on bolt (a) Config 2-2E  (b) Config 2K-2O 

 Energy Comparison 4.2.2.5

The distribution of energy and internal energy in Configuration 2B is shown in Figure 

99. Configuration 2B is used to represent the energy distribution for this simplified technique. As 

described in section 3.1, one inch long patch of elements in the vicinity of the bolt, on the main 

part and transfer part, were placed in separate components. The strain energy in these areas is 

presented in Figure 101 and Figure 102, and the strain energy in the bolt shank is presented in 

Figure 103. 

In comparison to the energy distribution in the solid model (total energy ~ 1  J), this 

simplified technique shows a total energy of approximately 185 J. The energy levels are higher 

for the simplified model because the simplified models reach failure at much higher remote 

(a) (b) 
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stress thus inputting more energy into the structure. In addition, for this simplified model, 

majority of the internal energy (approx. 130 J or  8 ) is stored in the main part and not within 

the joint. The joint which is comprised of 1 in patch on the main part and load transfer part and 

the bolt only stores 32   of total internal energy at failure. This can be attributed to the shift in 

stress concentrations, towards load introduction side, created by the simplified joint. In addition, 

large amounts of plastic strains are also seen at the strain gage 1 location on the main part (see 

Figure 94) which is a contributing factor to the internal energy. Note that the energy distribution 

shown in Figure 99 may not apply to the fine mesh model (Configuration 2) but since the focus 

of this study is crashworthiness, larger mesh models are concentrated on. 

 

Figure 99. Energy Distribution in Config 2B (a) Energy Balance (b) Internal Energy 

Although the energy levels for this simplified method are high in comparison to the 

solid model, it is noted from Figure 100 that for low remote loads the energy levels compare 

well. The total internal energy, main part internal energy and joint internal energy compare well 

from remote stress of 50 MPa to 250 MPa. On the simplified model the energy is low before 

loading begins because the stresses due to preload are not significant.  

(a) (b) 
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Figure 100. Energy at Low Remote Loads (a) Detailed Model (b) Simplified Model Config 2B 

 

Based on Figure 101 and Figure 102 on the main part and transfer part, at low remote 

stress, the energy on the solid model is much higher than on the simplified configurations. This is 

due to the presence of high clamp-up stresses in the solid model. At higher remote stress the 

energies of the simplified configurations are closer to that of the solid model especially for the 

mixed configurations (Configurations 2K – 2O).  

The energy in the bolt shank, shown in Figure 103, is higher in the simplified 

configurations compared to the solid model. This result is expected since the shear force on the 

bolt shank of the simplified models is much higher than the solid model, as shown in Figure 96 

(b) and Figure 97 (b). 

(a) (b) 
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Figure 101. Strain Energy per Volume in 1 in. long patch, 2 -2E (a) Main Part (b) Transfer Part 

 

 

Figure 102. Strain Energy per Volume in 1 in. long patch, 2K-2O (a) Main Part (b) Transfer Part 

(a) (b) 

(a) (b) 
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Figure 103. Comparison of Bolt Internal Energy (a) Config 2-2E (b) Config 2K-2O 

4.2.3 Configuration 3 – Mesh Independent Spotweld Beam with Patch 

For this simplified technique, three different variations are compared to the solid model. 

The primary entity of this joint definition, that is *CONTACT_SPOTWELD, is the same as that 

used in Configuration 2.  Detailed explanation of the setup of this simplified bolt modeling 

technique is provided in section 3.1.4. To obtain a better understanding of this setup, the static 

forces related to the RBE bolt model are shown in Figure 104. 

 

Figure 104. Free Body Diagram for Config 3 
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The force (F) introduced in the system is split into transfer force (Ftransfer) and bypass 

force (Fbypass) due to displacement compatibility enforced by the presence of the bolt [12]. Fbypass 

is the load that remains in the main part and Ftransfer is the load that is transmitted to the load 

transfer part. The bolt shank is represented by beam element and the nodes of the beam are 

connected to the plates by a tied contact, *CONTACT_SPOTWELD. Tied contact couples the 

nodes of the connected segment to the bolt node, as detailed in section 3.4.1, thus there are no 

bearing loads in this model. Since there is no fastener hole in this modeling technique, the joint is 

a continuum and thus facilitates some Fbypass load to pass through. Ftransfer is via the shear loads 

(Fbeam) registered in the bolt and friction force between the plates (Ffriction). The bolt head and nut 

are represented by applying a stiff material to the connected element or elements (for the fine 

mesh model). Thus the clamping forces developed may be slightly higher than that seen in 

Config 2, but may still be less than the solid model where the bolt head and nut provide high 

clamping loads. Since the plates are a continuum the clamping forces will be distributed 

throughout the plate and the localized effect of friction due to clamping won’t be present.  

 Load Transfer 4.2.3.1

The comparison of %LT is shown in Figure 105. Since the joining mechanism is the 

same as that in Configuration 2, the load transfer behaves in the same was as described in section 

4.2.2.1. The %LT results of configurations 3A and 3B are similar to configuration 2A which 

indicates that increasing the stiffness of one element forming the joint does not affect the load 

transfer. The load transfer is more dependent on the contact. Similar to the results obtained in 

configuration 2, the fine mesh model of configuration 3 also shows less load transfer than the 

solid model. Nevertheless, the fine mesh model in configuration 3 does show some improvement 

in %LT compare to the fine mesh model of configuration 2.  
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Figure 105. % Load Transfer Comparison 

 Kinematic Frames and Failure Modes 4.2.3.2

Based on the kinematic frames shown in Figure 106, failure modes on all the models is 

tear-out of the loading side of the main part due to the presence of contact and/ or stiffer element. 

Also necking on the main part occurs on the load introduction side of the main part. The 

initiation of failure for the fine mesh model occurs at a lower remote stress compared to the 

models with larger mesh size. This can be attributed to the differences in mesh size and stiffness 

induced by the contact which affects the load carrying capabilities within that region. It can be 

noted that failure on the fine mesh model occurs on the boundary of the stiffer material while the 

failure for configuration 3A is due to contact. In comparison to the solid model, this simplified 

technique is quite different in terms of failure mode and remote stress at failure. This indicates 

that a new technique is required for modeling failure of the simplified joint systems where shear 

failure of the joined plates is expected.  
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Figure 106. Kinematic Frames for Config 3 

 Stress and Strain Profiles 4.2.3.3

The preload measured in the test was applied to all the FE models. Due to different bolt 

modeling techniques the stresses that develop in the vicinity of the bolt hole, as a result of the 

application of preload, are quite different.  The stresses developed on the main part and transfer 

part of the solid model due to preload are shown in Figure 65. Since the bolt head and nut are not 

modeled in the simplified techniques, on the application of preload, the localized compressive 

stresses (seen in solid model) are not present in such models and thus the stress levels seen on 

this simplified technique are close to 0 MPa as shown in Figure 107. Therefore, although preload 

is applied to this simplified model, the localized effect of preload are not captured by this 

technique and thus preload may not have an effect on the overall performance of the specimen. 

On the other hand, the preload on the bolt itself is sustained which may improve the performance 

of the beam itself.  
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Figure 107. Stresses due to Preload (a) Config 3 (b) Config 3A and (c) Config 3B 

The state of stress (vonMises stress) at the initiation of failure on the main part of the 

Solid model is presented Figure 66 and for this simplified technique is presented in Figure 108. 

Overall the configurations do not compare well with the solid model. Although the fine mesh 

configuration, configuration 3, exhibits a better stress distribution, it should be noted that the 

minimum element size used for that model is 0.3 mm which makes it impractical for use in large 

FE models. For this simplified technique, the stresses are highly concentrated on the load 

introduction side of the main part which is where necking and ultimately failure occurs. Adding 

stiffer material on the main part (configuration 3B) versus not having it (configuration 3A) does 

not create any significant differences in the stress concentrations. 

(a) (b) 

(c) 
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Figure 108. Von Mises Stresses on Main Part (a) Config 3 (b) Config 3A and (c) Config 3B 

Strains, at the strain gage locations shown in Figure 32, are compared in Figure 109. 

These strains provide an indication of the state of loading at locations further away from the 

fastener hole. For this simplified technique, strains at strain gage 1 location are in good 

correlation to the solid model. This indicates that the use of shell elements in simplified models 

is sufficient to capture the stress-strain distribution. On the other hand, strains at strain gage 2 

and strain gage 3 have deviations between the solid and simplified models. This can be attributed 

to the differences in load transfer for the different models.  

(a) (b) 

(c) 
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Figure 109. Axial Strain vs Remote Stress for Mesh Independent Spotweld with Elastic Patch 

Model (a) Strain gage 1 (b) Strain Gage 1 (close-up) (c) Strain Gage 2 and (d) Strain Gage 3 

 Bolt Loads 4.2.3.4

The shear force on the bolt and the load recorded in the cross-section plane on the load 

transfer part are compared to deduce the percentage of load transferred by the bolt and that 

transferred by friction as shown in Figure 110. For the simplified bolt model configurations the 

compressive stresses due to bolt preload are negligible and thus results in lower load transferred 

through friction and higher through the bolt.  The effect of this can be seen on Figure 110 (c), 

where the load transfer by friction lasts for very low remote loads on the simplified models 

compared to the solid model. 

(a) (b) 

(c) (d) 
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For the solid model, the load transferred by the bolt is around 75% on average 

compared to 96% in the simplified bolt model configurations. The remaining load is transferred 

by friction.  From Figure 110 (c) it can be noted that for all the models %LT by the bolt starts 

from zero and increases with increasing remote stress. When the loading begins, the bolt is not 

engaged, at low remote loads, and the load transfer is carried out purely by friction. As the bolt 

gets engaged, bearing loads kick in and the bolt starts picking up load. 

 

Figure 110. Comparison of Loads transferred by bolt (a) Load on Transfer Part (b) Shear Force 

on Bolt and (c) % LT by Bolt 

(a) (b) 

(c) 
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Figure 111 shows the comparison of axial loads on the bolt. As expected, the initial 

axial load for all the models is approximately 2300 N, which is the preload applied to all the 

models. For all the simplified models except configuration 3 (fine mesh), it can be noted that the 

axial load is sustained or drops very slightly up to 300 MPa of remote stress after which there is 

a drop and rise in the axial load. The correlation of axial loads to the solid model, of this 

simplified technique, is not good. In the detailed model, the bolt undergoes complex loading due 

to the end fixity of head and nut, bearing loads and high friction on faying surfaces. None of 

these phenomena are observed in the simplified model.  

 

Figure 111. Comparison of Axial Force on bolt  

 Energy Comparison 4.2.3.5

The energy distribution for configuration 3B is shown in Figure 112. As described in 

section 3.1, one inch long patch of elements in the vicinity of the bolt, on the main part and 

transfer part, were placed in separate components. The strain energy in these areas is presented in 

Figure 113 and the strain energy in the bolt shank is presented in Figure 114. 

In comparison to the energy distribution in the solid model (total energy = 1  J), this 

simplified technique shows a total energy of approximately 205 J. The energy levels are higher 
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for the simplified model because the simplified models reach failure at much higher remote 

stress thus inputting more energy into the structure. In addition, for this simplified model, 

majority of the internal energy (approx. 150 J or 75 ) is stored in the main part and not within 

the joint. The joint which is comprised of 1 in patch on the main part and load transfer part and 

the bolt only stores 25   of total internal energy at failure. This can be attributed to the shift in 

stress concentrations, towards load introduction side, created by the simplified joint. In addition, 

large amounts of plastic strains are also seen at the strain gage 1 location on the main part (see 

Figure 120) which is a contributing factor to the internal energy. Note that the energy distribution 

shown in Figure 99 may not apply to the fine mesh model (configuration 3) but since the focus of 

this study is crashworthiness, larger mesh models are focused on. 

 

Figure 112. Energy Distribution in Config 3B (a) Energy Balance (b) Internal Energy 

Based on Figure 113 on the main part and transfer part, at low remote stress, the energy 

on the solid model is much higher than on the simplified configurations because of the presence 

of high clamp-up stresses in the solid model. At higher remote stress the energies of the 

simplified configurations get closer to that of the solid model.  

(a) (b) 
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The energy in the bolt shank, shown in Figure 114, is higher in the simplified 

configurations compared to the solid model. This result is expected since the shear force on the 

bolt shank of the simplified models is higher than the solid model, as shown in Figure 110 (b). 

 

Figure 113. Comparison of Strain Energy per Volume in 1 in. long patch (a) Main Part (b) 

Transfer Part 

 

Figure 114. Comparison of Bolt Internal Energy 

4.2.4 Configuration 4 – RBE Bolt Model No Hole 

Many different configurations exist for this type of simplified connection, but selected 

few are compared in this study. RBE elements are used in different quantities and orientations to 

make up the different configurations. Detailed explanation of the setup of this simplified bolt 

(a) (b) 
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modeling technique is provided in section 3.1.5. To obtain a better understanding of this setup, 

the static forces related to this simplified technique are shown in Figure 115. 

 

Figure 115. Free Body Diagram Config 4 

The force (F) introduced in the system is split into transfer force (Ftransfer) and bypass 

force (Fbypass) due to displacement compatibility enforced by the presence of the bolt [12]. Fbypass 

is the load that remains in the main part and Ftransfer is the load that is transmitted to the load 

transfer part. The bolt shank is represented by beam element and the nodes of the beam are 

connected to a nodal rigid body. The nodes of the NRB are then connected to the plates by a tied 

contact, *CONTACT_NODES_TO_SURFACE. The tied contact couples the nodes of the 

connected segment to the contact node, as detailed in section 3.4.2. The NRB distributes the 

loads through RBE since more nodes are used for contact and these nodes couple different 

elements. Since there is no fastener hole in this modeling technique, the joint is a continuum and 

thus facilitates some Fbypass load to pass through. Ftransfer is via the shear loads (Fbeam) registered in 

the bolt and friction force between the plates (Ffriction). The bolt head and nut are not modeled in 

this setup but instead are represented by NRB’s. Since the plates are a continuum the clamping 
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forces will be distributed throughout the plate and the localized effect of friction due to clamping 

won’t be present. Thus the contribution of Ffriction to Ftransfer will be significantly less compared to 

the solid model. 

 Load Transfer 4.2.4.1

Based on the comparison of %LT shown in Figure 116 all the configurations of this 

simplified technique, except Config 4H show a similar trend in %LT. The %LT for this 

simplified technique drops at a fast rate at low remote stress and is then sustained throughout the 

loading compared to the solid model where the %LT has a gentle drop throughout the loading. 

The load transfer behaves in the same was as described in section 4.2.2.1 except that a larger area 

within the plate is constrained to the bolt through the various nodes of the NRB. As a result, the 

bending stiffness within the localized area of the joint is low and thus the % LT is low. 

Config 4A through 4D exhibits the lowest %LT and are equal to each other. Note that 

Config 4A through 4D are similar with only a change in the orientation of the NRB. This 

indicates that if the mesh is the same, the orientation of the NRB does not affect the %LT. For 

Config 4E through 4H, the NRB has 8 nodes, but the location of the NRB nodes with respect to 

the mesh is changes as shown in Figure 47. These configurations show a change in %LT which 

indicates that this method is mesh sensitive. Config 4B, 4C and 4D are omitted in further 

analysis as they show poor performance of %LT and are similar to Config 4A. In addition, 

Config 4F and 4H are also omitted from further analysis. 

All the configurations of this simplified technique reach failure at higher remote stress 

than the solid model. In the solid model, the net section area is smaller due to the fastener hole 

while in this simplified model the plates are a continuum and thus the net section is larger. As a 

result, failure occurs at larger remote stress for all the configurations. 
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Figure 116. % Load Transfer Comparison 

 Kinematic Frames and Failure Modes 4.2.4.2

Based on the kinematic frames shown in Figure 117, failure modes on all the models is 

tear-out of the loading side of the main part due to the constraints created by the tied contact. 

Also necking on the main part occurs on the load introduction side of the main part. For all the 

models except the fine mesh model configuration 4, the initiation of failure occurs at similar 

remote stress. In comparison to the solid model, this simplified technique is quite different in 

terms of failure mode and remote stress at failure (lower compare to this simplified technique).  
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Figure 117. Kinematic Frame Comparison for Config 4 

 Stress and Strain Profiles 4.2.4.3

The preload measured in the test was applied to all the FE models. Due to different bolt 

modeling techniques the stresses that develop in the vicinity of the bolt hole, as a result of the 

application of preload, are quite different.  The stresses developed on the main part and transfer 

part of the solid model due to preload are shown in Figure 65. Since the bolt head and nut are not 

modeled in the simplified techniques, on the application of preload, the localized compressive 

stresses (seen in solid model) are not present in such models and thus the stress levels seen on the 

models of this simplified technique are close to 0 MPa as shown in Figure 118. Therefore, 

although preload is applied to this simplified model, the localized effect of preload are not 

captured by this technique and thus preload may not have an effect on the overall performance of 
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the specimen. On the other hand, the preload on the bolt itself is sustained which may improve 

the performance of the beam itself.  

 

Figure 118. Stresses due to Preload (a) Config 4 (b) Config 4A (c) Config 4E and (d) Config 4G 

The state of stress (vonMises stress) at the initiation of failure on the main part of the 

Solid model and for this simplified technique is presented Figure 66 and Figure 119 respectively. 

The fine mesh model, configuration 4, shows slightly better comparison to the solid model while 

the rest of the configurations do not compare well with the solid model. For this simplified 

technique, the stresses are highly concentrated on the load introduction side of the main part 

which is where necking and ultimately failure occurs. Changing the contact point location does 

not drastically affect the stress concentrations in the simplified models.  

(a) (b) 

(c) (d) 
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Figure 119. von Mises Stress on Main Part (a) Config 4 (b) Config 4A (c) Config 4E and (d) 

Config 4G 

Strains, at the strain gage locations shown in Figure 32, are compared in Figure 120. 

These strains provide an indication of the state of loading at locations further away from the 

fastener hole. For all the models of this simplified technique, strains at strain gage 1 location are 

in good correlation to the solid model. This indicates that the use of shell elements in simplified 

models is sufficient to capture the stress-strain distribution. On the other hand, strains at strain 

gage 2 and strain gage 3 deviate from the solid model. This can be attributed to the differences in 

load transfer for the different models.  

(a) (b) 

(c) (d) 
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Figure 120. Axial Strain vs Remote Stress for RBE No Hole Model (a) Strain gage 1 (b) Strain 

Gage 1 (close-up) (c) Strain Gage 2 and (d) Strain Gage 3 

 Bolt Loads 4.2.4.4

The shear force on the bolt and the load recorded in the cross-section plane on the load 

transfer part are compared to deduce the percentage of load transferred by the bolt and that 

transferred by friction as shown in Figure 121. For the simplified bolt model configurations the 

compressive stresses due to bolt preload are negligible and thus results in lower load transferred 

through friction and higher through the bolt.  The effect of this can be seen on Figure 121 (c), 

(a) (b) 

(c) (d) 
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where the load transfer by friction lasts for very low remote loads on the simplified models 

compared to the solid model. 

For the solid model, the load transferred by the bolt is around 75% on average 

compared to 96% in the simplified bolt model configurations. The remaining load is transferred 

by friction.  From Figure 121 (c) it can be noted that for all the models %LT by the bolt starts 

from zero and increases with increasing remote stress. When the loading begins, the bolt is not 

engaged, at low remote loads, and the load transfer is carried out purely by friction. As the bolt 

gets engaged, bearing loads kick in and the bolt starts picking up load. 

 

Figure 121. Comparison of Loads transferred by bolt (a) Load on Transfer Part (b) Shear Force 

on Bolt and (c) % LT by Bolt 

(a) (b) 

(c) 
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Figure 122 shows the comparison of axial loads on the bolt. As expected, the initial 

axial load for all the models is approximately 2300 N which is the preload applied to all the 

models. For all the simplified the axial load is sustained up to 300 MPa of remote stress after 

which there is a rise in the axial load. Overall the axial loads on all the configurations of this 

simplified technique are very similar. The correlation of axial loads to the solid model, of this 

simplified technique, is not good. In the detailed model, the bolt undergoes complex loading due 

to the end fixity of head and nut, bearing loads and high friction on faying surfaces. None of 

these phenomena are observed in the simplified model.  

 

Figure 122. Comparison of Axial Force on bolt 

 Energy Comparison 4.2.4.5

The energy distribution for Config 4G is shown in Figure 123. As described in section 

3.1, one inch long patch of elements in the vicinity of the bolt, on the main part and transfer part, 

were placed in separate components. The strain energy in these areas is presented in Figure 124 

and the strain energy in the bolt shank is presented in Figure 125. 

In comparison to the energy distribution in the solid model (total energy ~ 1  J), this 

simplified technique shows a total energy of approximately 210 J. The energy levels are higher 
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for the simplified model because the simplified models reach failure at much higher remote 

stress thus inputting more energy into the structure. In addition, for this simplified model, 

majority of the internal energy (approx. 1 0 J or 7  ) is stored in the main part and not within 

the joint. The joint which is comprised of 1 in patch on the main part and load transfer part and 

the bolt only stores 24   of total internal energy at failure. This can be attributed to the shift in 

stress concentrations, towards load introduction side, created by the simplified joint. In addition, 

large amounts of plastic strains are also seen at the strain gage 1 location on the main part (see 

Figure 120) which is a contributing factor to the internal energy. Note that the energy distribution 

shown in Figure 99 may not apply to the fine mesh model (Config 3) but since the focus of this 

study is crashworthiness, larger mesh models are focused on. 

 

Figure 123. Energy Distribution in Config 4G (a) Energy Balance (b) Internal Energy 

Based on Figure 124 on the main part and transfer part, at low remote stress, the energy 

on the solid model is much higher than on the simplified configurations because of the presence 

of high clamp-up stresses in the solid model. Overall the energy on the main part and transfer 

part of this simplified technique configurations does not compare well with the solid model. 

(a) (b) 
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The energy in the bolt shank, shown in Figure 125, is higher in the simplified 

configurations compared to the solid model. This result is expected since the shear and axial 

force on the bolt shank of the simplified models is much higher than the solid model, as shown in 

Figure 121 (b) and Figure 122. 

 

Figure 124. Comparison of Strain Energy per Volume in 1 in. long patch (a) Main Part (b) 

Transfer Part 

 

Figure 125. Comparison of Bolt Internal Energy 

 Parametric Analysis of Selected Simplified Model 4.3

High loading rates and strain rates are associated with crashworthiness analysis. Thus it 

is critical to understand the influence of material strain rate sensitivity on both detailed and 

simplified bolt models. In addition the effect of preload and friction on the performance of the 

(a) (b) 
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joint is also highlighted. The effects of these parameters on the performance of detailed and 

simplified joints is presented in subsequent sections 

4.3.1 Strain Rates Effect 

In a study performed at NIAR [13], the loading rates at fastener joints were estimated 

and it was found that loading the specimen at 20 in/s resulted in similar loading rates at the joint. 

Thus, for studying the effect of strain rates, the detailed 3D model and the simplified model 

Config 2B were loaded at 10 in/s, 20 in/s, 50 in/s and 100 in/s.  

 Detailed FE Model 4.3.1.1

In this study, specimen failure occurs on the plates since the plate stiffness is 

significantly lower than that of the bolt. Therefore, the strain rates were measured at SG 1 

location and the strain rate at the hole area where failure occurs as shown in Figure 126.  

 

Figure 126. Strain Rate Measuring Locations on Detailed FE Model 

The strain rates measured at these locations are presented in Figure 127. As expected, 

the strain rates increase with increasing loading rates. Rate sensitivity in the model is captured 

using stress-strain curves as described in section 3.6.1. Strain rates at these locations provide an 

indication of the material behavior at that location.  

Z 
Y 

Strain 

Rate Hole 

Area 

Strain 

Rate at 

SG 1 
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Figure 127. Strain Rates on Main Part of Detailed FE Model (a) SG 1 (b) Hole Area 

Figure 128 shows a comparison of strains at the three strain gage locations specified in 

Figure 32 and the % load transfer for loading rates 10 in/s, 20 in/s, 100 in/s and quasi-static. It 

can be noted, from Figure 128(d), that for higher loading rates the % load transfer is not affected. 

Due to higher strain rates, the properties of the material change and thus a higher remote stress is 

required to initiate failure. This is reflected in the strain plots where it can be noted that the 

strains measured increase with an increase in loading rates. 

Due to increased load carrying capacity induced by higher loading rates, it can be noted 

from Figure C-1 in APPENDIX C that the total energy within the system and hence the total 

internal energy increase with higher loading rates. A 26% increase in total internal energy is 

observed from quasi-static to a loading rate of 100 in/s. It can also be noted that with higher 

loading rates, the percentage of total internal energy in the joint (1 in patch on main part + 1 in 

patch on transfer part + bolt) decreases. Due to high loading rates, higher strain rates are 

experienced within the joint and thus the joint exhibits a stiffer behavior and more energy is 

stored outside the 1 in patch when loading rate is increased. A summary of the percentage of 

energy stored is shown in Table 6. 

(a) (b) 



 

143 

 

TABLE 6 

ENERGY DISTRIBUTION FOR HIGH STRAIN RATE – DETAILED MODEL 

 

Loading 

(in/sec) 

Total 

Internal 

Energy (J) 

Joint 

Internal 

Energy (J) 

Main Part 

Internal 

Energy (J) 

% Energy 

stored in 

Joint 

% Energy 

stored in Main 

Part 

QS 18.3 16.3 1.8 89 % 10 % 

20 20.5 17.7 2.6 86 % 13 % 

50 22.1 18.1 3.7 82 % 17 % 

100 23.5 18.5 4.8 78 % 20 % 

 

 

Figure 128. Comparion of High Loading Rate on Detailed FE Model (a) Strain at SG 1 (b) Strain 

at SG 2 (c) Strain at SG 3 and (d) % Load Transfer 

(a) (b) 

(c) (d) 
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 Simplified FE Joint Model 4.3.1.2

Figure 129 presents the locations where strain rates are measured for the simplified FE 

model and Figure 130 shows the strain rates at these locations. Strain gage hole area is the 

location where failure initiates and the rate at SG 1 location is also measured. Based on Figure 

130, it can be noted that the strain rates at SG 1 are similar to the detailed model. On the other 

hand, the strain rates at the hole are lower for the simplified model.  

 

Figure 129. Strain Rate Measuring location on Simplified FE Model 

 

Figure 130. Strain Rates on Main Part of Detailed FE Model (a) SG 1 (b) Hole Area 

Based on Figure 131, higher loading rate does not have any effect on the % load 

transfer or the strains for the simplified FE model. The only difference noted is that failure 

Z 

Y 

Strain Rate 

Hole Area 

Strain Rate 

at SG 1 

(a) (b) 
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occurs at higher remote stress which is expected due to stiffer material behavior induced by 

higher strain rates.  

 

Figure 131. Comparion of High Loading Rate on Simplified FE Model (a) Strain at SG 1 (b) 

Strain at SG 2 (c) Strain at SG 3 and (d) % Load Transfer 

From Figure C-2 in APPENDIX C, it can be noted that the total energy of the system 

and the total internal energy increase with an increase in loading rates. A 5% increase in total 

internal energy is observed from quasi-static to a loading rate of 100 in/s. It can also be noted 

that the internal energy of the joint (consists of 1 in patch on main part and transfer part and the 

bolt) does not change with increasing loading rates but the internal energy of the main part only 

increases. This can be attributed to the constraints imposed by the bolt of the simplified model 

(a) (b) 

(c) (d) 
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which results in stress concentrations occurring closer to the main part of the system as described 

in section 4.2.2. The energy levels for the four loading rates are presented in Table 7 

TABLE 7 

ENERGY DISTRIBUTION FOR HIGH STRAIN RATE – SIMPLIFIED MODEL 

 

Loading 

(in/sec) 

Total 

Internal 

Energy (J) 

Joint 

Internal 

Energy (J) 

Main Part 

Internal 

Energy (J) 

% Energy 

stored in 

Joint 

% Energy 

stored in Main 

Part 

QS 185 55 128.4 29.7 % 69 % 

20 189 55.2 132.5 29.2 % 70 % 

50 194 56.2 136.2 28.9 % 70 % 

100 194 56.3 135.4 28.9 % 70 % 

 

4.3.2 Effect of Preload 

In a study performed by Ghods [19], it was concluded that preload had an effect of the 

load transfer and hence the performance of the joint. For this study, the effect of preload is 

extended to simplified bolt models to understand if modeling preload is critical. For comparison 

purposes, the detailed model used in this study was also exposed to the no preload condition. In 

section 4.1.3 it has been shown that in the detailed model preload creates large compressive 

stresses which translate into high friction on faying surfaces, in the vicinity of the joint. This 

friction plays a vital role in load transfer in the detailed 3D model. As shown in Figure 132, 

higher percentage of load is transferred by the bolt in the no preload model and thus less work is 

done by friction in load transfer.   

As shown in Figure 133, when no preload is applied to the model the load transfer for 

the detailed model drops by approximately 3%. The strains at SG 1, which is the load 

introduction side, is the same for the case of preload and no preload meanwhile the strains at SG 

2 and SG 3 vary due to the change in load transferred. 
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Figure 132. % Load Transfer by Bolt on Detailed FE Model 

 

Figure 133. Comparison of Preload in Detailed FE Model (a) Strain at SG 1 (b) Strain at SG 2 (c) 

Strain at SG 3 and (d) % Load Transfer 

(a) (b) 

(c) (d) 
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For the case of simplified model Config 2B is used and preload is removed in the 

simulation. It can be noted in the comparison shown in Figure 134 that preload does not have a 

significant effect on load transfer for the simplified models. For majority of the loading, the % 

load transfer remains the same and a change in load transfer is observed after a remote stress of 

350 MPa.  

In section 4.2.2, it has been shown that the load transfer for the simplified technique 

Config 2 varies with the position of the beam on the element segment. Not only the load transfer, 

but the performance of the bolt (axial and shear loads) and the remote stress at failure are also 

affected. Thus the effect on preload for Config 2A is also studied and shown in Figure 135. No 

change in % Load transfer is observed when zero preload is applied to the bolt.  

For the simplified technique in the case of no preload almost 100% of the load is 

transferred by the bolt in comparison to 80% in case of detailed FE model with no preload. This 

is shown in Figure 136. 

It should be noted that although load transfer is not affected, the axial loads on the bolt 

will not be the same as shown in Figure 137, and thus the energy stored in the bolt will also 

decrease.  
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Figure 134. Effect of Preload in Simplified FE Model Config 2B (a) Strain at SG 1 (b) Strain at 

SG 2 (c) Strain at SG 3 and (d) % Load Transfer 

(a) (b) 

(c) (d) 
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Figure 135. Effect of Preload in Simplified FE Model Config 2A (a) Strain at SG 1 (b) Strain at 

SG 2 (c) Strain at SG 3 and (d) % Load Transfer 

 

Figure 136. % Load Transfer by Bolt for Simplified FE Model Config 2B 

(b) 

(c) (d) 

(a) 
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Figure 137. Axial force in Bolt for Simplified FE Model Config 2B 

4.3.3 Effect of Friction 

In the study performed by Ghods [19], it was also noted that coefficient of friction 

between faying surfaces of the single shear lap joint specimen had a major effect on percentage 

load transfer. For this study, friction was an unknown and was not determined by any form of 

testing. Thus the friction was varied and the results were compared against test data to identify a 

friction for comparison of simplified techniques to detailed model. As shown in Figure 138, it 

was deduced that a coefficient of friction of 0.1 was required for best comparison to test data. 

Thus this value was used for the study as described in section 3.4. In addition, Figure 138 shows 

that friction has a major effect on the % load transfer for the detailed model. Note that since the 

% load transfer shown in Figure 138 is compared to the test data, it is evaluated using the load 

transfer equation (2.8). 

To expand on the effect of friction, the simplified FE model was also subjected to 

different friction values to understand how the load transfer varied. This comparison is shown in 

Figure 139. It can be noted that friction does have an effect on load transfer for the simplified 

technique but the effect does not carry the same weight as the solid model. For example in can be 
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noted that a change in coefficient of friction from 0.1 to 0.4 results in approximately 4% increase 

in load transfer for the solid model while the load transfer for the simplified model only changes 

by approximately 1%.  

 

Figure 138. Effect of Friction of Detailed FE Model 

 

Figure 139. Effect of Friction of Simplified FE model Config 2B 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

A one half dog bone single shear lap joint specimen was used for this study. The 

specimen assembly consists of the main part, load transfer part and the bolt. The main part and 

transfer part are constructed from aluminum 2024-T3 Clad and the bolt used in this study is a Hi-

Lok® 18 bolt. Details of the specimen geometry are provided in 1.7.1. This study was performed 

using the FEM tool LS DYNA.  

In this study, the performance of simplified joint modeling methods was explored in 

detail. A detailed 3D FE model was created using solid elements to validate the FE modeling 

methods, by comparing it to experimental testing. The detailed model was also used as a baseline 

model for comparing different simplified techniques. The effect of friction, preload and high 

strain rates on the simplified joint models was also studied. A summary of the results and 

conclusions drawn by analyzing the results are presented in subsequent sections. It should be 

noted that due to the specimen assembly, this setup only constitutes a single point load transfer 

and the conclusions may vary in cases of multiple point load transfer or different loading 

conditions. 

 Experimental Testing 5.1

Three experimental tests were performed for this study: test for preload 

characterization, test for characterization of material properties and the single shear fastener joint 

test to characterize the load transfer. The test setup, procedure used and results are published in 

detail in Chapter 2.  
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From the testing the preload versus torque curve was characterized to identify the 

preload on the specimen used for single shear joint testing. In average, the preload value found 

from the three joint tests was 2300 N as detailed in Table 3. 

Correct material properties are critical for good FE simulations thus characterization of 

the plate material was also performed via testing. Five specimens were tested and the coefficient 

of variation for the extracted properties was within 10% which indicates that good repeatability 

was obtained. The data extracted from these tests is summarized in Table 2.  

The setup for the single shear joint tests was complex and involved many different 

components such as the slack inducer system and the anti-buckling fixture. Strain histories and 

load transfer characterized for three specimens are presented in Figure 33. Overall good 

repeatability was obtained for the three specimens. The variability obtained in the test results 

could be due to differences in preload for each model and any errors induced in specimen 

preparation and setup. From the tests, the average load transfer found was 40% which is similar 

to the load transfer reported by previous researchers (see section 1.5). Note that load transfer is 

sensitive to friction, preload, specimen geometry and hole finish (see section 1.3). 

 Validation of FE Modeling Methods 5.2

A detailed joint model was created to validate the FE modeling methods and to use as 

baseline for comparison of simplified joint FE models. The specimen assembly of the detailed 

3D model consists of 21,980 solid elements with a minimum element size of 0.206 mm. The 

element size was driven by the hole and bolt diameter (4.1275 mm). In addition at least four 

elements were maintained through the thickness of the plates which also drove the number of 

elements high. Three or more elements through thickness are required for solid elements to 
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accurately capture bending (solid elements in LS DYNA have 1 integration point at the center 

[14]).  

The definition of material properties, boundary conditions, element formulations and 

contact is critical to obtain good results from the FE model. As noted, the preload and material 

properties were extracted from experiments and applied to the FE model. The stress strain curve 

extracted from the test was used in the FE model to accurately capture the material behavior. The 

definition of the FE model is documented in detail in Chapter 3. 

Overall very good correlation of results was obtained for the detailed FE model and 

experimental data as shown in Figure 62. The strains at the three strain gage location, shown in 

Figure 32, and the percentage load transfer were in very good agreement to the test data. The 

comparison validates the FE modeling methods and thus the detailed FE model is used to 

compare to other simplified joint models. 

 Comparison of Detailed Joint Model to Simplified Joint Models 5.3

For this study, the fastener of choice was a bolt (HL-18) which is much stiffer than the 

plates it connects, which means that failure of the structure occurs at the plates. Such joints are 

also common in aircraft structures [12]. It should be noted that the conclusions drawn only apply 

to such cases. 

The simplified joint models compared in this study were selected based on the criteria 

specified in section 1.7.2. In depth analysis and comparison of each simplified technique to the 

detailed FE model is provided in section 4.2. One of the most important reasons for utilizing 

simplified joints is the savings in computational cost. As explained in section 1.1, the 

computational cost in explicit time integration methods is controlled by the minimum element 

length. A summary of the total number of elements, the minimum element length and the run 
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time for detailed and selected simplified FE models is provided in Table 8. Based on Table 8 it 

can be concluded that using simplified models do indeed provide significant savings in 

simulation cost.  

TABLE 8 

ELEMENT SIZE AND RUN TIME SUMMARY OF DETAILED AND SELECTED 

SIMPLIFIED FE MODELS 

 

 
Number of Elements Min Element Length 

(mm) 

Run 

Time 

(min) 

  

Computational 

Time Savings 
Solid Model 21 80 Solid Elements 0.20  5 5 

 
Config 1 (1B) 107  Shell and 1 Beam 2.038 shell, 2.28  beam    83.4   
Config 2 (2B)  57 Shell and 1 Beam 3. 44 shell, 2.28  beam  1 8 .7   
Config 3 (3B)  47 Shell and 1 Beam 3. 44 shell, 2.28  beam 7  88.1   
Config 4 (4G)  57 Shell and 1 Beam 3. 44 shell, 2.28  beam  5 8 .1   

 

Although significant time savings are achieved, it is more important to analyze the 

performance and accuracy of these simplified models. A critical flaw identified in all the 

simplified models is the load required to reach failure. As shown in Table 9, for all the simplified 

joint models, approximately 40% to 45% more load is required to induce failure. In the solid 

model, the fastener hole is a weak point where stress concentrations are created and thus failure 

is initiated (net section failure). On the other hand, due to the absence of the fastener hole and the 

nature of constraints imposed by the simplified joints (see Chapter 3), the joint is no longer a 

weak point and in fact becomes more stiff. Thus stress concentrations are mitigated away from 

the joint (the 1 inch area, Figure 38) and the net section now has a larger width. As a result the 

simplified models require a larger load to initiate failure as compared to the solid model. 

Therefore, on application the simplified models may show higher load carrying capabilities 

which is not conservative.  
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Since the simplified models require larger loads to reach failure, naturally the total 

energy in the system and the total internal energy are also higher. The energy levels for detailed 

and simplified models after failure occurs are also compared in Table 9. Considering the joint 

(Figure 38) to be comprised of the 1 inch patch on the main part and transfer part plus the bolt, it 

has been found that approximately 88% of the total internal energy is stored there for the solid 

model meanwhile only about 24 % to 30 % for the simplified bolt models. This indicates that 

using simplified models certainly makes the joint stiffer than the actual joint. Also the 

importance of the fastener hole is highlighted by this analysis. Incorporating the effects of the 

fastener hole is critical to obtain correct energy distribution when a structure with joints is 

subjected to loading up to failure. 

Although the energy levels after specimen failure do not compare well between detailed 

and simplified models, it is found that the energy levels are in good agreement for low remote 

loads as shown in Figure 100.  

TABLE 9 

COMPARISON OF REMOTE STRESS AT FAILURE AND ENERGY AFTER FAILURE 

 

 

Remote 

Stress at 

Failure 

(MPa) 

Excess Load 

for Failure 

Compared 

to Solid ( ) 

Total 

Energy 

(J) 

Total 

Internal 

Energy 

(J) 

Internal 

Energy in 

Joint* (J) 

  Internal 

Energy in 

Joint 

Solid Model 348 
 

1  18 1  88.9 % 
Config 1 (1B) 4 0 40.8   170 1   50 29.6 % 
Config 2 (2B) 4 5 42.2   185 188 55 29.7 % 
Config 3 (3B) 4 0 40.8   205 200 50 25 % 
Config 4 (4G) 503 44.5   210 205 50 24.4 % 
* No e: Join   onsis s o    in pa  h on Main Par  and  rans er Par  + Bo   ( Figure 38) 

 

Table 10 shows the comparison of percentage load transfer before and after the 

initiation of yield on the specimen. The remote stress at which yielding begins on the specimen is 
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also documented in Table 10. Note that yielding on detailed and simplified models begins at 

different remote stresses. This can be attributed to the different constraints imposed by the 

simplified joints and hence different structural response. From Table 10 it is found that many 

simplified joint configurations show less than or equal to 5% difference in load transfer below 

yield. The differences in load transfer increase beyond yield.  It is also noted that for simplified 

joints that involve contacts (configuration 2, 3 and 4) the % load transfer is mesh sensitive. For 

the fine mesh models, the % load transfer for these three configurations is lower than for the 

coarse mesh models. Configurations 2B and 2M show very good correlation in terms of % load 

transfer.  

Table 10 enables the user to select the appropriate simplified model on the basis of load 

transfer, but it should be noted that although the load transfer may be in good agreement other 

parameters such as bolt loads may not compare well. It is recommended that the user understand 

the overall behavior of the simplified joint model. Also note that the results presented are for 

single point load transfer obtained from single shear lap joint tests. 

In addition, it has been found that the contribution of the bolt to the %LT is always 

higher in the simplified model (80 - 97%) compared to the solid model (60% - 80%). This 

implies that the %LT by friction is lower for the simplified joint models. It is known that the bolt 

head and nut and the fastener hole are not modeled in the simplified techniques. As a result the 

compressive forces induced by the bolt head and nut, due to preload, are lower and thus the 

effect of friction on faying surfaces is minimized. Thus majority of the load transfer is carried 

out by the bolt in simplified models. 
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TABLE 10 

COMPARISON OF % LOAD TRANSFER  

 

 
Configurations 

Remote Stress 

at Initiation of 

Yield (MPa) 

% Difference in 

Load Transfer 

Before Yield 

(Compared to Solid) 

% Difference in 

Load Transfer After 

Yield (Compared to 

Solid) 

Solid Solid 194 - - 

RBE Bolt 

Model with 

Hole 

1 75 0% - 4% Higher 4% - 10% Higher 

1A 259 0% - 7% Higher 5% - 7% Higher 

1B 138 0% - 4% Higher 4% - 5% Higher 

Mesh 

Independent 

Spotweld 

Beam 

Model 

2 269 0% - 17% Lower 16% - 17% Lower 

2A 294 0% - 11% Higher 11% - 12% Higher 

2B 282 0% - 3% Higher 1% - 3% Higher 

2E 293 0% - 5% Higher 1% - 5% Higher 

2K 301 0% - 9% Higher 6% - 9% Higher 

2L 292 0% - 9% Higher 6% - 9% Higher 

2M 288 0% - 0.5% High/Low 0% - 7% Lower 

2O 299 1% - 7% Lower 2% - 9% Lower 

Mesh 

Independent 

Spotweld 

Beam with 

Patch 

3 180 0% - 8% Lower 8% - 14% Lower 

3A 288 0% - 11% Higher 11% - 12% Higher 

3B 302 0% - 11% Higher 11% - 12% Higher 

RBE Bolt 

Model with 

No Hole 

4 188 5% - 7% Lower 5% Low - 2% High 

4A 316 3% - 10% Lower 3% Low - 3% High 

4E 304 5% Low - 3% High 3% - 5% High 

4G 274 5% Low - 0.5% High 0.5% - 6% Higher 

 

In terms of the axial loads on the bolt, as expected, the solid model shows a drop in 

axial loads from the initial preload. All the simplified models except configuration 4 also exhibit 

a drop in axial loads from the initial preload (configurations 1-1B, 2-2O and 3-3B). But the drop 

in axial loads for the simplified models occurs at different remote loads. Also in most simplified 
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models (except configuration 4), the axial loads rise after the initial drop. Only for a few 

simplified models, the axial loads surpass the initial preload and this occurs close to reaching 

failure (configuration 3, 2E, 2M).  Configuration 1 and 1B show good correlation to solid in 

terms on axial loads but not configuration 1A. Thus overall it can be concluded that for 

simplified configurations 1, 2 and 3 the axial loads are mesh sensitive. For configuration 4, the 

axial loads show an increasing behavior and the loads are similar for all the different variations 

of configuration 4. 

The shear forces show scatter in data for all the configurations. For some cases the shear 

forces in the bolt are higher than the detailed model while for some cases the shear forces are 

lower. For all variations in configuration 4, the shear forces show good correlation to the solid 

model at low remote loads. It can be concluded that bolt shear forces are sensitive to mesh and 

the constraints imposed by the simplified joints. 

The strain gage locations are reported in Figure 32. From a comparison of axial strains, 

it is found that the strain at SG 1, which is on the load introduction side of the main part, shows 

very good correlation to the solid model. This indicates that the use of shell elements is sufficient 

to capture the axial strains. On the other hand, since the % load transfer changes in the simplified 

models, the strains at SG 2 and SG 3 vary when compared to the solid model. The strains at SG 2 

and SG 3 are in good agreement to the solid model only for configurations 2B and 2M which 

show good correlation of %LT. The stresses and strains at preload do not compare well to the 

solid model due to the absence of the bolt hole and the bolt head and nut. The stress distribution 

at the initiation of failure is also different for the simplified models due to change in location of 

stress concentrations. 
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Therefore, for the case of single point load transfer where the bolt is much stiffer than 

the joining plates and failure is expected on the plates, it can be concluded that simplified joint 

models can be used for low loading conditions. Beyond yield, the difference in the results 

increases and a thorough understanding of the limitations and behavior of the selected simplified 

method is important.  Overall, the simplified methods successfully captured the load transfer 

mechanism of the joint but due to the absence of a fastener hole and bolt head and nut the failure 

modes and energy levels differ. The use of simplified joints does result in significant savings in 

computational cost and thus may be employed for a quick evaluation of design concepts or for 

preliminary studies. For areas where detailed information is required, it is recommended to use 

detailed joint modeling methods. It is rather difficult to decipher if the simplified models suffice 

as replacement for detailed joint models as it is subjective to the end use and purpose of the 

model. 

 Effect of Strain Rates, Friction and Preload 5.4

From the parametric study documented in 4.3, it is found that higher strain rates do not 

affect the load transfer on both the detailed and simplified joint models. For both cases, the 

remote stress at failure increases with higher strain rate since the material response changes. 

Thus, as expected, higher strain rates (higher material strength) allows for higher load carrying 

capacity. As a result, the total energy and total internal energy also increase for both detailed and 

simplified joint models. The strain rates developed in the vicinity of the bolt differ for the 

detailed and simplified models. As a result, the amount of change in energy due to high loading 

rates is also different for detailed and simplified joint model. For example when the loading rates 

change from quasi-static to 100 in/s the maximum strain rate in the detailed joint model is 

approximately 400 /s and the total internal energy increases by approximately 26%. Similarly for 
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the simplified joint model the maximum strain rate for loading rate of 100 in/s is approximately 

110 /s and the total internal energy increases by approximately 5%. Therefore in comparison to 

detailed joint model, the simplified models underperform when subjected to high loading rates. 

The effect of preload is high for detailed joint model where the % LT decreases by 

about 3% when preload is removed from the simulation. In addition, the amount of load 

transferred by bolt also increases. This goes on to prove that preload increases the effect of 

friction and thus facilitates higher load transfer by friction. The %LT for the simplified joint 

model did not change when preload was removed from the model but the amount of load 

transferred by bolt does increase. 

When friction values are changed, the %LT changes for both detailed and simplified 

joint models. It is found that the effect of friction is more pronounced in the detailed model. For 

instance when the coefficient of friction is changed from 0.1 to 0.4, approximately 4% increase 

in load transfer is seen on the solid model while the load transfer for the simplified model only 

changes by about 1%. 

 Recommendations and Future Work 5.5

Based on the summary of results and conclusions drawn from the study, simplified joint 

models for single point load transfer (single shear applications) should be used with extreme 

caution as they tend to be highly mesh sensitive and alter the load carrying characteristics of the 

structure enabling it to carry large amount of loading. Thus it is recommended to use simplified 

models within the lower elastic range of the joined plates.  

In addition, the selection of the simplified joint should be based on the end result 

expected. For example if the goal of the study is only to achieve the correct load transfer 
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(example aircraft seat structures) and not to analyze failure or bolt loads, certain simplified 

models may be sufficient. 

From the results of the parametric study, it is recommended to use correct friction 

values as the load transfer is sensitive to friction even in simplified joints. If bolt loads are being 

monitored and studied, the application of preload is also important for simplified joint models. 

It was also observed that the overall energy levels in simplified models are significantly 

larger for simplified joint models. To improve the correlation of energy, a new failure criterion 

for the joint is required. From the comparison of internal energy on the main part hole area 

(Chapter 4) where failure occurs for all models, the internal energy for some simplified joint 

models is similar to the detailed model when failure of detailed model occurs. Thus a failure 

criteria based on internal energy of the main part may be used to initiate failure within the joint. 

The drawback of this would be that in a large model each joint would have to be grouped as a 

separate component to apply the suggested failure criteria. This would result in a laborious pre-

processing effort.   

By comparing the percentage load transfer, it was found that for configurations 2, 3 and 

4 the fine mesh models (0.3mm minimum element length) had low load transfer compared to the 

coarse mesh models (3mm minimum element length). Therefore, by doing a mesh sensitivity 

study, it may be possible to identify a mesh size suitable for matching the load transfer. 

Clearly ignoring the fastener hole in simplified models creates many problems. 

Therefore if the effect of fastener hole can be incorporated in the simplified techniques the 

overall joint performance, energy levels and failure modes can improve. 
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In addition, the bolt head and nut also play a critical role to capture effect of friction and 

in load transfer as well. Therefore incorporating the bolt head and nut in simplified models may 

also improve the load transfer. 

Overall it can be concluded that at the specimen level, simplified joint models perform 

poorly compared to the detailed joint model. It is recommended that simplified joint models 

should only be used once all limitations are understood and the risks are assessed. 

5.5.1 Future Work 

To obtain a more complete understanding for joint behavior especially simplified joint 

modeling and how it can be translated for use in large FE models to support crashworthiness 

simulations, the following are some areas that require in depth analysis. 

1. Study joints under axial loading and combined loadings. In a crash analysis, the joints are 

generally subjected to combined loading hence it is trivial to expand the research to different 

modes of loading. 

2. Expand the study to multiple fastener connections. This study involved a single shear lap 

joint with a single bolted connection. It is important to understand if the results obtained from 

this study extrapolate to cases with multiple fastener joints. 

3. Further analyzing real structural components (components from aircraft or sizeable aircraft 

section) to compare detailed and simplified joint models will add great value to this area of 

research and provide evidence of how simplified joint models fare when subjected to such 

structures.. 

4. To round up the research on joints, scenarios where bolt failure is more likely than the failure 

of joined plates, such as riveted joints or where the fastener stiffness is equivalent or less than 

the stiffness of joined plates should be looked into. Also how such joints compare to 
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simplified joint modeling techniques is an important area for improving crashworthiness 

simulations. In addition looking into joints in composite materials (Carbon Fiber 

Composites) is also a great area of interest with the recent advancement in use of composites 

in both aircraft and automotive structures. Composite material tends to have a more brittle 

failure compared to metals hence the use of simplified bolt models may work for such 

materials. In addition, FE modeling of composites heavily relies on the use of Shell Elements 

and thus simplified joint models would be preferred. 
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 APPENDIX A 

 

HI-LOK FASTENER [40] 
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APPENDIX B 

 

PRELOAD APPLICATION IN A SOLID BOLT 

 

Six different bolt preload techniques available in LS DYNA have been discussed and 

compared by Kumarswamy in a dissertation. To get a deeper understanding on how the different 

preload methods affect the results of the simulations in this study, four methods were selected 

from the six and have been compared below.  

a) Initial Stress Section 

This method uses the *INITIAL_STRESS_SECTION card available in LS DYNA to 

for preloading a bolt. A cross-section plane is created at the center of the shank and a stress is 

defined, which is applied through the section to preload the bolt. An optional analysis that takes 

place before regular transient analysis, known as dynamic relaxation (DR), is used to preload the 

bolt. The preload stresses applied in this phase are typically elastic and the deformations are 

small. In explicit DR, the nodal velocities are reduced by a DR factor for each timestep, thus the 

solution undergoes a form of damping. DR phase ends when the distortional kinetic energy is 

sufficiently reduced, that is the convergence factor has become sufficiently small. Once the DR 

phase terminates, the analysis automatically proceeds to the next phase. The load is required to 

be ramped and then held constant for the DR phase. This is done to ensure that the model 

converges after full application of the preload. DR phase is typically invoked by setting the 

parameter SIDR in the load curve to 1 or 2. 

The main advantage of using this method for applying a preload is that it is very easy to 

set up, and the targeted preload is accurately achieved. A disadvantage to this method is that the 

row of elements, through which the cross-section plane passes, show very high compressive 
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strains and therefore the strain distribution in the bolt shank cannot be obtained. The rest of the 

elements around it show the expected strain values. 

 

 

b) Initial Stress Solid 

All the solid elements in the bolt shank are selected and an initial stress is applied to the 

selected elements. The initial stresses are applied first and the stress application is terminated 

when a new card is read. DR phase is run to damp out the resulting kinetic energies. 

The advantage of this method is that it is very easy to apply to the model. Some of the 

disadvantages are as follows: 

i) A higher stress needs to be applied to achieve the desired stress value in the bolt. This is 

because the stress is transmitted to other parts after initial application. A trial and error 

method needs to be used to get the correct initial stress to apply.  

ii) An initial strain cannot be applied with initial stress therefore the strains observed in the 

model need to be offset by the value of initial strains. 

iii) The stresses in the shank drop to almost half the targeted value as you move towards the 

center of the shank. As a result, the force through the shank is less than the desired 

preload force. 

Cross Section Plane
Stress
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c) Force at the Shank Center 

For this method of preloading, the bolt shank was split at the center and the nodes were 

separated with a small gap. Equal and opposite forces were applied to the two faces of the shank 

using implicit analysis. *CONTACT_TIED_SURFACE_TO_SURFACE was used to tie the split 

surfaces once the desired force is reached and the system is in equilibrium. Tying the surfaces 

would enable to maintain the preload.  

A problem with this method of preloading or LS DYNA is that the split surfaces do not 

join completely, thus leaving a discontinuity in the bolt shank. Also, the gap required between 

the split surfaces needs to be changed based on the preload applied. Higher preload values will 

require a bigger gap thus requiring more manual work from the user. 

 

d) Force on Bolt and Nut 

Initial 

Stress 

Applied 

to Shank 

Elements

Equal 

and 

opposi

te 

forces
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This method of preloading requires the bolt and nut to be separate parts. A load is 

applied on the bolt pulling it down and an equal load is applied on the nut pulling it up. This is 

done in the implicit phase of the analysis. Once equilibrium is reached, the nut is tied to the bolt 

at that position and hence the preload is maintained. 

One of the issues with this method of preloading is that it requires many contact 

definitions for accurate modeling and thus will cost more. 

\  

Comparison of Preload Methods 

For all these methods, the bolt model was preloaded to 68.95 MPa, the load applied was 

1in/s and a friction coefficient of 0.6 was maintained. After applying the preload, the simulation 

was run for 0.003 sec to monitor the preload. After that, the normal tension loading was 

introduced. 

a) Target Preload (Stress) 

In order to compare the four methods discussed above, the stresses after preload 

application, that is the Z-Stress, have been compared. The figure below shows the stresses on 

elements at different locations on the preloaded bolt. The same elements have been chosen on all 

the bolts for comparison. The stresses below have not been averaged compared to the stresses 

presented in the images above. The target stress for the preload was 68.95 MPa. Based on the 

Force on Shank

Force 

on 

Nut



 

179 

 

figure, it can be noted that the Initial Stress Section and the Force on Bolt and Nut method shows 

the least variation compared to the target stress. Initial Stress Solid method shows good 

correlation around the edge of the bolt, but at the center the value of the prestress is almost half 

the targeted value. The Force at center method shows varying measurements at all the three 

elements with large variations compared to the targeted values. 

 

Based on the stress plots in the figure below, it can be noted that similar stress values 

are observed with the Initial Stress Section method and Force on Bolt and Nut method. Both 

these methods also correlate well with the expected stress of 68.95 MPa. The other two methods 

undershoot the stress values. 
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b) Strains 

The material used for the bolt is Steel with a youngs modulus of 199948 MPa. 

*MAT_ELASTIC is used to define the material in LS DYNA, thus the part only exhibits elastic 

behavior. Based on this, to verify the preload, the expected strain value is strain = Stress/E, that 

is strain = 68.95/199948, therefore strain = 3.448e-4. This is the expected Z strain. The figure 

below compares the Z strains for the four methods of preload. As mentioned previously, for 

Initial Stress Section method, the strains on the elements corresponding to the cross section plane 

do not reflect the correct strains. This is a limitation in LS DYNA. The Initial Stress Solid 

method requires a strain offset because an initial stress is applied to the elements, but not an 

initial strain. Applying both the Initial Stress and Initial Strain on the same elements does not 

work with LS DYNA. The two methods, where force is applied at the center and on bolt and nut, 

show good correlation when compared to the expected strain values. 
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The strain plots for the four different methods are presented in the figure below. Two 

elements were chosen, 69109 and 69108. Element 69109 shows the compressive strains due to 

the Initial Stress Section method. This is because that element corresponds to the cross section 

plane. Thus with that method we get wrong strains for the elements corresponding to the cross 

section plane. On the other hand, element 69108 shows good results, and this element is the next 

element above 69109 as shown in the figure.  
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c) Force Comparison 

Based on the applied stress of 68.95 MPa, the preload force on the bolt should be 924N. 

The figure below compares the forces between the four methods from the preload point to 0.003 

sec. The preload was applied, and the simulation was run without any other external loads for 

0.003 seconds, after which the external loads were applied. All the methods except Initial Stress 

Solid method show good correlation to the expected force values. This could be attributed to the 

fact that, in this method, the stresses decrease drastically as you move to the center of the shank. 

The X force on the bolt, that is the shear force on the bolt, is also compared below. All the four 

methods show slightly different forces, through the bolt, in shear. 
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Forces recorded by the cross section planes on the main part and the load transfer part 

are shown below. Based on the forces below, the same amount of load is recorded in the load 

transfer part for Initial Stress Section and the Initial Stress Solid method. The load recorded in 

the load transfer part in the Force on Bolt and Nut method also compares well with these two 

methods. The Force at Center method shows a low force being transferred compared to the other 

methods. The same is observed on the forces recorded in the main part.  

 

 

d) Conclusion 

 Based on the four methods discussed the following conclusions are drawn: 

Load 1in/s

ConstrainedCS Plane

Load Transfer Part

CS Plane

Main Part
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i) The Initial Stress Section method is the easiest to set up and produces consistent stress 

and force values. The disadvantage for this method is that the presentation of strains is 

not consistent. 

ii) The Force on Bolt and Nut method provides the best overall results for stress, force, and 

strains. It also results in good load transfer forces when compared to other methods.  

iii) The Initial Stress Solid method requires trial and error method to identify the right 

amount of initial stress that needs to be applied to obtain the desired preload. Once the 

bolt is preloaded, the stress distribution within the bolt has high variations. The force in 

the bolt is a lot less than desired.  

iv) The Force at center method also shows high variation in stresses within the bolt section. 

This method provides good force correlation. This method is also tedious as it requires a 

change in gap every time the preload is changed. Also, it has a disadvantage that the gap 

cannot be closed and there will be a discontinuity in the bolt. The load transferred to the 

load transfer part is also less than other methods. 
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APPENDIX C 

 

ENERGY FOR HIGH RATE STUDY 

 

 

Figure C-1. Comparison of Energy for Detailed FE Model for Different Loading Rates 
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Figure C-2. Comparison of Energy for Simplified FE Model for Different Loading Rates 
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