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ABSTRACT

Fastened joints are used extensively in the aerospace industry and play an important role
in defining the crashworthiness of the structure [1, 2]. As larger finite element models (FEM) are
developed, joints are typically simplified as a way to obtain computational time savings.
However, these simplification need to be able to account for complex failure criteria, such as
triaxiality and Lode parameter dependent failure criteria.
In the current study, a single shear lap fastener joint is studied to identify the effects that
the coefficient of friction (0 to 1), preload (0 to 2300 N), and fastener fit (interference and
clearance) have on the triaxiality distribution of the joint. A series of finite element analysis
(FEA) was carried out in LS-DYNA [3] to quantify the effects of said parameters
Higher friction correlated to increases in triaxiality peaks of up to 50% in certain areas of
the joint. Variations in preload also affected the triaxiality distribution but only in the low remote
stress regime (<250 MPa). Fastener fit also had a major effect on the triaxiality distribution of
the joint.
Overall, regions of the joint prone to fretting fatigue tended to have high triaxiality peaks
at low remote stress. The analysis showed that identifying the operational load range is essential
when analyzing joints and determining the appropriate failure criteria to be used in the FEA.
Additionally, some simplifications to joints can be made as long as the user is aware of the
consequences such simplifications has on parameters such as load transfer, and triaxiality.
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CHAPTER 1
INTRODUCTION

Fastener joints are important structural components that play a major role in defining
structural integrity and stiffness in aircraft structural assemblies [1, 2]. Joints are usually under
mixed loading throughout their life [1, 2]. In finite element analysis (FEA), joints are typically
simplified due to their small size. However, simplifying joints creates some consequences such
as increase in load transfer and internal energy in the joint that could compromise the response of
the aircraft structure in crashworthiness analysis [3]. This study is in support of the identification
of an appropriate triaxiality based failure criterion for fastener joints that could be incorporated
into crashworthiness analysis in FEA using LS-DYNA [3], a powerful explicit dynamics FEM
solver.
1.1

Triaxiality
It is well known that the general state of stress at any point in a solid body can always be

resolved into a hydrostatic state and a deviatoric (also distortional) state [5, 6]. The deviatoric
stress state is known to govern the onset of yielding and plastic flow [5, 6]. The equivalent VonMises stress is an effective stress expressed in terms of the deviatoric stress components and it is
a measure of the distortional energy density [5, 6]. The triaxiality factor is defined as the ratio of
the hydrostatic stress, or stress invariant I1/3, to the equivalent Von-Mises stress [7]. It has been
shown that high triaxiality factors (>0.40-0.80) have a negative effect on the expansions of voids
within the material [7, 8]. On the contrary, low and negative triaxiality factors (<0.40-0.80) have
been shown to improve fatigue life and change the failure mechanism of voids [7, 9, 10, 11].
Triaxiality along with the Lode parameter, defined in terms of the third invariant and the
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deviatoric stress, completely define the state of stress of a volume. Triaxiality is a measure of the
magnitude of the hydrostatic stress while the Lode parameter provides the directionality of the
state of stress [7, 12]. Figure 1 provides an example of how triaxiality and the Lode parameter
define the state of stress in a body as reported by Danas and Castenada [12]. The stress states
depicted in the figure in terms of the principal values, all share a common triaxiality value, even
though the combination of stresses are unique. The Lode parameter or the Lode angle enables
one to distinguish the different states of stress.

Figure 1. Principal stresses combination as a function of Lode angle for Triaxiality factor = 0 as
reported by Danas and Castaneda [12]
Mora et al. [8] explained that for voids to expand plastically, they need to overcome the
barrier of the current yield pressure. Therefore, they introduced a new parameter, the triaxiality
2

influence factor, to show to what degree the yield pressure is dependent on the stress triaxiality.
This parameter is regarded as a material property and it is extracted from curve fitting of
experimental results. Mora et al. [8] demonstrated that the ultimate tensile stress and the failure
strain occurred earlier during the tests as stress triaxiality increased.
The shape and orientation of the voids is also important in certain cases. Tvergaard [9]
conducted a study of ellipsoidal voids at low triaxialities and determined that, even though the
mechanism of failure is the same for ductile failure, the load carrying capability is affected by
the initial orientation of the voids [12]. In addition, Zhou et al. [10] investigated the effects of
material models with voids and without voids. They determined the effects of micro voids on the
triaxiality distribution is miniscule until the stability limit and gradually significant thereafter
[10]. Another study suggests that void shape changes are critical in the cyclic response of a unit
cell with a spherical void [13].
Triaxiality also affects the failure strain as shown by Dunand and Mohr [14]. They
highlighted that failure strain is a decreasing function of stress triaxiality and a convex function
of the Lode parameter [14]. Bharadwaj and Banerjee [15] also agree with these findings. They
argued that higher triaxiality results in slight decreases in the equivalent plastic strain and is
conductive to faster growth of fatigue cracks. Similarly, Kumar et al. [16] found out higher
triaxialities corresponded with slight increases in the ultimate tensile stress, but also with
significant reductions in the failure strain.
As mentioned previously, the Lode parameter is also of importance when discussing stress
triaxiality. Barsoum et al. [17] demonstrated the Lode parameter had a large influence in the
ductility of the material in the moderate stress triaxiality regime (0.7< T < 1.5). Additionally,
they concluded that sensitivity to the Lode parameter was dependent on material yield strength
3

and hardening characteristics [17]. In a separate study, Brunig et al. [18] determined the Lode
parameter had negligible effects on ductile damage at high triaxiality but was significant for
moderate or negative triaxialities. In other words, Lode parameter should be considered when
micro void elongation is the primary mechanism of failure. Kiran and Khandelwal [7] identified
that micro void elongation is typical in the low triaxiality regime while micro void dilation is
significant at high stress triaxialities.
1.2

Applications of the Triaxiality Factor
Efforts to understand the effects of triaxiality have been carried for many years and

resulted in the creation of failure criteria which involved the triaxiality factor, Lode parameter,
and other parameters such as porosity and initial void shape [11, 19, 20, 21]. Fracture, fatigue,
and crack growth criteria have been developed by several researchers for an array of materials
[11, 19, 20, 21]. For fracture, a drop in the Von-Mises stress and the failure plastic strain occurs
in the high triaxiality regime [7]. For fatigue, higher triaxiality possibly translates into fretting
fatigue failure in the low remote stress range [1, 22, 23, 24].For crack growth, higher triaxiality
is correlated to faster growth of a fatigue crack [15].
1.3

Stress Triaxiality in LS-DYNA [3]
LS-DYNA is a powerful finite element solver capable of carrying out explicit and implicit

analysis to analyze the nonlinear response of structures. LS-DYNA has materials models that
include different failure criteria, including triaxiality. It is also capable of incorporating
triaxiality based failure criteria to existing material models through the use of the
“MAT_ADD_EROSION” option [25, 26]. . The “MAT_ADD_EROSION” card allows the
addition of failure criteria to material constitutive models that otherwise would not have a failure
criterion [27]. This card allows the users to incorporate a curve of equivalent plastic strain to
4

failure as a function of current triaxiality or a set of curves that define equivalent plastic strain vs
triaxiality for each Lode parameter. Several material models exist in LS-DYNA which have an
inbuilt option of the triaxiality dependence of failure strain. For instance, the
“MAT_TABULATED_JOHSON_COOK” [25] also known as MAT_224 is a constitutive
material model that was developed by a group of universities in conjunction with the federal
aviation administration (FAA) and NASA for aerospace applications [28]. MAT_224 allows
definition of strain rate and temperature dependent stress versus strain curves. Also, plastic
failure strain can be defined as a function of triaxiality and Lode parameter just like in
“MAT_ADD_EROSION” [25]. However, the curves define equivalent plastic strain vs negative
triaxiality. In addition, MAT_224 allows to define plastic strain curves versus any combination
of element size, strain rate, or temperature [28]. Other material models which include the option
of defining triaxiality effects are “MAT_CAZACU_BARLAT”, “MAT_UHS_STEEL”,
“MAT_PHS_BMW”, and “MAT_TOUGHENED_ADHESIVE_POLYMER” [25].
The “MAT_CAZACU_BARLAT” [25] or “MAT_233” is a material model for hexagonal
closed packet (HCP) metals that also allows definition of effective plastic strain vs triaxiality as a
failure criterion [27]. “MAT_UHS_STEEL” [25] or MAT_244 is a material model used for hot
stamping processes that includes phase transformations. It includes a parameter to describe the
increase of martensite start temperature for cooling due to applied stress as a function of
triaxiality [27]. “MAT_PHS_BMW” [25] or MAT_148 is similar to MAT_244 but allows a
more flexible choice of evolution parameters and a more accurate density calculation of the
individual phases. The triaxiality curves are defined in the same way as in MAT_244 [27].
“MAT_TOUGHENED_ADHESIVE_POLYMER” [25] or MAT_252 is used in crash
applications involving high strength adhesive under combined shear and tensile loading. It
5

allows the use of “MAT_JONHSON_COOK” [25] triaxiality failure criteria only in tension or in
both tension and compression [27].
The aforementioned material models require a description of how the failure strain depends
on the stress triaxiality and in some cases, the Lode parameter [25]. This information is often
obtained by conducting carefully designed experiments [29]. In fact, a numerical model is often
used in conjunction with the experiments to establish the triaxiality dependence of failure strain
[29]. The experimental efforts associated with triaxiality are an area of active research.
1.4

Current Triaxiality Specimens Guidelines
Efforts have been made to estimate the triaxiality factor for obtaining testing data and be

able to correlate FEA results [7, 29, 30]. Specimens for triaxiality testing usually include notched
bars, plate with holes, and notched plates [7, 30]. However, the triaxiality factors at a specified
location vary as testing progresses [29]. Kiran and Khandelwal [29] point out this is an
undesirable effect as to be able to develop an accurate failure criterion, stress triaxiality should
remain relatively constant throughout the duration of the test.
Bao [31] demonstrated the size of a center hole and the thickness of the specimen had little
effect on the triaxiality of the critical elements around the hole. Therefore, to achieve different
levels of triaxiality, the notches usually have to be of radically different shapes i.e. center
diamond or thin edge slit, as shown in Figure 2.
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Figure 2. Geometry examples of triaxiality specimens [7]
1.5

Need to Understand Triaxiality in Actual Parts
In real scenarios, the structural components will experience combined loading [1, 2]. An

important area of this study is the fastener joints since these joints will experience localized loads
and the strains in the vicinity of these joints are larger than the remote values [1]. Therefore,
understanding the triaxiality and stress distribution of the whole part would allow for a better
estimation of the in-service behavior of the part and aide in the planning and selection of
efficient materials [32]. Moreover, it allows a simplification of the analysis by selecting an
appropriate failure criterion based on the application of the analysis.

7

1.6

Single Shear Lap Joint
A common way of transferring load between structural components is through shear lap

joints. A single shear lap joint is composed of two plates attached by one or more (often rows)
fasteners. A shear force develops in the fasteners as a longitudinal or in-plane force is applied to
the plates. Also, as the joint is deformed, frictional forces and bearing stresses develop on the
plates as illustrated in Figure 3. The load transfer in a joint is affected by several parameters such
as; friction, preload on the fastener, fastener rotation and bending, and geometry of the joint [2,
23, 33].
1.6.1

Load Transfer
The main objective of a joint is to transfer the loads between the fastened components

[2]. In a one row single shear lap joint, such as the one shown in Figure 3(a), the full load will be
transferred to the adjacent plate.

(a)

(b)

Figure 3.Forces in (a) one row single shear lap joint [34] (b) Fastener joint used in the current
study [3]
However, in the single shear lap joint used in this study, as shown in Figure 3(b), when a
force (P) is applied, P will be divided into a transfer component (Pt) and a bypass component (Pb)
due to the displacement compatibility between the plates [1]. The transfer component is a
resultant of a bearing force (Pbearing), generated by the contact between the fastener and the hole
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surface, and a friction force (Pfriction). Pfriction is localized in the vicinity of the fastener head and
the nut surface due to the large normal force created by the clamp-up force.

Figure 4. Load superposition in a single shear lap joint [24]
Figure 4 shows the idealized force distribution analysis in a multi-row joint using the
superposition principle. As stated previously, the ratios of Pb and Pt will depend on several
parameters such as friction coefficients, preload on the fastener, fastener rotation and bending,
secondary bending, and geometry of the specimen.
1.6.2

Stress Concentration
Stress concentration are caused by geometric discontinuities such as cracks, holes, sharp

corners, or sudden changes in the cross-sectional area. The stress concentration factor (KT) is a
ratio of the highest stress (max) to a reference stress (, usually the remote stress), as given in
equation ( 1 ). For a single plate with a hole in the center, KT is equal to three [35]. Figure 5
shows the stress distribution near the hole of a single plate under tensile loading.
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(1)

Figure 5. Stress concentration around a hole [36]
It has been shown that fatigue cracks usually start in areas of high stress concentration
[37, 38]. In mechanically fastened joints; fastener fit, clamp-up force, and friction influence the
fatigue behavior of the joint [1, 2, 39]. Skorupa et al. [1, 24] demonstrated that the interference
fit and higher levels of clamping force are beneficial to the fatigue life of a joint.
1.6.3

Secondary Bending
Secondary bending is characterized by a rotation of the joint as a whole due to loading

eccentricity [1]. This is a common phenomenon that occurs in single lap shear joints and causes a
non-uniform stress distribution through the thickness of the plates [40]. Figure 6 (b) shows
secondary bending of an aircraft riveted joint.
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(a)

(b)

Figure 6. Secondary bending in (a) an adhesive joint [41] (b) an aircraft joint with a stiffener [1]
Secondary bending is mostly dependent on geometric parameters such as overlap length
and plate thickness [1]. The geometry of a joint, such as in the GRP adhesive joint illustrated in
Figure 6 (a), can be greatly affected by secondary bending. These geometric changes create
higher stress concentrations at the outer fastener row [1]. Several researchers have demonstrated
that secondary bending has a major negative effect on the fatigue performance of mechanically
fastened joints [1, 35, 39].
1.6.4

Fastener Flexibility
In order to obtain the load transfer distribution in a fastener joint with multiple row of

fasteners, the fastener flexibility is required since it will affect how much load will be transferred
[1]. It depends on the joint geometry, sheet and fastener material, and pre-load. It was observed,
that fastener bending created uneven stress distributions around the hole and stress
concentrations where contact occurred. In addition, the rotation of the fastener head resulted in
higher compressive stresses in one side of the specimen and possible loss of contact on the other
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side. Figure 7 illustrates fastener rotation in a rigid fastener and bending with slight rotation in a
deformable fastener.

(a)

(b)

Figure 7. Fastener rotation in (a) a rigid fastener [42] (b) a deformable fastener
Excessive fastener rotation can compromise a joint, decreasing its load transfer and
fatigue life [1]. In terms of triaxiality, fastener flexibility is expected to have a localized effect on
the triaxiality factor, especially in the areas where contact takes place.
1.6.5

Joint Stiffness
Joint stiffness is the main factor that affects load transfer. It is a function of several

parameters such as material properties, geometry, and fastener type. A simple spring model was
devised in order to explore the effects of a change in stiffness in one of the parts of the joint. The
model consists of two springs in parallel, which represents the attached plates, connected in
series with another spring, which represents the main part. The fastener was assumed to be rigid
to simplify the model. The simplified joint stiffness model is shown Figure 8.
/
∆

(2)
(3)

Stiffness of the plates is governed by equation ( 2 ) and it can be modified by using a
different material or a different cross section. If K2 is reduced, the load ratio it can carried will be
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reduced (assuming ∆ remains relatively unchanged) as given by equation ( 3 ). Evidently, this
model greatly simplifies load transfer but it provides an understanding of how joint stiffness and
the parameters it depends on affect the load transfer in a single lap shear joint.

Figure 8. Joint stiffness simplified spring model
1.6.6

Failure Modes
Fastener joint can fail in a variety of ways. If the shear resistance is greater than the

bearing resistance of the plates, the joint could fail statically in the net section or shear-out [2,
42]. These failure modes are shown in Figure 9. Whether it fails on the net section or shear out
depends on edge distance (e2) and on the area of the shear path [2, 42].

13

Figure 9. Failures modes in a fastener joint as reported in [42]
For cases where the bearing resistance is greater than the shear resistance of the plates,
the joint will have a brittle behavior and fail due to shearing of the bolts [2, 42]. Other ways a
joint could fail include; self-loosening, fatigue failure, corrosion, and slippage [2].
1.6.7

Fretting Fatigue
Fretting occurs as a result of joint micro-slippage [1, 2]. The continuous oscillatory

motion results in wear debris and micro-cracks on the fretting surface. The accumulation of
debris in turn results in much higher coefficient of friction between the contact surfaces [1].
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(a)

(b)

Figure 10. Fretting fatigue failures in a (a) single fastener specimen as reported by
Keshavanarayana et al. [22] (b) multi-row fasteners in an aircraft as reported by Skorupa and
Skorupa. [1]
Fretting fatigue usually results in cracks near the hole but not on the net section [1, 22].
This phenomenon can be observed in Figure 10. The presence of fretting is not indicative of
fretting failure; however, it is considered to have a major influence in the initiation of fatigue
cracks [1, 22].
1.6.8

Finite Element Analysis of Joints
There are abundant methods for modeling fasteners in finite element analysis depending

on the application [43, 44, 45]. Montgomery [43] compiled a list of mechanically fastened joint
modeling techniques and explained the benefits and drawbacks of each one. The techniques
compiled are: no-bolt, coupled bolt, rigid-body-element (RBE) bolt, spider bolt, hybrid bolt, and
solid bolt.
A no-bolt joint, as the name suggests, consist of only the modeled plates. Load is
transferred strictly through friction and it will depend on the amount of normal force between the
faying surfaces. Moreover, the bolt stiffness and deformations cannot be accounted for since the
bolt is not modeled. This modeling technique is appropriate when the joint is not expected to slip
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and fastener deformations are negligible [43]. Kim et al. [44] expanded this technique by adding
the fastener preload as a pressure on the washer surface.
In coupled bolt, the stud is represented with a line or beam element for while the head
and nut are modeled using coupled nodes [43]. Preload can be simulated by applying a strain on
the line element; however, only tension can be transferred through the coupled nodes and contact
between the stud and the plates is not accounted for [43, 44].
A RBE bolt is similar to a coupled bolt but RBE’s are used to represent the head and nut
instead of coupled nodes [44]. An advantage of RBE bolts over coupled bolts is the transfer of
bending loads as well as tensile loads [43]. However, the nodes used in the RBE’s will become
rigid-like and transfer the loads to adjacent nodes. If an accurate representation of the hole
deformation is needed, this bolt might not be the best choice.
A similar technique to the RBE and coupled nodes bolt is the spider bolt. In a spider bolt,
the head, nut, and stud are represented with line or beam elements. The stress distributions in the
head and nut can be extracted from this model. However, it requires extra work to simulate the
stiffness in the head and nut [43].
In a hybrid bolt, the head, nut, and part of the stud are modeled with solid elements. The
rest of the stud is modeled with a beam of line element. This technique allows contact definition
and a better stress distribution near the surface area of the hole. In return, the beam element has
to be coupled to the solid elements and requires extra effort to obtain the cross-section stress of
the stud [43].
Solid bolts are the most accurate representations of joints but they required extensive
modeling effort and computational time [3, 43]. In solid bolts, the head and nut can be merged to
the stud to save computational time. On the other hand, more detail, such as fastener thread, can
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be added to obtain a very accurate representation of the joint; however, it will require
exponential effort for diminishing gains in accuracy [3, 44].
Rutman et al. [45] developed a simplified fastener model for linear analysis using line,
spring, and gap elements. This model can be used with any combination of shell or solid plate. A
drawback of this model is the lack of contact modeling and the extensive effort required to model
a single joint, although subsequent joints of the same type can be expedited [45].
A summary of the techniques discussed in this section are presented in Table 1. It is
important to note that more modeling techniques are available depending on the intended
application. This section is meant to provide a quick overview of the generic modeling
techniques that can be employed to represent a mechanically fastened joint in a finite element
analysis.
TABLE 1
GENERIC BOLT MODELING TECHNIQUES
Technique

Illustration

REF

1. No-bolt

[43, 44]

2. Coupled bolt

[43, 44]
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TABLE 1 (continued)
Technique

Illustration

REF

3. RBE Bolt

[43, 46]

4. Spider bolt

[43, 44]

5. Hybrid bolt

[43]

6. Solid bolt

[43, 44]
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TABLE 1 (continued)
Technique

Illustration

7. MSC linear bolt

REF

[45]

All of the modeling techniques discussed in this section are applicable to plates meshed
with solid elements, while only a few can be adapted to shell elements. There are numerous
techniques applicable to shell-to-shell fastener joints that were not discussed in this section [3].
However, Zinzuwadia [3] demonstrated that for simplified mechanical joints meshed with shell
elements, up to 45% more load is required to cause failure in the joint. Likewise, the simplified
bolts were found to transfer a greater portion of the load even though the total load transfer
remained relatively equal [3]. This can be attributed to the change in the load transfer mechanism
of the joint as no contact occurred between the hole surface and the bolt [3].
1.7

Objectives
It has been proven that failure mechanisms of voids depend on the triaxiality and Lode

parameter values [7]. As explained earlier in the chapter, great efforts have been undertaken to
develop triaxiality dependent fracture locus. However, little is known of the actual triaxiality
distribution of structural parts and the effects of different parameters such as friction and preload
have on said distribution. Therefore, understanding the triaxiality distribution of a mechanical
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joint is important to assess the level of plastic strain accumulation required to cause the joint to
fail.
Hence, the objectives of this study, based on the case of a single lap Hi-Lok® [47] fastener
aluminum joint, are as follows:
1. To characterize the triaxiality distribution in the vicinity of the single lap Hi-Lok® [47]
fastener in a single lap aluminum joint.
2. To investigate the effects that friction, clamping force, and type of fit have on the overall
and localized triaxiality distributions.
3. To identify areas of interest in a single lap Hi-Lok® [47] fastener aluminum joint and
triaxiality thresholds in said areas.
1.8

Methodology
An existing three dimensional finite element model was used to study the effects that

varying friction and clamp force have on the triaxiality distribution of a single lap shear joint.
1.8.1

Geometry of the Specimen
The specimen used for this study is a widely reported 1½ dog-bone type single lap shear

assembly [22]. It is composed of two dog-bone plates attached by a Hi-Lok® [47] fastener . A
doubler and an anti-buckling fixture were used to avoid load eccentricity and secondary bending
respectively. The specimen assembly is illustrated in Figure 11.
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Figure 11. 1½ dog-bone load transfer specimen as reported by Zinzuwadia [3]
The main part, shown in Figure 12, has a full dog bone shape and it is constructed from
Aluminum 2024-T3 clad. A constant displacement is applied at one end of the specimen (loading
side with doubler). The load is then distributed between the load transfer part and the main part
on the bypass region of the specimen
The load transfer part is a half dog-bone specimen constructed from Aluminum 2024-T3
clad as well. On the bypass region, both the main part and load transfer part are constrained at
the bypass end. The load transfer part carries the load transferred through the fastener and the
friction at the faying surfaces while the main part (on the bypass region) carries the bypass load
as described in section 1.6.1. The dimensioned drawings of the load transfer part is illustrated in
Figure 13.
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As mentioned previously, the fastener employed is a Hi-Lok® [47] system with a HL18
steel pin and a HL70 aluminum nut. The dimensions and specification for this type of fastener
are found on the standards drawing for HL18 and HL70 [47, 48] which has been appended to
Appendix A.
Since the steel fastener pin (Young’s Modulus ≈ 200 GPa) is much stiffer than the
aluminum plates (Young’s Modulus ≈ 70 GPa), fastener failure is not expected to occur at any
point of the simulations.

Figure 12. Main part of the specimen assembly as reported by Keshavanarayana et al. [22]

Figure 13. Load transfer part of the specimen assembly as reported by Keshavanarayana et al.
[22]
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1.8.2

Approach
The coefficient of friction used to investigate the effects of friction were chosen

arbitrarily as 0, 0.1, 0.5, and 1.0. The preload in all these cases was maintained constant at 80%
of the average clamp-up force (i.e., 80% of 2500N [3]). Coefficients of friction were assumed to
be constant throughout the duration of the test (no dynamic coefficient of friction).
The clamp-up force was arbitrarily varied to be 0%, 10%, 50%, and 80% of the average
fastener installation clamp-up force (2500N [3]) and the coefficient of friction was kept constant
at 0.1. The fastener preload was applied using the method employed by Zinzuwadia [3] for a
detailed solid mesh.
A parametric study was carried out to understand the effects of fastener fit modeling on
the triaxiality distribution and the implications it could have on the friction and clamp-up study.
A second parametric study was done to compare the triaxiality distribution on the fastener joint
under compression. A third parametric study was performed to obtain the triaxiality distribution
of the main part only, shown in Figure 12, under tensile and compressive loading when the
fastener was present (interference and clearance fit) and absent. Table 2 contains the test matrix
used in this study.
Finally, areas of interest were identified based on visual inspection of hotspots, results are
discussed, and conclusions are drawn.
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TABLE 2
TEST MATRIX FOR THE CURRENT STUDY
Case

COF

Clamp-up

Fit

80%

Interference

0
0.1

Friction Study

0.5
1.0

0%
Clamp-Up Study

10%

0.1

50%

Interference

80%
Fit Study
Full Specimen

0.1

80%

Interference
No-Interference
(contact)
Clearance
Interference

Fit Study
Main only Tension

0.1

80%

Clearance
No Fastener
Interference

Fit Study
Main only
Compression
 15 total cases

1.9

0.1

80%

Clearance
No Fastener

 Interference = 5x10-4 in  Clearance = 2x10-4 in

Thesis Structure
The main purpose of the thesis is to understand the effects of clamp-up force and friction

on the triaxiality distribution of a single lap shear joint and advance the current knowledge on the
application of triaxiality based failure criteria in LS-DYNA [3].
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Chapter 2 explains the modeling process and methods. Finite element development and
validation carried out by Zinzuwadia [3] is explained in this chapter. Also, it contains
information regarding contact, constraints, friction and preload modeling.
Chapter 3 discusses the simulation results of varying preload and friction. In addition, the
effects of fastener fit and compressive loading are presented.
Chapter 4 provides a final discussion and summary of results from the study. Conclusions
and recommendations are drawn in this chapter.
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CHAPTER 2
DESCRIPTION OF FINITE ELEMENT MODELS AND ANALYSIS METHODS

This chapter contains information regarding the finite element modeling techniques
employed in this study. Boundary conditions and constraints, contact modeling, material
definitions, friction modeling, and preload modeling are discussed in this chapter. The
parameters studied and calculations performed are explained in this chapter as well.
2.1

Description of the Finite Element Model Mesh
As mentioned previously in chapter 1, the finite element model used in this study was

developed by Zinzuwadia [3] to validate the modeling techniques employed in his work. The
model consists of solid elements which are small enough to accurately represent the geometric
features of the joint and provide a good representation of the stress and strain gradients in the
vicinity of the joint.
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Figure 14. 3D Finite element model set-up [3]
The main part contains 10,024 hexahedral elements. An inch long region near the hole
was meshed with smaller elements as to capture the bolt-plate interaction more accurately. Four
elements through the thickness were used to capture the flexural stresses. Symmetry conditions
were not used to model any of the parts in the assembly, although the elements were indeed
reflected in order to save meshing time.
The transfer part consists of 6,760 hexahedral elements. The basis for this mesh was
taken from the main part mesh. As the mesh for this area is an exact copy of the main part mesh,
it also includes a finer mesh in the vicinity of the hole and four elements through the thickness.
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Figure 15. Main part and transfer part finite element model [3]
The bolt was also meshed using hexahedral elements. Zinzuwadia's [3] study was not
concerned with the fastener nut-stud interaction and neither is the present study. Therefore, the
threads were simplified and the bolt and nut were modeled as a single part with coincident nodes.
The bolt-nut mesh is composed of 4,824 hexahedral elements and is illustrated in Figure 16.
Since the doubler is not load-bearing, it was meshed with coarser elements. It is made of 372
hexahedral elements and 8 pentahedral elements. Only two elements through the thickness were
used for the doubler.
The anti-buckling fixture was modeled with a total of 2,596 hexahedral elements. As the
fixture did not carry any of the main loads, it was meshed with a coarse mesh. The mesh for the
anti-buckling fixture and doubler are shown in Figure 17.
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Figure 16. Hi-Lok® system finite element model [3]

Figure 17. Discretization of the doubler and anti-buckling fixture [3]
2.2

Boundary Conditions and Constraints
The full specimen as described in section 1.8.1 was used for the friction, clamp-up, and fit

study while only the main part, shown in Figure 12, was used for a subset of the fit study.
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Boundary conditions and constraints of both FE models will be discussed in the subsequent
sections.
2.2.1

Specimen Assembly FE Model
The boundary conditions specified in the finite element model are based on a previous

experimental study conducted by Zinzuwadia [3]. A group of nodes on one end of the specimen
was selected to represent the gripped boundary condition from the testing equipment; that is
translations and rotations are constrained in all coordinate directions. Similarly, the anti-buckling
fixture was constrained on one end as shown in Figure 18. In LS-DYNA, the
“BOUNDARY_SPC” [26] card was used to create the fixed boundary.
Another group of nodes was selected on the other end of the specimen to represent the
grip from the testing equipment that applied the loads. A displacement rate of 0.5 in/s (12.7
mm/s) was applied through the “BOUNDARY_PRESCRIBED_MOTION” [26] card in LSDYNA, as shown in Figure 19. Zinzuwadia [3] pointed out that the rate used in his experimental
study was 0.05 in/min but due to the inherently time-dependent nature of the explicit LS-DYNA
solver, a much faster loading rate was applied to the finite element model. For the compression
cases, the applied displacement, shown in Figure 19, was scaled by minus one (-1).
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Figure 18. Boundary conditions of the specimen assembly FE model [3]
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Figure 19. Applied displacement on the specimen
Nodal rigid bodies were used to represent the bolts that tied the anti-buckling fixture
together. This type of constraint is a 1D element that ties the selected nodes resulting in a single
rigid motion for all the nodes in the nodal rigid body. Since the anti-buckling fixture was not
expected to carry any primary load, a simplified technique was deemed appropriate to attach the
anti-buckling fixture together as shown in Figure 20. Nodal rigid bodies are created in LSDYNA through the use of the “CONSTRAINED_NODAL_RIGID_BODY” [26] card.

32

Figure 20. Anti-buckling fixture constraints [3]
2.2.2

Main Part Only FE Model
Boundary conditions for the main part only FE model were based on the full specimen

assembly boundary conditions. The anti-buckling fixture was modified slightly to account for the
missing thickness of the transfer part and doubler.
A group of nodes on one end of the specimen was selected to represent the gripped boundary
condition from the testing equipment. The “BOUNDARY_SPC” [26] card was used to create the
fixed boundary.
Another group of nodes was selected on the other end of the specimen to represent the
grip from the testing equipment that applied the loads. Similarly to the full specimen assembly, a
displacement rate of 0.5 in/s was applied through the “BOUNDARY_PRESCRIBED_MOTION”
[26] card in LS-DYNA.
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The anti-buckling fixture was attached through NRB’s as described previously in section
2.2.1.

Figure 21. Boundary conditions of the main part only FE model
2.3

Contact Modeling
Contact is a common source of non-linearity in finite element analyses [49] . Therefore,

LS-DYNA has a wide array of contact definitions that range from general purpose contact to
specific application contacts such as metal forming [26, 49]. Contacts are classified as automatic
or manual contacts and one-way or two-way contacts.
In automatic contacts, the contact surface is projected in both directions of the normal
vector so it makes them better suited for applications where the contact direction might be
unknown or when large deformations are expected [49]. On the contrary, manual contacts check
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for penetrating nodes in the direction of the normal only. This makes them slightly more
computationally efficient than the automatic counterpart. However, if any of the slave nodes can
translate and end up behind the master surface, the manual contacts will not work [49].
In LS-DYNA, contacts are defined by selecting a slave surface and a master surface. In a
one-way contact, the nodes of the slave surface are checked against the master surface for any
penetration. Two-way contacts work essentially in the same manner as one-way contact, except
the nodes of the master surface are also checked against the slave surface [49]. Inherently, twoway contacts increase the computational cost of a finite element analysis [49].
The most commonly used contacts in LS-DYNA are the single surface contacts, especially
for crash applications [49]. In these contacts, the slave surfaces are checked against each other
and no master surface is defined [26, 49].
For this study, four contact definitions were applied.
“AUTOMATIC_SINGLE_SURFACE” [26] option was used for the interface between the
plates, the fastener head, and the nut. Another automatic single surface was used for the interface
between the anti-buckling fixture components. For the contact between the specimen and the
anti-buckling fixture, “AUTOMATIC_SURFACE_TO_SURFACE” [26] contact was defined
with the specimen assembly as the master surfaces and the anti-buckling fixture as the slave.
Lastly, a “SURFACE_TO_SURFACE_INTERFERENCE” [26] contact was defined between the
fastener shank and the hole surface of the plates to account for the fastener interference. In the
latter, contact forces are applied to the penetrating nodes so that the penetrations can be removed.
Figure 22 shows the contact surfaces used in the FE model.
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Additionally, “FORCE_TRANSDUCER” [26] contacts were defined to accurately
determine the contact and frictional forces. These contacts are used to record contact forces and
do not affect the behavior of other contacts [26, 49].

Figure 22. (a) “AUTOMATIC_SINGLE_SURFACE” [26] contact (excluding fastener shank) (b)
“SURFACE_TO_SURFACE_INTERFERENCE” [26] contact between fastener shank and hole
surfaces (c) “SURFACE_TO_SURFACE_INTERFERENCE” [26] contact between specimen
and anti-buckling fixture
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Figure 23. “FORCE_TRANSDUCER” [26] used to obtain frictional forces
2.4

Preload Modeling
Zinzuwadia [3] performed a study using several methods of preload application and

determined that “INITIAL_STRESS_SECTION” [26] card in LS-DYNA was one of the most
efficient methods and exhibited good correlation to the desired preload stress.
In this method, a stress is applied to a defined cross-section in a pre-simulation phase, known as
the dynamic relaxation phase. Once the stresses in the cross-section converge to the desired
value, the time is reset and the actual simulation commences [27].



/

(4)

Since LS-DYNA requires stress as the desired input, it was calculated using equation ( 4 ).
Where F is the clamp-up force and A is the cross-sectional area of the bolt. The clamp-up force
was experimentally determined from a series of fifteen tests carried out by Zinzuwadia [3] where
the installation clamping force in the bolts was measured at the time when the wrenching
element of the Hi-Lok system broke-off [3]. For the present study, the average clamp-up force
(2500N) in Zinzuwadia’s [3] tests was used as the 100% cut-off value. A series of arbitrary
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values (i.e. 80% and 50%) were used in the clamp-up comparison tests since the main objective
was to understand how different levels of clamp-up force affects the triaxiality distribution and
identify any patterns that might be evident.
2.5

Friction Modeling
In LS-DYNA, friction is modeled through the contact cards [26]. The parameters used to

describe friction are FS, FD, DC, VC, and Vrel [26]. FS is the static coefficient friction, FD is the
dynamic coefficient of friction, DC is the decay constant, VC is the coefficient of viscous
friction, and Vrel is the relative velocity of the surfaces in contact. The coefficient of friction (µc)
µ

( 5 ).
|

μ

|
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(5)

A constant coefficient of friction was used in this study to reduce the variability in the
comparisons. To accomplish this, FS and FD were set to the same value and DC was set to zero,
which results in equation ( 6 ).
μ
2.6

(6)

Material Properties and Modeling
Zinzuwadia [3] conducted physical testing to determine the properties of clad aluminum

2024-T3. For other materials, data from MMPDS was used [50].
The material model used for the main part, transfer part, and doubler was the elasto-plastic
“MAT_024” [25], which was previously defined in section 1.8.1. Triaxiality failure options were
not used in the material model. For the bolt, the nut and the pin were both model as a linear
elastic steel with “MAT_001” [25]. Similarly, the anti-buckling fixture was modeled as linear
elastic with the respective properties for aluminum and Teflon. A summary of the material
models and properties used in the study are listed in Table 3.
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TABLE 3
MATERIAL MODELS AND MECHANICAL PROPERTIES

Part

Material
model

Density
(tonne/mm3)

Young’s
Modulus
(MPa)

Poisson’s
ratio

Yield
Strength
(MPa)

Failure
Strain

REF

Main Part
Transfer
Part
Doubler

MAT_024

2.768x10-9

69,806

0.33

330.38

0.199

[3]

Bolt Pin

MAT_001

2.768x10-8

199,948

0.27

NA

NA

[50]

Bolt Nut

MAT_001

2.768x10-9

72,395

0.27

NA

NA

[50]

Antibuckling
fixture AL

MAT_001

2.768x10-9

72,395

0.33

NA

NA

[50]

Antibuckling
fixture
Teflon

MAT_001

2.16x10-9

7,239.5

0.33

NA

NA

[51]

In addition to the mechanical properties of aluminum 2024-T3, the stress-strain data was
used to define the plastic behavior of the material [3]. The tabulated curve was input into
“MAT_024” [25] in the form of effective stress versus effective plastic strain. The curve used in
the material card is shown in Figure 24. Strain rate effects were not considered in this study,
therefore only the quasi static stress-strain curve was used. For “MAT_001” [25] failure was not
defined since failure was not expected in any of the parts defined with this material model.
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Figure 24. Effective stress vs effective plastic strain for Clad Aluminum 2024-T3 at quasi-static
rate as reported by Zinzuwadia [3]
2.7

Simulation Parameters to Study
Friction and preload were varied and the results were compared. For each comparison; the

triaxiality fields, stress and strain fields, contact forces, shear and normal forces in the bolt, and
load transfer were investigated. Some of the parameters, such as load transfer, were studied as a
way to check and build confidence in the results.
2.8

Calculation
In order to present the results of the FE analysis, some parameters had to be calculated

from raw data, as explained in the following sections.
2.8.1

Triaxiality
Although the post processing software used in this study, LS-PrePost [52], calculates

triaxiality for each element, it can also be calculated manually on an element-basis. Triaxiality is
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the ratio of the hydrostatic stress, or stress invariant I1/3, to the equivalent Von-Mises stress and
it is given by equation ( 7 ). For better results, a group of elements was identified and then
averaged out to avoid unwanted noise that could be present in the output of a single element.
/

/

(7)

Sometimes, pressure is used instead of the hydrostatic stress which flips the sign of the
triaxiality (i.e. uniaxial tension becomes -0.33). This occurs because pressure is equivalent to the
negative of the hydrostatic stress. In LS-DYNA, “MAT_224” [25] uses pressure as shown in
Figure 25.

Figure 25. Typical plastic failure strain vs triaxiality data required as input for “MAT_224” [25]
2.8.2

Load Transfer
The load transfer was calculated using the cross sectional forces defined in Figure 26.

Equation ( 8 ) is used to evaluate load transfer as a percentage of the total load. Furthermore,
additional load transfer calculations are carried out in order to grasp a better understanding of all
the components of the load transfer, such as bolt load transfer, load transferred by friction, and
load transferred by contact forces.
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% Load Transfer

x 100%

(8)

The load transfer by the bolt was extracted from the shear force in cross section 4 (Shown
in Figure 27). However, this force does not account for the secondary bending and fastener
bending moments. In order to account for these forces, the “FORCE_TRANSDUCER” [26]
option was used to extract the contact forces between the fastener shank and the hole surfaces.
Additionally, another “FORCE_TRANSDUCER” [26] option was used to extract the frictional
forces between the main part, transfer part, and the nut. All these forces add up to the total load
transferred (Normal force in cross section 1).

Figure 26. Cross section planes in the specimen assembly as reported by Zinzuwadia [3]

Figure 27. Cross section in the bolt as reported by Zinzuwadia [3]
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2.9

Previous Validation
Zinzuwadia [3] compared a series of experimental tests to the numerical results. The FE

results showed good correlation with the experimental data. Hence, the FE model and methods
were validated for the current study. Figure 28Refer to [3] for more information.

Figure 28. FE model validation by Zinzuwadia [3]
2.10 Computational Cost
The minimum stable time-step was 2.57x10-8 s. This value is dependent on the minimum
element size, 0.206mm, and the material properties. This resulted in a computational time of 12
hrs 49 min for 0.18 s of simulation time when solved with the LS-DYNA SMP 8.0.0 single
precision solver on a 12-core HPC cluster.
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CHAPTER 3
FINITE ELEMENT MODELING RESULTS

A detailed numerical model of the 1½ dog bone specimen assembly was generated to
study the stress triaxiality distribution of the specimen under single lap shear loading when
factors affecting the performance of the mechanical joint, such as frictions and preload, are
varied. Although the effects of friction and preload on single lap shear specimen have been
discussed in previous studies [39], the effects of such parameters on the stress triaxiality factor
distribution are yet to be explored. The effects of friction are presented in section 3.2 and the
effects of preload are discussed in section 3.3. Parametric studies to understand the effects of
clearance and interference fit as well as the importance of modeling the fastener for triaxiality
research are presented in section 3.4.
3.1

Regions of Interest
For this specimen assembly, analysis efforts were focused on the main part since it carries

more load and usually fails first. During a preliminary run, several areas of the shear lap
specimen were identified as regions of interest. These regions can be observed in Figure 29.
Region A1 is the primary area of failure under quasi-static loading conditions and it is comprised
by the elements in the vicinity of the hole where the net section is the smallest. Region E1 is also
located where the net section is the smallest but it is comprised of the elements in the vicinity of
the fastener head. Region E1 was chosen because it exhibited higher triaxiality factor and is also
part of quasi-static fracture cross section. Regions B1 and B2 are the areas near the fastener head
on the loading side of the specimen. Regions B1 and B2 were selected since they are prone to
fretting fatigue failure, as highlighted by several researchers [1, 22, 24]. Region B was divided
into two sections because the triaxiality factors were different near the faying surface and the
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free surface which was caused by a local bending state introduced by the fastener rotation.
Region C1 is the area near the fastener head on the load transfer side of the main part and was
chosen for similar reasons as region B1 and B2. Last area of interest is Region D1, which is the
area that displayed the highest triaxiality throughout the simulation run and is located in the load
transfer side of the main part about 3.3 mm away from the edge of the fastener head. For all
regions, the results of a group of elements was averaged to avoid unwanted noise that could
occur when inspecting the results of each element individually. Figure 30 highlights the number
of elements used in the averaging of results and the surface area of each region.

Figure 29. Region of interest in the main part
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Figure 30. Elements used in the averaging of results
3.2

Friction Comparison
A series of finite element analyses were carried out with the purpose of understanding the

effects of friction on the triaxiality distribution of a single shear lap specimen.
3.2.1

Region A1 Results
Region A1 is where the highest stresses are present due to the stress concentration factor

around the hole. A comparison of the triaxiality factor versus remote stress for a range of
coefficients of friction is shown in Figure 31. The remote stress was calculated at a remote cross
section, cross section 2 in Figure 26, of the main part on the load introduction side of the
specimen.

46

Figure 31. Triaxiality factor in region A1 for coefficients of friction 0 to 1
The triaxiality factors started at about -0.23 (due to preload/interference fitting) and
increased steadily for the full range of friction coefficients and seemed to stabilize when it
reached about 0.35, which is close to the 0.33 triaxiality factor for uniaxial specimens, and then
increased exponentially. However, at that time, the strains in the region are past the plastic
failure strain for the material rendering the vertical slopes meaningless. The change in friction
seemed to shift the triaxiality curve to the right caused by the development of higher shear
stresses at the same level of remote stress. Therefore, a change is friction represented a reduction
of triaxiality of up to 0.17. The Von-Mises stress that develop in region A1 can be observed in
Figure 32. The local stresses are well past the elastic region as it is expected for this region.
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Figure 32. Effective stress in region A1 for coefficients of friction 0 to 1
3.2.2

Region E1 Results
Similar to A1, region E1 exhibits high stresses and plastic strains as it is still relatively

close to the hole. The triaxiality distribution for region E1 can be observed in Figure 33.
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Figure 33. Triaxiality factor in region E1 for coefficients of friction 0 to 1
The triaxiality factors started at about 0 and increased steadily, with similar slopes to region A1,
for the full range of friction coefficients. The triaxiality factor remained within 0.30 - 0.34 for
almost 100 MPa of remote stress and continued climbing until they stabilized at roughly 0.40.
Just as before, after 340 MPa of remote stress, the strains in the main part were past the plastic
failure strain for the material, which renders the vertical slopes meaningless. The change in
friction seemed to slightly reduce the slope of the triaxiality curve. It could be argued that the
presence of the fastener head still contributes, although less than in region A1, to the
development of higher shear stresses at the same level of remote stress. The Von-Mises stress
that develops in region E1 can be observed in Figure 34. The local stresses are well past the
elastic region as it is expected for this region.
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Figure 34. Effective stress in region E1 for coefficients of friction 0 to 1
3.2.3

Region B1 Results
Region B1 is an interesting area. It is the area near the fastener head on the loading side of

the main part. This area has been shown to fail in high cycle fatigue under very small loads and it
is usually attributed to fretting fatigue [22, 24, 1]. As mentioned in section 3, region B was
divided into two regions; B1 is the half thickness on the free surface side of the main part. A
comparison of the triaxiality factor versus remote stress for a range of coefficients of friction is
shown in Figure 35.
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Figure 35. Triaxiality factor in region B1 for coefficients of friction 0 to 1
The triaxiality factors started at about 0 and increased steadily until roughly 70 MPa of
remote stress were applied and then decreased steadily until a remote stress of 275 MPa.
Afterwards, it increased again and stabilized at 0.32. The reason behind the drop and later
increase in triaxiality is unknown. However, it could be attributed to the fastener head pressing
against the free surface creating compressive stresses and therefore reducing the hydrostatic
component of the triaxiality factor. Understanding of this behavior is out of the scope of the
current study and should be studied in more detail if one wishes to comprehend it. The change in
friction greatly affected the triaxiality curves for this region, with an increase of up to 50% in the
triaxiality peak at low levels of remote stress. The peak value ranges from 0.41 for no friction
and 0.58 for coefficient of friction 1.0. These findings are in agreement with Skorupa and
Skorupa [1], who explain that fretting fatigue is a function of the triaxial state since the friction
coefficient increases the more cycles the joint experiences. To provide a frame of reference of
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the applications that might exhibit fretting fatigue, the Von-Mises stress that develop in region
B1 has been provided in Figure 36. It is important to note that at the triaxiality peaks Von-Mises
stress barely reached 45 MPa, well below the yield strength of AL2024-T3; 330 MPa.

Figure 36. Effective stress in region B1 for coefficients of friction 0 to 1
3.2.4

Region B2 Results
Similar to region B1, B2 is the area near the fastener head on the loading side of the main

part. As mentioned in section 3, region B was divided into two regions; B2 is the half thickness
on the faying surface side of the main part. A comparison of the triaxiality factor versus remote
stress for a range of coefficients of friction is shown in Figure 37.
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Figure 37. Triaxiality factor in region B2 for coefficients of friction 0 to 1
The triaxiality factors started at about 0 and increased steadily until roughly 70 MPa of
remote stress were applied. From 70Mpa to 325 MPa, the triaxiality factors stayed within a 10%
range. Unlike region B1, region B2 did not display a drop in a triaxiality since the area was not in
direct contact with the fastener head. The friction variation increased the triaxiality peaks and
remained within 0.45 and 0.55 or 15% of each other. The absence of the fastener head means
friction had a reduced effect on the triaxiality distribution. Von-Mises stress present on region B2
is comparable to region B1 and are presented in Figure 38. It is somewhat higher when the
remote stress is lower than 200 MPa and somewhat lower when the remote stress are greater than
200 MPa. At a remote stress of 70MPa, Von-Mises stress is roughly 83 MPa for all cases.
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Figure 38. Effective stress in region B2 for coefficients of friction 0 to 1
3.2.5

Region C1 Results
Region C1 is almost a reflection of region B1 but on the transfer side of the main part of

the specimen and slightly farther from the fastener head. This region could be of interest when
load transfer is low and stresses are relatively close to the loading side. So, it can be compared to
region B and similar peaks could be expected. Figure 39 shows triaxiality curves for region C1
when coefficient of friction was varied between 0 and 1.0.
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Figure 39. Triaxiality factor in region C1 for coefficients of friction 0 to 1
Region C1 is the most affected by changes in friction, especially at higher remote stress.
For remote stress lower than 150 MPa, the triaxiality factors are within 0.1 of each other. Higher
friction, also means higher triaxiality and the peaks range from 0.54 to 0.65 for coefficients of
friction 0 and 1.0 respectively. Unlike region B, where peaks occurred at similar remote stress,
peaks for region C1 occurred earlier for lower friction coefficients. However, slopes leading up to
the peak and after the peak are steeper for lower friction, hence, while the peaks for coefficients
of friction 0 and 0.1 occurred at roughly115 MPa of remote stress, the triaxiality factors for
higher coefficients of frictions were within 0.015 of their highest point. The Von-Mises stress
that developed in this region can be observed in Figure 40. Even though triaxiality was greatly
affected by friction, Von-Mises stress in the region experienced little to no change. Von-Mises
stress in the remote stress range of 50MPa to 150 MPa varied from 50 MPa to 100 MPa, well
below the yield strength of AL2024-T3; 330 MPa.
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Figure 40. Effective stress in region C1 for coefficients of friction 0 to 1
3.2.6

Region D1 Results
Region D1 was selected because it exhibited the highest triaxiality value throughout the

numerical analysis even though it might have the lowest stresses out of all other regions.
Nonetheless, it is still of interest to understand how friction and other factors might affect this
area. Triaxiality factor curves for different levels of friction coefficients are shown in Figure 41.
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Figure 41. Triaxiality factor in region D1 for coefficients of friction 0 to 1
Similar to regions B and C, triaxiality factor climbed quickly and reached its peak at a
remote stress of roughly 70MPa and then remained within 0.10 for the rest of the simulation.
Changes in the coefficient of friction had very little effect in the triaxiality factors. The peak was
roughly 0.64 for all cases of friction and then declined slowly to 0.55 by the end of the
simulation. The Von-Mises stress in this region was expected to be the lowest out of all region
and such was the case as shown in Figure 42. Von-Mises stress showed no change for all friction
coefficients until a remote stress of 125 MPa, where it started to grow larger for higher friction
coefficients. However, its peak value of 115 MPa, for a 1.0 coefficient of friction, was still well
below the yield strength of AL2024-T3; 330 MPa.
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Figure 42. Effective stress in region D1 for coefficients of friction 0 to 1
3.3

Clamp-Up Comparison
A series of finite element analyses were carried out with the purpose of understanding the

effects of fastener pre-load on the triaxiality distribution of a single shear lap specimen.
3.3.1

Region A1 Results
Region A1 is in the proximity of the hole and therefore is considered an area of interest

for the cases of clamp-up force variation. The triaxiality profiles for region A1 when clamp-force
is varied from 0% to 80% of the average clamp-up force are shown in Figure 43.
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Figure 43. Triaxiality factor in region A1 for clamp-up forces 0-80% of the average clamp-up
force
From the figure, it can be observed that increasing the preload in the fastener translates
into a lower triaxiality factor. A reduction of up to 0.22 can be observed for low remote stresses.
This can be explained due to higher compressive stresses that develop from higher clamp-up
force. However, the effects were only noticeable below a remote stress of 275 MPa and were
diminished the closer the remote stress was to 275 MPa. Even though higher clamp-up force
reduced the triaxiality factor considerably for low remote stress, the highest triaxiality factor,
roughly 0.35, occurred after 300 MPa when the effects of clamp-up force were not present
anymore. Similar to the friction results, the results after a remote stress application of roughly
340 MPa render the vertical climb meaningless. The Von-Mises stress that develops in region A1
are shown in Figure 44. Since this area is close to the edge of the hole, where the stress
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concentration factor is high, the stress experienced by the region was past the elastic region of
the material.

Figure 44. Effective stress in region A1 for clamp-up forces 0-80% of the average clamp-up force
3.3.2

Region E1 Results
Triaxiality factor curves comparing the effect of clamp-up force for region E1 are

displayed in Figure 45. From the figure, it can be observed that the triaxiality factors behaved in
a similar fashion to region A1. An increase in preload decreased the triaxiality factor with
diminishing effects up to a remote stress of 275 MPa.
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Figure 45. Triaxiality factor in region E1 for clamp-up forces 0-80% of the average clamp-up
force
Although, the effects of preload were similar to region A1, the magnitude of such effects
were considerably smaller; 0.06 decrease in triaxiality factor at most. The two main factors that
change when varying preload are; compressive stresses near the head and nut; and residual
compressive stresses in the vicinity of the hole due to changes in area of the fastener shank. In
region E1, only the presence of the fastener head seemed to have an effect. The peak triaxiality
factor was roughly 0.45 and occurred when plastic strains in the main part were near their failure
value; at roughly 340 MPa of applied remote stress. In terms of Von-Mises stress, it was high
and reached failure during the simulation as shown in Figure 46.
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Figure 46. Effective stress in region E1 for clamp-up forces 0-80% of the average clamp-up force
3.3.3

Region B1 Results
As region B1 is the half thickness on the free surface side, the fastener head presence was

expected to have some influence in the results. The effects of clamp-up force were mixed as
shown in Figure 47.
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Figure 47. Triaxiality factor in region B1 for clamp-up forces 0-80% of the average clamp-up
force
As clamp-up force increased, the triaxiality factor curves shifted slightly up. However,
from 50% to 80% preload, the triaxiality factor decreased slightly. After a closer examination of
the stresses that developed around the hole, this behavior indicated that there were two opposing
effects acting on region B1. First, the fastener pushing against the free surface created
compressive stresses which reduced the triaxiality factor. Second, there was a localized increase
of tensile stress around the fastener head, as shown in Figure 48. Both effects were more
prevalent in region B1 since it is the half thickness closest to the fastener head.
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Figure 48. Localized stress distribution in the free surface of the main part
These combined behaviors created the response observed in region B1; as preload is
increased the rings of compressive and tensile stresses expand outwards. Therefore, after a
certain preload threshold, the compressive stresses became more prevalent in the region and
caused the triaxiality factor to decrease. The triaxiality peaks were between 0.46 and 0.52 and a
low remote stress range from 60 MPa to 75 MPa. In terms of Von-Mises stress, increases in
clamp-up force had a barely noticeable increase of stress for most cases, as shown in Figure 49.
This means that the changes observed in triaxiality were a result of changes in the hydrostatic
stress component.
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Figure 49. Effective stress in region B1 for clamp-up forces 0-80% of the average clamp-up force
3.3.4

Region B2 Results
Region B2 is the half thickness on the faying surface side of the main part. A comparison

of the triaxiality factor versus remote stress for variations in preload is shown in Figure 50.
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Figure 50 Triaxiality factor in region B2 for clamp-up forces 0-80% of the average clamp-up
force
From the figure, it can be observed that increasing the preload in the fastener translates
into a lower triaxiality factor peak. A reduction of up to 0.23 can be observed for low remote
stress. The triaxiality curves converged at 225 MPa of remote stress at a triaxiality factor of 0.51
which reduced slightly as the remote stress increased. The peak triaxiality factor for 0%, 10%,
and 50% occurred between 60 MPa and 75 MPa of remote stress. For 80%, the peak occurred
later as the curved converged with the curves for other preload values. The peak triaxiality
factors were between 0.62 and 0.51 for 0% and 80% respectively. Interestingly, clamp-up force
increases had an opposite effect on regions B1 and B2. Region B2 did not exhibit localized tension
stresses, which counteracted the effects of higher preload, since no fastener head or nut is present
on the faying surface. Von-Mises stress was up to 40% larger for higher preloads in the low
remote stress region, as shown in Figure 51. Accordingly, part of the triaxiality drop in region B2

66

is due to higher Von-Mises stress. However, after 175 MPa of remote stress there was no
difference in Von-Mises stress for all cases.

Figure 51. Effective stress in region B2 for clamp-up forces 0-80% of the average clamp-up force
3.3.5

Region C1 Results
Triaxiality factor curves versus remote stress for region C1 are shown in Figure 52. Since

region C1 is the half thickness on the free surface side, it behaves in a similar fashion to region
B1. Higher preload translated into higher triaxiality factor due to higher localized tensile stresses
caused by the fastener head as explained in section 3.3.3. In contrast to region B1, there is no
threshold preload value where the effects of preload reverse. This could be because region C1 is
slightly farther from the fastener head and the localized compressive stress ring did not expand
enough to have an effect on region C1. Further study of this region would indicate whether that is
the case and help map the importance of fastener head diameter in further studies of triaxiality
distribution.
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Figure 52. Triaxiality factor in region C1 for clamp-up forces 0-80% of the average clamp-up
force
The peak triaxiality factors were between 0.53 and 0.57 and occurred at roughly 125 MPa
of remote stress. Unlike other regions, the triaxiality factor curves did not fully converge at any
moment, but they were closer for a remote stress range from 125 MPa to 225 MPa. An increase
in the triaxiality factor of up to 0.12 was observable at remote stresses up to 75 MPa. In terms of
Von-Mises stress, increases in clamp-up force had a barely noticeable increase of stress, as
shown in Figure 53. This means that the changes observed in triaxiality were a result of changes
in the hydrostatic stress component primarily.
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Figure 53. Effective stress in region C1 for clamp-up forces 0-80% of the average clamp-up force
3.3.6

Region D1 Results
Region D1 is the farthest from the fastener and as such, effects of preload on the

triaxiality distribution were expected to be low. Triaxiality factor curves for different levels of
preload are shown in Figure 54.
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Figure 54. Triaxiality factor in region D1 for clamp-up forces 0-80% of the average clamp-up
force
As expected, triaxiality factors for this region show no difference across all cases. The
triaxiality factor peaks were reached at roughly 75 MPa of remote stress and their value was
approximately 0.64 for all cases of preload and then declined slowly to 0.56 by the end of the
simulation. The Von-Mises stress in this region was expected to be the lowest out of all region
and such was the case as shown in Figure 55. Von-Mises stress showed little change for all cases
of preload.

70

Figure 55. Effective stress in region D1 for clamp-up forces 0-80% of the average clamp-up force
3.4
3.4.1

Parametric Studies
Effect of Fastener Clearance/Interference Fit
The effects of fastener fit on the triaxiality distribution were studied for the full specimen

assembly and for only the loading part of the assembly. Interference fit corresponds to the
original modeling method used in the main study. In no-interference contact, the contact
formulation was changed to “AUTOMATIC_SURFACE_TO_SURFACE” but the fastener and
hole diameter were left unchanged. For the clearance case, the hole diameter was adjusted to
have a 5.0E-03 mm clearance while the fastener diameter was left unchanged.
3.4.1.1 Full Specimen Assembly
3.4.1.1.1 Region A1 Results
The triaxiality vs remote stress for region A1 is shown in Figure 56. In this region, the
interference fit case started with a higher triaxiality but was quickly surpassed by the other two
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cases. The clearance and no-interference-contact curves have a similar shape with the clearance
case being higher throughout the test. Near the end, the three cases converge to a triaxiality
factor of 0.35. Even though the curve shapes vary noticeably, the peak triaxiality factor; roughly
0.35, occurred at the end.

Figure 56. Triaxiality factor in region A1 for clearance and interference cases
From Figure 57, it can be observed that the Von-Mises equivalent stress is nearly
identical for the clearance and no-interference-contact cases. Therefore, it can be concluded that
the difference in triaxiality observed in Figure 56 is due to increased hydrostatic stresses in the
clearance case. For the interference case, the Von-Mises stress is higher initially. However, after
150 MPa of remote stress are applied, the difference between the 3 cases becomes negligible. It
is interesting to note that even though, the Von-Mises stress is higher for the clearance case at the
start, most of the stress belongs to the hydrostatic component since the stress created by the
interference fit are mostly normal to the contact surface. To fully understand the state of stress
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and how it influences the triaxiality, the 6 components of stress should be plotted and analyzed.
A deeper analysis of the 6 components of stress and how each play into the triaxiality factor is
out of the scope of the current study, and as such, only more general conclusions regarding the
state of stress can be drawn by relating Von-Mises stress and triaxiality factor.

Figure 57. Effective stress in region A1 for clearance and interference cases
3.4.1.1.2 Region E1 Results
A plot of triaxiality factor vs remote stress for region E1 is presented in Figure 58.
Similar to the previous experiments conducted in this study, region E1 exhibits comparable
behavior to region A1.
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Figure 58. Triaxiality factor in region E1 for clearance and interference cases
The interference case started at a higher triaxiality and rapidly was surpassed by the other
2 cases. Again, the clearance and no-interference-contact curves have a similar shape while the
clearance case was higher throughout the test. As in region A1, the three cases converged near
the end, where a triaxiality peak of roughly 0.42 was achieved.
Effective Von-Mises stress vs remote stress is shown in Figure 59. Stresses for the Nointerference (contact) and clearance were virtually equal throughout the test with some slight
variations in the 150 MPa to 200 MPa remote stress region. Once more, the Von-Mises stress
was larger for the interference case than the other two cases. For region E1, the Von-Mises stress
for the three cases converge somewhat later, at roughly 225 MPa of remote stress, than for region
A1.
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Figure 59. Effective stress in region E1 for clearance and interference cases
3.4.1.1.3 Region B1 Results
Inversely to region A1 and E1, the triaxiality curves for the interference case is much
higher than for the clearance case for most of the duration of the test as seen in Figure 60. Even
though the clearance and no-interference (contact) triaxiality values are higher initially, the peak
value for the interference case (0.50) is much higher than for the no interference and clearance
cases (0.30 and 0.24 respectively). The three peaks occurred before 75 MPa of remote stress
were applied and then slowly converge to 0.1 at 275 MPa of remote stress before shooting up to
0.3 in the last 50 MPa of remote stress.
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Figure 60. Triaxiality factor in region B1 for clearance and interference cases
The Von-Mises stress is region B1 are shown in Figure 61. The three cases have very
similar level of Von-Mises stress throughout the test. The interference case starts higher than the
other two cases but quickly converges with them at 50 MPa of remote stress. Therefore, it can be
inferred that the differences in triaxiality observed in Figure 60 are mostly a direct result of
different levels of hydrostatic stress in the three cases.
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Figure 61. Effective stress in region B1 for clearance and interference cases
3.4.1.1.4 Region B2 Results
Although less drastic, region B2 exhibits a similar behavior to region B1. The
interference case displays higher triaxiality factor throughout the test as seen in Figure 62. The
triaxiality peak values were within 0.45 and 0.55 and occurred at roughly 225 MPa of remote
stress for the three cases. However, triaxiality was already close to peak value at 150 MPa of
remote stress. The three curves converged to 0.45 at 300 MPa of remote stress and stayed within
that range for the last 50 MPa of remote stress.
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Figure 62. Triaxiality factor in region B2 for clearance and interference cases
Von-Mises stress in region B2 tells a similar story to region B1 as shown in Figure 63.
Nonetheless, the interference case did not converge with the other two cases as rapidly as it did
in region B1. In region B2, the contact interface between plates plays a significant role in the
state of stress while in region B1, the fastener head contact also affects the state of stress. This
helps explains the difference in the triaxiality curves’ shapes between regions B1 and B2
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Figure 63. Effective stress in region B2 for clearance and interference cases
3.4.1.1.5 Region C1 Results
The triaxiality curves for region C1 for the clearance and interference cases have similar
shapes while the no-interference case (contact) case was slightly different. The peak triaxiality
values were 0.62 for the clearance and no interference cases and 0.51 for the interference case.
The peaks occurred at 65 MPa, 100 MPa, and 125 MPa respectively. When compared to region
B1, the triaxiality increases considerably for the clearance and no-interference cases while it
remained relatively unchanged for the interference case. However, the peaks occurred at higher
remote stress for all three cases in region C1 (i.e. 75 MPa vs 125 MPa for the interference case in
region B1 and region C1 respectively). In addition, the triaxiality curves did not converge at any
time which seems to be a predominant characteristic in all the other regions studied.
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Figure 64. Triaxiality factor in region C1 for clearance and interference cases
Von-Mises stress for region C1 are shown in Figure 65. The interference case had a
higher initial value than the other two cases and remained within that range for the entire test.
The clearance and no-interference case remained within 5% of each other throughout the
duration of the test with the largest difference occurring after 250 MPa of remote stress. Similar
to the triaxiality curves, the Von-Mises stress curves did not converge at any point.
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Figure 65. Effective stress in region C1 for clearance and interference cases
3.4.1.1.6 Region D1 Results
In region D1, the clearance and no-interference case started at a much higher value (0.45)
compared to the interference case (0.25) as shown in Figure 66. For the no-interference case, the
triaxiality factor remained at about 0.6 for most of the duration of the test. Similarly, the
triaxiality factor for the clearance case remained within 0.5 and 0.6 before converging with the
no-interference case at 250 MPa of remote stress. For the interference case, the triaxiality factor
was lower than the other two cases but quickly (after 50 MPa of remote stress) surpassed them
and also converged after 250 MPa of remote stress.
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Figure 66. Triaxiality factor in region D1 for clearance and interference cases
The Von-Mises stress curves for region D1 are highlighted in Figure 67. The stresses for
the three cases are very similar while the interference case only differs slightly at the start and
quickly converge after only 50 MPa of remote stress. Also, the initial Von-Mises stress for the
clearance and interference case is nearly 0 MPa. This confirms the results in section 3.3.6
concluding that preload has no effect on region D1 and the initial stress exhibited by the
interference case is a direct result of the interference fit itself.
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Figure 67. Effective stress in region D1 for clearance and interference cases
3.4.1.2 Main Part Only
For this parametric study, only the main full dog-bone specimen was used. 3 cases were
studied; No fastener, clearance, and interference. Although there was no joint in this study, the
fastener was used to understand how the fastener modeling method can affect the triaxiality
distribution.
Since only the main dog-bone specimen was used, the areas of interests were adjusted to
better capture the triaxiality distribution. Regions B1 and B2 were not taken into account because
the distribution was a reflection of region C1. In addition, a new region, F1, was identified since
it had considerably high triaxiality factors during the compression test. This region is the
equivalent size of region A1. Figure 68 highlights the regions of interest for this parametric
study.
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Figure 68. Regions of interest for the main part only parametric studies
3.4.1.2.1 Tension
3.4.1.2.1.1 Region A1 Results
The triaxiality distribution for region A1 is shown in Figure 69. For the no-fastener and
clearance cases the triaxiality factor remains constant at 0.40 up to 150 MPa of remote stress and
then increases slightly to 0.43. These two cases remain identical until roughly 250 MPa of
remote stress, when the clearance case gradually decreases. For the interference case, the
triaxiality factors are lower throughout the duration of the test and eventually reach a peak of
0.35 at the end of the test; roughly 325 MPa of remote stress. Interestingly, the clearance case
converged with the interference case at 325 MPa as well. This might be caused by the
compressive contact forces created when the hole is experiencing large plastic deformations.

84

Figure 69. Triaxiality factor in region A1 for clearance and interference cases in the main part
only under tension
Similarly, the Von-Mises stress distributions for the no-fastener and clearance cases are
identical up until 275 MPa of remote stress, where the slope of the clearance case is slightly
higher. This is a probable cause for the drop in triaxiality shown above. The interference case
Von-Mises stress starts much higher but then remains within 5% of the other two cases after 150
MPa of remote stress is applied. Since preload was not applied in any of the cases, the initial
stress for the interference case is caused entirely by the interference fit.
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Figure 70. Effective stress in region A1 for clearance and interference cases in the main part only
under tension
3.4.1.2.1.2 Region E1 Results
Triaxiality distribution in region E1 is similar to region A1. The clearance and nofastener cases have a constant triaxiality factor of roughly 0.44 - 0.45 with a slight drop to 0.42 at
275 MPa of remote stress. The triaxiality factor for the interference case starts lower than the
other two cases and increases linearly until it converges with the other two cases after 275 MPa
of remote stress was applied.
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Figure 71. Triaxiality factor in region E1 for clearance and interference cases in the main part
only under tension
The Von-Mises stresses for region E1 are also similar to region A1. The initial stress for
the interference case is lower than in region A1 and also remains within 5% of the other two
cases after 225 MPa of remote stress as opposed to 150 MPa in region A1. Similarly, there is a
slight difference between the no-fastener and clearance cases after 275 MPa of remote stress but
they remained within 5% of each other. The small difference, although subtle, can also be
observed in the triaxiality plot shown above
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Figure 72. Effective stress in region E1 for clearance and interference cases in the main part only
under tension
3.4.1.2.1.3 Region F1 Results
It was decided to study region F1 because it exhibit high triaxiality factors during the
compressive test. In the tensile test, it did not show any interesting characteristic except at low
remote stress for the interference case. Even then, the peak triaxiality for the interference case,
roughly 0.29, is below the uniaxial triaxiality factor; 0.33. By the time 200 MPa of remote stress
was applied, the triaxiality factor for the interference case was within 10% of the other two cases.
On the other hand, the triaxiality factor for the no-fastener and clearance cases remained mostly
constant at –0.39 with minor perturbations after 275 MPa of remote stress.
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Figure 73. Triaxiality factor in region F1 for clearance and interference cases in the main part
only under tension
The Von-Mises stress vs remote stress curves for region F1 are shown in Figure 74. The
stress reduction in the interference case along with the triaxiality plot indicates the area was preloaded in tension and then gradually loaded in compression. By the end of the test, the three
cases had Von-Mises stress within 5% of each other
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Figure 74. Effective stress in region F1 for clearance and interference cases in the main part only
under tension
3.4.1.2.1.4 Region C1 Results
In region C1, the no-fastener and clearance cases have equal triaxiality factor until 250
MPa of remote stress and then it diverges marginally. The triaxiality factor remains constant at
0.35 and then dips to 0.32 at 270 MPa of remote stress before going back to 0.35 at the end of the
test.
The peak triaxiality factor for the interference case is 0.62 and occurs near 70 MPa of
remote stress and then converges with the other two cases near the end at 300 MPa of remote
stress.
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Figure 75. Triaxiality factor in region C1 for clearance and interference cases in the main part
only under tension
In terms of Von-Mises stress, the no-fastener and clearance cases are identical throughout
the duration of the test. The Von-Mises stress vs remote stress can be observed in Figure 76. In
the interference case, the initial Von-Mises stress is higher than the other two cases but quickly
converges with the other two cases at 50 MPa of remote stress. Therefore, the differences
observed in triaxiality between the interference case and the other two cases is mostly a direct
result of the hydrostatic component
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Figure 76. Effective stress in region C1 for clearance and interference cases in the main part only
under tension
3.4.1.2.1.5 Region D1 Results
The triaxiality factors vs remote stress for region D1 is shown in Figure 77. Following the
same trend with all the other regions, the triaxiality factor for the no-fastener and clearance cases
is equal and constant throughout the duration of the test. In this region, there are very minimal
disturbances at the end of the test and as such the triaxiality factor for the clearance and nofastener cases was roughly 0.35.
The interference case in region D1 looks comparable to the one in region C1. The peak
triaxiality factor for the interference case was 0.63 and occurred near 25 MPa of remote stress as
opposed to 70 MPa in region C1. Similarly, the triaxiality factor for the interference case
converged with the other two cases near the end of the test at 275 MPa of remote stress.
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Figure 77. Triaxiality factor in region D1 for clearance and interference cases in the main part
only under tension
The Von-Mises stress in region D1 have barely any difference between the three cases as
seen in Figure 78. So similarly to region C1, the differences observed in triaxiality between the
interference case and the other two cases are the direct result of the hydrostatic component.
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Figure 78. Effective stress in region D1 for clearance and interference cases in the main part only
under tension
3.4.1.2.2 Compression
For the compression tests, the applied displacement, shown in Figure 19, was scaled by
minus (-1). The specimen tended to buckle before reaching the ultimate stress. Results were
truncated at the time the specimen buckled.
3.4.1.2.2.1 Region A1 Results
The no-fastener and clearance cases for region A1 stay within the (–) 0.39 - 0.45 range
throughout the duration of the test. Both cases also resemble the results from the tensile test
reflected about the horizontal axis. However, the interference case differs greatly from region A1
results of the tensile test. Instead, compressive results for the interference case in this region are
comparable to region C1 in the tensile test.
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The peak triaxiality factor for the interference case was 0.0 at the start of the test and
reached a minimum value of –0.77 at –130 MPa of remote stress. Then, it converged with the
other two cases near the end of the test as shown in Figure 79.

Figure 79. Triaxiality factor in region A1 for clearance and interference cases in the main part
only under compression
Although the triaxiality distribution in region A1 showed some similarities with its tensile
counterpart, the Von-Mises distribution had considerable differences. In this case, the no-fastener
and clearance cases only had equal value during the first –75 MPa of remote stress as opposed to
the full range for the tensile case. The clearance case had lower overall Von-Mises stress than the
no-fastener case and the interference case had the lowest stress after –60 MPa of remote stress.
The reduction in stress for the clearance and interference cases can be attributed to the fastener
presence since it limited the amount of compression the whole could experience.
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Figure 80. Effective stress in region A1 for clearance and interference cases in the main part only
under compression
3.4.1.2.2.2 Region E1 Results
Region E1 looks very similar to region A1. The no-fastener case stays within a (-) 0.390.45 range while the clearance case remains constant at –0.40. The interference case had a 0.0
initial triaxiality factor and a –0.61 peak that occurred at –91 MPa of remote stress. Then, it
converged with the clearance case at –0.40 by the end of the test. When compared to their tensile
counter parts, the no-fastener case is a good reflection about the horizontal axis, the clearance
case is slightly lower, and the interference case is different altogether.
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Figure 81. Triaxiality factor in region E1 for clearance and interference cases in the main part
only under compression
Once again, the Von-Mises stresses are similar to region A1 and are shown in Figure 82.
When compared to the tensile tests, the no-fastener and clearance cases diverged as opposed to
sticking together. The interference case had lower overall Von-Mises stress excluding the initial
value up to -45 MPa of remote stress.
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Figure 82. Effective stress in region E1 for clearance and interference cases in the main part only
under compression
3.4.1.2.2.3 Region F1 Results
Region F1 was identified as a region of interest because it exhibited positive triaxiality
during the compression test. The results for region F1 are shown in Figure 83. The no-fastener
case is mostly a horizontal line at –0.39 with a small increase to 0.41 at the end. The clearance
case was identical to the no-fastener case up to –75 MPa of remote stress and then decreased
considerably until it converged with the interference case at the end of the test. The interference
case had an initial 0.0 triaxiality factor and decreased in an almost linear-like manner to –0.38 by
the time the remote stress reached –350 MPa.
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Figure 83. Triaxiality factor in region F1 for clearance and interference cases in the main part
only under compression
The Von-Mises stress in region F1 are shown in Figure 84. The clearance and
interference case are equal until diverging after 100 MPa of remote stress. The interference case
started at roughly 225 MPa and increased steadily to almost 425 MPa. In addition, the
interference case did not exhibit a drop in stress in the 0 – 150 MPa remote stress range when
compared to the tensile test.
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Figure 84. Effective stress in region F1 for clearance and interference cases in the main part only
under compression
3.4.1.2.2.4 Region C1 Results
In region C1, triaxiality for the clearance and no-fastener cases stayed within (–) 0.290.35 and was mostly equal for both cases with slight differences in the (-) 250-300 remote stress
range. The interference had a 0.05 initial triaxiality factor and it decreased steadily until
converging with the other two cases at –0.29 at the end of the test. When compared to the results
from the tensile test, the no-fastener and clearance cases seem to be a reflection of each other. On
the other hand, the interference case was greatly different. The compressive results for region C1
had better resemblance to the tensile results in region E1. The opposite was true as well; tensile
results for region C1 had a resemblance to the compressive results for region E1.
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Figure 85. Triaxiality factor in region C1 for clearance and interference cases in the main part
only under compression
Von-Mises stress for region C1 are highlighted in Figure 86. The no-fastener and
clearance cases behaved in the same pattern as previous regions; they were equal initially and
diverged at roughly 100 MPa of remote stress. It is important to note that the clearance case VonMises stress converged with the interference case near the end of the test while in the previous
regions only got closer but did not converged. The interference case Von-Mises stress was a
linear curve from 50 MPa to 350 MPa
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Figure 86. Effective stress in region C1 for clearance and interference cases in the main part only
under compression
3.4.1.2.2.5 Region D1 Results
Triaxiality results for region D1 were very similar to region C1 as shown in Figure 87.
The no-fastener and clearance cases remained within (–) 0.3-0.35. They were equal until –100
MPa of remote stress and had very minor differences afterwards. The triaxiality factor for
interference case was initially 0.05 and decreased slowly to –0.31 when it converged with the
other two cases.
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Figure 87. Triaxiality factor in region D1 for clearance and interference cases in the main part
only under compression
The Von-Mises stress for region D1 also followed the same pattern as region C1. The
three cases were mostly linear. The interference case had the highest overall Von-Mises stress
followed by the clearance and no-fastener cases respectively. The clearance and no-fastener
cases had the characteristic feature that all the other regions have shown in the compressive test;
they remained equal until -100 MPa of remote stress and then diverged afterwards.
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Figure 88. Effective stress in region D1 for clearance and interference cases in the main part only
under compression
3.4.2

Tension vs Compression Full Specimen
For this parametric study, the full specimen was put under compression and the results

were compared to the baseline model; 0.1 coefficient of friction and 80% preload. For the
compression tests, the applied displacement, shown in Figure 19, was scaled by minus (-1). The
specimen tended to buckle before reaching the ultimate stress. Results were truncated at the time
the specimen buckled. For an easier comparison, the absolute remote stress values were used.
3.4.2.1 Region A1 Results
Triaxiality factors for region A1 are shown in Figure 89. Both cases had an initial –0.24
triaxiality factor. However, the tensile case increased steadily to a 0.36 peak by the end of the
test while the compressive case had ups and downs. The latter decreased to a low of –1.11 at 140
MPA of remote stress and increased to –0.50 by the end of the test. Comparing each case to their

104

respective main-only parametric study, it was observed that both cases have similar shape,
although different values, to their main-only counterpart.

Figure 89. Triaxiality factor in region A1 in the full specimen tension vs compression cases
The Von-Mises stress for region A1 is shown in Figure 90. The compressive case was lower and
remained below yield stress. On the other hand, the tensile case was much higher past the yield
stress. Both curves also had similar shape to their main-only counterparts.
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Figure 90. Effective stress in region A1 in the full specimen tension vs compression cases
3.4.2.2 Region E1 Results
Triaxiality factors in region E1 do not look much different from region A1, as seen in
Figure 91. The tensile case increased in a linearly fashion and reached a 0.41 peak by the end of
the test. On the other hand, the compressive case reached a –0.7 minimum peak at 125 MPa of
remote stress and then increased to –0.35 by the end of the test.
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Figure 91. Triaxiality factor in region E1 in the full specimen tension vs compression cases
The Von-Mises stress in region E1 also behaved in a similar fashion to region A1, as
shown in Figure 92. The tensile case was much higher and was past the yield stress while the
compressive case remained below yield stress.
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Figure 92. Effective stress in region E1 in the full specimen tension vs compression cases
3.4.2.3 Region B1 Results
Region B1 triaxiality factors for full specimen compression and tension are shown in
Figure 93. The tensile case had a 0.50 triaxiality peak at ~75 MPa of remote Stress. On the other
hand, the compressive case remained within -0.15 and 0 for the duration of the test.
Regarding Von-Mises stress, the compressive case had much higher values than the tensile test,
as seen in Figure 94.
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Figure 93. Triaxiality factor in region B1 in the full specimen tension vs compression cases

Figure 94. Effective stress in region B1 in the full specimen tension vs compression cases
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3.4.2.4 Region B2 Results
The absolute triaxiality factor peaks for region B2 were 0.51 and –0.38 for the tensile and
compressive cases respectively, as shown in Figure 95. Unlike the tensile case, the compressive
case triaxiality curve had a similar shape to its region B1 counterpart. In terms of Von-Mises
stress, the compressive case was much higher than the tensile case and both curves had similar
shapes to the ones in region B1, as seen in Figure 96.

Figure 95. Triaxiality factor in region B2 in the full specimen tension vs compression cases
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Figure 96. Effective stress in region B2 in the full specimen tension vs compression cases
3.4.2.5 Region C1 Results
Triaxiality curves for region C1 are provided in Figure 97. The triaxiality peaks were
0.57 and –0.55 for the tensile and compressive cases respectively. Although they had almost the
same absolute peaks, the tensile peak occurred earlier; at ~125MPa of remote stress, than the
compressive one; after 350 MPa of remote stress.
The Von-Mises Stress, shown in Figure 98, exhibit minor differences between the tensile
and compressive cases unlike other regions where large differences were present. When
compared to the main-only results, the full-specimen results are much lower due to the load
being transferred to the transfer part.
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Figure 97. Triaxiality factor in region C1 in the full specimen tension vs compression cases

Figure 98. Effective stress in region C1 in the full specimen tension vs compression cases
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3.4.2.6 Region D1 Results
Region D1 triaxiality curves are presented in Figure 99. The peak for the tensile case was
0.65 and occurred at 75 MPa of remote stress. The peak for the compressive case was –0.50 and
occurred after 350 MPa of remote stress.
The Von-Mises stress for the compressive case was higher for the compressive case in
region D1, as seen in Figure 100. Interestingly, the Von-Mises stress was higher in region D1
than region C1 for the compressive case. The opposite was true for the tensile case.

Figure 99. Triaxiality factor in region D1 in the full specimen tension vs compression cases
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Figure 100. Effective stress in region D1 in the full specimen tension vs compression cases
3.4.2.7 Region F1 Results
In all the other regions, the tensile case triaxiality factor was much higher than the
compressive case. That is not the case for region F1, as seen in Figure 101. The peaks were 0.04
and –0.80 for the compressive and tensile case respectively. In this region, both peaks occurred
at the end of the test. Surprisingly, the compressive case increased as the test progressed, which
was the opposite in the main-only study. The tensile case also showed significant differences
from the main-only study. In other words, this region seems to be greatly affected by the fastener
rotation and secondary bending. Von-Mises stress for region B1 is also shown in Figure 102.
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Figure 101. Triaxiality factor in region F1 in the full specimen tension vs compression cases

Figure 102. Effective stress in region F1 in the full specimen tension vs compression cases
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CHAPTER 4
SUMMARY AND CONCLUSIONS

A series of numerical analysis was done on a one half dog bone single shear lap joint
specimen. The specimen assembly consists of the main part, load transfer part, and the fastener
assembly. The main and load transfer part are made of AL 2024-T3 and the properties were
extracted from experimental tests carried out by Zinzuwadia [3]. The fastener assembly consists
of a HL18 pin made of steel and a HL70 nut made of aluminum. Chapter II provides more
information about the geometry of the specimen and the modeling techniques employed in this
study. The numerical analysis were performed using LS-DYNA.
The effects of friction and preload on the triaxiality distribution were explored in this
study. A series of parametric studies were also carried out to understand the effects of
interference and clearance fit as well as the presence of the fastener on the triaxiality factors. A
summary of the results and conclusions are presented in the following sections. It should be
noted that only a single transfer point was used in the specimen. Therefore, results could vary if
two or more transfer points (fasteners) are used.
4.1

Friction Comparison
Increases in friction resulted in an increase of the peak triaxiality factor for regions B1, B2,

and C1. The biggest variation in triaxiality factors occurred in regions B1 and C1. Both of these
regions were on the half thickness of the free surface side near the fastener head. For region D1,
there was no significant change in the triaxiality factor curves for higher friction. On regions A1
and E1, the triaxiality factors curves shifted to the right for higher friction coefficients which
resulted in lower triaxiality factors for the same remote stress. Interestingly, the strains in this
region were predominantly plastic. Further study is required to verify whether there is a
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correlation between plastic strains and higher friction which results in lower triaxiality factors.
Moreover, the peaks for all regions except A1 and E1 were usually 0.50 or higher and occurred at
low levels of remote stress and Von-Mises stress. From the Von-Mises stress plots, it can be
inferred that the changes in triaxiality factors were mostly due to increases in the hydrostatic
stress component. The triaxiality factor peaks and the remote stress at which they occurred are
summarized in Table 4.
TABLE 4
MAXIMUM TRIAXIALITY FACTORS IN THE FRICTION STUDY
Region
A1

E1

B1

B2

C1

D1

Case
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0
COF = 0
COF = 0.1
COF = 0.5
COF = 1.0

Max Triaxiality
0.38
0.37
0.36
0.35
0.42
0.42
0.41
0.40
0.42
0.49
0.56
0.58
0.50
0.52
0.57
0.57
0.54
0.57
0.63
0.65
0.64
0.64
0.65
0.65

117

Remote Stress (MPa)
339
341
347
351
339
341
346
350
71
74
75
71
224
221
201
208
115
120
135
175
72
76
76
61

4.2

Clamp-Up Comparison
Increases in preload resulted in a decrease of the triaxiality factor for regions A1, B2, and

E1. Region D1 showed no change in triaxiality factors throughout the simulations. Regions B1
and C1 displayed an increase in triaxiality factor as preload was increased. Surprisingly, for
preload higher than 50% of the average clamp-up force, the triaxiality factor decreased in region
B1. Further studies are required to understand the effects of the proximity to the fastener head on
the triaxiality distribution as preload increases. The effects of increased preload were usually
present below a remote stress of 250 MPa and diminished the closer the remote stress was to 250
MPa. From the Von-Mises stress plots, it can be inferred that the changes in triaxiality factors
were primarily due to increases in the hydrostatic stress component. The triaxiality factor peaks
and the remote stress at which they occurred are summarized in Table 5.
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TABLE 5
MAXIMUM TRIAXIALITY FACTORS IN THE CLAMP-UP STUDY
Region
A1

E1

B1

B2

C1

D1

4.3

Case
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%
Clamp-Up 0%
Clamp-Up 10%
Clamp-Up 50%
Clamp-Up 80%

Max Triaxiality
0.38
0.38
0.38
0.37
0.42
0.42
0.42
0.42
0.46
0.46
0.51
0.49
0.62
0.58
0.54
0.52
0.55
0.54
0.55
0.57
0.64
0.64
0.64
0.64

Remote Stress (MPa)
340
341
341
339
340
341
341
339
65
66
75
73
63
70
138
220
131
132
122
119
72
72
75
75

Fastener Clearance vs Interference
In this parametric study, it was observed that the type of fit had a noticeable effect on the

triaxiality distribution of the specimen. Even though the clearance and no-interference (contact)
cases had almost identical Von-Mises stress distribution, there were significant differences in the
triaxiality distribution; as observed in region C1. Region B1 had the largest difference in the 0-75
MPa remote stress range. However, the three cases usually converged at 250 MPa of remote
stress or later for most regions; excluding region C1.
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Although this parametric study demonstrated that there is a clear evidence that the
fastener fit and contact algorithm affect the triaxiality distribution for this specific specimen, a
more thorough study should be carried out to include different levels of interference and
clearance as well as different joint setups to identify threshold levels and determine if all
interference fits behave in the same manner. The triaxiality factor peaks and the remote stress at
which they occurred are summarized in Table 6.
TABLE 6
MAXIMUM TRIAXIALITY FACTORS IN THE FULL-SPECIMEN FASTENER FIT STUDY
Region
A1

E1

B1

B2

C1

D1

4.3.1

Case
Clearance
No-interference
Interference
Clearance
No-interference
Interference
Clearance
No-interference
Interference
Clearance
No-interference
Interference
Clearance
No-interference
Interference
Clearance
No-interference
Interference

Max Triaxiality
037
037
037
0.42
0.42
0.42
0.23
0.30
0.49
0.47
0.49
0.52
0.63
0.64
0.57
0.63
0.62
0.64

Remote Stress (MPa)
340
341
339
340
341
339
13
19
73
236
210
220
100
55
119
6
13
75

Main Part Only Tension
The results for the main part only under tensile loading showed that there is virtually no

difference between the no-fastener and clearance cases. However, it is important to note that
secondary factors such as fastener rotation and bending or secondary bending were not present in
this study. Therefore, results would only be applicable to cases where very little fastener
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deformation and secondary bending is present. On the other hand, interference fit makes a big
difference in the triaxiality distribution of the regions studied while the Von-Mises stresses
remained mostly unchanged. For regions A1 and E1, interference fit reduced the stress triaxiality
factor while for the rest of the regions; F1, C1, and D1, it increased it. Once again, these results
imply that fastener deformation or secondary bending is mostly absent.
4.3.2

Main Part Only Compression
Results from the compressive test showed that there were minor differences in the

triaxiality distribution between the no-fastener and the clearance cases (excluding region F1).
The interference case, however, was usually different. When compared to the tensile test, the
interference case for region A1 and E1 were comparable to region C1 in the tensile test and the
opposite was true as well. Similar to the tensile test, the results in this parametric study are only
applicable to cases with negligible fastener rotation and secondary bending.
Regarding the Von-Mises stress, a characteristic pattern was found; the no-fastener and clearance
cases remained equal up to –100 MPa of remote stress and then diverged slightly with the
clearance case being higher in regions F1, C1, and D1.
4.4

Tension vs Compression
The tension vs compression full-specimen parametric was carried out to observe the

differences in triaxiality factor in each of the regions when the specimen is being loaded under
tension and compression. An interesting pattern was found, the compressive peak for some
regions occurred near the end of the test while the tensile peak occurred before 150 MPa of
remote stress, such as for regions B1, B2, C1, and D1. The opposite was true as well for regions
A1 and E1; the compressive peak occurred before 150 MPa of remote stress while the tensile
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peak happened at the end of the test. Region F1 was the odd one with both peaks occurring at the
end of the test.
In addition, the tensile case's Von-Mises stress in regions A1 and E1 was considerably
higher than the compressive case. On the contrary, the compressive case had equal or higher
Von-Mises stress in the rest of the regions
4.5

Recommendations and Future Work
Based on the summary of results, triaxiality factors in a single shear lap joint are affected

by friction, clamp force, and type of fit. However, each parameter affects the triaxiality
distribution in a unique way. Therefore, identifying the operational load range is essential to
assert the effects of each parameter.
Region B1 is especially negatively affected by higher friction at low remote stress (50-100
MPa). This area is important because it is prone to fretting fatigue failures at low remote stresses.
Similarly, clamp-up force plays an important role in the triaxiality factors in region B2. Higher
clamp-up force reduces the triaxiality factor in the low remote stress range. Interestingly, any
change in the clamp-up force at higher remote stress had negligible effects in the triaxiality
factor of all regions.
In terms of type of fit, the results indicate that triaxiality is very sensitive to the type of fit
and contact algorithm used. The effects are present at all load ranges albeit at a lesser degree at
higher remote stresses. As a result, it is recommended that an appropriate modeling technique be
selected when dealing with interference fit applications. On the other hand, the main part only
tensile and compressive results showed that simplified modeling techniques could be employed
when fastener rotation and fastener bending is negligible. However, more in-depth studies are
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required to arrive to a final conclusion regarding the effects of fastener modeling techniques to
the triaxiality distribution.
Overall, it can be concluded that friction, clamp-up force, and interference fit have
significant effects in the triaxiality distribution of a single shear lap joint, but mostly in the low
remote stress range (0-150 MPa). It is recommended that appropriate attention be given to these
parameters when selecting a triaxiality failure criterion.
4.5.1

Future Work

To obtain a more complete understanding of the triaxiality distribution in single shear lap
joints and how it can be used to select appropriate modeling techniques and failure criteria, the
following are some areas that require in-depth analysis.
1. Study the triaxiality distribution for simplified bolt modeling techniques. Sometimes, a
detailed finite element model of the bolt is not possible but it could have a large impact in
the triaxiality distribution of the joint.
2. Additional investigation on the relationship between the parameters studied (friction,
clamp-up, and type of fit) through statistical analysis and design of experiments (DOE).
3. Expand the current study to include Lode parameter and/or principal stresses. It is
important to understand where the changes in triaxiality are coming from and what could
be done to take advantage of such behaviors.
4. Further analyze other types of heads (i.e. countersunk) and fastening systems (i.e. rivets)
to fully comprehend the effect of each parameter in different scenarios.
5. Study the parameters in this study on multiple fastener connections. It is important to
understand if the conclusions from this study are applicable to multi-row fastener
applications.
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APPENDIX A
HI-LOK FASTENING SYSTEM [47, 48]
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APPENDIX B
TRIAXIALITY DISTRIBUTION FOR THE 80% PRELOAD AND 0.1 COF

Triaxiality distribution in the main pat front face (free surface)
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Triaxiality distribution in the main part back face (faying surface)
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