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ABSTRACT
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Master of Science, Department of Mechanical Engineering
Supervisor: Asst. Prof. Mehmet Okan GORTAN

June 2023, 135 pages

Joining and assembly processes in mechanical design are performed by using permanent or
non-permanent methods. Among the non-permanent techniques, threaded fasteners are
commonly used mechanical components providing disassembly of the connections. The
connections consisted of bolt and nut, which are externally and internally threaded members,
are widely used in many engineering products because of the replaceable feature. Although
the bolted joints are particularly designed to carry axial forces, they can be subjected to not
only concentric loads but also eccentric loadings. Some of the eccentric loadings may lead
to prying action which raises the axial force carried by the bolt due to the contact occurring
between the connected members. In addition to the bending moment developed due to the
eccentric loading, the prying action affects the bolt by increasing excessively the axial force
carried by the bolt. The strength of the bolt in the joint decreases with regards to the level of
the eccentricity under the prying action with a combination of the two facts which are
bending moment and excessive tensile force. This additional tensile load is considered in the

studies investigating the bolted joints under the prying action, however, the bending moment



that occurred due to the eccentricity of the joint is not always an interested phenomenon.
Outcomes about the bolt bending moment occurred under prying action in the literature are
usually limited by only comments, and there are still unaddressed points about the bolt
bending deformation such as the location of the maximum bending moment and effects of
the preloading on the bending-tension interaction of the bolt. In this thesis, the bending
deformation mechanism of a bolted joint under prying action was studied comprehensively
by performing static structural finite element analysis considering the material, geometric
and contact nonlinearities. After introducing a brief background about the bolted joints under
the eccentric loadings and prying action, a comprehensive literature survey was presented.
The studies in the literature about the three-dimensional finite element modelling techniques
of the bolted joints, bolt bending, and prying action were explained in detail. The
experimental and numerical study programs were planned in accordance with the objectives.
Experimental studies were performed prior to finite element analyses to provide required
inputs such as material properties and displacement boundary conditions. Before presenting
the analysis results, the construction of the finite element analysis models was represented
in detail. The results obtained from the finite element analyses were presented in four
different sections. The force-displacement behaviour, strain-force variations throughout the
loading, and results of the mechanical parameters for all configurations and modelling
techniques were compared with the experimental results. After comparing the experimental
and numerical results, the modelling techniques were analysed in terms of the bending
deformation capability, and this feature was evaluated by using the bolt bending moment
results throughout the clamped region and bending-tension interaction curves. The bolted
joint configurations were also analysed by using three different pre-tightening force levels.
In conclusion, the structural response of a bolted joint involving a partially threaded fastener
under prying action was comprehensively evaluated by considering the bending deformation
capacity. For the flexural features of the studied bolted joint type under prying action, finite

element analysis modelling issues and design considerations were presented.
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OZET

CIVATA EGILME DEFORMASYONU UZERINE DOGRUSAL
OLMAYAN SONLU ELEMANLAR ANALIZLERI

Ahker Giines DILBER

Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Damsmani: Dr. Ogr. Uyesi Mehmet Okan GORTAN

Haziran 2023, 135 sayfa

Mekanik tasarimda birlestirme ve montaj islemleri kalict veya kalici olmayan metotlar
kullanilarak gergeklestirilir. Baglantilarin sokiilmesini saglayan mekanik parcalar olan vidali
baglant1 elemanlar1 kalici olmayan teknikler arasinda ¢ogunlukla kullanilmaktadir. Distan
ve i¢ten vidali baglant1 elemanlar1 olan civata ve somundan olusan baglantilar miihendislik
driinlerinin ¢ogunda degistirilebilir 6zelliklerinden 6tiirli yaygin olarak kullanilmaktadir.
Civatali baglantilar 6zellikle eksenel yliklerin taginmasi igin tasarlanmis olsalar da sadece
eksenel degil ayrica eksenden kagik yiliklemelere de maruz kalabilirler. Eksenden kagik
yuklemelerin bazilar1 baglanan parcalar arasindaki temastan kaynaklanarak civata tarafindan
tasinan eksenel kuvveti artiran kanirtma etkisine neden olabilirler. Eksenden kacik
yuklemeden olusan egilme momentine ek olarak, kanirtma etkisi, civata tarafindan tasinan
eksenel kuvveti yogun bir sekilde artirarak civatay: etkiler. Eksenel kacikligin seviyesine
bagli olarak civatanin dayanimi, egilme momenti ve fazladan c¢ekme kuvvetinin
kombinasyonu ile kanirtma etkisi altinda azalir. Fazladan ¢ekme kuvvetine, kanirtma etkisi

altindaki civatali baglant1 ¢alismalarinda dikkate alinmaktadir, ancak, baglantinin eksenel



kagikligindan otiirii olusan egilme momenti her zaman ilgilenilen bir fenomen degildir.
Literatiirdeki kanirtma etkisi altindayken olusan civata egilme momenti ¢iktilar1 genellikle
sadece yorumlarla smirli kalmaktadir ve maksimum egilme momentinin konumu ile
onyliklemenin civata egilme-cekme etkilesimine olan etkisi gibi civatanin egilme
deformasyonu hakkinda agiklanmamis noktalar bulunmaktadir. Bu tezde malzeme,
geometrik ve temas dogrusalsizliklarinin ele alindigi statik yapisal sonlu elemanlar analizleri
gergeklestirilerek kanirtma etkisi altindaki bir civatali baglantinin egilme deformasyonu
mekanizmasi kapsamli bir bigimde ¢alisilmistir. Eksenel kacik yiikleme ve kanirtma etkisi
altindaki civatali baglantilar i¢in kisa bir temel bilgi aktarildiktan sonra genis kapsamli bir
literatlir aragtirmasi sunulmustur. Civatali baglantilarin ti¢ boyutlu olarak sonlu elemanlar
modelleme teknikleri, civata egilmesi ve kanirtma etkisi hakkinda olan literatiirdeki
calismalar detaylica aciklanmistir. Deneysel ve niimerik calisma programlar1 hedefler
dogrultusunda planlanmistir. Malzeme 6zellikleri ve deplasman sinir kosullar1 gibi gerekli
girdilerin saglanmasi i¢in sonlu elemanlar analizleri Oncesinde deneysel ¢aligmalar
gerceklestirilmistir. Sonlu elemanlar analizi modellerinin yapisi, analiz sonuglarinin
sunulmasindan once detaylica agiklanmigtir. Sonlu elemanlar analizlerinden elde edilen
sonuclar dort farkli bolimde sunulmustur. Kuvvet-deplasman davranisi, ylikleme boyunca
gerinim-kuvvet degisimi ve biitiin konfigiirasyonlar ile modelleme teknikleri igin mekanik
parametrelerin sonuglart deneysel sonuglar ile karsilastirilmistir. Modelleme teknikleri,
egilme deformasyonu kapasitesi kapsaminda deneysel ve nilimerik sonuglarin
karsilastirilmasindan sonra analiz edilmistir ve bu olgu, gerilmeye maruz kalan bolge
boyunca olan civata egilme momenti sonucu ile egilme-¢ekme etkilesim egrisi kullanilarak
degerlendirilmistir. Civatali baglant1 konfigilirasyonlar1 ayrica tli¢ farkli dnyiikleme kuvvet
seviyesi kullanilarak analiz edilmistir. Sonug olarak, yarim pasolu bir baglanti elemani
igeren bir civatali baglantinin kanirtma etkisi altindaki yapisal tepkisi, egilme deformasyonu
kapasitesi dikkate alinarak kapsamli bir bigimde degerlendirilmistir. Calisilan civatal
baglant1 tipinin kanirtma etkisi altindaki egilmeye iligkin olgular1 i¢in sonlu elemanlar

analizi modelleme hususlar1 ve tasarim degerlendirmeleri sunulmustur.

Anahtar Kelimeler: Sonlu Elemanlar Analizi, Civatali Baglanti, Kanirtma Etkisi, Civata
Egilmesi, T-Stub.
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1. INTRODUCTION

1.1. Background

A bolt is a term which is used for representing a threaded fastener designed for the use in
conjunction with a nut to clamp together two or more parts in an assembly [1], while the
term of the screw is generally used to describe a threaded fastener used in the joint which
one of the members in the connection has internal threads. The assembly consisted of bolt
and nut, which are externally and internally threaded members, is extensively used in
engineering products by the reason of replacement feature and simple installation [2]. An

outline for the bolted joint types can be given in Figure 1.1 as mentioned in VDI 2230 [3].

Single-bolted joints Multi-bolted joints Bolied joints

concentric or eccentric in a plane axial symmetry symmetrical asymmetrical bolt axes
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Figure 1.1. Outline for the bolted joint types [3].

Bolted joints are generally subjected to not concentric loads although they are specially
designed for carrying axial loading. The eccentric loadings may cause the bolt to not only
carrying axial load but also exposed additional axial load and bending moment. As shown
in Figure 1, nearly all the load cases can induce such eccentric loads on the bolts. Some of
the eccentric loadings lead to prying action which increases the axial load on the bolt due to



contact nonlinearity. Prying is the noun form of the verb “pry” which is defined as using the
force to separate something from something else according to the Oxford Advanced
American Dictionary [4]. This effect occurs when the external load applied on the bolted
joint is not concentric with the bolt center axis. The prying action affects the bolt by

increasing the axial load on the bolt due to contact nonlinearity [4].

The strength of the bolt in the joint decreases with regards to the level of the eccentricity
under the prying action with a combination of the two facts which are bending moment and
excessive tensile force. This additional force is generally considered at the studies
investigating the bolted joints under the prying action, however, the bending moment
occurred due to the eccentricity of the joint is not always the interested phenomena.
Outcomes about the bolt bending moment under prying action in the literature are usually
limited by only comments, and there are still unaddressed points about the bolt bending

deformation at the literature.

In addition to lack of attention on the bolt bending deformation under the prying action, it is
important to evaluate the bending-tension interaction of the bolt under the prying action by
using engineering approaches. Numerical and experimental studies can generally give more
accurate results than analytical methods due to the nonexistence of a comprehensive
analytical formulation. On the other hand, numerical approaches are more popular than the
experimental works among the literature because of the high financial and time costs. In
brief, the finite element method which is one of the widely used numerical methods for the
structural analysis can be appropriate for investigating the bending-tension interaction of the

bolt under the prying action.

The bending deformation behaviour of a fastener at a bolted joint under the prying action
was studied comprehensively in this thesis by using static structural finite element analysis.
Different finite element modelling techniques of the bolted joints were examined. A novel
modelling technique was also proposed for evaluating the bending deformation response of
the bolted joint. The results of the finite element analyses were compared with several
experimental studies. The bending-tension interaction of the bolted joint studied in this thesis



was evaluated with respect to such parameters as the eccentricity of the load, strength grade
of the bolt and bolt preload level.

1.2. Objectives

Performing a detailed study on the bending deformation characteristics of the fastener at a
bolted joint under the prying action was aimed in this thesis by using finite element analysis.
Global force-displacement response of the bolted connection, bending moment change along
the longitudinal axis of the fastener, axial force and bending moment carrying ratios
throughout both the elastic and plastic loading phases will be investigated by comparing
different finite element modelling techniques of the non-preloaded bolted joints. A novel
modelling method will be introduced while performing comparisons, and the outcomes will

be supported by the experimental results.

After selecting the proper modelling method, bending moment change along the longitudinal
axis of the fastener and axial force and bending moment carrying ratios throughout both the
elastic and plastic loading phases will be studied for the preloaded bolted joints with respect
to different preload levels.

Because the flexural capacity of the finite element modelling technique may affect the
bending deformation behaviour of the bolted joint, the outcomes obtained from comparison
of the modelling techniques can be used by engineers and academicians who desire to
consider the bending deformation response of the bolted joint under the prying action.
Aspects of the effects of such parameters as the eccentricity of the load, strength grade of
the bolt, and bolt preload level on the bending deformation characteristics of a fastener can

also be used by professionals.

1.3. Limitations

Numerical and experimental studies within the context of this thesis were carried out by
applying monotonic loading under static conditions. Static structural finite element analyses
were performed for the numerical studies by the implicit solver. Thermal and dynamic

effects were not included in studies, and they were neglected.
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There are some disregarded features of geometric and material properties for the finite
element modelling technique of the bolted joint. The helix angle was neglected while
modelling the threads of the bolt. The damage properties of the materials used in the studies
were also neglected. The post-necking behaviour of the materials was represented by

extrapolating the strain-hardening behaviour.

1.4. Structure of the Thesis

A brief background about the topic of the thesis was expressed by mentioning objectives and
limitations in the introduction part. At the literature survey part, the studies for the three-
dimensional finite element analyses for the bolted joints, bolt bending phenomenon, and
prying action were shared. Because of the widespread usage of bolted joints, not only the
mechanical engineering field but also civil and aerospace engineering studies were also
searched. The configurations and results of the conducted tests were given at the
experimental study part. Finite element modelling parameters and bolted joint modelling
techniques were highlighted at the part of the finite element models. After expressing the
features of the finite element models, the results were shared, where the bolted joint models
were evaluated in terms of force-displacement response, bolt force, and bolt bending
moment by comparing the experimental and numerical results. Computational efforts were
also compared in terms of CPU time. Some consideration items which cannot be included in
the experimental program such as bolt preload were also studied, and their results were
shared at the part of the results. In the final section of this part, the modelling techniques

were overviewed. Lastly, the results were discussed, and future studies were emphasized.



2. LITERATURE REVIEW

2.1. Introduction
The studies related to the demand on the three-dimensional finite element analysis of the
bolted joints with different modelling techniques of the fasteners, the bolt bending

deformation, and prying action are presented in this section of the thesis.

There can be several reasons to construct a finite element model consisting of a bolted joint
in terms of the aim of the studies. Yilmaz investigated the effect of the main contact
parameters which are contact stiffness factor, penetration tolerance factor, and contact
algorithm on the accuracy and solution time of the finite element analysis of a bolted flange
joint [5]. Yildirim used a bolted flange connection to develop a methodology for utilizing
artificial neural network approximation of finite element analysis database [6]. Kumar et al.
studied the bolted flange joint of a pressure vessel under internal pressurization by

considering plasticity and contact effects by using a three-dimensional finite element model

[7].

A remarkable number of engineering problems in the field of structural mechanics may not
be solved by using two-dimensional assumptions, such as plane strain or axisymmetric
modelling, due to geometry, loads, and boundary conditions. In addition, a bolted joint can
be given as an example that prevents it to be applied in two-dimensional finite element
modelling techniques. Constructing a two-dimensional finite element model neglecting the
geometry of the bolted joint can cause discrepancies in the results. Mistakidis et al. proposed
a two-dimensional plane stress T-Stub finite element model including a bolted joint,
however, the force-displacement curve of the two-dimensional model is not quite accurate
with experimental results [8]. Some discrepancies were also observed in the load-
deformation response between numerical and experimental results of a T-Stem connection
with bolted joint in [9]. A simplified two-dimensional finite element model was proposed
based on component approach with 1-node and 2-node elements to represent the actual T-
Stub behaviour in [10]. Although the proposed two-dimensional finite element model is
easily applied and occasionally accurate with experimental results, it was shown that the

proposed model was not robust in terms of the results shared in this study [10]. In
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consequence, constructing the finite element model of a bolted joint three-dimensionally can
be obligatory with respect to the engineering problem.

One of the reasons for the finite element modelling of the bolted joint with the three-
dimensional approach is the bending deformation of the bodies under eccentric loadings.
Because the bolts can be subjected to eccentric loadings such as prying action throughout
their life cycle, bolt bending can be regarded as a possible deformation mode at the bolted
joint under prying action. Although there is a significant number of studies that investigate
the response of the bolted joints under the prying action in the literature, the bolt bending
phenomenon under this type of loading was not evaluated as much as the global deformation
behaviour of the bolted joint. The bolt bending deformation was not included in the study of
simulating the prying action on the T-Stub with bolted joints by a finite element model in
[11]. A mechanical model was developed to investigate the effect of the contact forces
between members in the bolted joint assemblies on the behaviour of bolted T-Stub and L-
Stub connections in tension by Couchaux et al., but the flexural rigidity of the bolt, bending
deformation of the bolt in other words, was neglected and not included in this mechanical
model [12]. Y1ilmaz did not mention the bolt bending deformation although the prying action
was considered in the finite element analysis of the bolted flanges [5]. Some studies did not
examine the bolt bending even the eccentric loading or prying action is present in the
investigated finite element models of these studies with different model configurations such
as bolted flange, end-plate, and welded T-Stub connections [13 - 17]. The detailed

information for the bolt bending deformation from the literature will be given in Section 2.3.

2.2. Three-Dimensional Finite Element Modelling Techniques of the Bolted Joints

In the case of representing the static structural response of a bolted joint under monotonic
loading, the finite element modelling techniques of the bolts vary with respect to the
objectives of the corresponding analysis. These methods can be varied with respect to their
modelling efforts for the engineering problem, providing outputs, and contribution to the
load path and global stiffness of the structure. For this reason, the variety of the modelling
technique of the bolts in the three-dimensional finite element analysis may be in the most

primitive version as well as the most realistic form.



The general modelling methods of the bolted joints in the three-dimensional finite element
analysis are demonstrated from the most primitive version to the most realistic form as
follows. The most primitive modelling technique of the bolted joint can be seen in Figure
2.1 [4]. In this type of method, the fasteners in the joint are completely disregarded and the
interface of the members are bonded to each other to maintain the load path. The stiffnesses
in terms of the geometric and material characteristics of the fasteners and contact
nonlinearity caused from the contact between the fasteners and members in the joint cannot

be included in the analysis in this type of method.

(@) (b)

Figure 2.1. (a) The bolted joint with emphasizing the pressure cone lines, (b) The

representation of the joint modelling by completely disregarding the bolts
(Interface of the members are bonded to each other along the pressure cone

area).

To include the geometric and material stiffness of the fasteners, the joint can be modelled by
using a finite element connector which is a one-dimensional member generally used in the
finite element analysis to model mechanical relationships between structural components in
an assembly [18]. It is important to mention that the connectors can be chosen also as rigid
which makes the connection stiffer than the elastic one. A representation of a bolted joint by



using a connector is given in Figure 2.2, the detailed information for the attachment of the
connector onto the members in the joint can be found in the Finite Element Models Section.

() (b)
Figure 2.2. (a) The bolted joint, (b) The representation of the bolted joint modelling by using

a connector (The connector end points are linked with the contact area of the bolt

head and the nut, or washers if included).

There are several improvement studies for the finite element connector to include different
nonlinearities and deformation modes such as bolt bending. A nonlinear finite element
connector was proposed by Verwaerde et al. to reflect the tangential behaviour in the normal
plane of the connector axis for providing frictional contact between the members in the joint
by considering axial and bending stiffness of the bolt. However well agreement between the
three-dimensional reference model and the connector model and a significant computational
effort reduction was obtained, the proposed connector can be used in linear elastic range and
under small-perturbations assumption [19]. The axial, bending, shear, and bearing
characteristics of the bolt was represented by using different finite element connectors in the
model proposed by Askri et al. Reduction for calculation times while providing a good



estimate for the mechanical response of the bolted joint assembly was obtained in this study,
but any information was not shared for the bending deformation mode performance of the
proposed method [20]. It is not always necessary to reflect the geometric stiffness by
defining a finite element connector as the study by Razavi et al. The required degree of
freedom adjustments for bolt axial and bending stiffness to maintain connector behaviour
were arranged by background code implementation. The proposed algorithm was verified
by using an experimental investigation from the literature, but no results were given for the
bending deformation characteristics of the proposed method [21]. As shown by using
examples from the literature, finite element connectors can provide to represent the stiffness
of the bolt in terms of geometry. Stress output cannot be obtained from the finite element
connector, and nonlinearities such as material and contact are not included in this technique.
It should be also mentioned that using finite element connector may not provide satisfactory

results to represent the bolt bending behaviour based on the studies referred above.

The usage of the elastic beam element for representing the bolts is similar to the finite
element connectors. There are several similarities with respect to modelling opportunities
such as arranging the bolt stiffness and being a one-dimensional element. However, stress
and strain outputs can be obtained from the beam elements while the finite element
connectors cannot provide them. The usage of the elastic beam element took part in the finite
element modelling technique for the bolted joints in the literature. Blachowski and Gutowski
used the beam elements to represent the bolts in a circular bolted flange connection at the
telecommunication tower [22]. Kim et al. include the modelling technique with beam
element to their study which is about comparing the modelling techniques of the bolted joints
[23]. When the bolt is not fully threaded and has a shank region with a threaded region inside
the grip length, the bolts can be modelled with different sections or equivalent sections by
arranging the geometric and material stiffness as schematically represented in the study for
the development of a calculation macro-model for the sizing of aircraft wheel fasteners as
shown in Figure 2.3 [24]. Besides the easy implementation and relatively low computational
effort, some three-dimensional effects such as stress distribution in the cross-sections and
contact nonlinearities cannot be included in the three-dimensional finite element analysis for

the bolted joints by the usage of the beam elements.
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Figure 2.3. Schematic view of the construction of the equivalent beam element modelling of
the bolted joint by considering axial and bending stiffness including geometric
properties (subscript ‘s’ represents the shank region of the bolt, subscript ‘t’
represents the threaded region of the bolt, and subscript ‘eq’ represents the new

equivalent beam element).

To include the three-dimensional effects, the bolts can be modelled by using solid elements
which are three-dimensional elements by facing up to increase in the computational effort.
The three-dimensional modelling techniques have also different versions from primitive to
realistic forms. Wu et al. showed the simplified bolt models commonly used in the literature
as given in Figure 2.4 (a). In these types of methods, the threaded regions and contacts are
not included in the model, instead, this threaded region is replaced by a cylinder with respect
to chosen approach. As shown in Figure 2.4, the clamped region can be modelled with a
uniform cross-section or stepped regions with different cross-sections and lengths. In this
study, it was mentioned that bolted joint modelling techniques with uniform cross-sections
generally overestimate the amount of the deformation at the failure because of neglecting
the plastic deformation mechanism on the threaded part. Wu et al. obtained that the proposed
model overestimates the bolt stiffness between 9 and 20%, and load-carrying capacity of the
bolt and ductility results are consistent with the refined finite element model which was
constructed by using the most realistic form of the bolted joint model. Not including the
contact between the external and internal threads on the bolt and the nut affected the
computation effort positively by not requiring longer running time. [25]. These primitive
forms of the three-dimensional modelling method of the bolts can be found in different

configurations as shared in [2, 4, 11, 26-29].
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(@) (b)
Figure 2.4. (a) The bolted joint. The most common finite element modelling techniques of
the bolts at the clamped region of the joint by using (b) only minor diameter, (c)
only major diameter and (d) both the minor and major diameter to separate the

shank and threaded region.

The extent of the finite element model of a bolted joint can be enhanced further by including
the contact phenomenon between the internal and external threads on the nut and bolt.
However, this method may cause an increase in computation effort and convergence
problems. A finite element analysis tool helps to overcome these problems by not including
the threads physically but making the computations by considering the contact between the
mating threads. Soderlund demonstrated the advantages and disadvantages of this modelling
technique and compared the computational effort of this method with other techniques [29].
Although this method has remarkable features among the other modelling techniques in
terms of representing the contact between the threads, there is a considerable time
consumption with respect to methods without threads.

There are several studies that the threads are included for the finite element modelling of the
bolted joint by physically modelling the internal and external threads on the nut and bolt.
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The threads can be modelled with helix angle or not. Molnar et al. constructed finite element
models for investigating the sufficiency of the numerical analysis of the bolted joints. In this
study, threaded contact and bonded contact between the bolt and nut were compared with
ignoring the helix angle of the threads. It was obtained that bonded contact modelling
between the nut and the bolt increases the rigidity of the joint by approximately 10%
compared to threaded contact, but this result was not proved to any experimental work in
this study [30]. Finite element models of the bolted joints including helix angle are not rare
in the literature although they generally cause high computational and modelling effort
including convergence problems. The inappropriate transition for the run-out region for
helical threaded geometry can cause also geometric faults. Bommisetty and Narayanan used
helical thread geometry in their study for the three-dimensional finite element analysis of the
bolted joint of a flange connection [31]. Hu et al. included the helical threaded geometry
while investigating the mechanical performance of the high-strength 8.8 grade bolts
subjected to tensile loading [32]. The geometric fault for the run-out region and the sudden

transition can be seen clearly in [32, 33].

When the threaded bolts are modelled with helix angle, the pretension cannot be done
directly with an embedded finite element tool which is generally known as bolt load and
becomes a concern for the modelling procedure. Different configurations take place in the
literature for applying the bolt preload for this situation. Firstly, the bolt pretension can be
maintained by the tightening torque applied to the bolt head or nut directly [34, 35]. This
tightening torque can be also applied by shear stress on the outer surfaces of the nut indirectly
as given in Figure 2.5 [33]. Secondly, rotating the nut with respect to corresponding angular
displacement for the required force is a way to apply the tightening force. The method is

shown in Figure 2.6, and it is known as the “turn-of-nut method” [36, 37].

2.3. Bolt Bending

Depending on the loading type and conditions, bending deformation can be occurred on the
bolts throughout their life, and this bolt bending deformation may be investigated for the
evaluation of static strength, fatigue limit, or stress concentration of an individual bolt or
different bolted joint types. A flange connection of the pressure vessel under the internal

pressurization is one of the main joint types including the bolt bending deformation. Kumar

12



et al. studied the static response of a bolted flange joint of a pressure vessel under the internal
pressurization, and they mentioned that this loading bent the bolt by causing approximately
40% bending distribution throughout the bolt cross-section [7]. Abid observed the bolt
bending deformation at the gasketed flange joints under internal pressure loading [38]. Abid
and Nash highlighted bolt bending as one of the main factors affecting the fatigue
performance of both gasketed and non-gasketed flange joints [39].

Figure 2.5. Application of the tightening torque by using shear stress on the outer surfaces

of the nut indirectly.

Figure 2.6. The representation of the “turn-of-nut method” method which is a way to apply
the tightening force by rotating the nut with respect to corresponding angular

displacement for the required force is a way [36].

Structural shapes such as buildings and towers built by using constructional steel also contain
connections including fasteners exposed to bolt bending. Before introducing the bolt bending
phenomenon among the structural shapes, the following explanations can be useful for the

reader. Differently from the pressure vessels, these shapes may have also flange connections.
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They contain several structural bolted joint types, and the beam-to-column, column-to-
column, clip-angle and end-plate connections are some types of those joints.

Under the axial force in the beams, Dinu et al. observed strength reduction between 15% to
30% on the bolts at the beam-to-column connection due to the bending moment developed
in the bolts [40]. Liu et al. experienced that the shank of the bolts of a flange joint at the
column-column connection of a prefabricated multi-high-rise steel structure can be subjected
to both tensile force and additional bending moment under a combination of bending
moment and shear force [41]. Bending deformation of the bolt in a clip-angle connection
which is a similar configuration with beam-to-column connection was also seen under the
axial force in the beams and occurred in the underneath of the bolt head [42]. Bai et al.
mentioned that the bolts in the end-plate connection which is also a similar configuration
with beam-to-column connection are not only under tension, but they can be also subjected
to bending moment, and this situation was pointed out as a remarkable influence on the
strength of the bolts [43]. The bolt bending deformation was observed from different
configurations of the structural shapes in the studies, however, this fact was not evaluated
adequately by many of the studies while the importance of the bolted connections increases
against the welded connections in the structural shapes for its ductile performance due to
catastrophic failures caused by the structural weakness and brittle fracture of the welded

connections at the major earthquakes [42-44].

Because the bolt bending phenomenon is an undesired situation for the life-cycle of the bolts
due to strength reduction, some preventative methods secured by patents were developed to
eliminate the occurrence of the bending moment on the bolts. Two of them are given in
Figure 2.7 and Figure 2.8. as examples, and components and detailed information can be
found in [45, 46]. These methods may eliminate the bolt bending deformation; however,
they are not standard products, can produce some geometric limitations in the design, and
their preload maintenance is not clearly defined. These factors may limit the widespread

usage of these patents.

After representing the mechanical systems that the bolt bending occurs and preventing
methods, the formation of the bolt bending can be expressed from this point. This
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deformation behaviour generally occurs under two different configurations which are bolted

joints under eccentric loading or deviation on the contacting surfaces.
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Figure 2.7. Two-piece washer for minimizing bolt bending (a) undeformed, (b) deformed

configuration [45].

The surface flatness of the joint members is not the subject for the bolt bending phenomenon
of this study, nevertheless, some of the literature studies about this configuration will be
given. Non-parallel contact between the fasteners and the surface of the joint affects the
tension response while the preloading sequence and may significantly reduce the reliability
of the bolted joint due to the high stress concentration in the small initial contact region,
which may cause plastic deformation and damage the joint area [47]. In other words, the
non-parallel contacting surfaces cause bending moment in bolted joint due to the inclination

on one or both of the surfaces, resulting in the surplus of the integral of thread contact force,
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which leads to the extra contact and lateral pressing in mating threads [29, 35]. The imperfect

joint face angularity of this non-parallel contact can be seen in Figure 2.9.

(@) (b)

Figure 2.8. Moment relief barrel washer (a) undeformed, (b) deformed configuration [46].
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Figure 2.9. Surface inclination [48].

Yang and Nassar considered the bolt bending deformation while proposing an analytical
model for the effect of wedge contact on the loosening performance of a bolted joint under
the transverse cyclic loading. They concluded that a large bending moment raised from the
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eccentrically concentrated load can be occurred when the wedge angle is large enough [49].
Similar results were observed also in the study of which the effect of the non-parallel contact
of the members in a bolted joint on the fasteners while the preloading sequence was
investigated [34]. As the inclination angle of the bolted joint increases, the bending moment,
the additional torque and the preload deviation increase nearly proportionally during the
preloading phase, and consequently, the deviating surfaces induce high stresses and
especially create a larger stress amplitude which will lower the fatigue strength limit [29,
35].

After a piece of brief information for the bolt bending caused by the surface deviation, the
literature content of the bolt bending caused by eccentric loading can be highlighted. The
interest for the bolt bending deformation under eccentric loading is not a trending topic
among the bolted joint literature, moreover, a remarkable number of studies have been done
throughout the years. The compliance of the connected parts was pointed as the main factor
affecting the bending stresses in the bolt at one of the earliest studies, and it was mentioned
in this study also that the additional bending deformation on the bolt may influence the
strength and reliability of a bolted assembly under the eccentric loading [50]. In the earliest
studies, it is worth mentioning that there are methodologies that were proposed by using the
theory of elasticity approach for the bending moment occurred in the bolts at the T-flanges
and pipe flanges under the external loads [51-54]. Besides the analytical formulations, the
studies for the mechanical models are also found from the literature for the bolted joints
under the eccentric loading in the 20th century. At two of these studies, mechanical models
consisted of linear springs and beams for the bolted joints were proposed by considering the
bending moment occurred in the bolt due to eccentric loading, however, they could be only
validated with the experimental or numerical studies including small eccentric loading [55,
56]. The importance of the consideration for the additional bending stress occurred in the
bolt under the eccentric loading was procured from the analytical calculations and
mechanical models given in some of the earliest studies [51-56].

The significance of the bolt bending phenomenon is also stressed in many of the studies
including different bolted joint configurations such as flanges and structural connections. By

the development of the computational tools, the usage of the finite element method for the
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structural analysis of the bolt bending deformation behaviour under the eccentric loading has
been involved in the literature. The finite element analysis was used to demonstrate the
strength reduction in the T-Stub connections due to the bending of the bolts in [57], however,
this bending deformation was only related to the flange deformability, and not evaluated
comprehensively in this study [57]. The deterioration of the ultimate strength was observed
in the clip-angle connection which is another structural joint due to bending deformation of
the bolt by finite element analysis in [42], but it was not observed an evaluation for the bolt
bending in this study also [42]. There are more examples which barely mention the bolt
bending at the bolted structural connections by the usage of finite element analysis.
Blachowski and Gutowski observed the presence of the bending moment in the bolts at the
circular flange connection under the eccentric loading, however, they only pointed this
deformation out by comments merely [22]. Although the bending moment in the bolts may
highly influence the maximum stress, which is a critical design parameter, Pedersen slightly
referred to the importance of the bending moment occurred in the bolt at the L-flanged
connection [58]. The observation by Couchaux et al. stressed that failure of the bolts at the
circular flange connection can be concluded by combined tension and bending under the
eccentric loading, but this outcome was not evaluated clearly at their finite element analyses
in this study [59].

Eccentric loading can be seen also in the leakage studies which are done for the bolted
flanges under the internal pressurization. The resultant force created by the internal
pressurization is carried eccentrically by the bolts at the flange joints because of the geometry
of the connection. Abid mentioned the bolt bending deformation at the flange joint under the
internal pressurization, but this phenomenon was not evaluated comprehensively in this
leakage study [38]. Khan et al. performed a three-dimensional finite element analysis study
to investigate the effect of the different bolt preload sequences on the sealing performance
of the flange joint under the internal pressurization and axial loading, and they observed that
the bolts bent more at ASME preload strategy than the industrial one at the end of the total
loadings. Although this is an important outcome for the bolt bending phenomenon, the
results for this deformation were limited by sharing only the stress distribution of the bolts
[60].
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Despite the studies given above for bolt bending, some bolted joint studies in the literature
comprehensively evaluated the bolt bending phenomenon. Abidelah et al. have modified a
conventional mechanical model for the eccentric bolted joint by adding a rotational spring
for the stiffness analogy to simulate bolt bending which is neglected in the conventional
model. The comparisons between the finite element analysis and mechanical model show
that the modified model represents well the response of the T-Stub connection while
considering the bolt bending. Furthermore, the results of the bending ratios up to 55% at the
bolts under the eccentric loading pointed the necessity of including the bolt bending effect
out. Besides the high bending ratios, the stress distribution at the shank region of the bolts is
nearly full of tensile stress while the bending moment occurred in this region less than 20%
of its bending moment that causes yielding. They also mentioned that the increase in the
member thickness at the joint leads to a decrease in the bolt bending moment [61]. Bao et al.
observed from 13% to 45% bending ratios at the bolts in their study of both experiments and
finite element analyses when the bolts yielded under monotonic loading in the T-Stub
connection. According to their results, increasing the eccentricity rises the bolt bending
moment while this moment decreases by increasing the member thickness. They also showed
that increasing the bolt diameter rises the bending moment but decreases the bending stress
in the bolts [62]. The results observed in [62] indicate that there is a difference between the
bending moment and bending stress in terms of the bolt bending ratio such that higher
bending moment is not related to a higher bolt bending ratio. Tartaglia et al. investigated the
stiffness and ductility of the T-Stub connection experimentally and numerically. They
observed bending deformation at the bolts, and also shear deformation at the large
displacements. Some of the fractured bolts have deformed in the shank region without
necking due to bolt bending. The influence of the bending moment on the global response
of the T-Stub connection was argued in this study. [63]. Although they are remarkable
studies considering the bolt bending deformation, evaluation on the critical cross-section
which the maximum bending moment occurs at the bolt was not performed, and effects of

the bolt preload on the bending-tension interaction of the fastener were not investigated.

As mentioned at the beginning of this section, the bolt bending deformation is investigated
in the literature not only for static strength but also for the evaluation of fatigue limit and

stress concentration at bolted joints. These phenomena are not mentioned here because of
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the scope of the thesis, but there are remarkable studies about the effect of the bolt bending
on the fatigue limit and stress concentration [64-67].

2.4. Prying Action

Bending of the bolt is not the only excessive deformation phenomenon of the bolt under the
eccentric loading, prying also occurs in some circumstances. As mentioned in the
introduction part, prying action increases the axial load on the bolt due to contact
nonlinearity, and this additional force on the bolt can be defined as the prying load.
Therefore, eccentric loading on the joint not only bends the bolt by the moment arm but also
increases the axial load due to prying action. Consequently, the stress distribution at the bolt
is combined with bending and tensile stresses, and the free-body diagram and the detailed
view of stress distribution are shown in Figure 2.10. Prying action occurs on the different
types of bolted joints under the eccentric loading, however, bolt bending which is one of the
most expectable deformation types under the eccentric loading was neglected at many
studies which investigated the prying action. As mentioned previously, Simon and
Hengehold did not consider the bolt bending deformation at the T-Stub connection under
eccentric loading while investigating the prying action by finite element analysis [11].
Abidelah et al. experimentally studied different structural bolted connections to investigate
the effect of the stiffeners on the connection behaviour. They observed that including the rib
stiffeners to connection structure decreases the prying force on the bolt, however, they did
not mention the influence on the bolt bending of this addition [14]. Couchaux et al.
theoretically and numerically proved that decline in the ratio between member stiffness and
bolt stiffness increases the prying action, but they did not include the flexural rigidity of the
bolt in this study, therefore the effect of the bolt bending capacity on the prying action could
not be evaluated [12]. It was shown in [68] that increasing the member thickness deduces
the prying force on the bolt, but the bending moment occurred on the bolt was not evaluated
although the bending stiffness of the member changed. Hua et al. did not consider the bolt
bending while they stressed the bending flexibility of the members in the connection for the
presence of the prying action causing the excessive tensile force [16]. Atasoy investigated
the prying action comprehensively by mentioning that the prying load on the bolt cannot be
determined directly with analytical methods but can be assigned by using empirical
modifications. It was shown in this study that prying load increases when the bolts are

preloaded. The ratio of the prying load over the external force decreases when the ratio of
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the member thickness over the bolt diameter increases. The reason for this change can be the
increased dominance of the member bending stiffness to bolt bending stiffness, however,
there was not any comment about this fact in the study because of the negligence of the
flexural rigidity of the bolt [17].

N: Axial Force

(a) (b)

F: External Force

1

Mg~ 1

N Q: Prying Force

(©)

Figure 2.10. (a) Deformed situation of a bolted joint under prying action, (b) a schematic
representation of the stress distribution of the bolt by mentioning the internal
bending moment and axial force, (c) free-body diagram of the bolt and upper
side member.
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It is known that prying action and bolt bending decrease the strength of the joint which is
under the eccentric loading. In the literature, there are studies which investigate the prying
action at the eccentric loading by also considering the importance of the bolt bending.
Ahmed et al. performed nonlinear finite element analyses for the top-angle and seat-angle
bolted connections. It was mentioned that decreasing the member thickness develops a
higher prying load at the bolt while indicating the presence of the bending moment at the
bolt in addition to prying force [69]. Komuro et al. investigated the prying action in the top
and seat-angle connections by performing nonlinear finite element analyses. They
highlighted bending stiffnesses of the bolt and the members and the eccentricity as the
factors for the prying action while mentioning that larger diameter of bolts, decreasing the
member thickness, or increasing eccentricity develops higher prying forces [70]. El Kalash
and Hantouche focused on secondary prying which is a little more complex phenomenon
than conventional prying, and they observed also larger tensile force and bending
deformation at the bolt due to prying action at the configuration that relatively small member
thickness was used [71]. Apeland suggests stiffer geometric properties for the members
having relatively lower material stiffness such as titanium and aluminum for minimizing the
prying action. It was mentioned that bending moments may not be present according to VDI
2230 when the bolts are highly pre-tensioned, and the material of the members are steel but
bending moments should be considered for custom designs such that softer materials were
used for the members [4]. Huang et al. modified the formula for the prying force at the flange
connections by considering the bending deformation of the bolts which are subjected to
additional bending moment due to flexural deformation of the flange. They performed finite
element analyses for the equation parameters used in the formulas, and they observed that
the growing tendency of the prying force is negligible when the ratio of edge distance over
the eccentricity is higher than one [72]. By mentioning the presence of the bolt bending
deformation reducing the load capacity of the joint, Liu et al. stressed that the parameter
causing the largest impact on the prying force is the flange thickness while the others affect
less than the flange thickness [41].

The bolt bending phenomenon was considered in [4, 41, 69-72] in the presence of the prying
action, however, these do not provide enough information to evaluate the bolt bending in
terms of bolt bending moment or the effect of the parameters on the bending deformation of

the bolts. Some evaluation has been made for the bolt bending while the prying action exists
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in [62]. As mentioned previously, increasing the eccentricity rises the bolt bending moment
while this moment decreases by increasing the member thickness. It was also showed that
increasing the bolt diameter rises the bending moment but decreases the bending stress in
the bolts [62].

Because the number of parameters affecting the bolted joint under the prying action is not
low, it is essential to demonstrate the parameter effects on the outputs such as bolt force and
bending moment while studying the prying action characteristics in terms of the flexural
rigidity of the fastener. The influence of increasing the values of the parameters belonging
to bolted joint under the prying action on the different evaluation items can be summarized
as given in Table 2.1 [3-4, 29, 34-35, 37, 43, 61-62, 68, 70, 75-87]. As shown in Table 2.1
and related to bolt bending deformation, there is no information about the effects of the bolt

preload on the bolt bending moment in the literature.

Table 2.1. The effects of increasing the parameter values on the different evaluation items.
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2.5. Methods for Bolt Strength Evaluation

Because the eccentric loading may cause an additional bending moment at the bolted joint,
it is important to evaluate the strength of the bolted joints under prying action, and it can be
determined by using several test configurations. These can be summarized under two main
configurations as the bolted flange joints and T-Stub connections. Four-point bending tests
for the bolted flange joint and monotonic tensile tests for the T-Stub connection are widely
used configurations in the literature. In addition, numerical studies such as performing finite
element analysis can be also conducted for enhancing the strength evaluation in many
studies. Moreover, bolt tensile tests and material characterization tests using tensile
specimens may be conducted prior to joint evaluation tests because they provide the strength

characteristics of the setup components separately.

Wang et al. studied the prying action of the bolts by using different flange connection types
subjected to a four-point bending test, and they observed that prying action occurs at the
bolted joint for both the unstiffened and stiffened joints. In addition to prying observation,
they proposed a practical design procedure with the support of the finite element analyses
which provides significant assistance for revealing the strength of the bolted joint more
excellent [88]. Ibrahim et al. demonstrated the effect of the parameters on the deformation
characteristics of the bolted flange joint with respect to the results of the four-point bending
test. By the use of the finite element analysis, the deformation behaviour of the bolted joint
under prying action was apparently demonstrated in this study, and failure modes including
bolt bending were presented [89].

The T-Stub connection is considered as an equivalent model for studying the structural
components in the Eurocode standard [86], and this feature provides that many studies
included and considered this connection type while investigating the strength of the bolted
joints under prying action. Similar to the studies including the bolted flange joints, the
content of the experimental bolt strength evaluation studies involved supportive finite

element analysis results.
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2.6. Conclusion

To support the fact about the data absence for the influence of the bolt preload on the bolt
bending moment, the items of the lack of information about the bolt bending deformation

under the prying action are summarized as listed below:

e There is not any study about the effect of the finite element modelling technique of
the bolted joint under the prying action on the bending-tension interaction of the
bolted joint,

e There is not any study about the consideration of the critical cross-section of the
fastener to determine the maximum bolt bending moment,

e The influence of the bolt preload on the bending-tension interaction of the bolted
joint was not studied in the literature,

e The effects of the bolt preload on the bolt bending moment were not studied in the
literature,

e There are studies indicating that the fastener carries a remarkable amount of bending
moment under the prying action, but there is no clear evaluation of whether the

failure of the bolted joint is caused by the bolt bending moment.

Lastly, it is worth to mention that the bolt bending deformation is not the only consideration
item for the prying action studies. Fatigue and stress concentration topics are also
investigated for the bolted joints under eccentric loading in the presence of the prying action.
Because these topics are not the scope of the thesis, only one study will be expressed for
each topic. Priaprez mentioned the influence of the additional tensile force occurred at the
bolt due to prying action on the fatigue strength of the bolt because it reduces the number of
cycles to failure. The bolt bending was also mentioned as a factor for the reduction of the
number of cycles to failure of the bolted joint due to increased bending stress at the bolt [73].
Srinivasan and Lehnoff performed linear three-dimensional finite element analysis of the
bolted pressure vessel joint to evaluate the stress concentrations at the bolt head fillet under
the prying action. They observed higher stress concentration factors at the eccentric loading
with respect to concentric loading, and as a result of this fact, it was mentioned that
conventional stress concentration factors might not be satisfactory in the presence of the
prying action due to additional bending moment and tensile force on the bolt [74].
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3. EXPERIMENTAL STUDY

The experimental program carried out for this thesis is introduced in this section. The
experiments consist of three main sub-categories which are bolt tensile tests, material

characterization tests, and prying tests.

Initially, the content of the tensile tests performed to evaluate the yield and ultimate strength
of the bolts is described. Secondly, details of the tensile tests for characterization of the
material used in prying tests are introduced. Lastly, the prying tests conducted for
comparison with finite element analyses are demonstrated. The test configuration and results

are shared under different sub-headings for each test program.

All tests were performed using an Instron test machine with 150 kN capacity. In this study,
the loading was applied by displacement control with a 2 mm/min speed rate for each
experiment in a quasi-static monotonic manner. A video extensometer was used to obtain
displacement from the gauge length for more accurate results than the tensile test machine
grip displacement at all specimens. Strain gauge sensors were instrumented for only one set
of T-Stub samples for analysis comparisons. The details of the strain gauge instrumentation

are given in the corresponding sections.

3.1. Bolt Tensile Tests

Several tensile tests on bolt material were performed to evaluate the strength properties of
the fastener. 1SO4762 partially threaded M10 size bolt produced by a local manufacturer
was used in this study. The total length of the bolt is 45 mm with a shank length of 13 mm.
The details of the experimental program configuration of the bolt tensile tests and the results
are shared in the following sections. The whole experimental program conducted for the bolt
tensile tests including the data processing is in accordance with the international standard of
ISO 898 [90].

3.1.1. Test Configuration

The tensile tests of the bolts were performed by using a test setup consisting of two major

components providing the threaded connection of the fasteners. Both the representative view
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of the test apparatus assembled to the tensile test machine and the section view of the
assembled test setup are shown in Figure 3.1. 4140 steel material was used for the test setup
parts. A total of ten bolt tensile test samples were used in this study. Five specimens were

8.8-grade bolts while the other specimens were 12.9-grade bolts.

N
%
§
§
-
)

(b)
Figure 3.1. The views of the test configuration of the bolt tensile test, (a) assembly at the

tensile test machine, (b) section view of the test setup.

3.1.2. Results

The force-displacement graph of the bolt tensile test specimens including the representative
views of the destructed test samples, and the mechanical properties of bolt grades with
average values are shared in this section. The force-displacement graph of both strength
grades is shown in Figure 3.2, and the average force-displacement behaviour of both bolt
strength grades is demonstrated in this graph. The average values of the mechanical
properties which are strength and elongation parameters for both grades are shared in Table
3.1. As seen in the force-displacement graph and mechanical properties table, 8.8 grade has
more ductile behaviour than the 12.9 grade. The strength values for both grades are also
quite higher than the minimum recommended strength values for the corresponding bolt

grades.
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The strength values given in Table 3.1 are engineering values. True values are used while
performing finite element analysis, and the corresponding values at the finite element models

for the bolt materials will be introduced in the finite element analysis model section.
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Figure 3.2. The force-displacement graph for both bolt strength grades including the
representative views of the destructed test samples.

Table 3.1. The mechanical properties of bolt grades with average values including standard

deviation.
Bolt  Yield Strength Ultimate Elongation at the Elongation at the
Grade (MPa) Strength (MPa) Ultimate Force (%) Break (%)
8.8 880+ 15 965 £ 10 28+04 16.3+£0.3
12.9 1185+ 10 1330+ 5 1.4+0.1 45+0.5

3.2. Material Characterization Tests

Several tensile tests on setup material used in prying tests were performed to evaluate the
strength properties. The details of the procedure applied to obtain the tensile specimens,

experimental program and the results are shared in the following sections. The dogbone
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sample geometries used in the experimental program conducted for the material
characterization tests are in accordance with the ASTM A370 [91].

3.2.1. Test Configuration

S275JR steel material was used in this study. The samples were cut from a hot-rolled I-
shaped beam produced by a local manufacturer by considering the rolling direction and
section features. The water jet cutting process was used for cutting the samples from the I-
shaped beam. The specimens cut from the web of the beam have three different orientations
which are parallel, 45° inclined, and perpendicular to the rolling direction. On the other hand,
the specimens cut from the flange are parallel to the rolling direction due to the geometric
restrictions. The representation for this cutting process is shown schematically in Figure 3.3.

The technical drawings of the dogbone specimens are given in Appendix A.

Figure 3.3. The demonstration of the manufacturing process applied for cutting the tensile

specimens from an I-shaped beam.

The test matrix for the dogbone tensile specimens is given in Table 3.2. Because the samples
were provided from different regions and orientations, each group was named as a specific
code, and they can be seen in Table 3.2. These names are also used in the corresponding

graphs and figures shared in the following results section.
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Table 3.2. The test matrix for the dogbone tensile specimens.

Code Number of Samples Explanation
Region: Web Section
0-W 3 ) ) _ o
Orientation: Parallel to Rolling Direction
Region: Web Section
45-W 3 . | N
Orientation: 45° Inclined to Rolling Direction
Region: Web Section
90-W 4 N . o
Orientation: Perpendicular to Rolling Direction
Region: Flange Section
0-F 4 N R
Orientation: Parallel to Rolling Direction
3.2.2. Results

The stress-strain graph of the dogbone tensile test specimens including the representative
views of the destructed test samples, and the mechanical properties of each specimen
category with average values are shared in this section. The stress-strain graphs of the
specimen categories are shown in Figure 3.4, and the average stress-strain behaviour of both
bolt strength grades is demonstrated in this graph. Because the nominal stress areas of the
specimens from the web and flange section are different from each other, the stress-strain
graphs are shared in this section. Lastly, the average values of the mechanical properties
which are strength and elongation values for each category are shown in Table 3.3. Except
for the hardening behaviour and elongation at the break parameter, a significant difference
was not observed from the dogbone tensile specimen categories, and it was decided that an
average parameter value set will be arranged at the material property assignment while

performing finite element analyses.

As mentioned in the bolt tensile tests section, the strength values given in Table 3.3 are
engineering values. True values are used while performing finite element analysis, and the
corresponding values at the finite element models for the bolt materials will be introduced

in the finite element analysis model section.
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Figure 3.4. The stress-strain graph for each tensile specimen category including the

representative views of the destructed test samples.

Table 3.3. The mechanical properties of tensile dogbone test specimens with average values

including standard deviation.

Code Yield Strength Ultimate Elongation at the Elongation at the
(MPa) Strength (MPa) Ultimate Force (%) Break (%)
0-w 297 £ 10 417+5 27.3+1.3 37.7+1.3
45-W 283 +2 413+ 2 333+25 440+ 1.6
90-W 288 + 3 414+ 2 325+22 40.8+2.4
0-F 298 + 3 421 +7 325+3.0 46.3+ 1.5

3.3. Monotonic T-Stub Tests

A total of 12 prying tests were conducted by using the T-Stub model which is a well-known
configuration generally studied for the structural analysis of the beam-to-column
connections in the civil engineering field [40]. A beam-to-column connection and its
equivalent structural model called T-Stub can be seen in Figure 3.5. Single-row
configuration for the bolted joint was used in this study. The details of the experimental
program configuration of the monotonic T-Stub tests and the results are shared in the

following sections.
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Figure 3.5. The end-plate connection and its equivalent T-Stub model [92].

3.3.1. Test Configuration

The test setup parts were cut from hot-rolled I-shaped beams produced by a local
manufacturer. These beams are the same as the profiles used for the samples obtained from
the material characterization tests. The initial cutting process used for obtaining the setup
components from the I-shaped beam can be seen in Figure 3.6, respectively. After cutting
the beam into particular portions, the parts were cut from the middle section to obtain two
identical components. Then, the CNC operations such as drilling the holes were applied for
the final shape. Two different eccentricity values were used in this study, and the final T-
Stub model parts for both eccentricity values are seen in Figure 3.7. The final assembly of
the T-Stub samples and the view of the assembled T-Stub samples on the tensile testing
machine are shown in Figure 3.8. The technical drawings of the setup part designed
according to IPE270 standard profile are given in Appendix B, and dimensions of the T-Stub

assemblies are demonstrated in Figure 3.9 for both eccentricity values.

The test matrix for the T-Stub prying tests is given in Table 3.4. Because the samples include
different bolt strength grades and eccentricity values, each group was named as a specific
code, and they can be seen in Table 3.4. These names are also used in the corresponding
graphs and figures shared in the following results section. One of the three tests from each
category was performed with strain gauge sensors, and the details of the strain gauge

instrumentation were given in the following section.
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Figure 3.6. The representative view of the initial cutting process of the beam [93].

(@) (b) (©)

Figure 3.7. The whole process for obtaining the T-Stub components from an I-profile beam,

(a) the raw shape of the beam, (b) the final shape of the T-Stub part with lower
eccentricity, (c) the final shape of the T-Stub part with higher eccentricity.
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Figure 3.8. (a) The view of the final assemblies of the T-Stub samples, (b) assembly at the
tensile test machine of the T-Stub model with lower eccentricity, (c) assembly

at the tensile test machine of the T-Stub model with higher eccentricity.
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Figure 3.9. Dimensions of the T-Stub assemblies for (a) lower eccentricity, (b) higher

eccentricity.

Table 3.4. The test matrix for the T-Stub prying tests.

Code Number of Samples Explanation
Bolt Grade: 8.8
88-E1 3 o
Lower Eccentricity, 32.1 mm
Bolt Grade: 8.8
8.8—-E2 3 ) o
Higher Eccentricity, 12.8 mm
Bolt Grade: 12.9
129-E1 3 -
Lower Eccentricity, 32.1 mm
Bolt Grade: 12.9
129 -E2 3

Higher Eccentricity, 12.8 mm
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3.3.2. Strain Gauge Instrumentation

Strain gauge sensors were instrumented in T-Stub prying tests for comparing the
experimental and finite element analysis results. TML strain gauges which are FLA-1-350-
1LJB for the single-axis and FRAB-3-350-1LJBT-F for the three-axis were used in this
study. The data was gathered via ESAM Traveller CF2 data acquisition system with quarter

bridge configuration.

Two single-axis strain gauges for one bolt and two three-axis strain gauges for the upper part
of the setup were used for one of each configuration. As mentioned earlier, one of three tests
from each category was performed with strain gauge sensors, and four single-axis and two

three-axis strain gauge sensors are used for each configuration.

Two single-axis strain gauges were bonded on each bolt used in each configuration. The
angle between these sensors is provided as 180° for monitoring the bending deformation of
the bolt, and the orientation was shown in Figure 3.10. The center of the resistance at the
sensors is 5 mm away from the downside surface of the bolt head. The bolts were aligned by
arranging the sensors perpendicular to the T-section. This alignment was controlled with the
black marks on the bolt head as shown in Figure 3.10. The denomination of these sensors is

demonstrated also in Figure 3.10.

Grooves were machined at the T-section parts to provide the cable connection. These
grooves can be seen in the view of the T-Stub assembly as given in Figure 3.10 and 3.11,

and the dimensions of the groove are also shared in Appendix B.

37



Left
End Side

Left
Web Side

Right
Web Side

Right
End Side

(d)
Figure 3.10. (a) The front view of the strain gauge bonded to the bolt, (b) the side view of

the strain gauges, (c) the alignment of the strain gages by using the black marks

on the bolt head, (d) the sensor denomination of the bolt strain gauges.
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Figure 3.11. Schematically representation of the groove.

Two three-axis strain gauges were bonded on both sides of the T-section. The location of
these sensors can be seen in Figure 3.12. The axes used for the finite element analysis
comparison are presented in Figure 3.13. The longitudinal and transverse directions were

used for the comparisons.

Figure 3.12. The location of the rosette strain gauges.
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(d)

Figure 3.13. (a) The close view of the strain gauge bonded at the left side of the T-section,

(b) the close view of the strain gauge bonded at the right side of the T-section,
(c) the longitudinal direction of the strain gage, (d) the transverse direction of

the strain gage.

3.3.3. Results
3.3.3.1. Response of the T-Stub Samples

The force-displacement graph of the T-Stub test specimens including views of the destructed
samples and the average results of the mechanical parameters are shared in this section. The
force-displacement graph of each configuration is shown in Figure 3.14, and the average
force-displacement behaviour of each configuration is demonstrated in this graph. The
average results of the mechanical parameters which are initial stiffness, maximum force, and
displacement at the maximum force are shared in Table 3.5.
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Figure 3.14. The force-displacement graph for each test configuration including the

representative views of the destructed test samples.

Table 3.5. The results of the mechanical parameters of each T-Stub prying test specimen.

Code Initial Stiffness Ultimate Force Displacement at the
(KN/mm) (KN) Ultimate Force (mm)
8.8-E1 92.3+0.9 81.1+0.2 7.6+0.3
8.8-E2 271+1.6 41.7+04 11.2+04
129-E1 90.5+0.3 99.2+0.8 16.8+ 1.1
129 -E2 36.1+0.9 50.0+1.1 19.3+1.2

3.3.3.2. Strain Gauge Results

The results observed from the strain gauge sensors are shown in this section. The strain-force
graphs are given in Figure 3.15 — 3.18. The results of the strain gauges bonded on the shank
region of the bolt were plotted in Figure 3.15 and 3.16, and the sensor denomination used in
Figure 3.13 was referenced for the data labels at the legend. Similarly, the results of the strain
gauges bonded on the T-section were plotted in Figure 3.17 and 3.18, and the sensor
positions were indicated as Left or Right at the legend. Because two of the web side sensors
on the 8.8-grade bolts were damaged while assembling the setup on the tensile testing
machine, the data belong them is absent.
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Figure 3.15. Strain-force graph for the strain gauge sensors from the web side of the bolt.
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Figure 3.16. Strain-force graph for the strain gauge sensors from the end side of the bolt.

3.4. Conclusion

An experimental program was carried out to provide material properties as input information
for finite element analysis models and evaluate the finite element analysis results. Firstly,
the tensile tests of the bolts and dogbone specimens which material was used in prying tests
were performed to obtain the mechanical features of the bolts and the setup material. After
these characterization tests, several prying tests in the T-Stub configuration were
accomplished by using different eccentricity levels of the bolted joint and bolt strength
grades. The main goal of the prying tests is to provide experimental information for judging

the results of the finite element analysis models. The results of the bolt tensile tests and the
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material characterization tests contributed information on the material properties of the bolt

and T-section material to the finite element analysis models. Besides the material properties

input, the outcomes of the prying tests supported the comparison of the finite element

modelling techniques of the bolted joints while evaluating the analysis results. These results

can be found in the results section of this thesis.
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Figure 3.17. Strain-force graph in the longitudinal direction for the strain gauge sensors from

the setup part.

5400

4500

3600 |

2700

Strain (ue)

1800

900

8.8 -E1, Left —8—
8.8 - E1, Right o
8.8 - E2, Left —a—-
8.8 - E2, Right
12.9 - E1, Left —a—
12.9 - E1, Right
12.9 - E2, Right —e—

20 40 60 80 100

Force (kN)

Figure 3.18. Strain-force graph in the transverse direction for the strain gauge sensors from

the setup part.
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4. FINITE ELEMENT ANALYSIS MODELS

Finite element analysis models of the T-Stub geometries at the prying test configuration were
constructed using the commercial software ABAQUS 2016, and several models were created
for different bolt modelling techniques. The details of the models and bolted joint modelling
techniques are mentioned in this section. Firstly, the analysis parameters used for each
technique are introduced. These parameters include material models, assemblies, solver
details, interactions, loads, boundary conditions, and mesh structure. Then, the details of the
modelling techniques are demonstrated. Five different modelling techniques were used in
this study, and the features of each of them are presented in the corresponding sections.

These are presented in this study as V1, V2, V3, Proposed and Threaded.

4.1. Finite Element Analysis Parameters

This section presents the common features of the finite element analysis models including
material models, assemblies, solver details, interactions, loads, boundary conditions, and

mesh structure.

4.1.1. Material Models

Three different material models for bolts and T-section parts were used in this study. The
materials are assumed to be a homogenous, isotropic, linear elastic feature and have isotropic
hardening plastic deformation capacity. Damage properties are excluded, and the fracture

behaviour of the models was not simulated.

S275JR structural steel is the material of the T-section parts at the assemblies. Because
significant differences in the results of the dogbone tensile test results were not observed,
only one material property set was used for these parts. For bolts, 8.8-grade and 12.9-grade
strength properties were applied. The mechanical properties used for the materials in true
values are listed in Table 4.1. Because the materials of 8.8-grade and S275JR are ductile,
their material models are trilinear while the material model of the 12.9-grade is bilinear due
to its brittle behaviour. The stress values at the fracture point at the trilinear models were
calculated by using energy equivalence [94]. The Young’s Modulus and Poisson’s Ratio for
all materials are 200 GPa and 0.3.
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Table 4.1. The mechanical properties used in this study.
Strain at the

Material Yield Stress Ultimate ) Fracture Fracture
Maximum )
Name (MPa) Stress (MPa) Stress (MPa)  Strain (%)
Load (%)
S275JR 285 550 26 590 43
8.8-Grade 890 980 35 1150 16
12.9-Grade 1200 1340 15 1340 5

4.1.2. Assembly

The general construction of the finite element analysis models is quite similar to each other.
The assemblies consist of three components which are the upper T-section part, the lower T-
section part, and the fastener as described in Figure 4.1. The fasteners consist of bolt and
nut, and the part features of the fastener varies with respect to the modelling technique

described as in the section of the bolted joint methods.

Upper Side
T-Section

Lower Side
T-Section

v
Bolt and
Nut

Figure 4.1. The demonstration of the T-Stub assembly components.
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Because the geometry has symmetries, the whole model was reduced to a quarter model by
using two symmetry planes. In several studies, three symmetry planes were used instead of
two planes neglecting the difference between the bolt head and nut side of the bolted joint
[61]. However, this assumption was not applied in this study because different modelling
techniques including partially threaded bolts, and also threaded geometry, were investigated.
The reduction from the whole geometry into the quarter model is demonstrated in Figure
4.2.

Figure 4.2. The reduction from the whole model into the quarter model.

4.1.3. Steps

Two consecutive analysis steps were applied for the bolt preload and external loading stages.
Static implicit solution strategy with Newton-Raphson solution technique was used for both
steps by arranging to include the geometric nonlinearity. The reason behind the implicit
solver selection is that this type of solver is suitable for problems including nonlinearities

[76]. Additionally, the explicit solver was not necessary for this study because there was not
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any condition which can compel the simulations such as element erosion and very large

deformations.

4.1.4. Interactions

All analysis models include contact interactions between the pairs listed as follows:

e Upper and lower T-section parts,
e Bolt head and upper T-section part,

e Nut and lower T-section part.

Surface-to-surface contact was applied with penalty friction formulation with a 0.3
coefficient of friction by using the penalty method algorithm for the contacting surfaces, and
different coefficient of friction values were not tried because this parameter does not affect
the structural behaviour of this problem [2]. The default settings of the ABAQUS software
were defined for the contact parameters except for the value of the coefficient of friction.
Different contact algorithms were not attempted because a significant effect of the contact
algorithm on the accuracy and computational effort was not observed for bolted flange
connection in [95]. The contact pairs of the interactions containing all models are shown in
Figure 4.3.

The default settings used for contact interactions are described as listed above:

e The finite sliding formulation was used.

e The discretization method is surface-to-surface.

e Separation was allowed after the contact.

e Isotropic directionality was applied for the penalty friction formulation.

e “Hard” contact was selected for the pressure-overclosure adjustment.

Two continuum-distributing coupling definitions were created for the load and boundary
condition. These constraints were used for obtaining the reaction force and displacement

increment in a practical way, and all degrees of freedom were constrained.
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(a) (b) (©)

Figure 4.3. The common contact pairs between (a) the bolt head and upper T-section, (b) the

nut and lower T-section, (c) the upper and lower T-section.

4.1.5. Loads and Boundary Conditions

The loads were implemented separately in two consecutive analysis steps. The pretension
force for the bolt was applied in the first step. Then, the external load was defined with
displacement boundary condition from the master point of the continuum-distributing
coupling definition for the upper T-section part. The displacement boundary conditions
varied according to experimental results. To prevent the occurrence of the negative stiffness
at the force-displacement response, primary calculations were performed to observe the
displacement that occurred at the maximum reaction force, similarly in [79]. After obtaining
them, the main analyses were run with these displacement values. The final values of the

displacement boundary conditions for each model were shared in Table 4.2.

Comparisons between the modelling techniques and experimental results were performed
for the non-preloaded condition. To overcome the convergence problems, a generic 10 N
preload was applied for each analysis for the non-preloaded bolted joint configuration.
Several preloaded bolted connection analyses were performed to investigate the effect of
bolt pretension on bolt bending deformation. The preload values were arranged with respect
to the bolt strength grade used in the analysis for each model, and the details of the preloaded

configuration will be given in the corresponding results section.

Besides the displacement-controlled loading, three boundary conditions were defined to
provide static equilibrium. Two of them were implemented by using the symmetry planes
described at the assembly part of this section, and the boundary condition applied from the

master point of the continuum-distributing coupling definition for the lower T-section part
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constrained the model along the loading direction. The symmetry boundary conditions are
shown in Figure 4.4 by stressing the constrained surfaces.

Table 4.2. Displacement boundary condition values.

Configuration Name Model Name Displacement Value (mm)
V1 6.9
V2 16
8.8-E1 V3 5.8
Proposed 6.4
Threaded 9
V1 12.5
V2 30
8.8 -E2 V3 9.2
Proposed 10.3
Threaded 10
V1 14.8
V2 24.3
129-E1 V3 16.5
Proposed 14.1
Threaded 154
V1 18.5
V2 32
129 -E2 V3 19
Proposed 19
Threaded 30
4.1.6. Mesh

The mesh structure of the parts was constructed with the 8-node linear hexahedral three-
dimensional stress elements named as C3D8 from the ABAQUS element library [18]. A
mesh sensitivity analysis was not performed because a relatively fine mesh size was used.

The relatively fine mesh size also provided that it was not required to use 8-node linear
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hexahedral elements with incompatible modes for the bending-dominating problems

dissimilar to the studies performed in the literature [63, 96].

X Y

o~ &

z

Figure 4.4. The surfaces where the symmetry boundary conditions were applied.

The mesh structure of the T-section components which are for the lower and higher
eccentricities are shown in Figure 4.5. Five elements were used in the thickness direction at
the region where bolted joint was placed. A finer mesh structure was created for the region
where the bolt head and nut contact the T-section parts as demonstrated in Figure 4.5. The
total element and node numbers was indicated in Table 4.3. A 2.5 mm average mesh size
was applied for both components. The mesh details of the fasteners will be introduced in the

section of bolted joint models because they have different geometries and features.

4.2. Bolted Joint Models

This section presents the bolted joint modelling techniques used in this study. These methods

are commonly used techniques in the literature for modelling the bolted joint three-
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dimensionally. The specific features are explained, and an overview of these modelling
methods is made for comparison between each other.

(a) (b)
Figure 4.5. The mesh structure of the T-section parts for (a) lower eccentricity, (b) higher
eccentricity.

Table 4.3. The total number of elements and nodes of the T-section parts.

Total Number of Total Number of

Part Name
Elements Nodes
T-section for Higher Eccentricity 2940 4200
T-section for Lower Eccentricity 2970 4244

4.2.1. Three-Dimensional Models without Threads

Three different modelling techniques excluding the threads geometrically were created. The
nut and bolt were modeled as one-piece part, and they are introduced with the mesh structure
in Figure 4.6. The bolt was modeled in three different ways which are formed by using only

the minor diameter, major diameter, and combining both major and minor diameters
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respectively. A 1 mm average mesh size was applied for all of them by using C3D8 element
type. The total element and node numbers was indicated in Table 4.4.

(@) (b) (©)

Figure 4.6. The representation and mesh structure of the bolted joints model of (a) V1, (b)
V2, (c) V3.

Table 4.4. The total number of elements and nodes of the bolts of the three-dimensional

models without threads.

Modelling Method Total Number of Elements Total Number of Nodes
V1 4080 5172
V2 4080 5172
V3 4128 5234

4.2.2. Three-Dimensional Models with Threads

One of the studied methods has a threaded geometry. As shown in Figure 4.7, the threaded
region of the fastener was modeled three-dimensionally by disregarding the run-out region
and helix angle due to the high modelling efforts and computational costs. The mesh
structures of the threads are also presented in Figure 4.7. A 1 mm average mesh size was
applied for both bolt and nut while finer mesh structures were created for the threaded
regions. C3D8 element type was used for both bolt and nut geometry. The total element and
node numbers was indicated in Table 4.5. Because the end side of the bolt was not used
structurally in the analyses, this region was not meshed. The contact features mentioned at

the previous chapter are valid for the contact of the mating threads.
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Figure 4.7. The threaded bolted joint modelling method with representing the mesh structure
of the threads.

Table 4.5. The total number of elements and nodes of the parts of the three-dimensional

model with threads.

Part Name Total Number of Elements Total Number of Nodes
Bolt 27144 32676
Nut 18144 21800

4.2.3. Proposed Model

A novel modelling technique was proposed for the finite element analysis of the bolted
joints. This technique was inspired by the load distribution at the mating threads of the bolted
joint. As presented in Figure 4.8, more than 70% of the bolt load is carried by the first three
mating threads from the bolt head side [97]. Because modelling the bolt and nut as a one-
piece part causes relatively higher stiffness than the threaded connection while performing
static structural finite element analysis., this one-piece part assumption needs a stiffness
revision. This stiffness update was attempted in this study by using the phenomenon
described above, and three corresponding threads inasmuch as pitch size were removed
geometrically as demonstrated in Figure 4.9. Similar to the three-dimensional models

without threads, the nut and bolt were modeled as one-piece part, and they are introduced
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with the mesh structure in Figure 4.10. A 1 mm average mesh size was applied for all of
them by using the C3D8 element type.

=

e

“NWwbnc

Figure 4.8. Load distribution at the mating threads of a bolted joint [98].

I-1

Figure 4.9. The stiffness arrangement by removing the threads.

4

Figure 4.10. The representation and mesh structure of the proposed bolted joints modelling

technique.
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5. RESULTS

The results observed from the finite element analyses are described in this chapter. Firstly,
the results of the non-preloaded bolted joint models were compared with the corresponding
experimental outcomes in terms of the force-displacement and force-strain variations, and
structural parameters such as initial stiffness and maximum force. Secondly, the studied
modelling techniques were compared with each other in terms of the bolt bending
distribution throughout the clamped region and bending-tension interaction at a specific
cross-section. Moreover, an overview was presented of the studied bolted joint modelling
techniques in terms of the characteristics and computational parameters. Lastly, the results
of the bolt bending distribution throughout the clamped region and bending-tension

interaction at a specific cross-section were shared for the preloaded bolted joint analyses.

5.1. Non-Preloaded Bolted Joint Models

5.1.1. Comparison with Experimental Results

The force-displacement response and strain values from where strain gauges were
instrumented at the experimental study were compared with the experimental results. The
mechanical parameters are demonstrated in Figure 5.1. The force-displacement graphs for
all configurations are shared in Figure 5.2 and 5.3 while the force-strain curves are plotted
for all configurations in Figure 5.4 — 5.11. The closer views of the strain-force graphs are
given for each figure by using the rectangles with black dashed line demonstrating the

corresponding region.

The initial stiffness results of the modelling techniques for all configurations are quite
compatible with the experimental results, however, the plastic deformation region at the
force-displacement curves is different for each modelling technique, especially in the models
in which the 8.8 bolt strength grade was used. The force-displacement variation at the plastic
deformation region for the models in which the 12.9 bolt strength grade was used is more
consistent than the models in which the 8.8 bolt strength grade was used. Additionally, the
numerical and experimental results of the secondary stiffness are not coherent as seen in
force-displacement graphs. The plastic deformation response obtained at the lower
eccentricity configuration for both bolt strength grades is more suitable with the
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experimental results, and the configuration of the lower eccentricity with 12.9 bolt strength
grade can be considered as the most compatible one. In despite of the inconsistency between
the results of the numerical and experimental secondary stiffness behaviour and yield force,
the modelling techniques provided sufficient results for the initial stiffness, maximum force,
and displacement at the maximum force. The strain values acquired from the web side strain
gauges on the bolts are consistent with the experimental results, and the strain values
acquired from the end side strain gauges on the bolts are not compatible with the
experimental results. This inconsistency might be caused by the initial tightening of the bolts.
For the models in which the 8.8 bolt strength grade was used, the proposed modelling
technique can be considered as the most compatible one while M1 and M2 techniques are
the least compatible methods for all models. The strain values acquired from the T-sections
were in longitudinal and transverse directions. The strain values in the longitudinal directions
for all models are more consistent with the experimental results than in the transverse
direction. Similar to the bolt strain values, the models in which the M2 technique was used
are the least compatible for strain values in the longitudinal direction at all configurations.
The results of the mechanical parameters which are initial stiffness, maximum force, and
displacement at the maximum force for all configurations were compared and introduced in
Table 5.1 — 5.12. The ratios of the numerical result over the experimental result for each
configuration and parameter are also indicated in these tables. As seen in the tables, all
studied methods excluding the M2 technique provide compatible ratios with compared the
experimental results. Some inconsistent results were observed for the displacement at

maximum force in the models in which the threaded method was used as an exception.

Maximum
Force

Secondary

,' Stiffness
]

1
I
]

' g
Initial

Stiffness :

: Displacement at

: Maximum Force

>

!
]
1
1
]
!
U
y

Figure 5.1. Representation of the mechanical parameters of the force-displacement

behaviour.
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Figure 5.4. The strain-force curves created from the web side strain gauge location of the
bolts for the configuration of (a) 8.8 — E1, (b) 8.8 — E2.
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Figure 5.5. The strain-force curves created from the end side strain gauge location of the
bolts for the configuration of (a) 8.8 — E1, (b) 8.8 — E2.
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Figure 5.6. The strain-force curves created from the web side strain gauge location of the
bolts for the configuration of (a) 12.9 — E1, (b) 12.9 — E2.
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Figure 5.7. The strain-force curves created from the end side strain gauge location of the
bolts for the configuration of (a) 12.9 — E1, (b) 12.9 — E2.
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The strain-force curves created from the strain gauge location of the T-sections
for the longitudinal direction of the configuration of (a) 8.8 — E1, (b) 8.8 — E2.
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The strain-force curves created from the strain gauge location of the T-sections

for the transverse direction of the configuration of (a) 8.8 — E1, (b) 8.8 — E2.
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Figure 5.11. The strain-force curves created from the strain gauge location of the T-sections
for the transverse direction of the configuration of (a) 12.9 — E1, (b) 12.9 - E2.
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Table 5.1. Comparison at the 8.8 — E1 configuration for the initial stiffness between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(KN/mm) Results (kN/mm)
V1 92.2 0.999
V2 100.7 1.091
V3 95.7 92.3 1.039
Proposed 91.2 0.988
Threaded 931 1.009

Table 5.2. Comparison at the 8.8 — E2 configuration for the initial stiffness between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(KN/mm) Results (kN/mm)
V1 354 1.305
V2 39.6 1.460
V3 38 27.1 1.403
Proposed 36 1.328
Threaded 354 1.307

Table 5.3. Comparison at the 12.9 — E1 configuration for the initial stiffness between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(KN/mm) Results (kN/mm)
V1 91.7 1.013
V2 100.6 1.112
V3 97.2 90.5 1.074
Proposed 92.4 1.021
Threaded 92.2 1.019
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Table 5.4. Comparison at the 12.9 — E2 configuration for the initial stiffness between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(KN/mm) Results (kN/mm)
V1 36.5 1.011
V2 39.9 1.104
V3 38.5 36.1 1.067
Proposed 36.9 1.023
Threaded 36.6 1.015

Table 5.5. Comparison at the 8.8 — E1 configuration for the maximum force between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(kN) Results (kN)
V1 78.9 0.973
V2 98.8 1.218
V3 85 81.1 1.048
Proposed 80.7 0.995
Threaded 89.6 1.105

Table 5.6. Comparison at the 8.8 — E2 configuration for the maximum force between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(kN) Results (kN)
V1 42.7 1.024
V2 55.9 1.341
V3 45.4 41.7 1.089
Proposed 44 1.055
Threaded 47.3 1.134

66



Table 5.7. Comparison at the 12.9 — E1 configuration for the maximum force between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(KN) Results (kN)
V1 96.2 0.970
V2 104.2 1.050
V3 97.1 99.2 0.979
Proposed 96 0.968
Threaded 98.7 0.995

Table 5.8. Comparison at the 12.9 — E2 configuration for the maximum force between

numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(kN) Results (kN)
V1 50.3 1.006
V2 55.2 1.104
V3 52.1 50 1.042
Proposed 51.1 1.022
Threaded 54.3 1.086

Table 5.9. Comparison at the 8.8 — E1 configuration for the displacement at the ultimate

force between numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(mm) Results (mm)
V1 6.9 0.919
V2 16 2.130
V3 5.8 7.5 0.772
Proposed 6.4 0.852
Threaded 9 1.198
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Table 5.10. Comparison at the 8.8 — E2 configuration for the displacement at the ultimate

force between numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(mm) Results (mm)
V1 12.5 1.116
V2 30 2.679
V3 9.2 11.2 0.821
Proposed 10.3 0.920
Threaded 10 0.893

Table 5.11. Comparison at the 12.9 — E1 configuration for the displacement at the ultimate

force between numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(mm) Results (mm)
V1 14.8 0.881
V2 24.3 1.446
V3 16.5 16.8 0.982
Proposed 14.1 0.839
Threaded 15.4 0.917

Table 5.12. Comparison at the 12.9 — E2 configuration for the displacement at the ultimate

force between numerical and experimental results.

Analysis Result  Average of Experimental

Model Name FEM/Test
(mm) Results (mm)
V1 18.5 0.959
V2 32 1.658
V3 19 19.3 0.984
Proposed 19 0.984
Threaded 30 1.554
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5.1.2. Modelling Technique Comparison

The bolt bending distribution throughout the clamped region and bending-tension interaction
at a particular cross-section were compared between the modelling techniques. The bolt
bending moment diagrams for the clamped region for all configurations are shared in Figure
5.12 — 5.15. These diagrams were given for both the elastic limit and ultimate strength point
of the T-Stub joint to evaluate the bolt bending behaviour at both the elastic and plastic
regions. The bending-tension interaction curves for all configurations are plotted in Figure
5.16 and 5.17.

For the elastic limit of the bolt, the bending moment value is constant at the modelling
techniques having uniform cross-section while the methods which the major and minor
diameters of the bolt were modeled separately have a varying bending moment throughout
the clamped region. The M3, the proposed, and the threaded modelling techniques have

similar bending moment diagrams at the clamped region for the elastic limit of the bolt.

Bolt bending moment distributions for the modelling techniques at the ultimate load point
of the T-Stub connection fastener were observed similarly with the results for the elastic
limit of the fastener. For the ultimate point, the bending moment diagram for the modelling
techniques with uniform cross-section mimics an arch while the methods which the major
and minor diameter of the bolt were modeled separately have abruptly increasing bending
moment towards to bolt head from the nut side where the bending moment is approximately
zero. This situation shows that the threaded portion does not carry a bending moment at the
plastic region because this area yields completely prior to the shank region where a complete

yielding did not happen.

The bolt bending moment and the axial force on the bolt can be monitored together for a
particular cross-section by using the bending-tension interaction curves. As seen in Figure
5.16 and 5.17, the interaction curve of the M1 technique showed different variations with
respect to the others, and it can be said that the M1 Modelling technique provides a lower
amount of bolt bending moment than the other techniques for elastoplastic region at all
configurations. Because the area of the interested section is equal for the Modelling
techniques except for the M1 technique, the interaction curve was obtained similarly for
them, especially in the models in which the 12.9 bolt strength grade was used. It can be
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stressed that the interaction curves for the modelling tech
vary at the plastic region at the configuration in which the
due to the high ductility of the 8.8 strength grade.

niques except the M1 technique
8.8 bolt strength grade was used
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Figure 5.12. The bolt bending moment diagram at the elastic limit of the T-Stub connection

for the clamped region of the configuration
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5.2. Overview of the Modelling Techniques

The characteristics and the computational features of the finite element modelling techniques
of the bolted joints are presented in this section. When the force-displacement and strain
force variations, mechanical parameters, bolt bending moment distribution, and bending-
tension interaction curves are evaluated, it can be approached that the M2 modelling
technique shows the highest stiffness behaviour among the studied methods. In addition to
this fact, the M1 and M2 methods could not reflect varying bolt bending moment distribution
throughout the clamped region. As a result, the M1 and M2 techniques are not suitable for
evaluating the bending deformation of the bolted joint under prying action.

The modelling methods which arrange the geometry of the partially-threaded bolts with both
major and minor diameters showed consistent results between each other and with respect
to experimental results. The stiffness arrangement applied for the proposed method provided
a slight improvement in terms of the mechanical parameters with respect to the M3
technique. Moreover, the threaded modelling technique causes a remarkable amount of
computation effort, and this fact compels the usage of this technique. In conclusion, it was
decided to use the proposed method for the preloaded analyses because it seemed the most

suitable modelling technique among the studied methods according to the results.

The computation effort of the modelling techniques was also evaluated quantitively, and the
results were shared in Table 5.13 — 5.16. All analyses were performed by using an Intel®
Core ™ j7-7700HQ 2.8 GHz processor with 8 cores.

Table 5.13. The computation effort comparison of the modelling techniques for 8.8 — E1

configuration.

Method Simplified Model Threaded Model Threaded Model
Name Result (second) Results (second) /Simplified Model
V1 755 13.179
V2 1219 8.161
9949
V3 822 12.099
Proposed 814 12.216
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Table 5.14. The computation effort comparison of the modelling techniques for 8.8 — E2
configuration.
Method Simplified Model  Threaded Model Results ~ Threaded Model

Name Result (second) (second) /Simplified Model
V1 868 10.089
V2 1001 8.748
8761
V3 843 10.391
Proposed 872 10.049

Table 5.15. The computation effort comparison of the modelling techniques for 12.9 — E1
configuration.
Method Simplified Model ~ Threaded Model Results ~ Threaded Model

Name Result (second) (second) /Simplified Model
V1 1057 12.761
V2 1342 10.048
13482
V3 1039 12.977
Proposed 1107 12.178

Table 5.16. The computation effort comparison of the modelling techniques for 12.9 — E2
configuration.
Method Simplified Model ~ Threaded Model Results ~ Threaded Model

Name Result (second) (second) /Simplified Model
V1 942 11.795
V2 997 11.152
11116
V3 897 12.398
Proposed 915 12.143

5.3. Preloaded Bolted Joint Results

In addition to the finite element analyses with non-preloaded bolted joints, three different

pre-tightening force levels were applied for the preloaded analyses. The preload values were
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provided from Bossard Technical Documentation [99], and these are given in Table 5.17 for
each bolt strength grade. 30.3 kN and 52.1 kN tensile forces were selected as the maximum
admissible preload values for 8.8 and 12.9 bolt strength grades with 0.1 coefficient of friction
value [99]. 30% and 60% of these values were used for the preloaded analyses in addition to

the maximum preload values.

Table 5.17. Preload values for the bolted joint analyses.

Bolt Strength Grade  Preload Value (kN) Comment

30% Percent of the Maximum Admissible

9.09
Preload Value for 8.8 Bolt Strength Grade
60% Percent of the Maximum Admissible
8.8 18.18
Preload Value for 8.8 Bolt Strength Grade
303 Maximum Admissible Preload Value for 8.8
' Bolt Strength Grade
1563 30% Percent of the Maximum Admissible
' Preload Value for 12.9 Bolt Strength Grade
60% Percent of the Maximum Admissible
12.9 31.26
Preload Value for 12.9 Bolt Strength Grade
£ 1 Maximum Admissible Preload Value for 12.9

Bolt Strength Grade

The bolt bending distribution throughout the clamped region and bending-tension interaction
at a specific cross-section were compared between the preload levels. The bolt bending
moment diagrams for the clamped region for all configurations are shared in Figure 5.18 —
5.21. These diagrams were given for both the elastic limit and ultimate strength point of the
T-Stub joint to evaluate the bolt bending behaviour at both the elastic and plastic regions.

The bending-tension interaction curves for four configurations are plotted in Figure 5.22.

The variation of the bolt bending moment diagram throughout the clamped region for all
configurations at the elastic limit of the bolt did not change with respect to the different
preload levels, and the diagrams shifted as each other’s offset. For the configurations of

lower eccentricities, approximately 7% reduction for the 30% preload level, 17% reduction
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for the 60% preload level, and 38% reduction for the maximum preload level were observed
at the maximum bolt bending moment value of the non-preloaded analyses. Furthermore,
approximately 17% reduction for the 30% preload level, 33% reduction for the 60% preload
level, and 53% reduction for the maximum preload level were observed at the maximum bolt
bending moment value of the non-preloaded analyses of the configurations of higher
eccentricities. For the ultimate limit of the fastener, the bolt bending moment diagrams are
approximately the same for each configuration. Slight differences were obtained at the
maximum bolt bending moment values, but these differences can be negligible. It can be

said that the preload effects disappeared after the clamped region was plastically deformed.

For all bending-tension interaction curves for the section specified in Figure 5.16 and 5.17,
the variation at the curves is different for each preload level. The curves merge at the elastic
limit, and similar to the bolt bending moment diagram at the ultimate point, they proceed in
a single path to the ultimate point at the plastic region. Because the yield and ultimate
strength of the bolts are quite higher than the conventional minimum strength values, the
initial point of the curves is not consistent with the preload levels.
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Figure 5.22. The bending-tension interaction curves of the preloaded bolt at the
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6. CONCLUSION

This chapter introduces the observations from both numerical and experimental work done
in this study. The bending deformation phenomenon of the bolted joints under prying action
was investigated in this thesis. After introducing a brief background about the bolted joints
under the eccentric loadings and prying action, a comprehensive literature survey was
presented. The studies in the literature about the three-dimensional finite element modelling
techniques of the bolted joints, bolt bending, and prying action were explained in detail. As
a consequence of the content of the literature survey, several outcomes were identified for
the major objectives of this study. The proposals of this thesis were constructed with respect
to these observations, and they can be described as follows similarly shared at the end of the
literature search chapter of this thesis. The overall outcome includes that the literature has
lack of information about the following items, and the objectives of this study were assigned

with respect to the facts mentioned above:

e The effect of the finite element modelling technique of the bolted joint under the
prying action on the bending-tension interaction of the bolted joint,

e The consideration of the critical cross-section of the fastener to determine the
maximum bolt bending moment,

e The influence of the bolt preload on the bending-tension interaction of the bolted
joint and the bolt bending moment distribution throughout the clamped region of the

fastener,

Bolt failure mechanism where bolt bending moment exists in a remarkable amount.

The experimental and numerical programs were planned in accordance with the objectives.
Experimental studies were performed prior to finite element analyses to provide required
inputs such as material properties and displacement boundary conditions. The mechanical
properties of bolts with different strength grades and setup material were shared in the
corresponding chapter. It was obtained that the yield and ultimate strength values of the 8.8
and 12.9 bolt strength grades were quite higher than the minimum allowable strength values.
The mechanical properties of the setup material of S275 were quite similar to the standard

values except for the elongation parameters which show different behaviour for specimen
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location and the angle with respect to the rolling direction. The results of the mechanical
parameters from the T-Stub tests were consistent for each configuration. One of three tests
performed for each configuration was performed by using strain gauges bonded at the bolt
and the T-section parts, and the strain data for every enduring gauge were shared at the

corresponding section.

Before presenting the results, the construction of the finite element analysis models was
represented in detail. The mechanical properties obtained from the experimental study, the
geometries used for the analyses, interactions, loads, and boundary conditions were stressed
for all configurations. The mesh structures were indicated with the number of elements and
nodes. The finite element modelling techniques of the bolted joints used in this thesis study
were demonstrated. Moreover, the features and construction philosophy of the proposed

modelling technique were explained.

The results obtained from the finite element analyses were presented in four different
sections. Initially, the results of the non-preloaded bolted joint models were compared with
the corresponding experimental outcomes in terms of the force-displacement and strain-
force variations, and structural parameters such as initial stiffness and maximum force.
Secondly, the studied modelling techniques were compared with each other in terms of the
bolt bending distribution throughout the clamped region and bending-tension interaction at
a specific cross-section. Furthermore, an overview was presented of the studied bolted joint
modelling techniques in terms of the characteristics and computational parameters. Finally,
the results of the bolt bending distribution throughout the clamped region and bending-
tension interaction at a specific cross-section were shared for the preloaded bolted joint
analyses. The force-displacement response and strain values from where strain gauges were
instrumented at the experimental study were compared with the experimental results.
Because the experimental studies were performed with non-preloaded bolts, the comparisons
were also accomplished with the finite element analyses including non-preloaded bolted
joint. The results of the mechanical parameters which are initial stiffness, maximum force,
and displacement at the maximum force for all configurations of the non-preloaded finite

element analyses were compared and introduced in the corresponding section.
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The force-displacement behaviour, strain-force variations throughout the loading, and
results of the mechanical parameters for all configurations and modelling techniques were
compared with the experimental results. It was observed that the initial stiffness results of
the modelling techniques for all configurations are quite compatible with the experimental
results, however, the plastic deformation region at the force-displacement curves is different
for each modelling technique. For the strain results of the bolts, it can be commented that
the strain values acquired from the web side strain gauge sensors on the bolts can be admitted
as consistent with the experimental results whereas the strain values acquired from the end
side strain gauges on the bolts are not compatible with the experimental results. Moreover,
the strain values acquired from the T-sections were in longitudinal and transverse directions,
and the strain values in the longitudinal directions for all models are more consistent with
the experimental results than in the transverse direction. Lastly, the results of the mechanical
parameters which are initial stiffness, maximum force, and displacement at the maximum
force for all configurations and modelling techniques provided compatible ratios with
compared the experimental results excluding the M2 technique. The essential statements on
the differences observed at all comparison items were mentioned in the corresponding
sections in detail. For the sake of clarification, they can be defined as listed below. The
following outcomes may be related to the discrepancy observed at the plastic region response
of the force-displacement curves. However, they were neglected because most of the

comparison results and the ratios of the main mechanical parameters were in compliance.

e The initial tightening of the bolted joints affected the strain gauge data from the end
side sensors, and differences in a remarkable amount were observed between the
numerical and experimental results.

e The transverse direction data of the strain gauge sensors on the T-section part could

not provide sufficient similarities with the numerical results.

After comparing the experimental and numerical results in the results section, the modelling
techniques were analyzed in terms of the bending deformation capability, and this feature
was evaluated by using the bolt bending moment results throughout the clamped region and
bending-tension interaction curves. Because there is not any supportive data from the

experimental study about the bolt bending moment, the modelling techniques were examined
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by accepting the threaded technique as the reference model. Despite the fact that the
modelling techniques did not show significant differences at the bending-tension interaction
curves except the M1 modelling technique, the proposed modelling technique provided the
most suitable bolt bending moment diagrams throughout the clamped region for both elastic
limit and ultimate capacity of the bolted joint among the modelling techniques. In
conjunction with the advantage about the computational effort against the threaded model,
it was decided to select the proposed model because of its overall results while performing

finite element analyses including preloaded bolted joint.

The bolted joint configurations were also analyzed by using three different pre-tightening
force levels. 30% and 60% of the maximum recommended preload values for 8.8 and 12.9
bolt strength grades were used for the preloaded analyses in addition to the maximum
preload values, but these stages remained low because the strength of the fasteners used in
the experimental study was relatively higher than the catalog levels. The bolt bending
distribution throughout the clamped region and bending-tension interaction at a specific
cross-section were compared between the preload levels. For the elastic limit of the bolted
joint, the fastener carries less bending moment as the pre-tightening force value increases,
and the bolt bending moment carrying situation was approximately the same for each
configuration for the ultimate limit of the fastener. Those phenomena can be seen clearly

from both bolt bending moment diagrams and bending-tension interaction curves.

In conclusion, the structural response of a bolted joint involving a partially threaded fastener
under prying action was comprehensively evaluated by considering the bending deformation
capacity. For the flexural features of the studied bolted joint type under prying action, finite

element analysis modelling issues and design considerations are listed below:

e The constant diameter modelling technique for a partially threaded fastener cannot
acquire the correct bending deformation characteristic for both elastic and plastic
regions while performing finite element analyses.

e The piecewise modelling technique which contains both minor and major diameters
of the bolt is able to reflect the bolt bending deformation at the results of the finite
element analyses, however, a relief, with the size of a thread in the radial direction,

at the thread engagement for the first three pairs of mating threads can represent the
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bending deformation more suitable than the piecewise modelling technique not
including a relief.

e The pre-tightening force applied to the bolt affects inversely proportional the bolt
bending moment for the elastic region, the bolt bending moment decreases as the
pre-tightening force increases.

e Beyond the elastic limit of the bolt, the preload effects on the bolt bending moment
disappear.

e The initial complete plastically deformed region of the bolts is the threaded portion
due to the effective diameter dimension. For both non-preloaded and preloaded
bolted joint configurations, the amount of bending deformation at the threads
decreases after the plastic deformation starts at this region. In addition, this region
carries nearly tensile force only at the yielding region, and the damage starts in the
presence of tensile force alone. As a result of this fact, the main plastic deformation
mechanism occurs in the existence of the tensile deformation although the threaded
portion carries bending moment at the elastic region.

e When the deformation mechanism at the threads described previously occurs, the
shank portion of the bolt continues to carry a bending moment because this portion

is not completely deformed plastically.

For future studies, the bending deformation characteristics can be investigated for the
screwed connections which do not contain nut part. The bolt bending moment diagrams for
this type of joint may differ due to the stiffness variation between the nut and a stiff
foundation. Moreover, the effect of the damage accumulation on the bolt bending
deformation can be evaluated by performing finite element analyses with an explicit solver.
Furthermore, a numerical study using XFEM can be performed for the bolt involving a crack
at the shank portion to demonstrate the bending deformation mechanism and whether the
flexural response of the bolt differs.
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APPENDICES

APPENDIX 1 - The technical drawing of the dogbone specimens
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Figure A.1. The technical drawing of the dogbone specimens of (a) 0-W, (b) 45-W, (c) 90-
W, (d) O-F.
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APPENDIX 2 - The technical drawing of the setup parts.
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Figure A.2. The technical drawing of the setup part with higher eccentricity.
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Figure A.3. The technical drawing of the setup part with lower eccentricity.
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