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ABSTRACT

INVESTIGATION INTO PRYING ACTION IN BOLTED STEEL CONNECTIONS

Tchabremane Jean de la Croix KOMBATE
Department of Civil engineering
Eskisehir Technical University, Institute of Graduate Programs, May 2024
Supervisors: Assoc. Prof. Dr. Kivang TASKIN
Dr. Kerem PEKER

A common characteristic of the behaviour of steel T-stubs subjected to tensile
loading is the prying effects which can develop as a result of the deformation of the
flanges of the T-stub. Prying effects can induce a substantial increase in bolt forces as
well as the flexural engagement of the bolts. Although the T-stub model has been
extensively investigated over the years and led to design predictions in terms of strength
and stiffness, the flexural engagement of bolts has been disregarded in most studies that
investigated prying in bolted T-stubs. Consequently, the actual codes do not account for
the bending moment in the bolts. However, the combined action of tension and bending
may induce substantial stresses in the bolts and cause premature failure. In this work, an
extensive parametrical study was carried out on welded plate T-stubs to investigate prying
action. Experimental data from the literature was used to calibrate and validate advanced
FE models that were constructed in ABAQUS. Good agreement was obtained, and a large
number of FE models were generated to study the influence of different material and
geometrical parameters such as flange thickness, edge distance, gauge distance, bolt
diameter, steel grade, and bolt class. Various values related to prying effects such as the
total bolt force, prying force, bolt moment, and the position of the resultant of contact
forces were investigated. The novelty of this study was the focus on the bending moment
that may develop in the bolts. Through a curve fitting process using the results from the
parametrical study, a formula was proposed for the evaluation of the prying force and the
bolt bending moment.

Keywords: FE modelling; Bolted connections; T-stub; Prying action; Bolt bending
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OZET

CIVATALI CELIK BIRLESIMLERDEKI KANIRTMA ETKISININ
ARASTIRILMASI

Tchabremane Jean de la Croix KOMBATE
Insaat miithendisligi Anabilim Dal1
Yap1 Bilim Dal1
Eskisehir Teknik Universitesi, Lisansiistii Egitim Enstitiisii, May1s 2024
Danisman: Dr. Ogr. Uyesi Kivang TASKIN
Dr. Kerem PEKER

Cekme yiikiine maruz kalan celik T-pargalarin davranisinin ortak bir 6zelligi, T-
par¢anin bagliklarinin deformasyonunun bir sonucu olarak olusabilecek kanirtma
etkileridir. Kanirtma etkiler, civatalarda olusan kuvvetlerin 6nemli bir artisinin yaninda
civatalarin egilmesine neden olabilirler. Her ne kadar T-par¢ca modeli yillar boyunca
kapsamli bir sekilde aragtirilmis ve dayanim ve rijitlik acisindan tasarim tahminlerine yol
acmis olsa da, civatali T-parcalardaki kanirtma etkilerini arastiran ¢ogu caligmada
civatalarin egilmesi goz ardi edilmistir. Sonu¢ olarak, mevcut yoOnetmeliklerde
civatalardaki biikiilme momenti hesaba alinmamaktadir. Bununla birlikte, ¢ekme ve
biikiilmenin birlesik etkisi civatalarda 6nemli gerilimlere neden olabilir ve erken
kopmaya neden olabilir. Bu ¢aligmada, kanirtma etkilerini arastirmak i¢in kaynakli plaka
T-parcalar {lizerinde kapsamli bir parametrik caligma gerceklestirilmistir. ABAQUS'ta
olusturulan gelismis sonlu eleman modellerini kalibre etmek ve dogrulamak igin
literatiirdeki deneysel veriler kullanilmistir. Iyi bir uyumluluk saglanmis ve flans
kalinlig1, kenar mesafesi, bulonlarin arasindaki mesafe, civata ¢api, ¢elik sinifi ve civata
siifi gibi farkli malzeme ve geometrik parametrelerin etkisini incelemek i¢in ¢ok sayida
sonlu eleman modeli olusturulmustur. Toplam civata kuvveti, kanirtma kuvveti, civata
momenti ve temas kuvvetlerinin bileskesinin konumu gibi kanirtma etkilerine iliskin
cesitli degerler arastirilmistir. Bu calismanin yeniligi civatalarda olusabilecek egilme
momentine odaklanilmasidir. Parametrik ¢alismanin sonuglarin1 kullanan bir egri
uydurma islemi yoluyla, kanirtma kuvvetinin ve civata egilme momentinin
degerlendirilmesi i¢in bir formiil 6nerilmistir.

Anahtar Sozciikler: Sonlu elemanlar modelleme, Civatali baglantilar, T-parca,

Kanirtma etkisi, Civata biikiilme
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SYMBOLS AND ABBREVIATIONS

a, : Weld throat thickness

Q : Prying force

Q. : Prying force at the plastic resistance stage
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1. INTRODUCTION
1.1. Background

Connections play a crucial role in the safety and stability of any structure.
Therefore, they are of great importance to the engineer. Bolted connections are now more
widely used in steel structures than welded connections. Besides their easy fabrication
and installation, bolted connections present the advantage over welded connections of
exhibiting a ductile behavior. After Northridge earthquake (1994) and Hanshin
earthquake (1995), researchers found that many steel frames were damaged due to brittle
fracture in the beam-to-column welded connections; whereas the destruction of structures
with bolted endplate connections was relatively low. However, due to the various
parameters involved as well as nonlinearities (material nonlinearities, nonlinearities
associated with contact between the connected elements...), steel bolted connections
exhibit nonlinear behavior. The determination of this behavior is very complex and
requires approximations. However, the behavior obtained with approximations should be
as representative of the real behavior as possible; and should be able to account for the
entire phenomenon occurring in the connection. One of these approximations is the
utilization of the equivalent T-stub model to represent the behavior of tension-loaded part
of connections. Some typical examples of connections where the connection or part of it

is subjected to tensile-type loading are shown in Fig. 1.1.

T-stub connection

T-stub connection

(a) (b)

Figure 1.1. Tension-loaded connections: (a) Moment T-connection (b) Extended endplate moment
connection (Berrospi Aquino et al., 2021)



The equivalent T-stub model has been widely used to describe the behavior of some
elements of the connection under tension. An equivalent T-stub corresponds to two T-
shaped elements connected through the flanges by means of one or more bolt rows (See
Fig. 1.2).

() 4 Column T-stub (b) T-stub Geometry

End-plate
T-stub

Figure 1.2. T-stub model in the case of beam-to-column endplate moment connection (J. Fernandez-
Ceniceros)

Depending on how the flanges are connected to the web, two types of T-stubs can
be distinguished (See Fig. 1.3): hot-rolled T-stubs (HR-T-stub) and welded plate T-stubs
(WP-T-stubs). For the HR-T-stub model, the flanges and the web are connected by means
of a fillet radius r that ensures the continuity between both plates. In the case of WP-T-
stubs, a continuous 45°-fillet weld throat thickness aw links the flanges and the web,

though the two plates are not necessarily in contact (Girdo Coelho et al., 2006)

(@ U (b) LU

Figure 1.3. Different types of T-stubs: (a) HR-T-stub and (b) WP-T-stubs (Girdo Coelho, 2004)
T-stubs made of hot-rolled profiles have been extensively studied over the past
years. The behavior of T-stubs made up of welded plates (WP-T-stub) is obtained by
extrapolating the existing rules for the HR models. However, this way of proceeding can

be erroneous and can yield unsafe estimations of the characteristic properties.



One common and significant behavioral characteristic of nearly all types of tensile
bolted connections is prying action. In fact, in bolted tension-member connections or on
the tension side of bolted moment connections, the bolts are expected to carry a load equal
to the tension load applied. However, tests have shown that the flexural deformation of
the flanges of the connected members can subject bolts to additional forces and moments.
This phenomenon, which is mostly encountered in connections with flexible flanges, is
referred to as prying action (See Fig. 1.4). Prying action can cause bolts to fail before the
applied tension has reached the design tension load. Hence, the ultimate load of the
connection is reduced. In connections with thick flanges, very little prying will develop
and the induced forces will be negligible. In connections with more flexible flanges,

prying action and the induced forces can be substantial.

Figure 1.4. Prying action in T-stub subjected to tensile loading

One can avoid coping with prying action by using thick flanges. However, these
connections exhibits a lower ductility than those with flexible flanges. In addition, the
design of connections without taking into consideration prying effect could lead to unsafe
design. Several codes and standards consider prying action differently. In EN 1993-1-8,
it is implicitly taken into consideration in the evaluation of tension resistance of bolt rows.
Nevertheless, there is no formula provided for the computation of prying force. AISC
Manual provides formulae for the computation of the prying force and the minimum

required thickness to eliminate prying action.

1.2. Failure Mechanisms of T-Stubs

The equivalent T-stub model is used in EN 1993-1-8 for the determination of the
behavior (resistance and stiffness) of connections. In the scope of the component method,

equivalent T-stub model is employed to simulate the tensile response of variety of



connection components such as column flange in bending, end-plate in bending, flange
cleat in bending and base plate in bending under tension (EN-1993-1-8). On account of
its versatility, the T-stub model is one of the main ingredients of the component method.
Therefore, an proper identification of the failure mechanisms of the T-stub is of prime
importance.

Starting with the work of Zoetemeijer (1974), extensive studies have been carried
out over the years and have permitted the identification of three failure mechanisms. The
failure mechanisms, namely Mode 1, Mode 2 and Mode 3 are illustrated in Fig. 1.5. The
design resistance corresponding to each failure mechanism is given as follow (See Table

1.1)

Fras

Fracture

Mode 3

Ff2+0)y

il i} I n !

Figure 1.5. Possible failure modes of bolted T-stubs

Mode 1 corresponds to the complete yielding of the flange and the formation of four
plastic hinges. Two hinges are located at the bolt axes, due to the bending moment caused
by the prying forces. The remaining hinges are located at the flange-to-web connection.
Mode 2 corresponds to bolt failure with yielding of the flange. In this case, two plastic
hinges develop at the sections corresponding to the flange-to-web connection.

Mode 3 corresponds to bolt failure only.



Table 1.1. Design resistance of a T-stub flange (EN-1993-1-8)

With prying forces Without prying forces
4M 2M
Mode 1 Fipq = —24 Fpq = — 24
Mode 2 Fopg = —Ret2ERe
Mode 3 F3ra = Z BRrd

Prying may develop if Ly, < Ly,
The expression of Ly, and Ly, is specified in EN 1993-1-8.

The design tension resistance of a T-stub should be taken as the smallest value for the
three possible failure modes 1, 2, and 3 (EN-1993-1-8)

The relation between the failure mode typology and the mechanical and geometrical
characteristics of the T-stub can be expressed by the means of a parameter 5, which can
be defined as the ratio between the resistance of failure mode 1 and that of failure mode

3 (Eq. 1.1). The dependency of the failure modes and the parameter f can represented in

a nondimensional graph (See Fig. 1.6)
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Figure 1.6. T-stub failure mechanism ranges (Tartagalia et al., 2020)



1.3. Problem Statement

Prying effects, which depend on many design parameters, can be considerable.
Design parameters such as flange thickness, bolt diameter, pretension in bolts, distance
from bolt line to the edge of flange, and distance from bolt line to the T-stem, bolt grade,
and steel class have been investigated. However, in most of the studies dedicated to prying
action and in the analytical formulations for the estimation of prying forces, enough
attention has not been given to the moment induced in bolts. This can lead to an

underestimation of the prying effects.

1.4. Research Objective

This work aims to provide more insight in prying effects in bolted steel T-stubs
subjected to tensile loading. Disregarding the prying action in bolts can lead to an
overestimation of the resistance capacity of some connection components. Experimental
data in the literature were used to calibrate an advanced finite element model developed.
Following the validation of the model, an extensive parametric study was conducted in
order to investigate the influence of different material and geometrical properties on the
prying effects in bolted steel T-stubs. The prying force, the position of the resultant of
contact forces (location of the prying force), the total bolt force and the bending moment
in the bolt were evaluated. Using the obtained results, an improved formulation taking

into account the flexural engagement was proposed.

1.5. Methodology

Three dimensional finite element analysis was employed in this study. Taking into
consideration the element types, mesh, material and contact, the models were constructed
using ABAQUS (2004) software and they were calibrated and validated by using relevant
test data obtained from literature. Various values related to prying effects were extracted
and the influence of many design parameters on these values was investigated in an
extensive parametric study. Considering that a large number of data was obtained, a curve
fitting process was undertaken with PYTHON (Van Rossum, G. & Drake, F. L., 2009)
and an improved formula which incorporates the bending of the bolts was proposed for

the estimation of prying force and the bolt moment.



1.6. Dissertation Outline

The dissertation is organized as follows:

Chapter one, which is the introduction, presented the background of this study, the
research objectives and the methodology.

Chapter two presents and discusses an overview of previous studies pertinent to this
work. Relevant models are also summarized. This chapter is part of an article that was
published in the Journal of Constructional Steel Research.

Chapter three reports the modelling, calibration and validation of an advanced FE
model using data available in the literature. Following the validation of the model, over
200 models are generated and a parametrical study is conducted to investigate the
influence of geometrical parameters such as edge distance, gauge distance and flange
thickness on the prying forces and bolt moment. Experimental material properties from
the work of Coelho (2004) are used.

Chapter four presents an extensive investigation of both geometrical and material
properties on the prying effects in bolted T-stubs. Nominal material properties were
adopted, and the investigated parameters included the edge distance, gauge distance,
flange thickness, bolt diameter, effective width, weld throat, bolt class and steel grade.

Chapter five is conclusion and recommendations.



2. LITERATURE REVIEW
2.1. Introduction

Prying action is an important feature of bolted T-stubs which has sparked the
interest of many researchers. The occurrence of prying effects and their influence on the
behavior of bolted connections have been highlighted in many studies. Subsequently,
analytical models have been developed and prying action has been incorporated in many
strength and stiffness models. Analytical models use the basic concepts of structural
analysis: equilibrium, compatibility and material constitutive relations, to evaluate the
behavior of T-stubs. In most models, the T-stub element is modelled as a beam with
simple supports at the edges. Additionally, prying is accounted for by considering
concentrated forces Q located at the edges of the flange (See Fig. 2.1). This assumption
is reasonable only for specific configurations because in reality, prying forces are the
resultant of contact stresses distributed over a certain portion of the flange and its location

depends not only on the flexibility of the flange, but also on the flexibility of the bolts.

By TR

2>

m n
Figure 2.1. T-stub model with prying force at the edge of the flange

Some codes such as Steel Construction Manual of AISC (American Institute of

Steel Construction [AISC], 2023) provide formulations for the evaluation of prying

forces, whereas other codes such as EN 1993-1-8 only consider prying action implicitly.



2.2. Previous Studies and Analytical Models

The earliest studies on T-stubs and prying action include that of Leahey & Munse
(1954). The authors performed both static and fatigue tests on tee connections loaded in
direct tension. Authors studied the effect of bolt pretension and concluded that it had little
effect on the ultimate load of the connection. Further investigation was carried out by
Munse et al. (1959), who conducted static tests on symmetrical tee-connections fastened
with two and four lines of A325 bolts. The thickness of the flanges and the grip length of
the bolts were varied. Changes in the flange thickness were found to have a substantial
influence on the bolt efficiency (in a range of 30%); whereas changes in grip length had
negligible effect. The authors also observed that, in connections with four-bolt lines, the
applied load was carried almost only by the inner bolts. In the early stages of loading, the
inner bolts carried the entire load.

Douty & McGuire (1965) performed experiments on a variety of T-stubs with two
lines of A325 bolts. Flange thickness, edge distance, and the bolt diameter were varied to
study their effect on prying forces. Assuming that the flange behaved as a simply
supported elastic beam spanning across the edges, the authors developed an analytical
model. Before the external load is applied, only pretension load By exerts on the T-stub
flange. After the application of the external load, the force on the bolt becomes (F + Q +
C) where C stands for the compressive contact force between flange and base plate and
where Q stands for prying force acting at the tip line of the flange (see Fig. 2.2). Douty
and McGuire formulated semi-empirical equations (based on both the analytical model
and the test results) to estimate the prying force, respectively, in elastic range (under
working load), Qw, and in plastic range (under ultimate load), Qv (Eqgs. 2.1 and 2.2).
They emphasized that prying load could not be assessed directly by analytical models
without empirical modifications.

With the aim of determining the behaviour and formulating design methods of
ASTM A325 and A490 high strength bolts in tee connections, Nair et al. (1969)
performed series of static and fatigue tests on tee-connections with ASTM A325 and
A490 bolts under prying. Authors used experimental results to back an analytical study
consisting of parametric numerical analyses. The investigated parameters were: the
number, diameter and grip length of the bolts; the bolt type; the bolt pretension and the
yield stress of the steel in the tee-connections. The study was based on bolt failure as the

critical failure mode of the connection. The experimental and numerical results were used
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to evaluate prying ratios. Semiempirical equations were formulated for the evaluation of

prying force and prying force ratio.
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Aggerskov (1977) conducted a series of tests to measure prying force for different
geometries. The author used a similar approach as Douty & McGuire (1965) and
presented a development for the prediction of prying action that is similar in some major
respects to that of Douty & McGuire (1965). However, unlike the previous studies, the
author took into consideration the effect of shear stresses. He also considers two cases in
the study: one where flange separation at bolt location occurs before yield moment is
reached and another case where flange separation at bolt location occurs after the yielding
of the flange. In the latter, contact force C between the plates at bolt location will be still

available when yield moment stress is reached in the flange.
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Figure 2.3. Prying model proposed by Agerskov (1977)

In the study of the tension side of beam-to-column connections, Zoetemeijer
(1974) emphasized the role played by prying force in the failure mode of the T-stub and
expressed the maximum prying force, Omax, as a function of the moment of the flange
and the edge distance.

Kulak et al. (2001) presented analysis and design considerations for tension-type
connections, covering prying action. The authors summarized the existing prying models
such as that of Douty & McGuire (1965), Agerskov (1977), Nair et al. (1969), and
Struik and de Back. In their model, Struik and Back also focused on forces and moments
equilibrium. In Fig. 2.4.a, a is the ratio of moment at the bolt location (section 1) to the
flange moment at the web face (section 2). 6 is the ratio of the sectional area at the bolt
location to the sectional area of the flange at the inner end. Taking into consideration the
bolt deformation and the distribution of contact pressure between the flange and the bolt
head, the model of Struik and Back was further improved by substituting a’ and b’ for a
and b. (Fig. 2.4.b). Considering that those models were formulated for specific bolt and
plate combinations, Kulak et al. (2001) suggested a more general methodology for prying

forces and design recommendations for T-stubs.
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Figure 2.4. (a) Prying model by Struik and Back (b) Influence of flange deformations on the location of
resultant bolt force (Atasoy, 2012)
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The previous analytical models being restricted to specific bolt-plate combinations,
Thornton (1985) presented a more general model that includes all significant parameters
influencing the prying action. It is one of the main works that allowed the development
of the current prying provisions of AISC.

In addition to the traditional simply supported beam model, some researchers
suggested different models. An equivalent frame model (Fig. 2.5), designed for hand
calculation, has been developed by Loureiro et al. (2010) to predict the axial stiffness of
non-preload T-stubs. The flanges and the bolts are modelled using the beam analogy. The
results of an implemented FE model showed reasonable agreement between the numerical
value of m, the distance between the plastic hinges, and the value suggested by Eurocode
3 provisions, mgec3. The numerical value of m is obtained by evaluating the center of
gravity of the plastic strain area (Fig. 2.6) whereas mgc3 is computed by using Eq. 2.3. A
parametric study was carried out to obtain an expression of the flange effective width to
be used in the model. The authors also provided an expression for the prying forces and
estimations of the total bolt force ratio B/F, where B is the total force in the bolt and F is
the load applied on the T-stub. The work later was extended to preload bolts by Reinosa
et al. (2013).

megcs =d-0.8r (23)

d is the distance between the bolt axis and the interior face of the T-stub web, and r is the

root radius.
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Figure 2.5. Equivalent frame model (Loureiro et al., 2010)
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Figure 2.6. (a) Equivalent plastic strain in the flanges and (b) measured distance between the plastic
hinges (Loureiro et al., 2010)

Simon and Hengehold (1978) implemented a FE model that could accurately
simulate prying action in bolted joints. Being one of the first numerical studies on prying
action, the authors aimed at providing guidelines in the analysis of bolted joints by a
detailed procedure. Several factors were investigated: bolt-flange interaction, application
of preload, and nonlinear effects of plate separation.

Atasoy (2012) performed approximately 1800 FE analyses on L and T bolted
connections with various design combinations. Using the FEA results, the author
suggested some corrections for the expressions formulated by Douty and McGuire and
Struik and de Back, depending on the ratio of the flange thickness to the bolt diameter,
t/D.

Similarly, Bezerra et al. (2020; 2022) conducted a numerical investigation into the
influence of the flange thickness on the magnitude and location of the prying force. The
authors concluded that the existing analytical models, which assumes a fixed location of
the prying force, could not adequately represent the prying action.

Yang et al. (2013; 2013) proposed an improved analytical model to predict the
initial axial stiffness and the ultimate strength of a T-stub, taking into account prying
action. The foundation of the model was set through an experimental program
supplemented with a finite element analysis. The authors suggested correcting the bolt
action line based on bolt stress distribution obtained from the numerical analysis. The

following equations were proposed:
a = a + 0.3d, (2.4)

b = b — 03d, (2.5)
13



The effects of bolt spacing on prying force in tee-connection were the aim of the
experimental study carried out by Raebel et al. (2013). The results were compared to the
AISC prying model. A decrease in prying force could occur as spacing exceeds 2.0b. The
authors suggested that AISC provisions could be improved to take advantage of the
reduction in prying force at lengths exceeding 2.0b.

In double tee moment connections, prying may develop due to tee-flange bending
deformation (primary prying) or column flange bending deformation (secondary prying).
An experimental investigation into secondary prying was performed by El Kalash &
Hantouche (2018). Seven specimens, designed to cover all possible failure modes, were
tested under cyclic and monotonic loadings. Using the beam model, the authors suggested
a mechanical approach to predict the behaviour of the connection in terms of force-
deformation curve, bolt force variation, and energy dissipation.

Hantouche et al. (2012; 2015) investigated prying action in T-stub connections.
The authors focused on thick-flange built-up T-stub connections where the deformation
of the column flange can be significant. Considering the effect of secondary prying, the
total amount of prying that develops in the connection is evaluated to allow for a more
suitable design of the bolts. Further efforts were made to create a stiffness model to
predict the behaviour of thick-flange in built-up T-stub connections. Using finite element
results, Hantouche et al. (2013) proposed a modified stiffness model to predict the
behaviour of thick-flange in built-up T-stub connections with Complete Joint Penetration
(CJP) and fillet welds. Deformations from tension bolt elongation, T-stub flange, and
prying force were modelled using linear and nonlinear springs (Fig. 9). A model including
primary and secondary prying effects was also suggested by Hantouche and Abboud
(2014) for the prediction of the behaviour of bolted thick built-up T-stub connections.
Furthermore, Hantouche et al. (2012) conducted a series of tests and FE analyses, and
the results were used to establish prying ratios for thick-flange built-up T-stub
connections with CJP and fillet welds. Afterwards, the authors proposed a subsequent

design procedure taking into account the magnitude of prying forces.
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Figure 2.7. T-stub model: (a) at the end of pretension (b) at the end of monotonic T-stem load
(Hantouche et al., 2013)

Prying force is commonly represented by a couple of forces acting at the edges of
the T-stub flange. This assumption, which can be valid for thick flanges, is a
simplification of the reality. Prying force is a distributed action over a certain region of
the flange. The location of the resultant force is dependent on the location of the bolts and
the stiffness of both the bolts and the T-stub flange. Chasten et al. (1992) carried out a
study to investigate contact force distribution between the end-plate and column flange
and determine the magnitude and location of the prying forces. It was found that the
prying force resultant is not located at the plate edge. For design purposes, the authors
recommended using the more conservative x = 0.6/v. Couchaux et al. (2017) proposed a
mechanical model (Fig. 2.8) to predict the elastic behaviour of L-stubs and T-stubs. The
model was based on an improved beam model. 3D finite element models were used for
the validation of the model. According to the different contact cases, expressions of the
total bolt force, separation length, and prying force location were given. The authors
concluded that the magnitude of the external load did not affect the contact zone length

in a non-preloaded connection.
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Figure 2.8. Mechanical model with surface contact (Couchaux et al., 2017)

Furthermore, stressing that traditional approaches, which assume a fixed location
of the prying force, could underestimate the prying force in an elastic analysis, Hu et al.

(2020) carried out analyses for evaluating the bolt force and the prying force using three
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different approaches: the Euler-Bernoulli beam model where the shearing deformations
are not considered, the Timoshenko model where beam shear deformation effect are
considered, and a three-dimensional finite element analysis using SolidWorks. More
recently, Khani et al. (2023) used the energy method to derive analytical formulas for
the assessment of the ratio of prying to the applied load and the location of the prying
force. The authors considered two cases. In the first case, the shear deformation effect
was disregarded whereas in the second case, it was taken into consideration. The
performance of the method was tested against experimental and numerical models. The
formulas yielded reasonable accuracy. The authors concluded that the previous models
that assumed the location of the prying force at the edge of the flange resulted in an
underestimation of the real value of the prying force.

These rules are, yet, insufficient. In fact, prying effect doesn’t only cause an
increase in bolt force; it also results in a flexural engagement of the bolts, mostly in
thinner flanges. The phenomenon was already reported in early studies such as that of
Nair et al. (1969), Piluso et al. (2001), Coelho (2004) and Coelho et al. (2004). In their
work, Sherbourne & Bahari (1996) investigated some critical features of T-stub
behaviour, such as prying action (magnitude and location) and the influence of the
thickness of the T-flange. The authors also emphasize the bending of the bolts. The work,
which was part of a comprehensive research program, is usually cited as one of the
pioneering works on the numerical study of bolted connections. Several authors such as
Piluso & Rizzano (2008) and Hu et al. (2011; 2012) recommended that bolt bending
should be considered in the design model.

On the one hand, several authors investigated the effect of bolt bending on the
resistance and stiffness of T-stubs, and suggested ways of taking it into account.
Stamatopoulos & Ermopoulos (2010) carried out a finite element investigation into the
influence of the flange flexibility on the ultimate resistance of T-stubs. The authors
developed an analytical model considering the bolt bending due to flange deformation

(Fig. 2.9).
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Figure 2.9. (a) Typical T-stub element, (b) half part in the deformed state, and (c) sign convention
(Stamatopoulos & Ermopoulos, 2010)

The combined tension and bending that develop in the bolts due to the deformation
of the T-stub flanges were also the focus of the numerical study carried out by Abidelah
et al. (2014). The ultimate plastic resistances of the bolts were analysed by using
interaction curves. A modified model was suggested to consider the effect of the bolt
bending by adding rotational springs. More recently, using the principle of the stationary
value of strain energy, and taking into account the effect of prying action on the initial
stiffness, Qiang et al. (2020) developed models to predict the prying force position. The
authors considered both the case where bolt bending is disregarded (Non-thin-walled T-

stubs) and the case where it is considered (thin-walled T-stubs) (see Fig. 2.10).
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Figure 2.10. T-stub models (a) disregarding bolt bending (b) considering bolt bending (Qiang et al.,
2020)
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Tartaglia et al. (2020) examined the behaviour of bolted T-stubs under large
deformations. Two types of bolt assemblies were investigated: HR bolts, designed to
obtain ductility predominantly by plastic elongation of the bolt (EN 14399-1:2015) and
covered by EN 14399-3:2015; and HV bolts, designed to obtain ductility predominantly
by plastic deformation of the engaged threads (EN 14399-1:2015) and covered by EN
14399-4:2015. Other parameters included the flange thickness and the edge distance.
Concerning the edge distance, two values were considered: the minimum value and the
maximum value (1.25 m) defined by EN 1993-1-8. Bolts were subjected to bending and
shear, with considerable shear in specimens with short flanges. The authors suggested a
range of values for the resistance reduction factor to account for the bending and shear.
Also, a broad experimental, numerical and analytical investigation carried out by Faralli
et al. (2021) showed that possible bolt failure could occur due to the combined actions of
shear, tension, and bending. The authors proposed an analytical model that could take
into consideration 2" order effects.

On the other hand, few attempts have been made in order to provide assessment of
bending moment that occurs in bolts. Bao et al. (2019) performed six static tests on bolted
T-stubs, supplemented with finite element models, to investigate the behaviour of bolts.
The effects of the flange thickness, bolt position, and bolt diameter were studied. The
authors found a bending moment distribution relationship between the bolt and the outer
flange. Using that relationship, the authors developed formulas to assess total bolt force
(hence prying force) and bending moment. After discussing and comparing the prying
provisions in several codes - namely Chinese code, Eurocode 3 (EN 1993-1-8:2005),
Hong Kong code and AISC manual, Bai et al. (2015) proposed corrections and formulas

for assessing prying forces and bending moment in the bolts.

2.3. Conclusion

The equivalent T-stub model is often used to stimulate the tensile response of some
components of steel connections. The T-stub model has been investigated in numerous
studies. Various aspects of the behaviour under static and cyclic loading have been
examined, including the strength, stiffness, deformation capacity, prying action. Although
the provisions in the existing codes can yield reasonable predictions of the strength and
stiffness, additional studies are necessary for the prying effects which can result in a

combined increased bolt tension and bending moment and cause a premature failure of
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the bolts. The consideration that prying forces are concentrated forces acting at the edge
of the flange is not always correct. As for the flexural engagement of the bolts, it has been
the focus of few studies and the attempts to evaluate the bolt bending are still scarce.
Improved formulations, taking into account bolt bending, prying force, and the location
prying force and their effect on the T-stub behaviour, are essential for a more adequate

design of bolted connections
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3. NUMERICAL MODELLING OF STEEL BOLTED T-STUBS
3.1. Introduction

In the first part of Chapter 3 (section 3.2), the potential and the advantages that
present FE modelling are reported.

In the second part of the Chapter 3 (section 3.3), a numerical model, which is built
in ABAQUS upon a previous experimental research on bolted steel T-stubs in tension
conducted by Bursi & Jaspart (1997) and Coelho (2004), is reported in detail. The
development and validation of an advanced FE model able to satisfactorily predict the
behaviour of bolted Tstubs in tension is reported in detail.

In the third part of Chapter 3 (section 3.4), the calibrated model is used to generate
226 models and carry out a parametrical study in order to examine the influence of the
flange thickness, the edge distance and the gauge distance on the prying action in T-stubs;

more precisely on the forces and moments that the bolts may be subjected to.

3.2. Numerical Modelling and Validation

Due to the various components involved, as well as nonlinearities (material
nonlinearities, contact nonlinearities...), steel bolted connections exhibit a nonlinear
behavior. The determination of this behavior is very complex. Several methods are
available for determining the behavior of connections. Experimentation, which is the
most accurate method, is costly in terms of time and money. It is practically limited to
research activities. Besides, the results being limited in number, they do not allow to cover
all configurations. Numerical (finite element) modelling can be used as an alternative to
experimentation for some reasons:

(1) numerical models can yield results that offer good agreement with experiments.
(1)  finite element models are able to describe some phenomena such as contact stress
distribution that cannot be accurately measured experimentally.
(iii))  a wide range of configurations can be covered; allowing for parametrical studies
and analytical formulations.

The last decades have seen an increasing use of FE modelling due to progress in
computer technology and non-linear numerical algorithms. The most commonly used
software packages are ABAQUS and ANSYS which are capable of predicting the

behavior of simple or complex connections. In this study, a finite element model of bolted
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steel T-stubs was developed in ABAQUS. The model incorporated geometrical, material
and contact nonlinearities.

3.2.1. Geometrical properties

A finite element model was developed in ABAQUS and calibrated with test data
obtained from the work of Bursi & Jaspart (1997) and Girao Coelho (2004). The
specimens WT1 from Coelho (2004) and T1 from Bursi & Jaspart (1997) were selected
for the calibration procedure. The geometrical characteristics of the specimens are
depicted in Fig. 3.1 and Fig. 3.2, and specified in Table 3.1 and Table 3.2.
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Figure 3.1. Geometrical characteristics and cross section of (@) WT'1 specimen (Girdo Coelho, 2004) and
(b) T1 specimen (Bursi & Jaspart, 1997)

The diameter of the bolt hole and shank were taken equal to the nominal bolt
diameter. Considering that the bolt head and nut dimensions were not provided, the
nominal values mentioned in DIN EN 14399-4 were used (See Table 3.1). Also, in

compliance with the experimental conditions, the washers were not modeled.
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Figure 3.2. Bolt head and nut dimensions

Table 3.1. Bolt head and nut dimensions for M12 bolts (DIN EN 14399-4)

Bolt head Nut
k s m s

8 mm 22 mm 10 mm 22 mm

Table 3.2. Geometrical properties of the specimens

Specimen WT1 Specimen T1

n 30 mm 30 mm
90 mm 90 mm
eq 20 mm 20 mm
P 50 mm 40 mm
t 10 mm 10.7 mm
t, 10 mm 7.1 mm
a, 5 mm -
Dp* 12 mm 12 mm
t: flange thicknes t,,: web thicknes

@,: bolt diameter

3.2.2. Material properties

An elastoplastic constitutive law with isotropic strain hardening based on the Von
Mises yield criterion is adopted for the material nonlinearity. The failure condition was
set as the attainment of the ultimate strain ¢, either for the bolt or any component of the
T-section. For good correlation with experimental results, the entire stress-strain curves

of the materials were adopted in the FE models (see Fig. 3.3). As a simplification, the
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welds in the WP-T-stubs were provided the same material properties as the T-flanges and

T-webs.

1200 :
g
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Figure 3.3. True stress-logarithmic strain material laws: (a) specimen WT1 (Coelho, 2004)
(b) specimenT]I ( from Bursi and Jaspart, 1997)

3.2.3. Meshing

The different components - namely webs, flanges, welds, and bolt — were meshed
using solid elements C3D8R (i.e., 8-node linear brick with reduced integration). C3D8R
elements, which present advantages such as reduced computation time and hour-glass
control, yielded satisfactory results. In order to have an appropriate element shape, the

“Structured” meshing technique was utilized for most elements, except from the fillet
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radius in the case of specimen T1. “Sweep” meshing was used because “Structured”

meshing led to poor meshing for fillet radius (See Fig. 3.4).

(a) (b)

Figure 3.4. Meshing techniques for (a) specimen T1 and (b) specimen WT1

The mesh size and the flange discretization (number of elements through the
thickness) were investigated. A mesh sensitivity study was carried out to obtain a model
with satisfactory results and acceptable computation time. The bolt and the T-stub mesh
sizes were identical and chosen proportionally to the thickness T-stub flange. Three mesh
sizes were examined: tf/3, t;/5 and t;/10. An element size of t;/3 was deemed
adequate. In the aftermath, T-stub models with different flange discretizations were
investigated. Previous studies concluded that, for problems involving bending, a
minimum of three elements through the plate thickness is recommended to ensure
accurate results (Faella et al., 1998). Consequently, in our study, models with 3, 4, 5, 7,
and 10 elements through the flange thickness were compared. The model with seven
elements through the flange thickness was chosen because it yielded satisfactory results

within a reasonable computation time.
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3.2.4. Modeling of contact elements

For contact interactions, standard surface-to-surface formulation with finite sliding

was defined. It requires the definition of “master” and “slave” surfaces. The considered

pairs were:
e Bolt head and nut — flanges e Upper flange — Lower flange
e Flanges — webs e Bolt shank — Bolt hole

The contact properties were defined such that the normal behavior was simulated
with hard contact, while the classic isotropic Coulomb friction law was used to model the
tangential behavior. A penalty friction coefficient of 0.25 was taken, as suggested by the
authors (Coelho, 2004; Bursi & Jaspart, 1997). Considering that, in reality, the bolt holes
are larger than the bolt diameters, frictionless contact properties was considered in the
hole area. Additionally, the welds were attached to the T-web and the T-flange by using
tie constraints.

3.2.5. Boundary and loading conditions

Adequate boundary conditions and loading patterns are among the requirements for
an efficient numerical simulation. The boundary conditions should reflect those of the
tests. Hence, the end of the lower T-web was fully fixed; only the end of the upper T-web
was allowed to move in the direction of the applied load.

Making use of symmetry, if any, it is possible to avoid modelling the whole T-stub.
Generally, YZ and YX planes may be geometrical planes of symmetry. However, the XZ
plane cannot be strictly considered a symmetry plane because the bolt heads and nuts
generally possess different rigidities. For this reason, in our model, only YZ and YX
symmetry planes were considered by applying both X- and Z-symmetry boundary
conditions (See Fig. 3.5). Consequently, a reduced model (see Fig. 3.6), requiring less

memory and computing time than the full model, was obtained.
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(a) (b)
Figure 3.5. Symmetry applied in X-direction (a) and in Z-direction (b)

Figure 3.6. Original T-stub and its reduced model

The load was applied at the top of the upper T-web in the positive Y-direction by
displacement control. The results of both displacement-controlled and load-controlled
analyses were compared and were proven to yield similar results. However, displacement

control could offer better convergence conditions (Lemonis & Gantes, 2003).
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3.2.6. Model Validation

Following the sensitivity analysis, an element size of t;/3 and seven elements
through the flange thickness were deemed adequate. Numerically, the failure criterion
was set as the attainment of the ultimate strain &, without considering ductile damage.

For the model validation, it is important to compare the load-deformation curve,
which is the most significant characteristic describing the overall behavior of the model,
as well as the failure mode of the model. The load-displacement curves obtained from the
FE analyses showed satisfactory agreement with the experimental curves (Fig. 3.7).

For the T-stub specimen WTI, the experimental observations indicated that, at a
deformation level around 14 mm, there was a smooth drop of load that continued until
bolt fracture at 20.5 mm. As a consequence, the curve obtained from the finite element
modelling stopped at a deformation level of 13.5 mm, showing a rather good agreement
with the experimental results. As for the T-stub specimen T1, an ultimate deformation of
9.20 mm was reached, which is very close to the experimental value ~9.49 mm. For both
specimens, the experimental observations revealed combined failure involving significant
flange yielding (with cracking of the flange in the heat affected zone of the welds for
WT1) and bolt fracture. Although, the experimental cracking in the welded zone was not
observed in the finite element model, a pronounced yielding was observed(Fig. 3.8. and
Fig. 3.9). The difference may derive from the modelling of the fillet weld and the heat
affected zone, near the weld toe. In fact, the welding process can render the material more
brittle. These effects are complex to quantify and take into consideration. Therefore, they
were not included in the simulations and the welds in the WP-T-stubs were provided the

same material properties as the T-flanges and T-webs.
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Figure 3.7. Comparison of the experimental and numerical F-D curves of (a) WT1 and (b) T1 specimens
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(a) (b)

Figure 3.8. Deformation and yielding status at ultimate stage of (a) specimen WT1 and (b) specimen T1

(@) (b)
Figure 3.9. Front view (a) and top view (b) of specimens WT1 after failure (Girdo Coelho, 2004)

3.3. Parametrical Study

The calibrated model was used to generate 226 WP-T-stub models in order to carry
out a parametrical study. The investigated parameters were flange thickness t, edge
distance n, and gauge distance w. The edge distance and gauge distance value ranges

were chosen in agreement with the provisions of EN 1993-1-8 (Table 3.3)
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For the models included in the parametrical study, only X-symmetry was
considered. In fact, unlike the initial T-stubs that had four bolts and a width b = 2e; + p
(see Fig. 3.1), the T-stubs involved in the parametrical study had only two bolts and a
width b = 2e; (see Fig. 3.10)

Table 3.3. Minimum and maximum of edge distance and gauge distance allowed by EN 1993-1-8

Minimum value Maximum value
Parameter according to according to
EN 1993-1-8 EN 1993-1-8

80 mm for t = 10 mm

Edge distances 14.4 mm 100 mm for t = 15 mm

120 mm for t = 20 mm

140 mm for t = 10 mm
Gauge distances
26.4 mm 200 mm for t = 15 mm
(spacing)
200 mm for t = 20 mm

Q— b

|
1 \G’ Y
1 £ |

Figure 3.10. Geometrical characteristics of the specimens involved in the parametrical study
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Table 3.4. Geometrical properties of the specimens

Specimen Parametrical study
WT1 t=8mm t=10mm t=15mm t =20mm
n 30 mm 15 - 50 [mm] 15 - 70 [mm] 15 - 100 [mm] 15 - 100 [mm)]
w 90 mm 50-110 [mm] 50— 140 [mm] 60 — 200 [mm] 70 — 200 [mm)]
e 20 mm 50 mm 50 mm 50 mm 50 mm
p 50 mm - - - -
t=ty 10 mm 8 mm 10 mm 15 mm 20 mm
a,, 5 mm 5 mm 5 mm 8 mm 8 mm
Dy * 12 mm 12 mm 12 mm 12 mm 12 mm

* 1. flange thickness t,,: web thickness @, bolt diameter

The same material properties were used for all the thicknesses based on the
similarities of the true stress-strain curves for flange thicknesses of 10, 15, and 20 mm
(Faralli et al., 2021). In order to extend the study of the behavior of T-stubs with thin

flanges, 8 mm thickness was also included.

3.4. Results of the Numerical Parametric Investigation
3.4.1. Failure modes

Following the validation of the numerical model, 226 models are generated to study
the influence of parameters such as flange thickness t, edge distance n, and gauge
distance w. With reference to steel T-stubs, EN 1993-1-8 highlights three possible failure
modes: complete yielding of the flange (Mode 1), bolt failure with yielding of the flange
(Mode 2), and bolt failure (Mode 3). Failure mode 2 was observed in specimens with a
flange thickness of 8 mm and 10 mm for short edge and gauge distances. Minor
deformation of the flange occurred, and the bolt was subjected to bending deformation.
As n and w increased, the failure mechanism shifted closer to mode 1. Bolt failure
associated with yielding at both the web-to-flange toe region and bolt line region was
observed. The flange exhibited double curvature deformation, and the bending of the bolt

was more pronounced (Fig. 3.11, Fig. 3.12).
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Figure 3.11. Ultimate stage of specimens of t = 8 mm
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Figure 3.12. Ultimate stage of specimens of t = 10 mm

With a flange thickness of 15 mm or 20 mm, when n and w were small, the T-stubs
failed by bolt fracture (Mode 3). Little or negligible deformation took place in the flanges.
The bolt exhibited a straight shank at the end of the loading, corresponding to only tensile
deformation (Fig. 3.13.b, Fig. 3.14.b). For larger values of the edge and gauge distances,
specimens with a flange thickness of 15 mm exhibited a failure mode 2. A double
curvature of the flange and bending of the bolt were observed, despite being less
pronounced than for thinner flanges. As depicted Fig. 3.13.c and Fig. 3.13.d, yielding
took place at both the web-to-flange toe region and bolt line region and bolt failure

occurred. It can hence be said that the specimens failed in a Mode 2 close to 1.
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Figure 3.13. Ultimate stage of specimens of t = 15 mm

With a thickness of 20 mm flanges, the yielding of the flange affected only the web-to-
flange toe region. Both the flange and the bolt exhibited negligible flexural deformation
(Fig. 3.14.c, Fig. 3.14.d).

For the T-stubs that exhibited a failure of the bolt in addition to yielding at web-to-
flange toe region and bolt line region, the failure mechanism at the plastic resistance stage
was different from the failure mechanism at ultimate stage. When the plastic resistance is
attained, yielding at the bolt line and at the flange-to-web connection may be observed
(failure mechanism 1). However, a reserve of resistance would allow the T-stub to
continue deforming until the failure of the bolt occurs, leading to a failure mechanism 2

(See Fig. 3.15).
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Figure 3.14. Ultimate stage of specimens of t = 20 mm
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t=15mm-n=80mm & w =200 mm

(a) Plastic resistance stage

t=15mm-n=80mm & w =200 mm

(b) Ultimate stage

Figure 3.15. T-stub with different failure mechanisms at plastic resistance stage and ultimate stage

3.4.2. Plastic resistance

Although the plastic resistance was not the focus of this study, it was examined with
the aim of obtaining insight into the failure modes and the behavior of the flanges and the
bolts when the plastic resistance is reached. The plastic resistance of the T-stub F,. was
set as the intersection between the two tangent lines of the load-displacement curve of the
T stubs at the initial and the final stages of the monotonic load (see Fig. 3.16.a). For a
given edge distance, F,. decreased when the gauge distance was increased. Conversely to
the gauge distance, as the edge distance was increased, the plastic resistance F. 1is
increased as well. However, for high values of the gauge distance, there seemed to be a
value of the edge distance for which the increase ratio of the plastic resistance in function

of the edge distance would be low. The influence of the edge distance and gauge distance
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on the plastic resistance is illustrated Fig. 3.17. As for the flange thickness, it had a
significant influence on the plastic resistance: an increase in thickness resulted in a higher
resistance (see Fig. 3.18). For specimens exhibiting a failure mode 3, the resistance had
a value of approximately 198 kN. This value corresponds to the tensile resistance of the

bolts, which can be assessed using eq. 3.1 and eq. 3.2.

F=) F (3.1)

Fep = Ap. fup 3.1)

A, is the cross-sectional area of the bolt. In general, the tensile stress area A is used but
in our case the nominal gross area was used. f,;, is the ultimate tensile strength of the
bolt.

It is worth noting that the rate of change in the plastic resistance was higher in the case of

thickness or gauge distance variation.
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Figure 3.16. (a) Conventional plastic resistance and (b) F-d curves for different values of w
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Figure 3.17. Variation of the T-stub resistance in the function of the n and w for t = 15 mm
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Figure 3.18. Variation of the resistance in the function of the flange thickness for different n-w

combinations

Furthermore, as depicted in Fig. 3.19 and Fig. 3.20, it can be seen that the

resistance Fg.3, predicted by Eurocode 3 formulation and using the experimental material

properties, was lower than the numerical plastic resistance F,.; showing that the Eurocode

predictions are conservative. The ratio between the predicted and the numerical plastic

resistances ranged from 1.15 to 1.38 for a flange thickness of 8 mm; and from 1.3 to 1.47

for a flange thickness of 10 mm. With t = 15 mm and t = 20 mm, the ratio ranged

respectively from 1.3 to 1.63, and from 1.28 to 1.63. A ratio of 1.63 was found common

to all the specimens involving a mode 3 failure.

9 100

Resistanc

Fec3

0 5 50 75 100 125
gauge distance [mm]

(a) n=15mm

150

175 200

=
=
=

e
5]
=]

—
=
=

=]

— Fr
Fec3

Resistance [kN]

0 5 50 L] 100 125 150 175 200

gauge distance [mm]

(b) n=40 mm

Figure 3.19. Variation of Fr and Fec3 in function of the gauge distance for t = 10 mm
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3.4.3. Prying effect in the bolt

The effects of prying can be evaluated by examining the induced prying force Q,
the total bolt force B and the moment in the bolts M. Two situations were considered: the
values corresponding to the attainment of the plastic T-stub resistance and the maximum
values.

Prying force:
The difference between the total bolt force B and the applied load expresses the

prying force Q arising in the bolt.
Q=B-F (3.3)

Prying action, especially prying force, has long been considered related to contact
phenomena. Prying forces are induced by the normal contact stress distribution between
the connected parts. In the case of non-preload bolts, prying force can be obtained by the
integral of the normal stress distribution over the contact zone (Couchaux et al., 2017).
The prying forces assessed by using Eq. 3.3 were compared to the force-resultant of the
contact stresses CF2 throughout the loading. As illustrated in Fig. 3.21, the graphs

coincide throughout the loading.
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Figure 3.21. Prying forces and force-resultant of the contact stresses
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The variations of prying force in the function of the edge distance and the gauge
distance are illustrated in Fig. 3.22 — Fig. 3.26. The prying for at the attainment of the
plastic T-stub resistance Q,- and the maximum prying force were considered.

For all the T-stubs, as observed in previous studies (Swanson & Leon, 2000;
Coelho, 2004), an increase in the gauge distance resulted in an increase in the prying force
(Fig. 3.22 - Fig. 3.25). The deformation of the T-stub flange is correlated to the gauge
distance. A flange with a longer gauge distance will deform more. The deformation of the
flange will induce contact stresses between the connected parts (in our case the flanges),
causing prying forces.

As the edge distance increased, prying forces exhibited a decreasing pattern for
thinner flanges (Fig. 3.22 & Fig. 3.23). However, for T-stubs with thicker flanges,
initially an increasing pattern of was observed, followed by the decreasing pattern
observed in the specimens with thinner flanges. This observation was compatible with
the assumption of Nair et al. (1969) about the existence of an “optimum” value of the
edge distance. While this feature is noticeable in all the specimens for a flange thickness
of 20 mm, it is noticeable for only lower values of the gauge distance in the case of flange

thickness of 15 mm.
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Figure 3.22. Variation of prying force in function of the edge distance and gauge distance for t = 8§ mm
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Figure 3.23. Variation of prying force in function of the edge distance and gauge distance for t = 10 mm
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Figure 3.24. Variation of prying force in function of the edge distance and gauge distance fort = 15 mm
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Figure 3.25. Variation of prying force in function of the edge distance and gauge distance for t = 20 mm

An increase in the flange thickness expectedly resulted in a substantial decrease in
the prying force (See Fig. 3.22). As the thickness of the flanges is increased, the rigidity
of the flanges increases and they become relatively less deformable as compared to the

bolt, leading to lower prying forces.
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Figure 3.26. Variation of the Qmax in function of the flange thickness for different n-w combinations

For each thickness, the maximum values of prying force were found in specimens
with the smallest value of n/m (corresponding to a combination of the highest value
of w and the smallest value of n). The dimension m, illustrated in Fig. 3.27, is the

distance between the bolt axis and the plastic hinge arising near the web.
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Figure 3.27. Distance between the bolt axis and the plastic hinge arising near the web

With thicker flanges (15 mm and 20 mm), zero or negligible prying (less than 10%
of ultimate axial resistance of the bolt) was observed in some specimens. The specimens
were all involved in a failure mode 3. In the case of zero prying throughout the loading,
from the beginning, the deformation of the flanges was negligible compared to the
elongation of the bolt. As the gauge distance increases, although small, the deformation
of the flanges is enough to induce contact in early stages of the loading. However, as the
load increases, the bolt elongation exceeds the flanges deformation, leading to a loss of
contact between the connected members.

Considering that prying forces are equivalent to the resultant of the contact stresses,

it was deemed important to examine the position of the resultant. Two directions were
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considered: X-direction and Z-direction. The center of the force due to contact pressure
in Z-direction is labelled XN3 and center of the force due to contact pressure in X-

direction is labelled XN1.

Figure 3.28. Location of the origin point

Considering the variations throughout the loading, three cases (See Fig. 3.29) were
observed:

Case 1: no contact throughout the loading

Case 2: initial contact followed by a loss of contact

Case 3: the connected elements remained in contact throughout the loading. This was the
case of most specimens.

For all the specimens, throughout the loading, XN3 is located approximately at 50 mm
from the origin (See Fig. 3.30), indicating the symmetry of the contact stresses in Z-

direction.
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Figure 3.29. Variation of the prying force and XN1 throughout the loading for different cases
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Figure 3.30. Variations of XN3 throughout the loading

The center of the forces due to contact pressure in X-direction varied throughout
the loading; indicating an evolution of the contact pressure. Two stages were considered
and compared: the attainment of the T-stubs plastic resistance and the ultimate stage. As
depicted in Fig. 3.31, the values were similar or had little difference. It could be inferred
that the position of the resultant of the contact stresses is not dependent on the loading in

the case of non-preload bolts.

t08-n=15mm t15-n =20 mm

-
R
=

==

5 2 H

=T B

-
=)
o

5
b

=1

— XNr
XNu

— XNr
XNu

Resultant position [mm]
8

Resultant position [mm]
5
=]

[~
=

[

i

=
=

o 20 40 60 80 100 120 o 25 50 75 100 125 150 175 200
Gauge distance [mm] Gauge distance [mm]

(a) (b)

Figure 3.31. XN1 at the attainment of the plastic resistance and at ultimate stage
For the same edge distance, the position of the resultant in X-direction, calculated

according to the tip of flange, did not exhibit much variation as the gauge distance
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increased (Fig. 3.32). Nevertheless, in cases where higher gauge distance led to a shift in
the failure mode from 3 to 2, the T-stub changed from a complete lift-off (no contact)
instance to situation with contact stresses. The resultant of the contact stresses was,
however, close to the edge. As illustrated in Fig. 3.29 and Fig. 3.33, the lift-off can
concern the whole loading or just a portion. For the same configuration, when the edge
distance increased, the resultant moved farther from the tip by the approximately the same
amount as the edge distance increase, except for case with no contact. It can be inferred
that the position of the resultant of the contact stresses depends on the relative flexibility

between the flange and the bolt.
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Figure 3.32. Position of the resultant of the contact stresses in X-direction
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Figure 3.33. Position of the resultant of prying forces showing the shift from Mode 3 to Mode 2
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Total bolt force

Conversely to the prying force, the total bolt force B decreased as the gauge
distance was increased. As mentioned in the previous sections, an increase in the gauge
distance resulted in a decrease in the resistance of the T-stubs, as well as an increase in
the prying force. The decrease ratio of the resistance being greater than the increase ratio
of Q, in accordance with eq. 3.3, it led to a decrease in the total bolt force. Concerning
the variations in function of the edge distance, a decreasing pattern was observed for
specimens involving thinner flanges (t = 8 mm and t = 10 mm) while the opposite was
observed fort = 15mm andt = 20 mm. Furthermore, with thinner flanges, the
variations of B, 4, are more distinct from one another than they are with thicker flanges
(Fig. 3.35). The highest values of the total bolt force corresponded to specimens
combining the smallest values of both w and n. With thinner flanges, the total bolt force
decreases as the edge distance increases. A similar variation is observed with the gauge
distance. However, as illustrated in Fig. 3.36, in specimens with thicker flanges (t = 15
mm and t = 20 mm), a linear relationship can be assumed between B,,,, and the gauge
distance, as well as the edge distance. Moreover, the variations of By, can be
approximated by a single line, showing that the maximum total bolt force is not dependent
on the edge and gauge distances when thicker flanges are used. Since the failure of the
specimens involved the failure of the bolts, the maximum total bolt force, which is
equivalent to the total bolt force at ultimate stage, is more dependent on the bolt
characteristics than it is on the flange characteristics. In some specimens, the maximum
bolt force was as low as 77 kN; which is rather small, compared to the ultimate bolt
resistance. The variations of the maximum bolt force in function of the flange thickness

are illustrated in Fig. 3.37.
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Figure 3.35. Variation of the total bolt force in the function of n and w fort = 8 mm and t = 10 mm

Bolt moment

The moment in the bolts is induced by the deformation of the flanges, which
subjects the bolts to flexural deformation. Even in specimens that exhibited zero prying
force, the moment in the bolts was present throughout the loading. It could be considered
that, unlike the prying force that is related to contact stresses, the bolt moment is related
to the rigidity of the flanges and that of the bolts. In other words, the moment in the bolts
is strongly dependent on both the deformability of the flanges and the deformability of
the bolts.

For all the specimens, the moment in the bolt exhibited the same variation
throughout the loading: as the applied load increases, the bolt moment increases until a
maximum value. Beyond that point, the bolt moment decreases as the applied load

increases, until the ultimate load (See Fig. 3.38).
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Figure 3.36. Variation of the total bolt force in the function of n and w for t = 15 mm and t = 20 mm
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Figure 3.37. Variation of Bmax in function of the flange thickness for different n-w combinations
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Figure 3.38. Variations of the bolt moment throughout the loading

The bolt moment variations were similar to that of the prying force vis-a-vis the
gauge distance. For all the specimens, the increase in the gauge distance resulted in an
increase in bolt moments. Considering a certain edge distance, the rigidity of the flanges
decreases and the deformability increases as the gauge distance increases. The
deformation of the flanges, then, subjects the bolts to flexural action.

However, the variations of the bolt moment in function of the edge distance are
different in specimens with thinner flanges (t = 8 mm and t = 10 mm) and specimens with
thicker flanges (t = 15 mm and t = 20 mm). With thinner flanges, moment in the bolt
increases as the edge distance increases. It should also be noted that the influence of the
edge distance is lower for high values of n.

In T-stubs with a thinner flange (t = 8 mm and t = 10 mm), despite being much
lower than M,,,,, the moment at the ultimate stage was still positive (Fig. 3.38.a, Fig.
3.38.b). The positive sign of moment indicated that the flange continued to deform,
subjecting the bolt to a bending (failure mode involving the flange). However, only a few
specimens presented ultimate positive moments for t = 15 mm and t = 20 mm. In most

specimens, the ultimate moment was negative (See Fig. 3.38.c, Fig. 3.38.d). Considering
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that the flanges possess a relatively higher rigidity than the bolts, after the separation of
the flanges, a further increase in the applied load would only result in a tension of the
bolts; which would tend to cancel the bending that previously occurred in the bolt due to
the flange deformation. It is worth mentioning that, with thicker flanges, the ultimate

moment (positive or negative) was negligible enough to be considered equal to zero.
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Figure 3.39. Variations of Mmax in function of n and w for t = 10 mm, 15 mm and 20 mm
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Figure 3.40. Variation of the Mmax in the function of the flange thickness for different n-w combinations

The ultimate flexural resistance of the bolt M,,; computed using equations (4) was
156 kN.mm. With flange thicknesses of 8 mm, 10 mm, 15 mm and 20 mm, the maximum
bolt moment attained were respectively 65%, 55%, 41% and 38% of the M,,;, (See Table
3.5). The moment in the bolts can reach proportions that are important enough for the
combined tensile and flexural action to yield considerable stresses in the bolt. On that

account, the bolt moment has to be considered in the design.

1
Mub:Wb'fub:m'fl:lb (32)

Table 3.5. Maximum bolt moment and their ratios to ultimate bolt flexural resistance

Thickness My Mppax/ Myp
8 mm 101.2 kN.mm 0.65
10 mm 86.5 kN.mm 0.55
15 mm 64.1 kN.mm 0.41
20 mm 58.5 kN.mm 0.38

M-N interactions curves

By comparing the prying force @Q, the total bolt force B and the total bolt moment M
for each increment to their respective maximum values, it was observed that for all the
specimens, the maximum moment M,,,, was always reached before Q,,4, and By, were
reached. For all the T-stubs, B,,,, corresponded to the total bolt force at ultimate load.
However, Qqx and M,,,,, Where different from the prying force and bolt moment values

at ultimate stage. Concerning prying force, in some specimens @,,4, and the prying force
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at ultimate load coincided. The specimens failed in Mode 1 or Mode 2 close to 1. For
specimens with a thinner flange (t = 8 mm and t = 10 mm), the maximum values of Q
and B were reached almost at the same load. However, when thicker flanges were used (t
= 15 mm and t = 20 mm), for short gauge distances, Q,,4, Was attained for load much
lower than that of B,,,,. As the gauge distance was increased, the load of attainment of

Qmax got closer to a load of attainment of B,,,,,.. (Fig. 3.41)
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Figure 3.41. Ratio of Q, M and B to their respective maximum

Considering that the bolts are subjected to the combined action of flexure and
tension, it appeared important to analyze the M-B interaction curves of the T-stubs. As
illustrated in Fig. 3.42, both the maximum bolt moment and the ultimate bolt moment
increase as the gauge distance increases. This is compatible with the fact that
deformability of flange increases in function of the gauge distance. Conversely, the
maximum total force in the bolts — which is equivalent to the ultimate total bolt force -
decreases as the gauge distance increases. With thicker flanges (t = 15 mm and t = 20
mm), the maximum total bolt force is practically the same in all the specimens. This is
due to the fact that the failure of these specimens involves the failure of the bolts (see Fig.

3.43).
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3.5. Conclusion

An advanced FE model was constructed in ABAQUS and validated using test data
available in the literature (Coelho, 2004; Bursi & Jaspart, 1997). Following the validation,
over 200 models were generated and included in a parametric study aiming at investigate
prying effects in bolted T-stubs. The influence of some design parameters such as flange
thickness t, edge distance n, and gauge distance w was examined. The values of the edge
and the gauge distances were chosen to cover all the combinations allowed by EN 1993-
1-8. The formulations presented in EN 1993-1-8 were found to yield conservative
estimations of the plastic resistance of T-stubs. The prying force and bolt moment
increase as the gauge distance increase. As for the edge distance and flange thickness,
their increase would induce a decrease in the prying force and bending moment in the
bolts, with a significant decrease with the flange thickness. Conversely, the total bolt force
decreases as gauge distance increases and increases as edge distance or thickness
increases. Also, when non-preload bolts are used, the position of the resultant of the
contact stresses is not dependent on the loading. The position depends on the flange and
the bolt rigidities. The bolt moment can represent a substantial fraction (up to 65%) of
the bolt flexural resistance, mainly in thin flanges where the flange deformation induces
considerable bending of the bolts. Therefore, the consideration of the bending moment in
the bolts is a key to a safer design of bolted steel connections. A better understanding of
prying effects requires further investigations involving more key parameters such as steel
grade, bolt diameter, bolt grade, the effective width of the T-stub, and considering a more
comprehensive value range of flange thickness, edge distance, and gauge distance. The
outcome may permit the development of an analytical model including bolt bending and

a more accurate assessment of prying action (bolt moment and total bolt force).
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4. EXTENSIVE PARAMETRICAL STUDY USING NOMINAL MATERIAL
PROPERTIES

4.1. Introduction

The behaviour of bolted steel T-stubs depends on various geometrical and material
parameters. Using the calibrated model from the previous chapter, over 3,500 additional
models were generated and a parametric study was undertaken in order to investigate the
influence of the geometrical and material parameters on the prying effects in the T-stubs.
The main geometric parameters that were varied in the study are: the flange thickness ¢,
the edge distance n, the gauge distance w, weld throat thickness a,,, the width of the
flange b and the bold diameter @. The material parameters involved were the steel class
and the bolt grade. Nominal material properties of three (3) steel classes, namely S235,
S275, and S355; and two (2) bolt grades, namely 8.8 and 10.9 were used.

In the following sections, prying-related values such as prying force, prying ratio,
bolt moment, bolt moment ratio, and the magnitude and position of the resultant of contact
stresses are examined to obtain insight into the influence of the main parameters.
Fluctuations were observed in the variations of the different prying-related values,
particularly for the bolt moment and the bolt moment ratio, M/F. Nevertheless, a
prevailing trend can be derived.

The observations made in the previous chapter were limited to a single combination
of steel material, bolt material and bolt diameter. A more extensive investigation
presented a two-fold advantage:

v" Confirm the validity of the previous observations under analogous conditions;

v Extend the observations to other conditions in order to obtain a more general grasp

4.2. Nominal Material Properties

The mechanical properties of the material used for the flange, web and welds were
chosen according to the values specified in EN 10025-2 related to hot rolled products of
non-alloy structural steels. The yield strength, f,, may vary according to thickness of plate.
Six different thicknesses were included in the parametric study: 5 mm, 8 mm, 10 mm, 15
mm, 20 mm, and 25 mm. The ultimate strength, f,, was taken as the minimum value
specifed in the standard. The specifications in EN 14399-3 were used for the bolts. Five
bolt diameters, namely M12, M16, M20, M24, and M27, were involved in the parametric
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study. The mechanical properties of the different steel classes and bolt grades are
summarized in Table 4.1, along with the codification which was used for referring to
each of them. For all the T-stub components, the elasticity moludu, E was taken equal to

210 x 10° MPa

Table 4.1. Nominal mechanical properties for plates and bolts

Thickness Steel class Bolt grade
[mm] S235 S275 S355 8.8 10.9
t<16 235 275 355
fy[MPa] 640 900
16 <t<40 225 265 345
fu[MPa] 360 410 470 800 1000
Eu 0.259 0.229 0.218 0.117 0.086
Code S1 S2 S3 B1 B2

4.3. Influence of the Design Parameters
4.3.1. Influence of the gauge distance and the edge distance

Prior to reporting the influence of the gauge distance and the edge distance, it is
important to mention that some T-stubs exhibited a failure mode that was neither of the
three modes mentioned in the previous chapters. The failure in these T-stubs occurred in
the welds. It was the case of T-stubs with strong bolts, relatively thick flanges and short
gauge distance. Due to the relative rigidity of the flanges, the yielding involved the welds.
However, as the gauge distance was increased, the T-stubs could bend and the yielding
moved from welds to the flanges.

The gauge distance is a geometrical parameter that governs the flexibility of the T-
stub whereas the edge distance controls the potential contact area, hence the position of
the resultant of the prying forces. For specimens involved in a failure mode 2 or 3,
increasing the gauge distance caused an increase in the bolt moment (See Fig. 4.1 — Fig.
4.4). Conversely, with specimens which failed in mode 1, the bolt moment decreased as
the gauge distance increased (See Fig. 4.5 & Fig.4.6). In some specimens (mostly
specimens with relatively large bolt diameters and relatively thin flanges), the decreasing

trend is preceded by an increasing trend for low values of the edge distance (see Fig. 4.7).

60



Viewport: 1 ODB: EJC 1$276 - B 8., 0/DirectoryName/16-70 odb Viewport: 2 ODB: E:ICorrections/$275 - B 8., 0/DirectoryMName/156-70.0db
8, Mises PEEQ
(Avg: 7500) (Avg: 7580)
800.1 0.122
733.4 0.112
666.7 0.101
600.0 0.091
533.4 0.081
466.7 0.071
400.0 0.061
3334 0.051
266.7 0.041
200.0 0.030
133.3 0.020
66.7 0.010
0.0 0.000
@ n=15mm-w=50mm
8, Mises
(Avg: 75%)
800.0
733.3
666.7
600.0
533.3
466.7
400.0
333.3
266.7
200.0
133.3
66.7
0.0
(b) n=100mm—w = 200 mm
Figure 4.1. Ultimate stage of S2BI1 — M12 —t = 20 mm
t =20 mm t=15 mm
504 81
7]
20 — 15
6 20
- — 4y
E - — &0
€ 30 E
2 E
= Z4
x =
20 s
E = 34
= — 15
— 20 24
10 — 40
— &0 14
t] T T T T 1 1] T =
o 50 100 150 200 250 L] 50 100 250

Gauge distance [mm] Gauge distance [mm]

(@ (b)

Figure 4.2. Variations of the Mmax and Mr for S2BI1 —M12 —t = 20 mm

61



DirectoryName/15-50. odb

(@ n=15mm—-w=50mm

8, Mises PEFR
(hug: T5%) [Avg: 7500)
go0.a 0210
7333 01492
666.7 01rs
[ boOoa 0,157
5333 01440
166.7 012z
400,40 0,105
3333 0.0n7
266.7 0.0
200,40 0,052
133.3 0.035
66.7 aaLs
o0 0,000
(b) n=70 mm —w =140 mm
Figure 4.3. Ultimate stage of SIBI —M12 —t = 10 mm
70 0 t=10 mm
& &0 4 — 15
21
— 3
—_ 50 50 — 40
: T o
— &0
= 40 E 40
= g
3 30 ECR
E — 15 =
= — 20
20 = = 20 1
—_ A
10 — 50 10
— &0
o - T : : : - - - : bl r - . - : ! r .
a @ 40 B0 80 100 120 140 10 18O u 20 40 B0 B0 100 120 140 160 180
Gauge distance [mm] Gauge distance [mm]

(a) (b)
Figure 4.4. Variations of the Mmax and Mr for SIBI —M12 —t 10

62



g, Mises
[Avg: Fhto)

(@) n=30mm—w =70 mm

efT0-140,odb

g, Mises EEQ}
[Awg: Folo) [Awg: 75%0)
a0z.? 0.247
s 0,226
T32.7 0,206
6774 0,183
60201 0165
G269 0.144
AELE 0173
a7e.: LRo )
B01.1 0,082
2238 0067
150.5 0,041
753 0021
0.0 0.000
(b) n=70mm —w =140 mm
Figure 4.5. Ultimate stage of S2B2 — M24 —t = 10 mm
t =10 mm t =10 mm
900 q 700 -
BLO 4
\ 600 < =
700 =,
500 -
T 600 -
E E
Z 500 E 400
= Z
% 400 1 = 500 -
-3 -
5 =
= 300
— 30 200+ — 30
200 1 40 o
— 50 100 —5
100 4 — &0 — B0
] 20 40 L] BO 100 120 140 160 V] 20 40 B0 BO 100 120 140 160

Gauge distance [mm]

(a)

Gauge distance [mm]

(b)

Figure 4.6. Variations of the Mmax and Mr for S2B2—M24 —t = 10 mm

63



Mmax [kN.mm]

Figure 4.7. Variations of Mmax in function of w for T-stubs with large bolts and thin flanges
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Concerning the prying forces, an increase in the gauge distance led to an increase

in prying forces for specimens involved in a failure mode 2 or 3 (see Fig. 4.8). As the

failure mode shifted to mode 1, the increasing trend is followed by an decline in the prying

forces, mostly for low values of the edge distance (See Fig. 4.9). For higher values of the

edge distance, prying forces decreased as the edge distance was increased.
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Mode 1

In accordance with the observations reported by Nair et al. (1969), there is an
optimum value for the edge distance. For values of n below the optimum value, an
increase in the edge distance resulted in a decrease in the bolt moment, whereas for values
beyond the optimum value, the bolt moment increased for higher values of n. However,
in case of a specimens involved in failure Mode 1, the observed trend was inversed: for
values below the optimum value, increasing the edge distance led to an increase in the
bolt moment, whereas for values beyond the optimum value, the bolt moment decreased
for higher values of the edge distance (See Fig. 4.10).

Regarding the prying forces and for T-stubs involved in failure Mode 3, increasing
the edge distance resulted to an increase in Q for values of n below an optimum value.
Beyond the optimum value, prying forces decreases as the edge distance increased. When
Mode 1 or 2 were involved, only a decrease in the prying forces was observed as the edge
distance was increased (See Fig. 4.11). It seems pertinent to note that the optimum value
may be different for the bolt moment and the prying force and depends on other
parameters such as the gauge distance.

Additionally to the bolt moment and the prying force, their magnitude in relation to
the applied load was also examined. Four categories were considered: (i) the ratio at the
attainment of the plastic resistance, (Q/F), or (M/F),, (ii) the ratio when the Qmax or
Mmax are reached, (Qqx/F) or (Myq,/F), (iii) the ratio at ultimate stage, (Q/F),, or
(M/F),, and (iv) the maximum ratio QR4 Or MR, 4. As illustrated in Fig. 4.12, the

ratio corresponding to Q45 OF My 4, doesn’t always correspond to the maximum ratio.
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This is particularly noticeable for the ratio related to the bolt moment. The maximum ratio

can be reached at the beginning of the loading and correspond to very low values of the

moment. Therefore, little attention will be given to the the maximum ratios.

40 1

304

20

Mr [kN.mm]

2004

Mr [kN.mm]

50-

400

350 4

300 -

~
G
o

Mmax [kN.mm]
- L
& =
= =

104

100 4

50+

t =20 mm

t =20 mm 225 1
200
1754
'E 150 -
— 150 £ 125
— 170 =z
— 130 =
100 4
— 200 -]
£
= 75
T T T v — 150
20 & 80 100 120 140 504 170
digtance [mm] — 100
— 254 — 3200
a - - r - -
0 20 a &0 20 100 120 140
Edge distance [mm]
(a) S3B2-MI6
. t=20 mm
t =20 mm 2301
200
-
E
E_ 150
=
=
— 130 K
150 B 100
— 170 E
— 190 — 130
— 200 - 150
50 — 170
T =) > T T 1 — 180
20 m__/ & 20 100 120 140 — 200
Edge distance [mm]
o - r - - - - .
a 20 40 L] 80 100 120 140
Edge distance [mm]
(b) SIB2-MI6
t=8mm t=8 mm
350
) 300 e e
,./"-- e ——
A i
E
£ 200
2
=
1501
=
a0 100 - Y
— 100 — 100
T & — 110
- - . : : - : " 0 "
10 20 30 40 50 L] 70 BO o 10 20 30 40 50 0 0

Edge distance [mm]

(c) S2B2-MI6

Edge distance [mm]

Figure 4.10. Variations of the bolt moment in function of the edge distance

66



t=20 mm

Edge distance [mm] Edge distance [mm]

(c) S3BI-M27

Figure 4.11. Variations of the pring forces in function of the edge distance

10- 20 - t=20mm
35 35
304 304
25 J
E 5 - 25
=
=
% 20 % X 20 - 90
E — 110 = — 110
— 1720 o — 120
© 151 — 130 15+ — 130
—— 150 — 150
10 — 170 10 4 — 170
130 —— 190
54 —— 200 5 — 200
—
o T y y y T T o T 7 T T T ]
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Edge distance [mm] Edge distance [mm]
(a) SIBI-MI2
= t=15mm
o t=15mm 100 -
100 A 804
a0
- &0 4
Z z
[=1 -
J =
x 60 = N
E S
o
40 4 — 120 — 120
L %A —— 140
— 160 204 — 180
20 ke — 1an
i —— 200
. : : i : : ; : ] - - - - - r .
0 20 a0 &0 80 100 120 140 o 20 40 &6 8c wa1e0 140
Edge distance [mm] Edge distance [mm]
(b) S2BI -MI6
t=10 mm t=10 mm
140 4 120
> _
1204 S 100 4
—_—
e=— T
100
BD
=
E 80 =
et =2
% = 60
£ 60 &
(=] — 170
a0 4 — 130
a0 — 120 — lao
— 130
20 — 140 =
0 . - - ) 0 - r - !
o 20 40 &0 20 100 0 20 40 60 100

67



5235-8.8-Ml2-t=15mmn =50 mm

A 1.7
35 4 ! — 120
s LG 110
- o
k! — 180
g 1254 — 180
=54 200
1-—‘- — 120 B 100
£ 2 140 §
g — 160 5 0.75
g 15 — 10
- 200 0.50
3w
-]
.. 0.24
) 0.0 ; - —
U : . . - o A
0 20 a0 50 80 100 120 20 60 30 100 120
Applied load [kN] Applied load [kN]
(a) SIBI-MI2
5275-10.9-M12 -t = 20 mm n = 90 mm
104
30 I[
= 081 — 120
£ 23 200
£
Z 504 o 061
Pt -
-l £
[}
E 15- — 190 = |
2 1.4 4
g 200 Hyle |
= 101 |
a 0.2 4
54
- ' T T 1 [ | T T . - —-
] 20 a0 60 80 100 120 140 ] 20 40 0 af w00 1 40
Applied load [kN] Applied load [kN]
5355 - 8.8 - M27 - t = 20 mm n = 60 mm
A00 A i
—_ 140
= 160
E SO0 4 b — 150
z R (- — 200
= e
Bisi “ w3
E — 180 : "
£ — 00
=
S 20c 4
& 20c 5
o . , ; .
100 200 300 200 5 - — -
Applied load [kN] 1o 200 300 400

Applied load [kN]

(c) S3BI-M27
Figure 4.12. Specimens with the maximum bolt moment ratio at the beginning of the loading
As reflected in Fig.4.13 and Fig. 4.14, the prying ratio, Q /F and the bolt moment ratio,
M /F exhibited variations similar to those of their respective component, Q and M.

However, the decline in prying forces observed in specimens with mode 1 failure for

higher gauge distance was not exhibited for prying ratios (see Fig. 4.13 — Fig. 4.16)
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Regarding the position of the prying forces resultant, the conclusions made in the

previous chapter are still valid. It is, however worth mentioning that, for very flexible

flanges (relatively to the bolt), the difference between the positions at the attainment of

the T-stubs plastic resistance and at the ultimate stage is more noticeable (See Fig. 4.17).

R

XN1 [mm]
B
o

)

10

[
=]

t=5mm n =20 mm

— a0
i)
— T0

XN1 [mm]

T T i
o 10 20 3

0
Applied force [kN]

(@) SIB2-MI2-t=5mm

t=8mm n=25mm

T T
40 50

o 25

50 75 100 125 150 175

Applied force [kN]

(c) S3BI-M20-t=8mm

XN1 [mm]

XN1 [mm]

120

-
o
a

)
=]

@
=1

40 1

201

t=10mm n =50 mm

— 110

120
e
— 140

20 4‘0 GIO 8‘0 1(‘!0 liG
Applied force [kN]

(b) S2BI -M24 -t= 10 mm

t=10mm n =40 mm

— 80

- 100
—— 110
—_— 120
— 130
— 140

51[) 1 60 1 gU 2(:] o
Applied force [kN]

(d) S3B2-M27-t=10mm

Figure 4.17. Variations of XN1 in function of the applied force for T-stubs with flexible flanges

4.3.2. Influence of flange thickness

The flange thickness is one the parameters with a significant influence on the

behaviour of bolted steel T-stubs. In most cases, an increase in the thickness led to a sharp

decrease in the prying forces, as well as in the bolt moment, as reported by Nair et al.

(1969) and observed in the previous chapter. In some cases, a thicker flange could actually

increase the bolt moment or the prying forces. However, for all the specimens, thicker

flanges resulted in lower bolt moment ratio and prying ratio (see Fig. 4.18 — Fig. 4.21).

It also caused the resultant of the prying forces to shift closer to the edge. In some cases,
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the increase in the thickness could lead to a complete lift-off of the flanges (See Fig. 4.22

and Fig. 4.23).
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4.3.3. Influence of flange width

In order to investigate the influence of the flange width on prying action, T-stubs
with a width b = 70 mm have been analyzed. The influence of the flange width depended
on the failure mechanism of the T-stub. When the flange is the weakest component of the
T-stub, decreasing the flange width may reduce the ability of the flange to exert bending
on the bolt. As a consequence, the bolt moment would be lower in the T-stub with a
reduced flange width. When other failure mechanisms were involved, the bolt moment in
the T-stub with a reduced flange width was higher due the decreased rigidity. Despite all
the changes observed for M depending on the failure mechanism, the variations of the
bolt moment ratios were the same regardless of the failure mechanism: a reduced flange
width led to an increase in the bolt moment ratio (See Fig. 4.24). For all the T-stubs, the
reduced flange width resulted in higher prying forces for low values of the gauge distance
and in lower prying forces for high values of the gauge distance (see Fig. 4.25). Similarly

to M/F, the prying ratio increased when the flange width was reduced.
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Regarding the location of the prying force, it moved farther from the edge when the
flange width decreased. However, for very low values of the edge distance, the flange
width had little effect of the position of the resultant (See Fig. 4.26). In some cases, the

decrease of the flange width would could cause the T-stub to shift from a complete lift-

off instance to an instance with contact.
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Figure 4.26. Influence of the flange width on XN1

4.3.4. Influence of steel class

The steel class may affect the relative flexibility of the flanges. If the flange is the weakest
component of the T-stub (failure mode 1), the relative strength of the bolts will play an
important role in the way the steel class influences the behaviour of the T-stubs.When,
the bolt is strong enough for the steel class, hence the flange flexibility, not to have any
influence on the behaviour of T-stub, the values of bolt moment ratio and the prying ratio
at the attainment of the plastic resistance and at the attainment of Q,,4, and M,,,, were
similar or exhibited very little variations for almost all the steel classes although the bolt
moment and the prying forces were higher when a higher steel class was used (See Fig.
4.27 and Fig. 4.28). It is worth mentioning that the complete M/F and Q/F graphs for each
steel class were different due to their corresponding resistance.

On the contrary, if the bolt is the weakest component, using higher steel class wouldn’t

have any influence of the failure mode of the T-stub. However, higher steel class resulted

79



relatively higher bolt moment but had little influence on the bolt moment ratio. The bolt

moment, and therefore the bolt moment ratio, beyond the point of plastic resistance is

rather low (close to zero). Regarding the prying forces and the prying ratios, the plots

against the applied load appeared coincident or showed very little differences for the

different steel classes. Nevertheless, their values at the attainment of the plastic resistance,

Q, and (Q/F), were higher with a lower steel class. In overall, the prying forces and the

prying ratios can be considered higher when a lower steel class is used due to the fact

higher steel class could result in less flexible flanges and lead to limited deformation in

the flanges prior to their separation ( see Fig. 4.29).
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The use of higher steel classes can cause a shift in the failure mechanism, from

mode 1 to mode 2 or from mode 2 to mode 3, and therefore result in lower values of Q/F

and M/F. Although the resultant of the contact stresses moved closer to the edge when a

higher steel class was used, the variations were negligible (See Fig. 4.30).
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4.3.5. Influence of weld throat thickness

Welds can be a limiting component for the T-stub and in order to investigate their
influence, the size of the welds throats was varied and summarized in Table. Three
thicknesses (10 mm, 15 mm, and 25 mm) and three bolt diameters (M12, M20, and M27)

were considered.

Table 4.2. Weld throat thickness

Flange thickness Initial weld throat W Increased weld throat
10 mm 5 mm 8 mm
15 mm 8 mm 10 mm
25 mm 8 mm 10 mm

The change in the weld throat size appeared to have little influence on the position
of the prying forces resultant. Neverthless, the resultant was closer a little bit closer to the
edge for smaller weld throat. As illustrated in Fig. 3.23, the larger size of the weld throat
correspond to smaller value of m and would result in smaller lever arm for the flexural
deformation of the flange. Consequently, M/F and Q/F decreased as the weld throat
thickness was increased. The influence of the weld throat thickness is depicted in Fig.

4.31 and Fig. 4.32.
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Figure 4.31. Influence of the weld throat thickness on the location of the prying force
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4.3.6. Influence of bolt diameter

For a certain configuration, as the bolt diameter increased, the bolt would become

relatively stronger as to the flange; allowing the flange to deform more and inducing

increased moment in the bolts. Additionally, stronger bolts would maintain the flanges

connected more firmly and would undergo less deformation as to the flanges. As a result,

increased prying forces were observed. Similarly, the prying ratios and bolt moment ratios

increased as the bolt diameter increased. Increasing the bolt diameter, resulted in a shift

in the failure mechanism of the T-stub: from mode 3 to 2 or even 1 or from mode 2 to 1.

As a consequence, the resultant of prying forces moved farther from the edge.
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Figure 4.34. Influence of the bolt diameter on M, M/F, Q and Q/F for S3BI —t = 20 mm

4.3.7. Conclusion

This additional investigagtion allowed to explore the influence of more design

parameters including the flange thickness t, the edge distance n, the gauge distance w,

weld throat thickness a,,, the width of the flange b and the bold diameter @. The

investigation provide more insight into the prying effects in bolted steel T-stubs. Overall,
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the flange thickness, the bolt diameter and the gauge distance were the parameters which
had significant influence on prying effects. An increase in the bolt diameter, just like an
increase in the gauge distance results in higher prying forces and bolt moment. The steel
class, the bolt grade and the flange width had less influence, although in some situations
they could result in a shift in the failure mechanism of the T-stub. It has been observed
that the variations of the prying force and the bolt moments were dependent on the failure
mechanism of the T-stub, mostly for the gauge distance, the edge distance, the flange
width and the steel class. Their ratios, namely M /F and Q /F exhibited more consistency
in their variations. With the large number of data obtained from the parametric study, a
regression can be undertaken to provide a estimation of the prying force and the bending

moment in the bolts.
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5. DEVELOPMENT OF AN ASSESSMENT PROCEDURE FOR THE PRYING
FORCE AND THE BENDING MOMENT IN THE BOLT

5.1. Considerations for the Prying Effects

M-N interaction curves provide the combinations of the acceptable bolt moment
and total bolt force to consider for the bolts. Constructing the complete interaction curves
for the bolts requires to consider the maximum bolt moment, M,,,, and the corresponding
total bolt force, as well as the total bolt force at ultimate stage and the corresponding bolt
moment. For T-stubs involved in a failure mode 3 or 2, the total bolt force at ultimate
stage corresponds to the axial resistance of the bolt. Taking into account the ultimate stage
presents a difficulty because it would involve the consideration of the ultimate strength,
fu. and the ultimate strain, &,, and the ultimate moment of the flange would need to be
defined. Moreover, some specimens may exhibit different failure mechanisms at the
plastic resistance stage and at the ultimate stage and would require more complex models
that are able to encompass their behavior at the different stages. As a simplification and
considering that, for design purposes the yielding of the plate is an acceptable stage for
the flange, in the following sections, only the prying force and the bolt moment at plastic
resistance stage will be considered.

The limit state and the behavior of each T-stub depend on the failure mechanism
involved. The total bolt force at the attainment of the plastic resistance, B,- was considered
and compared to the axial resistance of the bolt, B,;. For T-stubs involved in a failure
mechanism 3 or 2, the ratio B,./B,4, was equal to 1 due to the fact that they involved bolt
failure. In some of the T-stubs involved in a failure mechanism 1, the ratio B, /B,4; was
as low as 0.2 (see Fig. 5.1). From a design standpoint, these configurations are not
reasonable considering that a large reserve of the bolts’ capacity is still available. Prying
force and bolt moment were equal to zero in the T-stubs that failed in Mode 3.

Subsequently, these specimens were not considered for the estimation of Q,- and M,..

5.2. Mechanical Models Considering Prying Effects

Various models have been suggested to represent the behavior of bolted T-stubs. In
some models, the bending of the bolts is disregarded whereas in other models it is taken
into account (See Fig. 5.2). For specimens involved in a failure mode 3, the bending of

the bolts can be disregarded. However, when other failure modes are involved, the
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bending induced in the bolts can be considerable and needs to be taken into account. The

equations of equilibrium for each model are summarized in Table S.1.
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Table 5.1. The equations of equilibrium for the different models

Model disregarding bolt bending Model considering bolt bending

MZ = O.’Ml = Qn (52) M2 = a,Ml = QTl + Mb (56)

B=T+Q (5.3) B=T+Q (5.7)
a m a' m

0=17=2T7 (5.4) Q=172T~ (5.8)

Considering a limit state without prying in the T-stub and at most with yielding at the

web-to-flange connection, the required thickness can be given by Eq.:

(5.9

(5.10)

a is often recommended to be taken between 0 and 1 (0 < o < 1). Values of a greater
than 1 are considered inadequate because the configuration has insufficient strength to
develop the available tensile strength of the bolts. However, in our study this restriction
was not applied

A simplification in the previous models is the consideration that the prying force is a
concentrated force located at the edge of the flange. Prying force is actually the resultant
of contact stresses distributed over a portion of the edge distance. Taking into
consideration the location of the resultant of the contact resultant, the prying force

equations in the models above can be revised as presented in Table 5.2.

Table 5.2. Modified prying formulas for the prying force

Model disregarding bolt bending Model considering bolt bending
a m a' m
= .T.— 5.11 = —
Q 72 "% ( ) Q_Ha,.T.x (5.12)
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5.3. Location of the Prying Force

The contact stresses distribution, hence the location of the resultant depends on the
flange stiffness and the bolt stiffness. Several authors (Chasten et al., 1992; Huang et al.,
2017) suggested a conservative value x = 0.6n. However, as illustrated in Fig. 5.3, this
value may be acceptable for some specimens but totally inaccurate for other specimens.
For specimens involved in a mechanism 1, the ratio x/n ranged from 0.12 (farthest from
the edge) to 0.9 (closest to the edge). As for specimens involved in a mechanism 2, the
ratio ranged from 0.6 to 1 (case of point-wise contact). It is, therefore, essential to obtain

a better estimation of the prying force position.
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Figure 5.3. Ratio x/n for for different (a) flange thicknesses and (b) bolt diameters

The model suggested by Couchaux et al. (2017), was able to predict with
satisfactory accuracy the location of the prying force. The distance between the location

of the prying force and the bolt axis can be expressed as:

x=E+1) (5.13)

The separation length ¢ is the solution to a third degree equation:

3
() & -G)-r-o

24 and Ly is the elongation length of the bolt as provided in EN 1993-1-

(Lp/2)

Where k;, =

8.
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As for [(£), it can be obtained from the expression below:
2(n—9&) 1
1§ === ;
[1+4 (n—§)/1.11 x t)6]6

An overestimation of the location of the location of the resultant was observed in very

(5.15)

thin flanges, probably due to membrane effects that occurred. As a simplification, it could
be recommended to avoid using very thin plates: D/t > 2.4

5.4. Estimation of prying force

Using the prying model without considering the flexural engagement of the bolts,

curve fitting procedure was undertaken in order to deduce a coefficient, C that would
allow to integrate the effects of the bolt bending.

Q=C.(1ia).T.E

X

(5.16)
The influence of the bolt head dimension, hence of the bolt diameter on the position

of the yielding line has been reported by several others (). This influence is more

noticeable when large bolt diameters are used. The variable m was modified according to
the expressions below:

m' =m—0.3D (5.17)
Through the curve-fitting procedure, a convergent solution was obtained with C = 0.829.

The equation was able to provide satisfactory prediction of the prying forces in the bolts.
2507

200 A

150 ~

Qcal

100 ~

50 1

T T T
100 150 200
Qr

250

Figure 5.4. Prediction of the prying force
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5.5. Estimation of the Bending Moment in the Bolts

Following the evaluation of the prying force location and magnitude, the bolt
moment can be deduced from the equilibrium equations provided in the previous sections.

The bolt moment, M}, can be calculated as:
My =(Txm)—(Q Xx)— My (5.18)

The value of M, should be positive. M, can be taken as zero when a negative value is
obtained from Eq 5.18. In fact, the bolt moment was relatively low (less than 10% of M,,;))
in T-stubs that yielded negative values with Eq. 5.18. Additionally, in the analyzed T-
stubs, the maximum value for M,./M,,;, was 0.65.

Although the formula was able to provide a satisfactory estimation for high bolt
moment, an overestimation was observed for very low values of M,.. The real value of the
moment in the flanges, M; was compared to the plastic moment of the flange, M,,; through

a coefficient y.
M; = (Txm)—(Q xXx)— M, (5.19)
Yy =M /My, (5.20)

The values of y were as low as 0.65 for the cases where the bolts and the flanges
were relatively strong and the gauge distance was short. In these cases, the yielding and
the failure occurred in the welds in lieu of the flanges. The flanges did not develop the
full plastic resistance M, before the failure. However, in T-stubs where the flanges were
very flexible, the values of were greater than 1.4. In fact, the first yielding occurring in
the flange-to-web region, the deformation of the flanges continued until the yielding
occurred in the bolt line region. At that stage, the moment in the flange-to-web region

was greater than the plastic moment My,;.

5.6. Conclusion

Constructing the complete M-B interaction curves for the bolts of a steel T-stub
presents a certain difficulty because it requires to take into consideration the ultimate
behaviour of the T-stubs and some T-stubs exhibit a different behaviour at ultimate stage
and at the plastic resistance stage. For design purposes, considering only the plastic
resistance stage can be sufficient. Models have been proposed, some neglecting the

bending moment in the bolts and some other models taking it into account. In these
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models, the position of the prying force is usually assumed fixed, either at the edge of the
flange or at a distance x = 0.6n. This assumption is reasonable for only certain
configurations. A more general approach requires to evaluate the position of the prying
force for each configuration. The procedure was reported in the chapter used the model
suggested by Couchaux et al. (2017). Using the data obtained from the extensive
parametric studies that were conducted in this dissertation and implementing a curve
fitting process, a formula which integrates bolt bending was suggested for the estimation
of the prying force. The suggested formula yielded satisfactory results. With the prying
force location and magnitude evaluated, it is possible to calculate the bending moment in
the bolts using the equations of equilibrium. The formula was able to provide an
estimation of the bolt moment with sufficient accuracy when high bending moment were
involved. It was also found that the moment in the flange at the flange-to-web connection

could be different from the plastic moment M,;.
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6. CONCLUDING REMARKS
6.1. Summary of Research

The objective of this dissertation was to investigate prying effects in bolted steel T-
stubs, with a focus on the bending moment that may develop in the bolts. Although prying
action is considered in some design codes, the bolt bending is usually disregarded. The
mechanical behavior of bolted steel T-stubs and subsequently prying effects in the bolts
are influenced by various geometrical and material parameters such as the flange
thickness, the gauge distance, the edge distance, the bolt diameter, the steel class, and the
bolt grade. Prying-related variables such as prying force magnitude, prying force location,
bolt moment, prying ratio, and bolt moment ratio were investigated. Afterwards, a
procedure taking into account the flexural engagement of the bolts was proposed for
evaluation of the prying force and the bending moment in the bolts.

The equivalent T-stub model is powerful tool for simulating the mechanical
behavior connection components subjected to tensile loads. A T-stub consist of two T-
shaped elements connected through the flanges by means of one or more bolt rows. Under
the applied load, the deformation of the flanges can induce additional forces and bending
moment in the bolts. This phenomenon is known as prying action. Although the prying
forces and bolt bending are negligible with thick flanges, they can be considerable with
more flexible flanges and cause a premature failure of the bolts. Considering the prying
effects is essential for a safer design of bolted steel connections. The prying effects and
their influence on the behavior of bolted connections have been investigated in many
studies. As simplification, in most analytical models, the prying forces are modelled as a
concentrated force applied at the edge of the flange and the flexural flexibility of the bolts
is disregarded. As a result, the prying effects are usually underestimated. Taking into
consideration the location of the prying force and the bending of the bolt would allow for
a more accurate evaluation of the prying effects.

An advanced FE model of both hot-rolled T-stub and welded plate T-stub was
developed in ABAQUS and validated against test data from the work of Coelho (2004)
and that of Bursi and Jaspart (1997). The model, which integrated geometrical, material
and contact nonlinearities, performed satisfactorily. Afterwards, 226 models were
generated and a parametrical study was conducted to examine the influence of some

geometrical parameters such the flange thickness, the edge distance and the gauge
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distance on the prying action. The study was further extended with over 3000 models in
order to include the bolt diameter, weld throat thickness, the T-stub width, the bolt grade
and the steel class. In this extended study, nominal material properties were used. The
formulations provided in EN 1993-1-8 yield conservative estimations of the plastic
resistance of T-stubs. Additionally to the three failure mechanisms usually considered, a
mechanism involving failure of the welds can occur. This kind of failure, which should
normally be avoided, may happen in T-stubs with strong bolts, relatively thick flanges
and short gauge distance. The parameters that significantly influence the prying effects
are the flange thickness, the bolt diameter and the gauge distance. The influence of design
parameters such as gauge distance, the edge distance, the flange width and the steel class
depended on the failure mechanism of the T-stub. With the data acquired from the
parametric studies, a curve fitting process carried out and an improved formula taking

into account the bolt bending was suggested for the prying force and the bolt moment.

6.2. Recommendations for Future Work

This research relied on the FE modelling of bolted steel T-stubs. Although the
models were calibrated using test data from literature and yielded satisfactory simulation
of the behaviour of bolted steel T-stubs, it would be recommended to conduct an
experimental campaign that would allow a validation of the observations made from the
parametric studies. Also, with the increasing use of high-strength steels, it would be useful
to extend the study and include high-strength steels.

In order to improve the formula for the estimation of the bolt moment, it would be
recommended to develop a model which takes into account the deformed shape of the
flange and the bolt, as well as the interaction between the flange and the bolt head.

In many studies, the T-stub is treated as a deformable body in contact with a rigid
foundation. This consideration is acceptable for column bases and for symmetrical
specimens where the flange and the bolts on each side undergo similar deformations,
allowing the plane of symmetry to be considered as a rigid foundation. However, in some
practical situations, such as in endplate connections with a column and an endplate of
different thicknesses, the rigid foundation condition may not be fulfilled. An investigation
into the prying effects and their influence on the behaviour of non-symmetrical T-stubs

(different flange thickness on each side) would be recommended.
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