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ABSTRACT

The study addresses the lack of design techniques for welded rectangular hollow section (RHS)
connections with offsets, where one branch is laterally shifted from the chord centreline. The
research involves experimental and numerical analyses of welded T-joints using specific RHS.
Various offsets and component sizes are tested in experiments, alongside steel strip coupon
tests, and the results are thoroughly discussed.

Numerical models are created in Abaqus, considering nonlinearities, mesh size effects, and weld
characteristics. These models are validated against full-scale laboratory tests. The resulting load-
displacement curves for different joint geometries are analysed, focusing on failure modes and
offset values. An analytical model is also developed to estimate the plastic resistance of the offset
RHS T-shaped connection. This model is an extension of a plastic mechanism model for traditional
stepped RHS T-connections and is verified against non-linear numerical simulations.

The proposed analytical model provides reliable predictions for yield and ultimate loads in offset
connections. It's compared with other analytical methods and demonstrates accurate yield load
computations, even for connections with matched faces of the chord web and brace lateral
surface. Overall, the research contributes valuable insights into the behaviour of offset RHS
connections and offers practical design tools for such cases.
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ABSTRAKT

Studie se zabyva nedostatec¢nymi technikami ndvrhu svarovanych spojl obdélnikovych dutych
profild (RHS) s odsazenim, kde je svislice odchylena od osy pasnice. Vyzkum zahrnuje
experimentalni a numerickou analyzu svafovanych T-spojl s pouzitim uzavienych ctvercovych
profilG. V ramci experimentl jsou testovany rdzné hodnoty odsazeni a rozméry prvki, spolu
s materiadlovymi testy ocelovych vzork(, a vysledky jsou dlikladné diskutovany.

Numerické modely jsou vytvoreny v programu Abaqus s ohledem na nelinearity, vliv velikosti KP
sité a charakteristiky svart. Tyto modely jsou ovéreny na zakladé zkousek v laboratofi v pIlném
méritku. Vysledné deformacni kfivky pro rlizné geometrie spojll jsou analyzovany s dirazem na
zpUsoby selhani a hodnoty odsazeni. Analyticky model je také vyvinut k odhadu plastické
odolnosti T spoje obdélnikovych dutych profill. Tento model je rozsitenim plastického
mechanismu pro tradi¢ni T-spoje RHS a je ovéren proti nelinedrnim numerickym simulacim.

Navrzeny analyticky model poskytuje spolehlivé predikce pro mez kluzu a mez pevnosti u spojl
s odsazenim. Je porovnan s dalSimi analytickymi metodami a prokazuje pfesné vypocty mezniho
zatizeni, dokonce i pro spoje se stejnou Sitkou profilt. Celkové vyzkum pfindsi cenné poznatky o
chovani spoju z RHS profilt s odsazenim a nabizi praktické navrhové ndstroje pro tyto pripady.
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NOTATION

ABBREVIATIONS

CIDECT

CBFEM
CHS
DT
Iw
IPB
FE
FEA
FEM
HSS
OPB
RHS
SCE
SHS
SCF
SNCF
V&V

Comité International pour le Développement et ['Etude de |la
Construction Tubulaire

Component-Based Finite Element Method

Circular Hollow Section

Directly Transferred [braces] (Chapter 2.3)

International Institute of Welding

In-plane Bending Moment

Finite Element

Finite Element Analysis

Finite Element Model

Hollow Structural Steel; Hot-Spot Stress (Chapter 2.2.3)

Out-of-plane Bending Moment

Rectangular Hollow Section

Stepped Connection with Eccentricity

Square Hollow Section

Stress Concentration Factor

Strain/stress Concentration Factor

Validation and Verification

LIST OF SYMBOLS

The symbols are introduced in relevant chapters. The terminology and symbols follow the rules
applied in EN1993-1-8:2006. The major general variables are described below.

FN,mian
Miy, i ra
My i Ea
N; ra

N; ga

the minimum resistance of the active components (a)..(e) for joint under
axial force

the design value of the resistance of the joint, expressed in terms of the
in-plane internal moment in bracei(i=0, 1, 2 or 3)

the design value of the in-plane internal moment in brace i
(i=0,1,2o0r3)

the design value of the resistance of the joint, expressed in terms of the
internal axial force in brace i (i=0, 1, 2 or 3)

the design value of the internal axial force in brace i (i=0, 1, 2 or 3)
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Qr

Pmax

Pult
P1osp,

P3oip,

the chord load function

the peak load

the ultimate load

the load taken at the serviceability deformation limit of 1%b,
the load taken at the ultimate deformation limit of 3%b,
the effective throat thickness of fillet weld

the main chord width

the effective width of the brace

the effective width of the brace for punching shear model
the yield strength of the chord

the yield strength of the brace

the height of the brace

the loading ration for fire resistance

the chord's external corner radius

the chord thickness

the global displacement

the web deformation

the length-to-diameter ratio for CHS

the width-to-width ratio for RHS

the diameter-to-thickness ratio for CHS

the chord width-to-double-thickness ratio

the ring-to-chord width ratio

the width ratio

the outer brace inclination angle

the chord width-to-thickness ratio

the brace width-to-thickness ratio

the brace-to-chord thickness ratio
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CHAPTER 1:
INTRODUCTION

1.1 STRUCTURAL APPLICATION OF HHS, DISCUSSION OF THEIR ADVANTAGES
AND INEFFICIENCIES

In 1952, Stewarts and Lloyds produced the first rectangular hollow sections (RHS), marking the
inception of the widespread usage of RHS structural members in modern construction and
opening new vistas in the field of steel structures. In essence, steel structural hollow sections
(HSS), whether circular (CHS), square (SHS), or rectangular (RHS), inherently exhibit higher
efficiency as load-bearing components compared to other structural steel sections like I-, H-, or
L-sections. This efficiency is owing to their geometric configuration. The production technologies
for HSS profiles, now refined to perfection, coupled with contemporary architectural trends, fulfil
specific requirements for both aesthetic appeal and the efficiency of long-span roofs and
supporting systems in various buildings, as illustrated in Figure 1.1 and Figure 1.2. Consequently,
HSS finds numerous applications in high-rise structures, earthquake-resistant buildings, halls,
bridges (refer to Figure 1.3), towers, and specialized installations such as sign gantries, parapets,
cranes, jibs, sculptures, and more.

Figure 1.1 Examples of SHS application in bearing structures of transit terminals in Wiskonsine (USA)
and in Milwaukee (USA)

Figure 1.2 Examples of RHS application in dome welded truss steel structure roofs (China)
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Figure 1.3 Examples of RHS application in bridges
(left - Pedestrian bridge in Scotland (GB), right - Passage between buildings in CVUT (Czech Republic)

The structural benefits of HSS members, particularly in load-bearing situations involving
compression or torsion, have become evident to architects and designers. Circular hollow
sections (CHS) possess an aesthetically pleasing form and offer an efficient distribution of steel
around centroid axes, along with minimal resistance to fluid flow and a smaller surface area
compared to their I-section counterparts. However, it's important to note that fabricating joints
for CHS is more expensive than for SHS and RHS. Even though electric-arc welding is a cost-
effective method to connect HSS members, CHS joints often require profile cutting of tube ends,
especially when tubes need to be directly fitted together. This process can be more complicated,
involving varying bevels for welding access as one progresses around the tube. In cases where
automated equipment isn't available, semi-automatic or manual profile cutting becomes
necessary, which is more expensive than the simpler bevel cuts used for RHS. As a result,
rectangular hollow sections (RHS) have emerged as a practical alternative. They allow for easy

connections to the flat face and have gained popularity for use in columns and trusses.

Despite HSS members having a higher price per unit weight compared to I-section members, their
greater efficiency leads to lower overall weight. This, in turn, results in reduced costs for HSS
compression members compared to I-section members with similar properties. HSS is, therefore,
an ideal and cost-effective choice for columns or truss members where approximately 50% of the
members experience compression forces. The lighter weight of HSS also brings advantages such
as decreased transportation expenses, lower erection costs, smaller foundation sizes, and

reduced resource consumption, promoting sustainability.

Furthermore, the reduced surface area of HSS, in comparison to I-sections, leads to lower
painting expenses and generally reduced costs for fire and corrosion protection. The absence of
re-entrant corners simplifies the application of paint or fire protection, enhancing durability. RHS
and SHS members, when closed at the ends, require painting on only four surfaces, whereas an
I-section has eight flat surfaces requiring painting. Additionally, HSS members exhibit lower drag

coefficients affecting wind and water forces. The interior space of HSS members can be utilized
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for connection stiffening or internal fire protection, contributing to multifunctional designs.
Being closed sections, HSS members possess inherent torsional strength far exceeding that of
open sections — approximately 200 times for members of similar mass as per Wardenier et al.
[145]. The substantial torsional rigidity of hollow sections plays a key role in preventing lateral
buckling, resulting in improved buckling coefficients. As a consequence of joint end fixity and the
members' exceptional torsional resistance, the bracing within lattice girders formed by hollow
sections can be designed with an effective buckling length that's smaller than the length of the
system or member intersections. Hollow structural sections offer the most efficient utilization of

steel cross-sections in compression for truss members that experience primarily axial loads.

Connections between HSS members are often the most crucial and sensitive aspects of load-
bearing steel structures. Despite the availability of modern building codes and guidelines like
EN1993-1-8 (2005), ANSI/AISC 360-05 (2005), and CSA-S16-09 (2009), there are still gaps in
knowledge concerning HSS connection analysis and design. Issues such as fire resistance, initial
stresses, and stiffness estimations for various types of HSS joints lack comprehensive scientific
solutions. An additional challenge for structural researchers involves offset joints, where HSS
branch members are eccentrically welded and connections are shifted towards an open chord
end. While offset connections are not extensively used in modern structural applications,
studying their behaviour is vital for scenarios outside the scope of existing building standards in

various countries, including the EU and the USA.

The current research aims to evaluate existing design guidelines for analysing and designing RHS
connections, particularly T-type connections involving RHS members. The goal is to understand
their foundations and propose a design approach for offset connections involving eccentrically
welded joints, where the brace is shifted away from the chord's centreline towards its web. While
the research includes experimental investigations within the scope of the thesis program, a
significant focus is placed on validating finite element method (FEM) models of joints and
conducting parametric studies. A substantial portion of the thesis is dedicated to developing an
analytical model for estimating bearing capacity and stiffness, along with providing practical

design recommendations for the studied eccentrically welded joints.

1.2 CONNECTION GEOMETRY

The practice of employing connections with a brace offset from the chord centreline toward its
web is a frequent occurrence in the construction of load-bearing structures. Such instances arise
when it's necessary to establish a shared surface that accommodates both the structural
members and facade or finishing materials, or situations might arise where adhering to a coaxial
design logic is not feasible due to specific constraints. In these scenarios, designers are compelled
to shift brace members, which usually have smaller dimensions, away from the centrelines of the

chord members.
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The primary focus of this study centres around welded connections involving RHS structural
members. Particularly, the investigation is focused on connections characterized by lateral
offsets, specifically cases where the brace member is shifted toward the chord's lateral surface.
In accordance with the terminology proposed by Bu, Wei, and Packer [11], a welded RHS
connection with an offset from the chord centreline towards the chord web is referred to as a
"laterally offset connection." In the scope of the present study, the scenario where one side of
the branch aligns with a chord sidewall is considered a specific instance within a broader
framework. This framework involves a defined separation between the surfaces of the brace and
the chord, equal to the summation of the chord's external corner radius 7,,; and the weld leg
a,,, as illustrated in Figure 1.4. To simplify nomenclature, this type of RHS connection is

commonly referred to as a "stepped connection with eccentricity" (SCE).
Geometrical parameters:

B = by/by, iswidth-to-width ratio;

Uo = bo/ty is chord width-to-thickness ratio;

y = by/2t, is chord width-to-double-thickness ratio;

U, = by /t; s brace width-to-thickness ratio.

Stepped connection Laterally offset

F with eccentricity" lF F connection

(SCE)

l

he

Figure 1.4 Geometry of Welded Offset RHS T-Connections

1.3 THESIS LAYOUT

This research project aims to validate and potentially improve the existing design guidelines for
eccentrically welded T-type connections of RHS members within lattice steel structures. The
study encompasses various phases, including experimental investigations, the development and

validation of numerical finite element models against experimental data, numerical simulations

Page 15 of 130



Ing. Svitlana Kalmykova CTuy, 2023

to expand the database, and the formulation of design recommendations based on the

simulation results.

Chapter 2 presents a comprehensive review of pertinent research and current design guidelines.
This review delves into historical and contemporary methods for assessing the ultimate limit
state of connections between RHS structural members that lack a clearly defined yield capacity.
It also explores the origins and specifics of present design guidelines. Additionally, a thorough
examination of scientific papers published in the last few decades was conducted to outline the
research objectives. The emphasis here was on papers involving numerical simulations of
structural behaviour and experimental data. A key takeaway from this chapter is the dearth of
studies focused on the behaviour of eccentrically welded structural connections, as well as the

absence of a comprehensive analytical model for evaluating their structural resistance.
Chapter 3 outlines the specific goals and intentions of the study.

Chapter 4 provides an overview of the experimental program, which involves testing full-scale
specimens primarily aimed at validating finite element (FE) models in subsequent phases.
Detailed information regarding the specimens, methodology, test procedures, and experimental
outcomes is presented in this chapter.

Chapter 5. To establish the applicability of nonlinear numerical finite element models and create
a comprehensive numerical test database, a rigorous study was conducted to validate FE models
using specimens and connections not included in the experimental program. These FE models,
developed using the ABAQUS finite element software, accurately represent nonlinear geometric
and material properties of the experimental connections. Moreover, a fracture criterion was
applied to replicate the ultimate connection failure mode for both tension and compression-
loaded connections. The validation process involved comparing FE model results with
experiments in terms of overall load-displacement behaviour, local load-displacement

behaviour, and ultimate failure mechanisms.

Chapter 6 introduces an analytical model based on plastic failure mechanisms, accompanied by

design recommendations for T-connections with offset branches.

Chapter 7 provides a summary of these findings along with conclusions about connection
behaviour. The impact of the proposed design recommendations is illustrated through
comparisons with existing design guidelines and techniques, indicating whether the proposed

expressions offer higher or lower connection capacities.

Page 16 of 130



Ing. Svitlana Kalmykova CTuy, 2023

CHAPTER 2:
State-of-the-art

2.1 GENERAL DESCRIPTION

The widespread utilization of lattice HSS steel structures, particularly in the construction of roof
systems, bridges, and offshore platforms, has led to extensive studies on the mechanical
behaviour of their structural member connections over the past three decades. Despite the
advancement of FEM-based computational analysis techniques, the derivation and evolution of
simple and easily comprehensible criteria for evaluating strength and stiffness remain crucial in

the overall scope of investigations.

The significant surge in research focused on HSS joint behaviour can be traced back to the early
1960s, driven by the indisputable benefits of HSS members, coupled with improvements in
fabrication technologies and advancements in welding techniques for their connections in
structures. Starting from 1965, preliminary tests on RHS connections were conducted by Stewarts
and Lloyds and Redwood. A comprehensive exploration in this realm was initiated in the
Netherlands in 1970. By 1973, an extensive research program was formulated by the Dutch Study
Group SG-TC-18 3 in collaboration with the Joint Group of CIDECT (Comité International pour le
Développement et I'Etude de la Construction Tubulaire). This initiative aimed to bridge existing

knowledge gaps, compare data and formulae, and address the practical challenges of HSS joints.

As previous theoretical investigations had encountered limitations, the program focused largely
on experimentation, encompassing approximately 450 joint tests. The ultimate objective was to
establish recommendations and specifications for joints comprising various types of hollow
sections and combinations of hollow and open sections. The culmination of these efforts resulted
in the publication of the seminal work "Hollow section joints," authored by Wardenier in 1982
[141]. This pioneering book was rooted in the research conducted by the Dutch Study Group
"Tubular structures" (Group SG-TC-18 3), providing a framework for assessing the design strength
of CHS and RHS joints with an acceptable level of accuracy for engineering applications. "Hollow
section joints" became a paradigm of thorough investigations and a catalyst for subsequent

enhancements in the field of HSS joint design.

Preliminary research revealed that many HSS connection types undergo significant chord
deformation and plasticization when subjected to relatively modest branch member loads.
Consequently, connection deformation often surpasses practical thresholds well before
conventional ultimate failure through factors like punching shear or other fracture criteria. In
addition to the substantial connection deformation, behavioural non-linearity, which precludes
a clear ultimate load point, prompted researchers to develop unconventional methods for

determining serviceability and ultimate limit states.
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Design recommendations that outline connection capacity and the primary failure modes are
derived from theoretical models, experimental investigations, numerical analyses, and often a
combination of these approaches. These design guidelines undergo a process of evolution over
time, driven by advancements in analytical techniques, the application of novel theoretical
models, and shifts in trends within international organizations responsible for publishing such

recommendations.

The scope of design guidelines also expands to accommodate new fabrication methods, material
properties, and emerging connection types developed by both industry and academia. In the
process of developing new or refined design guidelines, it becomes crucial to examine the
foundation laid by past recommendations. Thus, the second section of this chapter delves into

the origins of the present design recommendations for hollow section (RHS) joints.

Given that this research aims to contribute to the development of design recommendations for
both types of eccentrically welded RHS member connections in lattice structures, it is pertinent
to concentrate the literature review on the origins of ultimate limit state criteria, the evolution
of design codes, and the methodology used in the research of RHS member connections. This
chapter provides comprehensive summaries and discussions of each of these topics in meticulous
detail.

2.2 EXPERIMENTAL INVESTIGATIONS

During the last two decades of the previous century, experimental research played a crucial role
in the formulation of design equations for both steel structural members and their connections.
Frequently, the behaviour observed in experimental tests served as the foundation for the
development of analytical models. However, the significance of experimental investigations in
the field of steel structure design has diminished considerably in recent times. Typically, insights
gained from experiments are now mainly utilized for validation and verification (V&V) studies
within the framework of the System Response Quantity (SRQ) process, as comprehensively
described by Kwasniewski and Bojanowski (2015) [59]. Experimental studies specifically focused
on the strength and deformation of T-joints are not prominently featured in the papers examined
below, and in many publications, they are supplemented by subsequent analytical analyses or

validated using numerical models.

According to Wardenier (1982) [141], the initial tests on RHS structural member connections
were conducted by Stewarts and Lloyds and Redwood (as reported in 1965). These early tests
were followed by additional investigations in the UK and Germany during the 1960s, driven by
the emergence of RHS profiles in the construction market. The contemporary repository of
experimental research into the behaviour of welded HSS joints under various loading conditions
is diverse and encompasses well-known test series conducted by research groups led by
Wardenier (1982) [141] and Zhao & Hancock (1990) [155]. These test series are regarded as
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foundational for RHS member T-joints and have formed the basis for the development of current
building codes for connection design. In the same vein, it is worth noting additional tests carried
out by Yu. Y. (1997) [153], and Lip et al. (2006) [69], which further contributed to this body of

knowledge.

In the last decade, a fresh wave of experimental investigations into welded RHS T-type
connections has been undertaken by Kvocak et al. (2010, 2012) [57], [58], Nizer et al. (2016) [90],
Beque et al. (2017) [8], and Bu et al. (2021) [11]. This continued interest in experimental research
on T-joints involving RHS structural members underscores the ongoing importance of such
studies.

2.2.1 Modes and criteria governing the failure of T-type connections

The main purposes of experimental research on HSS joints, in general, are the study of
behavioural phenomena and the definition of numerical characteristics of local and overall
deformations, their relation to the applied forces, as well as the identification of failure modes
of the test pieces. The failure modes obtained in the tests provide a strong basis for the

development of analytical models for joint analysis and criteria for the failure of the joints.

Based on the results of numerous tests conducted by Wardenier (1982) [141] and Zhao &
Hancock (1990) [156], four primary modes of failure for RHS T-joints were established, and a
strict dependence of these failure modes on the geometrical parameters was experimentally
revealed. According to the book by Wardenier et al. (2010) [145], the following distinctions are

made for T-joints:

Plastic Failure (a-mode): Plasticization or plastic deformation of the chord face under the

adjusting brace member.

Chord Side Wall Bearing or Local Buckling Failure (b-mode): Local buckling or bearing failure of

the chord side wall under compression from the brace.

Punching Shear (c-mode): Punching shear of the chord face around a brace member under both

compression and tension.

Rupture or Uneven Load Distribution (d-mode): Rupture of the tension brace or its welds due to

uneven load distribution or local buckling of the compression brace.

Similar failure modes are described by Packer et al. in the "Design guide for rectangular hollow
section (RHS) joints under predominantly static loading," published in 2009 under the aegis of
CIDECT [99]. Drawn from Wardenier’s test findings, these modes demonstrate that, in general,
the a-mode failure occurs for joints with small to medium width-to-width ratios (f). For medium
B ratios (0.6 to 0.8), this mode typically co-occurs with cracking in the chord or bracing (d-mode)

in K- or N-joints. Local buckling (b-mode) is especially prominent in joints with high chord width-
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to-double-thickness ratios (y) and high f ratios. Additionally, in T-, Y-, and X-joints with § = 1.0,
it can also occur in the side walls of the chord at lower chord height-wall thickness ratios.

Based on a detailed overview of test results referenced by Zhao (2000) [160], three primary
failure modes for T-joints are identified: web buckling failure (b-mode), chord flange failure (a-
mode), and branch local buckling failure (d-mode). The branch local buckling failure mode (d-
mode) is similar to what is observed in a stub column test; therefore, it is not considered in the
resistance analysis of the T-joint chord. The general conclusions drawn from the tests suggest
that a clear peak load is typically found for the web buckling failure mode, while the chord flange
failure mode usually exhibits a post-yield response due to the influence of membrane forces in

the chord and strain hardening of the material.

In the tests presented by Zhao and Hancock (1990) [155], it is stated that a clear peak load is
normally found for the web buckling failure mode, and the chord flange failure usually displays a
post-yield response due to the effect of membrane forces in the chord and material strain
hardening. In this research, an attempt was made to isolate the effect of local loading (pure
concentrated force) on the chord web within the general pattern of T-joint resistance. It was
established that in the series of pure concentrated force tests, where test specimens were
directly placed on a solid steel base plate of the testing machine, the failure modes vary from
local bending of the chord member face as f-ratios vary from 0.5 to 1.0. The web crippling
capacity of specimens operating under the combined action of compression and bending, with
specimens fixed as simply supported end conditions, is reduced for § = 1.0. For § = 0.5, the
effect of bending moment reduces the failure load, and the load-displacement curve becomes
flatter after failure. Across all tests, the web crippling capacity is diminished by the effect of
bending moment, resulting in longitudinal stress in the web of the RHS section. For tests with
B = 1.0, increasing the slenderness of the chord member has a minimal impact on the degree of
interaction. However, for tests with § = 0.5, higher section slenderness of the chord member
leads to greater interaction between bending and concentrated force, especially for slenderer

sections.

Similar failure modes in T-joints subjected to axial forces acting in the brace are observed in more
recent experimental investigations of RHS T-joints conducted by Chen et al. (2015) [18], Feng &
Young (2008b) [40] in tests of T-joint specimens made from cold-formed stainless steel, Kvocak
et al. (2012) [58] on connections consisting of various profiles of brace members, Lip et al. (2006)
[69] in tests of arc-welded T-joints between equal-width cold-formed RHS, and Nizer et al. (2016)
[90].

The studies of T-joint behaviour carried out by Szlendak and Brodka (1985) [114] and Szlendak
(1991) [115] were designed to investigate the in-plane bending resistance of beam-column RHS
connections. The experimental component of the study consisted of 52 tests conducted on
T-joints of square and rectangular hollow sections, subjected to in-plane bending moments.

Generally, three failure phenomena of the joints were observed: the first being a joint failure,
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involving the failure of the loaded flange and/or webs of the chord member; the second being a
local failure of the member in the vicinity of the joint, which is not the joint itself but rather a
member failure; and the third being a failure of the welds. As seen in other tests, a clear
dependence of the failure mode on the f-ratio was established. For weaker joints (f « 1), the
maximum load is associated with very large local deformations of the chord flange, while for
stronger joints (f — 1), cracks typically appear in the area influenced by weld heat before
reaching the maximum load. In the case of stronger joints, failure processes are accompanied by

chord local buckling under the adjusting brace wall.

Packer (1993) [96] examined the resistance of Vierendeel truss connections and classified the
possible failure modes for RHS T-joints subjected to in-plane bending moments into five basic
types: chord face yielding; cracking in the chord flange; cracking in the bracing member, both on

the side of tensile fibre; crippling of the chord side wall; chord shear failure.

It was established that the failure modes assume that neither the welds nor the members
themselves are critical (e.g., local buckling of the bracing is precluded). Interestingly, cracking in
the chord (chord punching shear) was not observed over the entire range of applied loads in any
of the tests.

For all the mentioned modes of failure, different strength criteria exist, but in some cases, it is
possible to predict the joint strength using only one or two decisive criteria. According to the
classification provided by Wardenier (1982) [141], the resistance or strength of the RHS T-joint
can generally be characterized by diagrams schematically shown in Figure 2.1. Commonly
adopted characteristic points on the typical load-displacement diagrams correspond to various
failure criteria: ultimate load capacity (point 5), deformation criteria (points 2 or 3), and visually

observed crack initiation (point 4 on the diagram).

However, the applicability of design formulas developed based on the enumerated failure criteria
is generally limited in a way that deformation criteria alone do not become the determining
factor under service load conditions. For joints with significant deflections, including T-joints with
low values of B-ratios, the strength might be primarily based on the ultimate load capacity. However,
in such cases, additional criteria must be provided to address deformation concerns. These types of
joints are of secondary importance in practical applications, thus simplified theoretical strength criteria

are often provided, which indirectly consider the deformation criteria.

Although every deformation limit is arbitrary, as it depends on the type of structure, a
deformation of 1% of the chord width is generally accepted under service load conditions. This
limit coincides with the maximum tolerance in width and depth of RHS sections. The ultimate
load capacity is commonly used as the unambiguous criterion of failure, particularly for
connections characterized by high values of -ratios. Experimental evidence from studies by
Zhao and Hancock (1990) [155] and Kato and Nishiyama (1980) [52] supports the realization of

ultimate load capacity for T-joints with -ratio values of 0.8 to 0.85.
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Figure 2.2 Experimental force-displacement curves for T-joint specimens subjected to

pure axial force
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Experimental force-displacement curves for T-joint specimens subjected to pure axial force (as
described earlier) acting along a longitudinal axis of a brace member are presented in Figure 2.2.
These diagrams clearly illustrate that the criteria for evaluating the limit state of T-joints are
directly dependent on the width-to-width ratio . Evidently, only the ultimate load criterion
needs to be employed for assessing the bearing capacity of connections with a high B-ratio. On
the other hand, the shape of the load-displacement diagram for T-joints with non-equal width
components, where the [-ratio is near 0.5, suggests that additional conditions must be used for

their limit state evaluation.

2.2.2 Deformation limits

A deformation limit serves to determine the strength of connections that lack a well-defined peak
or yield load, which is common for flexible joints with low fS-ratios. Consequently, the load
corresponding to the deformation limit restricts the ultimate capacity of the connection. Since
the mid-1970s, several ultimate and serviceability deformation limits have been proposed for
RHS connections by various researchers. Mouty (1977) [88], who was developing a yield line
method for RHS K-type gapped connections, found that the yield load predicted by his yield line
analysis aligned with a connecting face deformation of 1% of the main chord width b,. Based on
12 experimental tests, Mouty suggested that the deformation of the connecting face of the chord
member should be limited to 1% at the ultimate design load.

Korol and Mirza (1982) [53] proposed that for RHS T-connections, the ultimate deformation of
the connecting chord face should be limited to 25 times the deformation experienced at the
connection's elastic limit. The deformation at this prescribed limit was generally around 1.2 times
the chord thickness t, and often exceeded the limit set by Mouty (1977) [88], except for large
width ratios (f > 0.83). The International Institute of Welding (1IW) Subcommission XV-E (1989)
[33] adopted a serviceability deformation limit of 1%b,. This serviceability deformation limit of
1% corresponds to the typical out-of-flatness or out-of-straightness tolerance for RHS wall faces

imposed on HSS manufacturers.

The aforementioned deformation limits are specific to certain cases and apply only to either CHS
or RHS connections (with the exception of the limit adopted by the International Institute of
Welding (IIW) Subcommission XV-E (1989)) [33]. However, Lu et al. (1994) [76] proposed a single
ultimate deformation limit that could be used for nearly any type of welded tubular connection
(such as plate or I-beam-to-CHS connections, plate or I-beam-to-RHS connections, CHS X-
connections, RHS X- and T-connections). This limit was based on both numerical and
experimental results, and it was validated by Lu et al. (1994) [76] and Zhao (2000) [160] before
being adopted by the International Institute of Welding (IIW) Subcommission XV-E. The ultimate
deformation limit proposed by Lu et al. (1994) [76] has become widely accepted as the standard

for limiting the ultimate strength of RHS connections among researchers. To fully understand the
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implications of the 3%b,. ultimate deformation limit for future research, it's important to delve

into its origins and development.

The 3%b, ultimate deformation limit chosen by Lu et al. (1994) [76] and endorsed by the IW
was based on two fundamental premises. Firstly, this numerical parameter emerged from
experimental and numerical tests conducted at Delft University of Technology by van der Vegte
et al. (1991) [119], de Winkel et al. (1993), and Yu and Wardenier (1994) [77]. These studies
revealed that for welded HSS connections (both RHS and CHS) that reached a peak load, the
corresponding local deformation of the chord face ranged between 2.5%b, and 4%b,,
irrespective of the value of . Drawing from these findings and their own tests, Lu et al. (1994)
[76] proposed a local ultimate deformation limit of 3%b, for HSS connections that lack a clear
peak load, approximating the deformation at ultimate load for connections that did exhibit a
peak load. This assumption is further supported by the diagrams presented in Figure 2.2, where
the total bearing capacity of a T-joint with f = 1.0 was attained at a deformation level of
approximately 3%b,. The second approach to establishing the 3%b, deformation limit involved

numerous Finite Element simulations conducted in the late 1990s and early 2000s.

The established deformation limits corresponding to joint bearing capacity (ultimate strength)
serve as the foundational points for the development of analytical models. The deformation limit
for the web buckling failure mode of RHS T-joints is contingent upon geometry and,
consequently, the joint's deformability. This relationship can be illustrated through the diagrams
presented in Figure 2.3 and Figure 2.4.
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Figure 2.3 Force-displacements diagrams (web buckling failure): Amax<3%bg (a), Amax>3%bo (b)

The utilization of displacement limit values of 3%b, has been proposed to distinguish between
T-joints with varying width-to-width ratios § and chord width-to-double-thickness ratios y. Based
on test results, the deformation limit is determined as 3%b, for 0.6 < f < 0.8 or 2y < 15, and
1%b, for 0.3 < f < 0.6 or 2y > 15. Consequently, the methods of determining the peak load

P,ax for the web buckling failure mode can be categorized into two types.
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For joints where the peak load P,,,, occurs at a deformation smaller than 3%b,, the peak load
is considered the ultimate load P,;;, as depicted in Figure 2.3 a. Conversely, for joints with a peak
load P4, at a deformation greater than 3%b,, the load at the 3%b, deformation limit is
regarded as the ultimate load P,;;, as shown in Figure 2.3 b. The conclusion drawn was that the
3%b, deformation limit proposed by Lu et al. (1994) [76] for ultimate strength is applicable to T-
joints in cold-formed RHS sections with 0.8 < § < 1.0.

Deformation limits for cases of chord flange failure mode were derived from the assumption that
the deformation limit hinges on the ratio of ultimate load P3¢, to serviceability load P;qp,. If
this ratio is below 1.5, the ultimate deformation limit is 3%b,,, indicating strength control. In this
scenario, the ultimate strength is considered as Psq,p,, as illustrated in Figure 2.4 a. On the other
hand, if the ratio exceeds 1.5, the serviceability deformation limit of 1%b, is in effect. Here, the

ultimate strength is taken as 1.5 times P;q,p,, as demonstrated in Figure 2.4 b.
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Figure 2.4 Force-displacements diagrams (chord flange failure):
P3%bo / P1%wo< 1.5 (@), P3%bo/ P1%bo> 1.5 (b)
The aforementioned failure modes and deformation limit designations are considered
fundamental for the development of analytical models and the derivation of design formulas.
However, the criteria for deformation limits in serviceability and ultimate capacity of welded RHS
connections, which do not exhibit a clearly defined ultimate or yield load, have raised some
complexities. Although these deformation limits have gained wide acceptance among
researchers and have been adopted by the IIW Subcommission XV-E, various methods have been
proposed to determine the "yield load" and "ultimate load" from load-displacement curves of
connections that lack a distinct yield or ultimate point. The yield or ultimate loads obtained
through these pseudo or approximate methods can be used to define the limit state of a

connection, similar to how the definitive yield or ultimate load would be utilized.

Given the lack of consensus among researchers and the specificity of each pseudo yield or
ultimate load determination method to certain types of analysis or research, many methods are
not applicable in current research. One classic approximate yield load determination method,
which has been employed since the 1970s (Packer (1978), Packer et al. (1980) [95], Zhao and
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Hancock (1991) [157]), is illustrated in Figure 2.5 for RHS connections experiencing chord face
plasticization. This method, often referred to as the double-tangent method or bi-linear method,
involves approximating the load-deformation curve obtained from tests with two straight lines.
The first line starts from the origin and follows the linear elastic portion of the load-deformation
curve, while the second line follows the second linear portion or stiffness of the load-deformation
curve. The yield load Njp;_jinear is identified as the load at which these two lines intersect,
indicating a significant change in stiffness. Packer et al. (1980) [95] resorted to the classical bi-
linear method of determining the yield load, with deformation expressed as a normalized
quantity, due to the absence of a consensus on the definition of the yield load from experimental

load-deformation curves during that time.
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Figure 2.5 Bi-linear (double-tangent) method for yield load determination

The method presented for determining the pseudo vyield or ultimate load from a load-
deformation curve offers distinct advantages over a strict designation of the deformation limit.
However, it relies on very specific circumstances and parameters of the load displacement
diagram used as a basis. Furthermore, like the 3%b, ultimate deformation limit proposed by Lu
et al. (1994) [77], certain methods possess an arbitrary nature, which can potentially undermine
their credibility. For instance, as highlighted by Kosteski (2001) [54], setting point B of the tri-
linear curve as one third of the initial stiffness as proposed by Kamba and Taclendo (1998) [51],
and the 0.25 scatter band suggested by Kurobane et al. (1984) [60], are notably arbitrary and
reliant on specific data. In contrast, the 3%b, ultimate deformation limit has garnered
acceptance among numerous researchers and has been corroborated by multiple studies utilizing

modified finite element modeling techniques.
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In the past, some published experimental results have addressed the influence of chord stresses
on brace load-bearing capacity. These findings revealed that compressive chord stresses
significantly diminish joint resistance. However, few studies have indicated a comparable
reduction in load-carrying capacity for joints subjected to tensile chord forces. This discrepancy
is reflected in design codes such as EN 1993-1-8 and ABNT NBR 16239. Notably, it is important to
note that the second edition of the CIDECT design guide for RHS joints (2004) [64] and I1SO 14346
permit a reduction in joint resistance for both cases — tensile and compressive chord stresses.
Additionally, Lipp and Ummenhofer (2007) [118], drawing from experimental and numerical
results, proposed a reduction in the design capacity of CHS joints to account for the presence of

tensile chord loads.

2.2.3 Fatigue of T-joints

Lattice structures, typically comprised of numerous welded connections, are commonly
subjected to combined forces and moments acting in various directions. As a result, the
robustness of lattice structures is predominantly determined by the strength and deformations
of their welded joints and connections. Welded joints are particularly susceptible to fatigue crack
initiation and propagation due to imperfections and defects that serve as stress concentrators,
initiating fatigue cracks in the vicinity of weld seams. Furthermore, regions of non-uniform stress
transfer along the perimeter of brace member surfaces, immediately adjacent to the chord face,
can be observed. The non-uniform distribution of stresses near the weld is contingent upon the
connection configuration (joint type) and its geometric parameters. Fatigue failure is a localized
phenomenon, emphasizing the need to consider structural robustness on both global and local

levels of analysis.

At the global level, the overall structural integrity is assessed, considering a comprehensive array
of forces and actions. Meanwhile, the local level analysis scrutinizes connections between
structural members in detail, accounting for local force effects and the influence of geometric
shapes on connection resistance. This approach often necessitates evaluating the robustness of
individual structural components, as their failure could result in the collapse of the entire
structure. In such local analyses, it is pertinent to examine the sections of the structure or
structural members located in zones vulnerable to fatigue damage, marked by the presence of

stress concentrators.

This conceptual framework underlies a multitude of studies dedicated to the fatigue resistance
of HSS joints. Researchers such as Van Wingerde et al. (1997) [122], Mashiri et al. (2004) [79],
Bian et al. (2003) [9], Schumacher and Nussbaumer (2006) [106], Ahmadi et al. (2012) [4], Cheng
et al. (2015) [21], among others, have identified regions termed "hot spot locations." These
locations exhibit a significant spike in stresses near welds. In practical design, stress

concentration factors (SCFs) are employed to quantify stress concentration. The SCF denotes the
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ratio of the geometric stress at the weld toe to the nominal direct stress in the brace. The
geometric stress at the weld toe is calculated by extrapolating stresses outside the notch region
to the weld toe. The notch region, closely situated to the brace/chord intersection, governs
stresses influenced by weld geometry factors. Geometric stresses, outside the notch region and
known as the geometric stresses, are introduced to ensure compatibility between tubes
undergoing wall bending. These stresses depend mainly on joint geometric parameters, overall
joint configuration, and applied loading types. The "hot-spot stress" (HSS), as defined in the UK
Department of Energy (UK DoE) Guidance Notes, represents the highest stress value around the
brace/chord intersection, obtained by linearly extrapolating the geometric stress distribution to
the weld toe. Consequently, HSS occurs at the peak SCF position. The SCF exhibits considerable
variability contingent upon joint geometry, loading type, weld size and type, and the specific

location around the weld under consideration.

Typically, contemporary investigations into stress concentration factor (SCF) and hot-spot stress
(HSS) calculation methods employ Finite Element Method (FEM) approaches. FEM techniques
have become available and highly effective over the past two decades. Experimental studies
pertaining to the fatigue resistance of Rectangular Hollow Section (RHS) joints are both resource-
intensive and technically intricate due to the requirement for precise stress distribution
determination within the connection. Notably, pioneering efforts in the domain of fatigue

assessment of HSS connections can be attributed to van Wingerde et al (1992) [121].

Van Wingerde's research program encompassed both experimental and numerical inquiries
aimed at formulating design recommendations for predicting fatigue resistance in T- and X-joints
subjected to axial forces or in-plane bending moments on the chord and brace. The scope of
study involved a broad range of applicability. The foundation of these design recommendations
rested upon the hot spot stress method, intended to incorporate the overall joint geometry's
impact on stress distribution. This approach involved determining geometrical hot spot stress
along specific established lines, using extrapolation to mitigate the localized influence of the
weld. Experimental trials were conducted to ascertain the fatigue life of specific joint geometries,
serving as calibration for the stress and strain concentration factors (SCF and SNCF) determined

through Finite Element analyses.

In total, 28 specimens of hot-finished RHS with steel grades Fe430D and Fe430B were subjected
to cyclic loading, with four of these specimens tested under bending moment conditions. The
outcomes of these experimental studies were presented in the form of Sy, — N lines (based
solely on experiments), along with an extensive database for parametric studies and validation
of FE models. Additionally, the impact of stress level and thickness ratio T = t; /t, on SCF and
SNCF was identified and assessed. Specifically, T-joints with T = 0.4 exhibited failure in the brace,
while those with T = 0.64 experienced fatigue failure in the chord. The comprehensive results of

these T- and X-joints fatigue life studies are depicted in Figure 2.6.
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Figure 2.6 Sin.s — N¢ lines, based on tests, without thickness correction, quadratic (a)
and linear (b) extrapolation
Later, the fatigue behaviour of RHS joints of K- and KK-types was examined as an extension of T-
joints fatigue studies by van Wingerde et al. (1997) [122]. The primary findings of these
investigations, which incorporated both experimental trials and numerical analysis, were
encapsulated in a series of equations. These equations establish the correlation between the
geometry of a connection and the stress concentration factors (SCFs) within the connection. The
resulting parametric SCF equations, along with S, s — Ng lines and thickness correction factors,
provide a comprehensive method for the fatigue design of welded K-connections between

square hollow sections. This method covers both gap and overlap connection scenarios.

Mashiri et al. (2004) [79] conducted fatigue tests on welded thin-walled T-joints with CHS braces
welded onto SHS chords. The loading conditions involved "in-plane bending in the brace." Stress
distributions were measured at different hot spot locations around the chord-brace junction,
where fatigue cracks were observed to initiate and propagate, leading to failure. The level of non-
linearity in measured stress distributions around the weld toes of the brace-chord junction
demonstrated significant non-linearity, particularly along specified locations for brace diameter

to chord width ratios exceeding 0.5.

Based on stress measurements, a quadratic method of extrapolating local strains/stresses to
determine hot spot stresses and identifying the hot spot location lines producing the highest hot
spot stresses was adopted and recommended for further guidance. An approach for estimating
SCFs in welded thin-walled CHS-SHS T-joints was also suggested, utilizing existing parametric
equations for SHS-SHS T-joints. The maximum SCFs at weld toes in the chord of welded thin-
walled CHS-SHS T-joints were approximately 0.38 times the maximum parametric equation SCF
at the weld toes in the chord of an SHS-SHS T-joint. Stress distribution analysis at weld toes in
the chord revealed that the degree of non-linearity of stress distribution increased as the brace

diameter to chord width ratio § exceeded 0.5 for specific hot spot location lines (45° and 60°).
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This non-linearity was significantly pronounced for 8 values exceeding 0.5. However, no notable
effect of § on the degree of non-linearity of stress distribution was observed along the hot spot

location line at 0°.

Bian and Lim (2003) [9] conducted experimental investigations into the static and fatigue
behaviour of eight distinct hollow section T-joints exposed to axial and in-plane bending loads.
These joints featured circular brace members and rectangular chords. Through experimental
determination, hot spot stresses and stress concentration factors (SCFs) were identified. The test
results underwent statistical evaluation, indicating that the experimental SCF values for CHS-to-
RHS hollow section joints fell between those of CHS-to-CHS and RHS-to-RHS hollow section joints,
aligning with findings by Mashiri et al. (2004) [79]. The fatigue strength, referenced to
experimental hot spot stress, demonstrated reasonable alignment with relevant fatigue design
codes for tubular joints. Additionally, a thickness effect was identified and assessed; new
formulae accounting for the thickness effect were formulated and compared with analogous

methods.

Several studies have investigated the fatigue resistance of K-joints made from CHS. Works by
Gho et al. (2006) [31], N'diaye et al. (2009) [91], and Schumacher and Nussbaumer (2006) [106]
stand out as notable examples of fatigue life investigations. The outcomes of these research
endeavours typically manifest in experimental S-N curves for specific types of HSS joints, along
with approximations for numerical SCF determination and recommendations for interpolating

hot spot stresses.

A research group led by Ahmadi from Iran undertook an integrated series of investigations into
the fatigue behaviour of multiplanar internal stiffened CHS joints, with a focus on offshore
support structures. In their papers Ahmadi et al. (2014), (2016) [4] [5], they presented the
outcomes of experimental and numerical studies concerning stress concentration in internally
ring-stiffened tubular KT-joints. The research program involved experimental testing followed by
parametric stress analyses of 118 steel ring-stiffened tubular KT-joints under balanced axial
loading. The analysis results provided insights into the impact of geometrical parameters
including t (brace-to-chord thickness ratio), y (chord wall slenderness ratio), n (ring-to-chord
width ratio), § (brace-to-chord diameter ratio), and 6 (outer brace inclination angle) on SCFs at
specific positions (toe, saddle, and heel) along the weld toe of the intersection between the outer

(inclined) brace and the chord.

Since the applied loads on inclined braces of a KT-joint are generally larger than those on the
central (vertical) brace, hot-spot stresses tend to be higher along the intersections of outer
braces with the chord. Therefore, the study primarily focused on the outer (inclined) braces.
Drawing from the results of finite element (FE) models of ring-stiffened KT-joints, which were
validated against experimental measurements, a comprehensive SCF database was compiled.
This led to the establishment of a new set of SCF parametric equations, determined through

nonlinear regression analysis, tailored for the fatigue design of internally ring-stiffened KT-joints.
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These equations were evaluated using acceptance criteria recommended by the UK Department

of Energy (DoE).
Key practical conclusions drawn from the research are as follows:

The SCFs on compressive braces are consistently greater than their counterparts on tensile

braces.

In unstiffened KT-joints subjected to balanced axial loads, the peak chord-side SCF along the weld
toe of the intersection between the outer brace and the chord typically occurs at the saddle
position. In internally ring-stiffened KT-joints, the peak chord-side SCF is located at the toe and
saddle positions for compressive and tensile braces, respectively. This suggests that the position
from which fatigue cracks initiate can differ in stiffened and unstiffened KT-joints under axial

loading.

SCFs in unstiffened KT-joints are generally much larger than those at the same positions in
corresponding ring-stiffened joints. This observation indicates that using SCF design equations
developed for unstiffened KT-joints often leads to overestimating and overly conservative SCFs
for stiffened joints. Thus, specialized SCF formulae tailored for ring-stiffened tubular KT-joints are

necessary.

The minimum chord-side SCF always resides at the heel position on both compressive and tensile

braces.

Increasing parameters 6, y, and t leads to higher SCFs on both compressive and tensile braces at

all three positions (toe, saddle, and heel).

The parameter n's increase results in decreased SCFs on both compressive and tensile braces at

all three positions.

The parameter 8 generally increases SCFs on the tensile brace across all three positions. On the
compressive brace, the SCFs at the toe and heel positions rise with an increase in 5, while the
maximum SCF at the saddle position depends on other dimensionless parameters and is usually

observed in joints with an intermediate S value (§ = 0.5).

The impact of changing T on SCF values is more significant than the effects of § and y; B's effect

on SCFs is less pronounced than that of y.

Additionally, Mashiri and Zhao (2004) [78] conducted static loading tests on strain-gauged SHS-
SHS T-joints with concrete-filled chords to determine stress concentration factors (SCFs) at hot
spot locations. They found that composite tubular T-joints demonstrated superior fatigue

strength compared to empty hollow section SHS-SHS T-joints.

In the last decade, numerous experimental studies have explored the resistance of traditional
and bird beak SHS T-joints. Bird beak joints involve a chord rotated by 45° about its longitudinal
axis, resulting in common bird beak joints (chord rotated by 45°) and diamond bird beak joints
(both chord and brace rotated by 45°). Research by Tong et al. (2014) [116] and Cheng et al [21]
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included static and fatigue tests on bird beak T-joints. Their investigations encompassed failure
modes, compression capacity assessment, and the analysis of cyclic loading patterns and SCF
distribution. They concluded that the maximum SCF in the brace is consistently larger than in the
chord for in-plane bending, but this scenario is reversed under axial force. The axial force-induced
SCF is notably higher than that under in-plane bending, generally exceeding 2 and being less than
2, respectively. Moreover, for identical key parameters (8, 2y, and t), the SCF for diamond bird
beak T-joints is notably lower than that for SHS-to-SHS and CHS-to-SHS T-joints. It approaches,
and slightly surpasses, the SCF of CHS-to-CHS T-joints, consistent with the observed increased
fatigue life in such joints compared to conventional T-joints.

2.2.4 Fire resistance of T-joints

Numerous researchers have conducted steady-state and transient analyses on the fire resistance

of HSS (hollow structural section) joints. Some of these studies include:

e Nguyen et al. (2010) [92] investigated the structural behaviours of CHS T-joints and
performed a parametric study on the ultimate strength of CHS T-joints subjected to brace
axial compression under fire conditions.

e Fengand Young (2010) [41] studied the design of cold-formed stainless steel tubular joints at
elevated temperatures.

e Liu et al. (2009) [72] analysed the load capacity and deformation of T-joints with stiffened
rings at elevated temperatures, along with the mechanical performance of tubular T-joints
used in offshore platforms under fire exposure.

e Xu et al. (2012) [151] explored the ultimate bearing capacity of tubular T-joints under fire

conditions using artificial neural networks.
Transient analysis on the fire resistance of tubular joints has also been conducted:

e Liu et al. (2010) [73] examined the mechanical behaviour of steel planar trusses in fire
through experimental testing.

e Jin et al. (2010, 2012) [47], building on Liu's work, carried out parametric analysis of the
mechanical behaviour of steel planar tubular trusses under fire conditions. They studied the
influence of geometrical parameters on the fire resistance of tubular trusses and investigated
the residual bearing capacity of CHS T-joints after exposure to fire.

e Shao et al (2016) [103] investigated the effect of loading ratio on the critical temperature of

tubular truss joints.
Based on these studies, several conclusions have been drawn:

e For CHS T-joints under compression at the brace end and localized heating, the general failure
mode is plastic failure of the chord face around the brace/chord intersection. The failure

process involves three stages: initial displacement decrease due to steel expansion,
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subsequent displacement increase due to steel degradation at elevated temperatures, and
abrupt displacement increase when temperatures reach a certain high level.

e The fire resistance of CHS T-joints is significantly affected by loading ratio n and diameter
ratio . Diameter/thickness ratio ¥ and length/diameter ratio a have relatively weaker
influences. Increasing  and y generally improves fire-resistant performance, while
increasing n and a reduces performance. Pre-load on the brace also influences residual
deformation after fire exposure.

e Residual strength after cooling slightly decreases with increased pre-load ratio under fire
conditions. The effect of pre-load on braces and the cooling phase has minimal impact on the
residual load-bearing capacity of T-joints.

e Increasing the brace diameter  and wall thickness of the chord y can significantly improve
the residual strength of the T-joint after fire exposure.

However, it's important to note that the studies mentioned above were primarily focused on CHS
connections, and the results cannot be directly transferred to joints made from RHS (rectangular
hollow section) profiles without proper validation. The specific fire behaviour of RHS joints

requires separate investigation and detailed study to ensure accurate fire resistance assessment.

2.2.5 Accounting for size effect in design of RHS T-type connections

Mashiri et al (2007) [70] investigated the Size effect of welded thin-walled tubular joints. They
summarized existing research within the context of newly defined terminologies and identified
knowledge gaps related to designing tubular joints using the hot spot stress method. The study
specifically focused on thin-walled tubular joints with wall thicknesses under 4 mm, excluding
thick-walled joints with wall thicknesses exceeding 50 mm or diameter-to-thickness ratios below
24. Notably, the investigation centred on thin-walled tube-plate T-joints. Contrary to
conventional expectations, the paper revealed that fatigue life trends for thin-walled sections did
not conform to the anticipated pattern of improved fatigue life with reduced thickness.
Moreover, the study highlighted the potential hazards of directly extrapolating existing fatigue
design curves to thin-walled tube-tube T-joints, as it could lead to unsafe designs. The study also
addressed the influence of chord stiffness on the fatigue behaviour of thin-walled tubular T-

joints, providing significant insights into this critical aspect of joint behaviour.

2.2.6 Research of RHS T-type connections with offset

It is worth noting that prevailing design methods for HSS connections were tailored exclusively
for coaxial configurations, implying that the centrelines of branch members should intersect with

the chord centreline —an arrangement termed as 'Standard'. However, the mechanical behaviour
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of offset joints, where branch members deviate from the chord centreline, has received limited

attention in design guidelines.

The initial exploration into the behaviour of laterally offset T- and N-connections was undertaken
by Dawe et al. (2006) [25], marking a pioneering contribution to the existing literature on this
subject. Their experimental study involved 16 full-scale tests on cold-formed welded RHS
connections, including ten T-connections and six N-connections. Among the T-connections,
10 specimens were tested to failure with axial compression on the branch members, while seven
of these were full-width T-connections with a branch size of HSS 152x152x6.4. The remaining
three specimens featured smaller branch members (HSS 102x102x6.4) fully offset towards the
chord sidewall. Strikingly, when comparing the compressive strength of full-width T-connections
to laterally offset connections with width-to-width ratio f = 0.67 under the same nominal chord
loads, a mere 5% reduction was observed in the strength of the latter. This unexpected finding
raised questions about the accuracy of the experimental program, despite its valuable insights

into the challenges of shifted brace connections.

Notably, works by Kalmykova and Wald [49], [50] delved into laboratory and numerical
exploration, and Wei and Packer [146] conducted testing on offset SHS T- and X-joints while
proposing design approaches and analytical equations for predicting their resistance.
Subsequently, a notable effort was made by Bu, Wei, and Packer (2021) [11] to address the design
complexities posed by offset connections. Their comprehensive research spanned laboratory
tests, numerical simulations, and theoretical analyses on offset T-type and X-type connections.
Their aim was to formulate an analytical model for estimating the limit resistance of fully offset
connections. The experimental phase of the study involved testing a significant number of X-type
and T-type specimens to failure, while focusing on width-to-width ratios. Nevertheless, there are
concerns about the adequacy of the premises underpinning these proposed equations,
particularly regarding the absence of web resistance components in the virtual works equation

and the verification principles of the resistance formula put forth in [11].

2.3 NUMERICAL RESEARCHES

Four decades ago, Finite Element Analysis (FEA) of structural connections was often regarded by
researchers as an unconventional approach due to its novelty, mathematical limitations, and the
substantial computational costs of that era. However, over the following two decades, it evolved
into an accepted and even essential addition to experimental and theoretical investigations.
Presently, computational analysis, particularly in the realm of computational mechanics, is widely
used as an indispensable design tool and a driving force behind numerous research domains. In
scenarios where experimental testing is constrained by the load-carrying capacity of laboratory

equipment, FEM simulations have become an irreplaceable alternative. In fact, the
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recommendations for advanced modelling in structural steel design are already discreetly
integrated within Chapter 5 and Annex C of EN 1993-1-5:2005.

The majority of recent research on Circular Hollow Sections (CHS) and Rectangular Hollow
Sections (RHS) joints has been conducted through numerical analyses utilizing the FEM approach,
overshadowing traditional experimental studies. Typically, test results directly validate numerical
FEM models developed to simulate the structural behaviour of these joints.

Efficient modelling using finite element techniques requires the creation of models that are both
accurate and simple enough to avoid excessive consumption of computational resources during
parametric studies. A valid model is often achieved through previous experiential knowledge,
incorporating factors like the selection of elements, analysis types, options, and mesh densities.
Additionally, calibration of the model against experimental data is highly recommended. To this
end, moment-rotation or force-displacement curves are commonly employed for comparing test

results with numerically derived data.

The earliest comprehensive application of the finite element method (FEM) to the study of RHS
connections is attributed to Korol and Mirza (1982) [53]. They ventured beyond the elastic limit
to model the behaviour of Rectangular Hollow Section (RHS) T-joints, determining their ultimate
and working strengths. Their study included calculations of punching shear and rotational
stiffnesses under branch axial force and bending moment. Both unreinforced and haunch type
joints were analysed, with the top flange of the chord represented as a thin plate supported by
coupled edge springs. Incorporating line loads along the perimeter of a rigid inclusion (the
branch) simulated loading. In the elastic range, joint stiffness values closely correlated with
available test results. Exploring geometric parameters such as width ratio A, haunch size 1,, and
chord thickness t in the elastic-plastic range revealed ultimate branch moments or punching
shear forces approximately five times their corresponding first yield values, suggesting the

importance of basing design loads on ultimate strength or maximum deflection criteria.

Crocket's thesis work (1994) expanded upon this by conducting nonlinear geometric and material
FE analyses of diverse tubular joint scenarios involving both CHS and RHS. An essential aspect of
the work was assessing the influence of finite element density and the modelling of welds and
corner radii on analysis outcomes. The study demonstrated that including welds is crucial for
achieving realistic results in FE analyses of the ultimate static strength of tubular joints. A full
corner weld model employing solid tetrahedral finite elements yielded the most accurate
simulation results, aligning closely with the weld profile of known test specimens. A mesh
convergence study demonstrated the adequacy of a "medium" mesh, suitable when the

member's size ranged from 0.2b, to 0.3b,, for predicting joint capacity.

Moreover, numerical simulations revealed that adding Directly Transferred (DT) braces to a
planar T-joint significantly enhanced its capacity, particularly at § = 1.0. However, at f§ = 0.25,
no such increase was observed. The presence of loads with the same sense in the Directly

Transferred (DT) braces as those in the T-brace has minimal impact on capacity across all 8 ratios.
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However, when the loads are in opposite senses in the DT braces (i.e., tension in one plane and
compression in the other), capacity reductions below that of corresponding planar joints can arise
in specific scenarios. The extent of these effects hinges on the [ ratio. For cases where § = 1.0, the
reductions are negligible. However, when f = 0.6 or 0.25, the capacity can drop below that of
planar joints. Consequently, when designing based on a plane-by-plane analysis, the design of
such joints may become overly optimistic, warranting a need to address this aspect in the design
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Figure 2.7 Weld modelling with shell elements

Prominent instances of Finite Element Analysis (FEA) application in modern research concerning
RHS T-joints are exemplified by the work carried out by Matos et al. (2015a, 2015b) [82] [83].
These studies involved the development of a numerical model for RHS T-joints that considered
material and geometric nonlinearities, employing the ANSYS software. The FEA utilized four-node
shell elements (SHELL181) with six degrees of freedom per node, capturing bending, shear, and
membrane deformations. Similar to earlier studies by researchers like Korol and Mirza (1982)
[53], Lu et al. (1993, 1994), Lee (1999) [64], Kosteski et al. (2001) [55], Costa-Neves (2004) [89],
Lima et al. (2007) [68], and Van der Vegte et al. (2010) [127], major finite element analysis options
were applied. This encompassed the use of shell elements over solids, modelling welds and

section corners, and adopting analysis types and options outlined in the work.

A well-proportioned mesh was applied to the model, maintaining element quality and avoiding
numerical issues. For stress concentration areas and geometrical singularities, mesh refinement
was employed. Welds were also represented using shell elements, as suggested by
Lee (1999b) [65] and later adopted by Lima et al. (2007) [68], offering accurate results. In this
approach, inclined shell elements possessed weld material properties, while their projection
retained the unchanged properties of connected members. This methodology was initially
validated in a previous study by the authors (Lima et al., 2007) [68] using experimental data from
Lie et al. (2005) [67]. Calibration results exhibited an excellent fit between the experimental

force-displacement diagram and the simulated outcome.

Page 36 of 130



Ing. Svitlana Kalmykova CTuy, 2023

The numerical model was employed by Matos et al. (2015a, 2015b) [82] [83] to explore the
behaviour of the chord face under varying dimensions of the loaded area and thickness of the
loaded chord face, denoted by variables 8 and y (1st set of analysis). Additionally, the influence
of forces acting in the chord (varying tension and compression levels) on the connections' general
resistance and stiffness was studied (2nd set of analysis). The first set involved 42 simulations
with £ ranging from 0.40 to 0.98 and y varying from 9.38 to 25. Force-displacement curves from
all simulations were presented, illustrating variations in initial stiffness and resistance with
relevant variables. Resistance numerical results, derived from the 3%b, deformation limit
criterion, were compared with EC3 (2005) outcomes. For [ values up to 0.66, both
methodologies vyielded similar results. However, as [ increased, EC3 (2005) started
overestimating resistance, with this trend continuing up to f < 0.80 and a thickness not
exceeding 12 mm. For larger chord thicknesses (y < 12.5) and any thickness with § > 0.80,
differences emerged. In the second set, comprising 168 simulations, it was deduced that axial
force in the chord generally reduced joint resistance, with this effect magnifying for greater axial
loads. Joint geometry was a determining factor, as larger [ values seemed more affected than
those with smaller values of this parameter. The mentioned numerical simulations underscore

the efficacy of the FEA-based approach in structural connection research.

It's also noteworthy to mention that numerous recent numerical analyses, especially within the
last decade, have employed more complex FE models that include volumetric finite elements.
Utilizing brick elements with 16 or 20 nodes enhances accuracy but comes with increased
computational complexity and CPU costs. Cheng et al. (2015) [21] undertook an investigation
using the ANSYS12 program, focusing on strain/stress concentration factors (SNCFs/SCFs) for two
types of SHS T-joints. The analyses were conducted under small deformation and material
elasticity assumptions, utilizing solid elements (SOLID95) with 20 nodes and three degrees of
freedom per node. Accurate geometries of fillet welds were incorporated into the FE models,
with mesh refinement in stress concentration zones. Parameters controlling mesh sizes were
validated against half-size refined meshes, and errors in SNCF ranged from 0.1% to 4%, indicating

the adequacy of the established FE meshes.

Feng et al. [41] used the ABAQUS software for a nonlinear numerical study of CHS brace-to-H-
shaped chord X-joints under in-plane bending. The finite element model integrated measured
cross-section dimensions and material properties from tests. A three-dimensional eight-node
solid element (C3D8I) with incompatible modes was employed to model the CHS brace and H-
shaped chord members. The use of this element helped mitigate locking issues and improve
accuracy. Geometric and material nonlinearities were both considered, with a focus on the in-
plane flexural behaviour of the joints. The material model was based on elastic and post-yield

tangential moduli from tensile coupon tests, and the Von-Mises yield criterion was used.

Among the global structural models in the literature, the works of Wardenier, van der Vegte, and
Liu (2007a, 2007b) [142] [143] are significant. They derived new chord stress functions for RHS

Page 37 of 130



Ing. Svitlana Kalmykova CTuy, 2023

K gap joints through comprehensive parametric analyses. In the CIDECT program 5BK, the
influence of chord stress on the axial strength of CHS T, X, and K gap joints was re-evaluated.
Various combinations, spanning different f and 2y values, were numerically analyzed for
different chord stress ratios. The accuracy of the proposed chord stress functions was assessed
against experimental results and FE data, with thick shell elements (MARC element type 22) used
to model the joints and welds. Geometric and material nonlinearity were considered, and corner
radii were modelled. The FE model was calibrated using numerical and experimental load-
deflection curves. The study resulted in new chord stress functions for RHS K gap joints,
consistent with those for other types of joints. However, it was concluded that finding a single

uniform function fitting all types of joints was not feasible based on the comparative results.

These instances highlight the evolving complexity and capabilities of numerical analysis in

studying various types of joints, contributing valuable insights to structural connection research.

In their study on the fatigue resistance of multiplanar CHS joints, Ahmadi et al. (2016) [5]
highlighted the critical importance of accurately modelling weld profiles to ensure accurate
Stress Concentration Factor (SCF) results. Neglecting weld sizes can lead to substantial
inaccuracies. The authors referred to previous research by Lee and Wilmshurst (1995) [62] and
Lee (1999) [65] which explored the impact of welds. Notably, omitting the weld could result in a
20% underestimation of joint fatigue strength compared to experimental data. To address this,
ANSYS element type SOLID95 was utilized to model the chord, braces, and weld profiles. These
elements are compatible with curved boundaries and allow for precise representation of weld
profiles. Defined by 20 nodes with three degrees of freedom per node, these 3-D brick elements
can simulate the weld profile as a sharp notch. This approach was expected to yield more detailed

and accurate stress distribution near intersections compared to simple shell analysis.

To ensure mesh quality, the authors employed a sub-zone mesh generation method during
FE modelling. This technique involves dividing the structure into distinct zones based on
computational needs, generating meshes for each zone separately, and then merging these
meshes to form the entire structure. This method facilitates control over mesh quality and
guantity and helps prevent distorted elements. Ahmadi et al. noted the importance of conducting

convergence tests with various mesh densities before creating FE models for parametric studies.

Using the FEM models described above, Ahmadi et al. (2016) [5] conducted numerical
investigations into SCFs in two- and three-planar CHS KT-joints subjected to in-plane (IPB) and
out-of-plane (OPB) bending moments. They presented general observations about the impact of
geometric parameters, including t (brace-to-chord thickness ratio), y (chord wall slenderness
ratio), f (brace-to-chord diameter ratio), and 6 (outer brace inclination angle), on SCFs at
different joint positions. The study aimed to analyse the multi-planarity effect under various OPB
and IPB loadings, comparing SCFs from multi-planar and uniplanar joints to identify critical
scenarios with significantly higher multi-planar SCFs. In such cases, new SCF parametric equations

for fatigue analysis and design were developed using nonlinear regression analyses. Based on the
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performed numerical and nonlinear parametric studies, the authors proposed a system of safety
factors for multiplanar CHS joints and established SCF distribution patterns in the connections.
They also concluded that increasing parameters 7, y, 3, and 6 led to increased SCFs at the saddle
position. The effects of T and y changes were more pronounced than those of  and 8 changes,

and parameter 0 exhibited a more significant effect than f5.

In the study conducted by Matos et al. (2015b) [83], the influence of axial force on the chord's
initial stiffness in joint connections was numerically investigated using the FEA model previously
described. The findings indicated that when a compressive axial force is applied to the chord, it
has an adverse impact on the stiffness of the chord face regardless of the level of axial load.
Moreover, this adverse effect becomes more pronounced as the level of compression increases.
On the other hand, when tension axial forces are applied to the chord, the stiffness of the joint
increases up to a certain threshold of tensile load. After reaching this point, the stiffness either

stabilizes or begins to decrease.

Garifullin et al. (2017) [30] attempted to evaluate the initial in-plane rotational stiffness of
welded RHS T-joints with axial loads in the chord member. The objectives of this study were
twofold: firstly, to assess the existing calculation approach for the initial rotational stiffness of
such joints, and secondly, to investigate the influence of axial force in the main member on the

initial rotational stiffness of the joint.

To achieve this, the authors utilized a curve-fitting approach and proposed a chord stress function
that resembles existing functions used for moment resistance. For their numerical modelling,
they employed the Abaqus software, creating a model using 20-noded solid quadratic finite
elements with reduced integration (C3D20R in Abaqus). Two elements were used in the thickness
direction for both the tubes and the welds. Since the primary failure mode involved the
deformation of the top face of the main member, they refined the mesh in that area closer to
the connected face. All sections were modelled with rounded corners, in accordance with
EN 10219-2 (2006) standards.

For modelling the welds, butt welds were treated as "no weld" using the TIE constraint in Abaqus
to prevent relative motion between separate surfaces. Fillet welds were modelled as steel and
were associated with the chord using the TIE constraint. The Finite Element Method (FEM)
analyses were performed for a single main member size of 300 x 300, with wall thickness
to varying from 8.5 mm (2y = 35) to 30 mm (2y = 10). The width of the connected member
changed from 75 mm (f = 0.25) to 300 mm (f = 1.0). The analyses were conducted in two
steps: first, an axial load was applied to the main member, and then the end of the connected
member was subjected to a concentrated in-plane moment in a single increment. This moment
corresponds approximately to 0.1 rad and represents a situation where no yielding occurs at the

joint area.
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The simulation results led to the conclusion that the axial stress in the main member significantly
affects its initial rotational stiffness. For compressive loads, the stiffness can decrease by up to
50%, while for tensile loads, it can increase by a maximum of 30%. This observed effect was found

to be dependent on the brace-to-chord width ratio § and the chord width-to-thickness ratio y.

In the context of increasing reliance on numerical modelling in the investigation of steel
structures, Kwasniewski and Bojanowski (2015) [59] articulated essential principles for
verification and validation in the process of developing integrated studies. The authors aimed to
clarify the terminology and address questions related to the Validation and Verification (V&V)
process. They discussed principles for comparing numerical results with experimental data, the
importance of sensitivity studies, and new ideas about the relationship between research and

design finite element models.

In the V&V process, the authors highlighted the distinction between validation and verification.
Validation involves comparing numerical solutions with experimental data, while verification
entails comparing computational solutions with highly accurate (analytical or numerical)
benchmark solutions. Verification can be conducted through tests of agreement between
computational solutions and benchmark solutions of various types, including analytical, highly
accurate numerical, and manufactured solutions. The goal of verification is to test the agreement

of the computational solution with known correct results.

Experimental data used for validation should be treated differently from benchmark solutions
used for verification due to the inherent errors and uncertainties associated with experimental
measurements. Errors in measurements and calculations are defined as the difference between
the result of a measurement (calculation) and the value of the measured (accurate) solution.
Uncertainty, on the other hand, characterizes the dispersion of values that could reasonably be

attributed to the measured result.

Validating numerical results against experimental data in the design of structural connections,
particularly in the context of beam tests for simple connections under shear and cruciform tests
for moment-resistant connections under bending moments, is challenging and has limitations.
The limitations stem from factors such as economic constraints, the complexity of connection

tests, and uncertainties in the behaviour of specimens.

Given these challenges, the authors emphasized the significance of verification, which aims to
demonstrate that mathematical models are accurately implemented and that the numerical
solution is correct with respect to the mathematical model. The authors concluded that a
methodical verification and validation process is essential to prove the correctness of simulated
results. Without such a process, the analysis is rendered meaningless and cannot be used for

decision-making.

In cases where the analysed events are too complex or costly to test experimentally, hierarchical

validation is recommended. While the review of numerical models for HSS connections
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demonstrated the adaptability of this approach in studying the structural behaviour of joints, the
authors also acknowledged the difficulties associated with mathematical interpretation of
phenomena like contact processes and weld modelling. Despite these challenges, numerical
simulations have shown good agreement with tests in many cases, although the limitations and

complexities of modelling should be carefully considered.

2.4 ANALYTICAL MODELS

Analytical models play a crucial role in understanding joint behaviour and identifying influential
parameters. By combining analytical insights with experimental data, it becomes possible to
formulate simple and effective expressions for joint strength and stiffness. However, purely
analytical expressions can often become overly complex for practical application. As a result,
simplified analytical approaches are sometimes employed, serving as lower-bound functions that

provide conservative estimates of joint behaviour.

Various strength criteria are used to predict different modes of failure in joints. While multiple
criteria may exist for assessing joint strength, there are instances where one or two decisive
criteria can be used to predict joint strength. This simplification aids in making predictions more
feasible and manageable in practice. The use of analytical models, combined with experimental
evidence, helps in developing practical design guidelines for joint behaviour and contributes to

the overall understanding of structural connections in steel and other materials.

2.4.1 Yield line model

Traditionally, the design rules for hollow structural section (HSS) joints are established based on
either plastic analysis or deformation limit criteria. The use of plastic analysis aims to define the
ultimate limit state of the joint, relying on a plastic mechanism that corresponds to an assumed
yield line pattern. This approach is well-known and has been applied by researchers in various
studies. Notable examples of such studies include Packer (1993) [96], Cao et al. (1998) [13],
Packer et al. (2004), and Kosteski et al. (2003) [55].

Wardenier (1982) [141] proposed that for joints with low S-ratios (the ratio of brace-to-chord
diameter), the joint strength can be conservatively estimated using a simple yield line analysis.
This method, which forms the basis of many analytical strength investigations, relies on a basic
technique. For joints with high f-ratios, the model predicts infinite strengths, indicating that

other failure modes, such as chord side wall failure, will govern in these cases.

The vyield line method provides an upper bound solution for the yield load, prompting the
examination of a wide range of potential mechanisms to determine the lowest value that can be
deemed acceptable as the failure load. However, various studies have demonstrated that using

a simplified yield line pattern, as shown in Figure 2.8 (model a), results in only a minor increase
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of 1 to 7% in strengths compared to more intricate patterns with yield fans, depicted in
Figure 2.8 (model b). This finding suggests that the simpler approach can still yield accurate

results within this range.

‘ N,*sing,

model a by - 2,

model b

Figure 2.8 Yield line model fora T, and Y joint

Ultimately, these methods contribute to the development of design rules that ensure the
structural integrity and safety of HSS joints under various loading conditions. The choice between
different analytical techniques depends on the specific characteristics of the joint and the desired

level of accuracy in predicting its behaviour.

The yield load capacity is only slightly influenced by a yield line pattern in the side walls of the
chord. In the simplified model, the effects of membrane action and strain hardening are ignored.
The calculation method consists of equating the work of the external force and the work done
by the plastic hinge system, for example, for the T- and Y-joint shown in Figure 2.8. Equating the

sum to the external work gives:
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(1)
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or after improvements:

N =D (4 T7)

sin 6,

(2)

sin 6,

In this model, certain simplifications have been incorporated; for instance, the thickness of the
sections has been neglected (b, — 2t, = by). The same principle applies to the weld sizes, which
have not been taken into consideration. Additionally, the impact of the chord load needs to be

incorporated, and this will be achieved through a chord load function, Q.

For K joints, yield line models can also be utilized. However, the load transfer is more complex in
these scenarios due to the intricate stress distribution within the yield hinge area, which is
notably influenced by factors like membrane stresses, shear stresses, and work hardening. These
complexities result in the analytical models becoming considerably more intricate, ultimately

prompting the utilization of semi-empirical formulas for the purpose of design.

2.4.2 Punching shear model

When the bracing is pulled away from the chord connecting face, failure can occur through
cracking and, ultimately, rupture of the chord face due to shear stress around the perimeter of

the brace connection. This is depicted in Figure 2.9 for a Y-joint.

Because the stiffness along the perimeter is uneven, some parts may lack sufficient deformation
capacity to contribute fully to the effective perimeter for punching shear resistance. In other
words, only specific sections can be considered effective in resisting punching shear due to this
nonuniform stiffness. For instance, in the case of a T or Y joint (as depicted in Figure 2.9), the
sections along the chord walls exhibit greater stiffness. Depending on the ratio by/t, of the

chord, a varying portion along the cross walls will be effective, denoted as b, , .

Chord punching shear arises from the component of the brace load that is perpendicular to the

chord face. As a result, the punching shear criterion is formulated as follows:

fyo 2hy 1
W=D (B a,) :
173 °\sing, T 2Dep. sin 6, 3)
with an assumed yield punching shear of % and ¢, (% + Zbe.p.) as effective punching shear

area of the chord wall for a T-, Y- or X-joint. It will be clear that b, ,, is a function of by/t,. The
smaller by/t,, the larger b,,. According to Wardenier (1982) [141] the value for b, ,, is

determined experimentally.
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Figure 2.9 Punching shear model for a T-, Y- and X-joint

2.4.3 Local brace failure model

The model used to characterize local brace failure (as shown in Figure 2.10) shares a certain
relationship with the chord punching shear model. This similarity arises from the nonuniform
stiffness along the connection perimeter. In both models, an effective section is considered.
However, due to the distinct deformation capacities associated with brace failure and chord
punching shear, the values of b, and b, ,, differ. Moreover, the causes of these failures differ:
chord punching shear results from the brace load component that is perpendicular to the chord,
while local brace failure is influenced by the brace load itself. The impact of the angle 8 has not

been definitively established and, as a precaution, it has been excluded from the current analysis.
For T-, X-, and Y-joints, the criterion for local brace failure can be expressed as follows:
N; = fy1t,(2hy + 2b, — 4t;) (4)

The term "4t;" must be included to prevent double counting of the corners. Similar to the
punching shear criterion, the effective width b, was determined experimentally by

Wardenier (1982) [141] and increases when the ratio b, /t, decreases.
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Figure 2.10 Local brace model for a T-, X- and Y-joint

2.4.4 Chord side wall bearing or buckling model

T, Y, and X joints with a high S ratio (typically when § > 0.85) typically experience failure due to
yielding or buckling of the chord side walls, as depicted in Figure 2.11. The model employed for
these cases is akin to that used for connections between I-section beam and column joints.
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she. * ot
a) Elevation b) Cross-section

Figure 2.11 Local brace model for a T-, X- and Y-joint

For joints where = 1.0, the capacity can be readily determined by:

hy

N1 == nyoto (m + 5t0)

(5)

sin 01

For slender walls, the yield stress f,,, is replaced by a buckling stress fj, which is influenced by
the chord web slenderness h,/t,. This model is straightforward and provides a larger margin of

safety for highly slender walls. An improved model that aligns better with test results for all
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slenderness values is based on the "4 hinge yield line" mechanism, dating back to the 1970s
(Packer, 1978). In cases where the chord side walls are subjected to compression, Yu (1997) [153]
also used a buckling stress, but with a buckling length of (h, — 2t,)/2.

Based on these models and experimental evidence, both analytical and semi-empirical formulas
have been developed. In the context of T, Y, and X joints, the yield line model functions as a
conservative lower bound for test results and is also incorporated into established
recommendations (EN 1993-1-8:2005 [15], IW (1989, 2013) [33] [34], Packer (1978), Packer &
Henderson (1997) [97], Packer (1993) [96], Packer et al. (2009) [99], Wardenier (1982) [141]). For
T,Y, and X joints with 8 values up to 0.85, the yield line model for chord face plasticization serves
as the foundational lower bound formula for joint resistance. However, when [ exceeds 0.85,
the joint resistance is influenced by factors like chord side wall failure, brace failure, or chord

punching shear, specifically when the condition b; < by — 2ty — 2(1.4a,,) is satisfied.

2.4.5 Models for the in-plane and out-of-plane bending moments

Similar to axially loaded joints, the strength of connections can be characterized either by their
ultimate bearing capacity or by a deformation or rotation limit. In cases where bending moments
are applied to joints with rectangular chords, stiffness can often play a crucial role in determining
their behaviour. According to Wardenier (1982) [141], only joints with a 8 value of 1.0, as well as
joints with 8 values below 1.0 and low ¥ ratios, can be considered rigid. All other joints should
be treated as semi-rigid. The moment capacity of joints with low £ ratios is influenced by limited
rotations, wherein the analytical yield criterion of the chord face is taken into account while

disregarding the effects of membrane action and strain hardening.

The design resistances for joints subjected to brace bending moments are determined in a
manner similar to that for axially loaded joints. To simplify the design process, guidelines also
provide limitations on the range of applicability, thereby streamlining the criteria that need to be
assessed. For Vierendeel girders, selecting joints with  values of 1.0 is recommended to ensure
adequate stiffness and strength. The design resistance formulas are derived from analyses
conducted by Wardenier (1982) [141], Dutta & Mang (1983) [28], Yu (1997) [153], and Packer et
al. (2009) [99], and they are outlined in relevant guidelines such as those developed by Packer et
al. (2009) [99].

As per Packer et al. (2009) [99], in situations where the ratio of bracing width to chord width
remains reasonably modest, the simplified yield line model can be employed to ascertain the

strength. Consequently, the moment capacity of T-joints can be formulated as follows:

Mip1ra = fyotéha ( (6)

1,2 |7 )Q
2n Ji—p 1-8)"
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In T-joints, the occurrence of local buckling in the side walls is relatively less critical compared to
joints subjected to axial loading, primarily due to the more localized forces at play. However,
when the critical stress linked to side wall buckling is below the yield stress, it results in a shift in

the neutral axis. This alteration introduces complexities in adopting a generalized approach.

To maintain consistency with axially loaded joints, the same critical stress is adopted. The
distribution of actual stress across the side walls depends on the side wall's slenderness ratio,
ho/ts, and can exhibit considerable variation. The forthcoming strength formulas will be
confined to hy/t, < 35, thus excluding extremely thin-walled chords. This selection allows for
the assumption of a full plastic stress distribution.

Subsequently, the bearing or buckling capacity of the chord's side wall is expressed as follows:

Mip 1ra = 0.5fkto(hy + StO)ZQf (7)

While the effective width for the tension side may vary from that of the compression side, the
decision is made to utilize the same effective width b, for the bracing cross walls. This choice is
substantiated by the assertion made by Wardenier (1982) [141] that there exists no compelling
rationale for a disparity in effective width between bracing and axial loading scenarios. Therefore,

the effective width b,, as defined by Eq. (4), is consistently applied.

Thus, the criterion for the effective width is established as follows:

b
Mip1ra = fy1 [Wpl,l - (1 - b_i) by(hy — t1)t1] (8)

In cases where brace members within joints experience combined loading, the impact of axial
load on the joint's moment capacity hinges on the critical failure mode. This interaction is
intricate and entails a multifaceted set of interactions. In light of this complexity, a prudent

approach is suggested: employing a linear interaction relationship as a conservative measure.

Niga  Mipaga

< 1.0. (9)
Nira Mip1ra

2.4.6 Component method for T-joints

The component method serves as an approach for characterizing the mechanical properties of
structural joints. Initially developed for joints involving open sections, the component method is
referenced in Eurocode 3 Part 1.8. It enables the theoretical assessment of resistance, stiffness,
and ductility attributes based on mechanical models. However, when it comes to joints

concerning tubular HSS (Hollow Structural Sections), a distinct approach is followed.

In the case of tubular HSS, a joint — more precisely, a joint configuration where multiple members
connect —is evaluated as a unified entity when determining its resistance(s). Research by Jaspart

and Weynand (2015) [35] indicates that existing design regulations for tubular HSS joints derive
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from straightforward theoretical mechanical models and are subsequently refined through
comparison with experimental tests. This leads to limitations in their applicability, often confined

to the range for which the rules have been validated.

Within the framework of CIDECT, a project is underway to establish a unified design approach for
steel joints, irrespective of the section type of the connected elements. This endeavour involves
expanding the scope of the "component method". To achieve this goal, rules that are

recommended for hollow section joints need to be translated into a component-based format.

The research conducted at Liege University under Jaspart's supervision in the mid-2010s has laid
the groundwork for this unified design approach. In this context, components specific to typical
HSS joints in lattice girder structures have been identified. Moreover, the research presents
design regulations encompassing component resistances and assembly guidelines for certain

hollow section joints, serving as illustrative examples of the approach in practice.

The approach endorsed by CIDECT Report 5BP-4/05 suggests treating any joint as an aggregation
of distinct individual components. Aligning with the principles of the component method, the
initial step involves establishing what is referred to as the "list of active individual components".
This task entails considering not only the geometrical arrangement of the joint under study but
also the nature of the loads it faces, including axial forces, bending moments, shear forces, and

combinations thereof.

Following this, the subsequent stage encompasses formulating design resistance equations for
each of these individual components in terms of shear, tension, or compression. This derivation
is drawn from Chapter 7 of EN 1993 Part 1.8 and involves an appropriate "conversion" process

that will be specified.

Once the components are identified and their characteristics defined, the focus shifts to
determining how these components interact when assembled. The assembly of components

signifies the allocation of forces within the joint's entirety in a manner that fulfils certain criteria:

— The internal forces within components maintain equilibrium with the external forces applied
to the joint.
— The resistance of a component remains within acceptable limits.

— The deformation capacity of a component is not exceeded.

Concerning the joint's overall resistance to external forces, adherence to these three principles
is adequate to ensure that the calculated design resistance is less than the actual resistance of

the joint.
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Figure 2.12 Component method assembly

As per the proposed component method, it's conceivable to visualize a joint as a system of
springs, where each spring signifies a specific component. Figure 2.12 illustrates this notion for a
T-joint involving RHS profiles subjected to axial force. In the diagram, the labels "a" through "e"

correspond to the active components, identified as follows:

— Chord face in bending.

— Chord side wall(s) in tension or compression.
— Chord side wall(s) in shear.

— Chord face under punching shear.

— Brace flange or web(s) in tension or compression.

Within Figure 2.12, it's evident that axial forces are transmitted from the brace to the chord
through four loading zones situated at the corners of the brace sections. Once this assumption is
accepted, it's vital to uphold it throughout the design process. For each brace cross-section type,
meticulous consideration must be given to defining the number and positions of the load transfer
zones. In the specific scenario depicted, the design resistance of the joint under axial force can

be calculated using the following derivation:

N; = 4'[FN,mian]i (10)

where [FN,mian]i, the minimum resistance of the active components (a)..(e) for joint under axial

force. The procedure may be extended similarly to all loading situations and so, at the end, the

design resistances of the joint under N; g4, Mip i gq and My, ; ga-

The conversion of EN 1993-1-8 chapter 7 into a “component style” requires therefore, for each
joint in each joint configuration covered in the normative document, to identify the active
components, derive the resistance of these active components and assemble the components
successively for each individual loading situations (axial force, in-plane bending moment and out-
of-plane bending moment). When this is achieved, the resistance of each joint may then be

checked through Eq. (8) of this Chapter adding summand of M,,, ;.
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For each joint belonging to a joint configuration, Eq. (8) has to be applied, what requires first to
evaluate its three individual resistances N; g4, M i gq and M,y ; gq- TO derive these individual
resistances, reference is made to the component approach and special rules derived from
analytical models presented above.

Component method is acknowledged as perspective and serves as a base of computer oriented

approaches development.

2.4.7 Plastic mechanism model by Zhao and Hancock [157]

A plastic mechanism has been formulated by Zhao and Hancock (1991) [157] for T-joints featuring
rectangular hollow sections (RHS) subjected to concentrated loads. This model encapsulates
various critical factors, including plastic hinges located in the web, membrane forces in the flange,
and the influence of material strain hardening. Consequently, this model possesses the capability
to project crucial aspects such as the yield load, the post-yield behaviour, and the ultimate load
of a T-joint subjected to concentrated force.

In assessing its efficacy, the developed model was benchmarked against existing models,
including the CIDECT model, the Kato model, and the modified Kato model. The model's
predictions concerning the yield load, post-yield response, and ultimate load are then compared
with empirical data from experimental tests. These tests encompass 6 T-joint experiments
conducted by Zhao and Hancock (1991) [157] and 20 T-joint experiments conducted by Kato and
Nishiyama (1979) [52]. The range of the tested T-joint ratios (denoted as "beta") varies from
0.291 to0 0.890.

Figure 2.13 represents the membrane mechanism formulated by Zhao and Hancock (1991) [157].
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Figure 2.13 Membrane mechanism model for welded tubular T-joint by Zhao and Hancock (1991) [157]
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The design strength of connections based on the abovementioned model can be determined

using the design equation obtained from virtual work principle, which is summarized as follows:

9
Nia = Py + z kP, (11)
i=3,5
where B, = 2§, sin a,, is the partial yield load resulted from the membrane force of the chord

_ bo+hy . . _
flange, S, = > tofyo is the membrane force, sina, = |1 —

m is the plastic hinge
&y

rotation angle, k; is the total number of the it" plastic hinge, P; is the partial yield load resulted

from each i" plastic hinge. The terms k; and P; are summarized in Table 2.1.

Table 2.1 Terms k; and P; of membrane mechanism model for RHS tubular T-joint [157]

Yield line | Number of yield Contribution of each it" yield line (P;)
no. (i) line (k;)

hy

3 2 P. =M (_>
3 r\ 4,

hy 1

: : o=, () (7=5)
5 P\n/\1-e

8 4 Pa=M ¢ <h0)
Tk
by
b\ hy e
9 ’ P =y (26 (32) + 1) (7=5)

The values utilized for the calculation of P; are represented as follows:

_fyotg _ n) _ bo(1—B) _ by
My =2 o= ()8 n="r =g

K = 0.5D%D; + 0.5D, /DfD§+4D2, eyz%,
D= T=F iz 0= (59 (3), 0= () (20) J(1+)" 1.
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2.5 COMPONENT BASED FINITE ELEMENT METHOD

The Component-Based Finite Element Method (CBFEM) was developed through a collaborative
effort involving Czech Technical University in Prague, Brno University of Technology, and the
software company IDEA StatiCa. The primary objective was to establish a comprehensive
approach capable of addressing connection designs across various types, rather than being
limited to specific templates or cases. This initiative sought to create a versatile and adaptable
method that could effectively accommodate a wide range of structural connection scenarios. The
methodology was documented in publications authored by Sabatka et al. (2014) [165], Wald et
al. [134]. Several papers have delved into this subject, including works by Wald et al (2015, 2019,
2020) [135], [137], [138],) Weynand et al (2017) [150], Jaspart & Weynand (2001, 2002) [148],
[149]. These contributions encompass a variety of applications, adapting the technology to
tubular connections, and diverse scenarios such as seismic joint design and the design of

prequalified joints.

The CBFEM is an advanced structural analysis technique that combines the advantages of both
the finite element method (FEM) and the component method. It aims to provide a more efficient

and accurate approach for analysing complex structures and assemblies.

In traditional FEM, the structure is discretized into finite elements, and the behaviour of the
entire structure is analysed based on the interactions between these elements. On the other
hand, the component method breaks down a structure into individual components and analyses
their behaviour and interactions. It is commonly used for joints and connections, where the focus
is on the interaction between different members. CBFEM integrates these two approaches by
considering the global structure as a collection of interconnected components, each of which can
be analysed independently with a focus on their internal behaviour and interactions. This method
allows engineers to handle complex systems while maintaining the accuracy and efficiency of the

component method.
Here's a simplified explanation of how CB-FEM works:

Component Modelling: Each structural component (beams, columns, connections, etc.) is
modelled individually using traditional FEM. This provides detailed insight into the behaviour of

each component under various loads.

Component Interaction: Components are then connected to each other using interfaces that
define how they interact. These interfaces could represent joints, connections, or any other type

of interaction between components.

Global Analysis: The interconnected components are assembled to create the complete
structure. The analysis considers the interactions at the interfaces to capture the global

behaviour of the structure.
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The benefits of CB-FEM include improved accuracy in capturing localized behaviour, reduced
computational effort compared to a full FEM analysis, and the ability to handle complex
assemblies more effectively. It is particularly useful for large and complex structures where

accurate representation of connections and localized effects is crucial.

The component model offers the advantage of integrating contemporary knowledge of
components' behaviours (including bolts, welds, and plates) from both experimental and
analytical realms. This leads to highly accurate predictions of behaviour across elastic and
ultimate loading levels. The model's validation is feasible through simplified calculations.
However, a limitation arises in that experimental assessment of internal force distribution is

viable only for a restricted range of joint configurations.

In current academic literature, the description of atypical components is either lacking or
possesses limited validity and supportive references. Models for hollow section connections,
outlined in Ch. 7 of EN1993-1-8, rely on curve fitting procedures, rendering their compatibility
with the component model somewhat unreliable. The complexity of component models can

render hand calculations intricate, often necessitating the use of tools or design tables.

The component model of connections builds upon established procedures for evaluating internal
forces within connections and their subsequent validation. Zoetemeijer (1990) [164] was the
pioneer in imbuing this model with predictive capabilities for stiffness and deformation capacity.
Subsequent refinements were made to elastic stiffness, as evidenced in Steenhius's work (1994)
[112]. A foundational depiction of component behaviour in major structural steel connections
was established by Jaspart for beam-to-column connections [147], followed by Wald et al (2008)
[136] for column bases. The model's scope was broadened by da Silva [108]. This methodology is
now integrated into the prevailing European structural standard for steel and composite
connections, as detailed in [15] and [17]. It finds application in a majority of software used for

structural steel in Europe.

Based on [165], the procedure commences with the disassembly of a joint into individual
components (for instance, the one illustrated in Figure 2.14). Each component's behaviour is
described in terms of its normal and shear force deformation characteristics. These components
are then grouped to examine the joint's moment-rotational behaviour. Then, obtained
information is employed for classification and representation in a spring/shear model and

subsequently utilized in global analyses.

What is more, CBFEM models help visually represent all kind of modes of failure modes and
supplements the traditional engineering approach by a well-predicted joint behaviour and safe

standard approved resistance.

The multilevel FEA analyses of the structural steel connections based on components (CBFEM) is

about to replace the curve fitting and component method designs.
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Figure 2.14 Symmetrical beam-to-column connections with end plates in a component model
1 — column web in shear, 2 — column web in compression, 3 — beam flange and web in compression,
4 — column flange in bending, 5 — bolts in tension, 6 — end plate in bending, and 7 — column web in
tension

2.6 CONCLUSIONS

Many of the existing design equations are primarily applicable to tubular sections that closely
resemble the material properties and dimension ratios found in the specimens used during the
experimental validation of these equations. Consequently, while research and design standards
for statically loaded 2D truss welded connections among tubular sections (as discussed in W
(1989) [33], Packer et al. (1990) [95], Syam & Chapman (1996), Packer & Henderson (1997) [97],
and AWS (2002) [3]) have been considered mature by certain authorities, there persists a
continuous demand for applied research pertaining to the behaviour and strength of such
connections when involving rectangular hollow sections with material properties or dimension

ratios not addressed by the current standards.

This ongoing need for applied research is driven by the fact that real-world engineering
applications often involve a wide range of structural configurations and materials. These may
deviate significantly from the idealized conditions assumed in existing design standards.
Therefore, engineers and researchers must continually explore and analyse connections
involving rectangular hollow sections with unique material properties or dimension ratios to

ensure their safety and reliability.

The pursuit of such applied research contributes to a more comprehensive understanding of the
behaviour of these connections, enabling the development of more accurate and versatile design
approaches. As engineering continues to evolve and adapt to diverse challenges, this research
remains a crucial component of ensuring the structural integrity of complex systems involving

non-standard sections.
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CHAPTER 3:
AIMS AND OBIJECTIVES

The main objective of this thesis is to investigate welded connections of RHS structural members,
specifically focusing on cases with a lateral offset, particularly situations where the brace
member is shifted towards the lateral surface of the chord (referred to as SCE RHS T-shape joints).

An example of this joint configuration is illustrated below in Figure 3.1:

Figure 3.1 Stepped connection with eccentricity (SCE) in real-world design practice
(photo: S. Kalmykova, Prague)

The aim of this thesis is to determine the resistance of SCE RHS T-shape joints, with a particular

focus on stepped connections in the general case of offset.
This doctoral thesis will address the following research tasks:

1. Evaluation of developed design recommendations
This task involves a critical assessment of existing design guidelines and recommendations
related to the T-shaped connections between RHS members with offsets. It aims to evaluate
the adequacy and applicability of these recommendations in practical scenarios, identifying

areas for improvement if necessary.

Page 55 of 130



Ing. Svitlana Kalmykova CTuy, 2023

2. Experimental study
This task entails conducting physical experiments to gather empirical data on the behaviour
and performance of the welded connections in question. Through carefully designed
experiments, the key parameters such as load-carrying capacity and deformation

characteristics will be measured.

3. Advanced numerical simulation
Advanced numerical simulations involve using computational models (a finite element
analysis (FEA)) to simulate the behaviour of the connections under various loading conditions.
This task allows to explore a wide range of scenarios, including complex geometries and

loadings, providing a deeper understanding of connection performance.

4. Validation of numerical simulation
In this step, the results obtained from numerical simulations are compared and validated
against the experimental data collected earlier. This validation process ensures that the
computational models accurately represent the physical behaviour of the connections and

helps establish confidence in their predictive capabilities.

5. Sensitivity study
The sensitivity study involves varying key parameters within the numerical models to assess
how changes in these parameters impact the performance of the connections. This helps
identify critical factors that significantly affect connection behaviour and may inform design

considerations.
6. Development of an analytical model

This task focuses on creating a simplified analytical model or method for estimating the strength
and behaviour of laterally offset T-connections. It includes the development of a plastic
mechanism model for laterally offset joints with varying brace-to-chord eccentricities, a
comparative analysis of analytical models for estimating the strength of laterally offset T-
connections, and a procedure for verifying the proposed model through numerical simulations

conducted by the authors.

Overall, these research tasks encompass a comprehensive approach to investigating and
understanding the behaviour of welded connections between RHS members with offsets,
combining experimental testing, advanced computational analysis, and the development of

practical design tools.
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CHAPTER 4:
Experimental research of T-connections with offset

In order to examine the structural behaviour of laterally offset RHS T-connections and
corroborate the outcomes of finite element simulations, an experimental program was devised.
This program entailed conducting 7 full-scale connection tests on cold-formed RHS members, in
addition to performing material tests on relevant HSS members. Throughout these tests,
measurements were taken to determine the vertical displacement of the brace at the loaded tip
and local strains. Simultaneously, observations were made to identify the failure modes
displayed by the specimens. Ultimately, the final ultimate axial compressive and rotational
capacities were ascertained based on the results obtained from these experiments.

4.1 PROGRAMME AND METHODOLOGY OF LABORATORY TESTS

The research program presented as part of this current study involves conducting experimental
tests on full-scale offset T-joints with the parameters f = 0.3, ug = 25.0, yy = 7.5, y = 12.5,
These particular parameters were intentionally chosen to lie at the boundaries or beyond the
scope indicated in reference [34]. This specific parameter selection aims to encompass a

comprehensive range of joint geometries.

Each individual specimen consisted of cold-formed rectangular hollow sections that adhere to
the EN 10219-2 standard. This includes employing a 150x100x4 mm RHS member as the chord
and a 50x30x4 mm RHS member as the brace. The testing conditions encompassed applying an

axial force along the brace's centreline and an in-plane bending moment at the top of the brace.

The welds that joined the brace and chord members were designed in accordance with
EN 1011-1:1998 specifications and were executed using shielded metal arc welding techniques.
The dimensions of the welds in the test specimens exceeded both 4t and 4 mm. Welding was
carried out utilizing 4.0 mm electrodes of E4303 type, which have a nominal 0.2% proof stress,
tensile strength, and elongation of 378 MPa, 421 MPa, and 32%, respectively. These specific
electrodes were selected for welding low carbon steel (5235 and S355) specimens. These strict
welding criteria and the required thickness of the brace member were established to ensure that

failure in the specimens would occur within the chord members rather than the welds or brace.

The experimental program consisted of conducting 7 distinct tests on isolated welded RHS-to-

RHS T-type connections. The specific details of the test program are outlined in the table below.
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Table 4.1 Details of T-type specimens

Label of specimen | Number of Type of Specimen Steel grade Type of applied load
tes:ted Brace Chord
specimens

1.01.T.Ec.Co.235 1 Offset from the S355 S§235 | Axial force
centreline

1.02.T.Ec.Co.355 1 Offset from the S355 S355 | Axial force
centreline

1.03.T.Ec.Be.235 1 Offset from the S355 S$235 | In-plane moment
centreline

1.04.T.Ec.Be.355 1 Offset from the S355 S355 | In-plane moment
centreline

2.02.T.Sy.Co.235 1 Without offset S355 S§235 | Axial force

2.04.7.Sy.Be.235 1 Without offset S355 S$235 | In-plane moment

NOTE. The specimens are categorized based on their joint configuration, steel grades, and the type of
external load applied. For instance, the label "1.01.T.Ec.Co.235" delineates the following aspects of the T-
joint: "1." signifies the joint's number, "01." corresponds to the specimen's index number, "T.Ec"
designates the joint type as T-eccentric (or alternatively, "E.Sy" for Edge-symmetric), "Co" specifies the
applied load type as Compression (or "Be" for Bending), and "235" denotes the steel grade, such as S235
JRH (or "355" for S355 J2H).

Table 4.2 Test specimens’ nominal geometry

Specimen label Chord sizes Brace sizes Ratios Chord | Brace | Weld
ho X by X tg ho X by X tg length | length | size

[mm] [mm] B 2y | (mm] | [(mm] | [mm]

1.01.T.Ec.Co.235 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0
1.02.T.Ec.Co.355 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0
1.03.T.Ec.Be.235 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0
1.04.T.Ec.Be.355 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0
2.02.T.Sy.Co.235 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0
2.04.T.Sy.Be.235 150x100x4.0 50x30x5.0 0.3 12.5 924 262 5.0

All the specimens were constructed using a specialized setup consisting of a supporting frame
and a bearing platform, as depicted in Figure 4.1. During the experimental tests involving
compression, the underside of the RHS steel chord was in direct contact with the bearing
platform, while an axial compressive load was applied at the brace's tip. This close contact was
ensured by affixing two specifically designed plates at the ends of the specimen's chord, securely

fastened to the platform using screw clamps.

To ensure stability, the support frames were robustly anchored to the solid floor using anchor

bolts. The application of axial compression and lateral force to the brace members of the test
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specimens was facilitated by a hydraulic jack with a capacity of 1000 kN. This process was
carefully monitored using a load cell, which was positioned concentrically between the hydraulic

jack and the reaction frame.

Figure 4.1 Test setup of the T-joint specimens

The measurement arrangement for displacement and strain gauges is depicted in Figure 4.2,
using specimen "2.02.T.Sy.Co.235" as an illustrative example representing the entire test series.

This specimen was selected due to its representativeness.

For the specific case of specimen "2.02.T.Sy.Co.235," two displacement gauges, namely TSO1 and
TS02, were strategically positioned on separate supports to measure the principal displacements
of the chord face within the punching area. Additionally, eight strain gauges were employed to
assess local displacements. Among these, four strain gauges (SG01 to SG04) were aligned with
the direction of the most pronounced web deformations and were affixed to the chord webs'
opposite faces, parallel to the axis line. Another four strain gauges (SGO5 to SG08) were oriented

to capture the maximal flange strains and were placed on the top surface of the chord flange.

Throughout the tests, a data acquisition system was utilized to systematically record both the
applied load and the strain measurements at regular intervals. This comprehensive measurement
plan provided invaluable insights into the structural behaviour of the specimen under the

specified testing conditions.

The tests were executed using a varying loading rate. The loading program for all specimens was
composed of four distinct stages. In the initial stages of the tests, ranging from an unloaded state
to approximately 30% to 35% of the ultimate load capacity (P,;;), the rate of loading was marked
by higher values of 0.25 mm/min. As the deformations of the specimens increased, the rate of
loading gradually decreased to 0.1 mm/min, with a reduction step of 0.5 mm/min. This approach
allowed for a controlled assessment of the specimens' behaviour across different deformation

levels and loading conditions.
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Figure 4.2 Arrangement of displacements gauges

4.2 MATERIAL PROPERTY TESTS

Tensile coupon tests were carried out to acquire accurate material properties for an advanced
finite element model. These coupons were extracted from material specimens (additional pieces
made from the same material) and subjected to testing in the rolling direction. A total of 8 tensile
tests were conducted: 3 on S235 JRH steel and 3 on S355 J2H material sourced from chord
elements, along with 2 tests on S355 J2H material taken from brace elements. To prevent
hardening-affected zones in corners, all coupons were cut from the mid-plane of the profile
facets.

The material properties, encompassing Young's modulus E, ultimate tensile stress g,,, and the
corresponding strain &,, were meticulously recorded. Each tested coupon had a nominal
thickness of 4 mm and a nominal width of 18 mm in the necked region. Figure 4.3 depicts a
representative coupon both before and after testing. The tensile tests were conducted with a
focus on strain control, adhering to the strain rates defined in line with ISO 6892-1 standards:
0.1 mm/min for the initial phase of testing, up to approximately 1% strain, and subsequently

increased to 2.2 mm/min.

For accurate longitudinal strength measurement, an MTS extensometer with two contact points
was directly affixed to the testing coupons. The resulting stress-strain curves for each individual
specimen are illustrated in Figure 4.4, presenting a comprehensive insight into the behaviour of

the materials under tension.
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Figure 4.4 Stress-strain curves: a) measured stress-strain curves, b) true strength-strain curves
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4.3 TESTS RESULTS AND DISCUSSION

During the vertical loading phases, the joints experienced destruction following a sequence of
elastic and significant plastic deformations. In the initial elastic stage, the deformations were
notably modest. As the load increased, the RHS brace member exhibited minimal deformation
due to its relatively high stiffness in comparison to the RHS chord member. The chord's flange
and webs exhibited gradual yielding based on the loading scheme and the type of specimens.

The failure modes of the specimens without offset, specifically specimen "2.02.T.Sy.Co.235", are
visually illustrated in Figure 4.5. These modes are characterized by the initial yielding of the flange
within the joining area, followed by a progressive involvement of the adjacent zones of the chord
webs in the plasticization process. In both types of specimens, plasticisation of the chord webs
commenced subsequent to the flange yielding phase. These observations collectively depict the
intricate mechanical behaviour and deformation patterns exhibited by the tested specimens
under various loading conditions.

o ¥

2.02.T.Sy.Co.235

Figure 4.5 The mode of failure of the joint without offset

The failure patterns exhibited by the “1.XX..” specimens revealed a simultaneous occurrence of

local buckling in the web beneath the brace and yielding of the flange, as depicted in Figure 4.6.
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1.01.T.Ec.Co.235 1.02.T.Ec.Co.355

1.03.T.Ec.Be.235 1.04.T.Ec.Be.355

Figure 4.6 The mode of failure of the joint with offset

Local buckling was observed at the upper third section of the chord web, and no noticeable
variations in the failure modes were detected between the chords made from steel with differing
grades.

4.4 LOAD-DISPLACEMENT CURVES

The load-displacement diagrams, which serve as essential validation data, have been derived
from laboratory experiments. These diagrams are visually presented in Figure 4.7. Within this
dataset, there is "Specimen 1.01.T.Ec.Co.235," distinguished by its offset from the centreline, and
"2.02.T.Sy.Co.235," representing a joint with a traditional geometry.
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CHAPTER 5:
FINITE ELEMENT SIMULATIONS

The joint strength, failure modes, and load-displacement curves of the joints can be determined
through accurate numerical analysis. Given the cost-intensive nature of physical laboratory
experiments, it becomes highly crucial to explore methods for efficient numerical simulation of

joints to reliably anticipate their structural behaviour.

The utilization of finite element techniques for modelling demands the creation of models that
strike a balance between accuracy and simplicity. These models must be sufficiently accurate to
provide reliable results while also being streamlined enough to prevent excessive consumption

of computational resources, especially when conducting parametric studies.

5.1 METHODOLOGY OF FE SIMULATION

5.1.1 General modelling

The comprehensive finite element software ABAQUS 6.14 was employed to carry out numerical
modelling for the fully welded offset T-joints. These joint models were constructed in line with
the evolving prEN 1993-1-14: 2020 standard. To analyse the load-displacement behaviour
nonlinearly, the (STATIC, RIKS) procedure available in the ABAQUS library was utilized. Both
geometric and material nonlinearities were incorporated into the FE models. To ensure precise
outcomes while maintaining computational efficiency, the selection of element types and mesh
sizes for the RHS members and welding materials underwent meticulous evaluation through

sensitivity studies and verification procedures.

The FE analysis encompassed crucial aspects, including material and weld modelling, as well as
loading and boundary conditions. This rigorous approach facilitated the incorporation of various

significant factors, resulting in accurate and comprehensive simulations of the joint behaviour.

5.1.2 Finite element selection

A finer finite element (FE) mesh contributes to improved calculation results. The necessary mesh
density can be influenced by a variety of factors, including the types of elements utilized, the
shapes of elements, and the size of elements. Ensuring an appropriate aspect ratio for the

elements is also of significance to maintain accurate simulations.

Three types of solid elements and one type of shell elements were employed for the sensitivity

study. Figure 5.1 illustrates the primary Abaqus elements that were utilized.
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Linear element, Quadratic element, Shell element
8-node brick 20-node brick

Figure 5.1 Element library covered in the study
The following are the types of elements used:

C3D8I: This 8-node linear brick element incorporates incompatible modes and serves as an
improved version of the C3D8 element. It effectively eliminates shear locking and significantly
reduces volumetric locking. This is achieved through the addition of "bubble functions" to the
standard shape functions, which possess zero values at nodes and non-zero values between
them.

C3D8R: An 8-node linear brick element with reduced integration and hourglass control. The
utilization of reduced integration minimizes the occurrence of locking phenomena observed in
the C3D8 element. However, this element may exhibit reduced stiffness in bending and other

limitations.

C3D20R: This 20-node quadratic brick element incorporates reduced integration. It performs
exceptionally well for general purposes. It excels in cases of isochoric material behaviour and
bending, while seldom demonstrating hour-glassing despite reduced integration. It may increase

model complexity and CPU usage, but the trade-off results in more accurate outcomes.

S4R: A 4-node quadrilateral stress/displacement shell element featuring reduced integration and
a large-strain formulation. These general-purpose elements offer robust and precise solutions

across all loading conditions, effectively addressing thin and thick shell problems.

The selection of these diverse element types was made with the intention of facilitating the
sensitivity study, thereby allowing for a comprehensive investigation into their behaviours and

performance across a range of scenarios.

5.1.3 Loading

To facilitate numerical analysis and enhance convenience, the loading plates were emulated
through the incorporation of an analytical rigid plate. This approach was complemented by the
inclusion of a reference point, strategically designed to streamline the numerical evaluation

process. The visual representation of this setup can be observed in Figure 5.2.
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Figure 5.2 Displacement of the reference point and boundary conditions on the model

5.1.4 Material properties

In the context of analysing elastic-plastic bodies using Abaqus, material properties of a specimen

are allocated through two dialogue boxes: the mechanical elastic properties box and the plastic

material behaviour box (see Table 5.1). The elastic behaviour of steel is represented by linear

elasticity involving Young's modulus. Elastic characteristics are characterized as isotropic

properties. To model isotropic plastic behaviour in ABAQUS, the Mises yield surface is utilized,

and plasticity data are defined in relation to true stress versus logarithmic plastic strain.

Table 5.1 Mechanical behaviour properties of materials assigned in Abaqus for the specimens

Elastic Isotropic

Fracture Strain Stress Triaxiality Strain Rate
1 1 0.3 0
2 0.3 1 0

Ductile Damage

Young’s Modulus

Poisson’s Ratio

1 201000 0.3
Plastic Isotropic
Yield Stress Plastic Strain
1 320 0
2 355.594 2E-005
3 365.568 0.01806
4 420 0.04679
5 459.563 0.07013
6 492.25 0.09297
7 517.5 0.11532
8 537.625 0.1372
9 567 0.17962
10 587.5 0.22035
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5.1.5 Boundary conditions

When modelling welded tubular T-joints, the upper end of the brace and the lower supporting
plate were restricted in all directions except for the displacement aligned with the applied load

direction.

In terms of the joint's boundary conditions, the chord member was positioned on a rigid base,

effectively preventing any rotation or displacement.

5.1.6 Description of FE model: brick model

The section presents a description of the finite element (FE) model, focusing on the brick model.
The FE model in Abaqus was constructed using all three types of solid elements proposed for the

analysis.

Dimensioning and aspect ratio

The illustrative finite element mesh of the T-joint, as depicted in Figure 5.3, consists of two
distinct regions with varying mesh sizes. Specifically, a more refined mesh, composed of four
elements, was applied to the corner sections. This finer meshing was deemed necessary due to

the critical role these corners play in transferring stress from the flange to the web.

The smaller mesh region employed brick elements (FE bricks) with dimensions of up to
4x4x4 mm. These elements were systematically distributed along the chord's longitudinal axis at
an interval of 240 mm. The propagation of the smaller mesh region along the brace chord
extended over a distance of 300 mm. In designing the FE bricks, careful attention was paid to
maintain an aspect ratio of less than 3, and isoparametric angles were controlled to prevent any
distortions within the FE bricks.

gaps

Figure 5.3 The finite element mesh employed for the T-joint analysis
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Welding seam

Considering welding seam in FE models is crucial due to it substantial impact on the behaviour of
T-joints, particularly in the corner zones of the welds. Welding introduces localized changes in
material properties, stress concentrations, and potential failure points. Including weld in FE
models provides a more realistic representation of the actual behaviour of the joint. This
enhances the model's predictive capability. Therefore, a weld seam was decided to include into

the models.

For simplification purposes, the material attributes of the welds were approximated to be
identical to those of the entire model. This is because investigating weld material properties

becomes complex when the electrode's composition mixes with the joint's main material.

The types of FE solid elements employed in the analysis harmonize seamlessly with the selected
model type. The linkage between the brace and the chord was established exclusively through
the implementation of weld seams. To achieve this, a deliberate gap was introduced at the
juncture of the brace's cutting section and the chord's surface (see Figure 5.3). This advanced
modelling strategy was executed during the inception of the FE models, taking into account
specialized prerequisites within the meshing procedure.

In-depth quantity of layers

A detailed analysis was conducted to investigate the optimal number of in-depth quantity of
layers in relation to element size and the layers within the thickness of the RHS wall. The

outcomes of this investigation are provided below.

To assess the impact of the number of elements across the thickness, a specimen denoted as
“2.02...” was simulated using one, two, and three layers of elements. These simulations were

then compared to the results obtained from the corresponding experimental test.

Table 5.2 Sensitivity study, specimen “2.02...”

Model Number of Element type | Approximate | Experimental FE model Fry
No. elements acc. to CAE element size strength strength E
through classification at Fgy, Frg,
thickness intersection, [kN] [kN]
[mm]
Step 1
A 1 C3D8R 5 2.57 0.065
B 1 C3Dsl 5 40.08 1.016
C 1(2)* C3D20R 5 35.94 0.911
Step 2
39.45
2 C3Dsl 4 38.57 0.978
E 2 C3D8R 4 32.61 0.827
Step 3
F 3 C3D8R 3 33.81 0.857
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Model Number of Element type | Approximate | Experimental FE model Fry
No. elements acc. to CAE element size strength strength E
through classification at Fey, Frg,
thickness intersection, [kN] [kN]
[mm]
G - S4R 3 35.39 0.897

* Results for one and two layer of elements are almost equal

The design of HSS joints is grounded in the concept of limit states, specifically the "maximum load
carrying capacity". This concept, as defined by IIW Sub-commission XV-E, is determined by the
lower of two factors, namely, a) the ultimate strength of the joint and b) the load corresponding

to an ultimate deformation limit.

For condition b), the ultimate deformation limit is commonly established as a 3% deformation of
the RHS chord face relative to the width of the connecting face (0.03b,). This criterion is generally
utilized in defining the strength of both physical (Fg,) and FE models (Frg). The application of
this strength criterion is one of the considerations in identifying the most suitable combinations
of FE model settings. The selection process also accounts for computational expenses and

alignment with experimental outcomes.

The sensitivity study was conducted in three phases. In the initial phase, a single layer of elements
was chosen for each type of solid element. For C3D8R elements (model A), the determined
strength falls below the defined resistance, revealing an inadequacy in the quantity of layers.
C3D8I elements (model B) yield a slightly higher value, while the quadratic brick C3D20R
(model C) demonstrates that a single layer of elements is sufficient to attain results with
acceptable accuracy. However, the computational costs associated with a model using these
elements are notably higher compared to other elements, rendering them less favourable for

further application.

The second phase involves augmenting the number of element layers to two. Despite C3D8I
elements (model D) showing minimal disparity in strength compared to laboratory test results,
they exhibit inadequate agreement with the experimental force-displacement curve during the

plastic phase (Figure 5.4).

Model F, composed of three layers of C3D8R elements, emerges as the optimal choice, offering
a blend of sound convergence with the experimental force-displacement curve, manageable

computational expenses, and alignment with the 0.03b, strength criteria.

Furthermore, the viability of model G, formulated with S4R shell elements, was also assessed.
This model satisfies all three criteria, warranting its suitability for continued utilization in the

modelling process.

It is evident that with an increase in the number of elements across the thickness, both the
strength of the numerical model and its convergence toward the experimental result also

increase, as depicted in Figure 5.4.
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Figure 5.4 Force-displacement curves for sensitivity study, Specimen “2.02...”

FE models constructed using 3-layer C3D8R solid elements and S4R shell elements were chosen

for validation purposes.

5.1.7 Description of FE model: shell model

In addition to the primary procedure for validating the numerical model, a comparative analysis
of similar finite element (FE) models was undertaken. These models consisted of solid elements
(C3D8R) described above, as well as their corresponding counterparts constructed with shell

finite elements.

For the modelling of brace and chord members, a four-node doubly curved shell element with
reduced integration (S4R) was employed. A five-point integration scheme was applied across the
shell's thickness, offering a full set of six degrees of freedom per node. During modelling, the
sections of the joint's brace and chord were represented by their mid-surfaces, incorporating
thicknesses corresponding to the actual component thicknesses. This approach aligns with
findings from previous studies (Korol and Mirza [53], Matos et al. [82], [83]) that indicate shell
elements vyield accurate solutions for various applications, effectively considering transverse

shear deformation, a vital factor for simulating thick shell elements.

It's worth noting that some researchers choose to omit welds when employing shell elements to
model welded tubular joints, simplifying the process but potentially leading to an

underestimation of joint strength. However, in the case of the discussed specimens, the weld
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seam was taken into account. A solid "ring" of shell elements was utilized along the intersection
region of the brace and chord, accurately representing a filled weld with a throat thickness of
10 mm, as per the methodology outlined by van der Vegte et al. [124].

Shell model T Brace wall
middle surface P
Actual weld Void'in
o FE model

Shell weld
model g 7 Chord wall
| L/ | /f
® ' — o—

Figure 5.5 Inclusion of Weld Seam in Shell FE Models

5.2 VALIDATION OF FE MODELS AGAINST EXPERIMENTAL RESULTS

In preparation for the finite element study, a comprehensive analysis was conducted to compare
experimental data with numerical outcomes. The validation procedure adhered to the principles
set forth by Wald et al. [134]and was further informed by laboratory investigations undertaken
by the authors [49].

Experimental tests were carried out on a typical T-joint consisting of RHS profiles with dimensions
of 50x30x4 mm for the brace and RHS 150x100x4 mm for the chord. The load-displacement
curve derived from these tests served as a foundation for validation. The physical dimensions
and material properties of the joints were accurately replicated in the modelling process. This
enabled an examination of joint strengths, load-axial shortening curves, and deformed shapes,

while considering various failure modes of the RHS T-joint.

Material nonlinearity behaviour was effectively incorporated into the finite element models by

leveraging preliminary coupon tests conducted by the authors, as outlined in [49].

The finite element models used for testing comprised both brick models and a model composed
of shell elements. Multiple types of volumetric finite elements (C3D8R, C3D8I, C3D20R) from the
ABAQUS library were employed to assess time consumption and the accuracy of results for
models employing brick elements. The sensitivity of the models was evaluated by varying the
number of layers across the chord and brace wall thickness. After a thorough sensitivity analysis,
a mesh with 3 layers across the member's thickness was chosen due to its optimal balance of

computational efficiency and acceptable calculation results (see Chapter 5.1.6).

Comparisons of load-axial shortening curves obtained from both experimental and numerical

analyses are illustrated in Figure 5.6 for the general (coaxial joints) and offset T-joints,
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respectively. The agreement between experimental and numerical results is remarkable, and all

three-dimensional finite element types exhibit satisfactory convergence with the test curve.

Notably, the model composed of C3D8R brick elements closely aligns with the envelope curve,

particularly at higher applied load levels. Therefore, it was chosen for the further analysis.
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5.3 SENSITIITY STUDY

Taking into consideration that the behaviours of the analysed welded joints are governed by
parameters tied to the dimensions of the loaded region (brace section dimensions) and the
dimensions of the loaded chord face (represented by parameters § and y), a comprehensive

range of geometries was established, outlined in Table 5.3.

For the T-geometry structure, a cross-section of 300x250 mm was adopted for the chord. The
parameter y, was systematically varied by utilizing different wall thicknesses for the chord. To
explore the effect of different brace sections on parameter £, various brace configurations were
considered. Across all 33 simulations performed, the brace underwent axial compression until
reaching its ultimate joint capacity, as detailed in Table 5.3. This table also presents the variations
in parameter S (ranging from 0.32 to 0.8), parameter y (ranging from 7.8 to 19.8), and the brace's
eccentricity (ranging from 0.0 mm to 63.0 mm).

The brace eccentricity was defined as the gap between the hypothetical intersection point of the
longitudinal axes of the chord and the brace, calculated as 0.5by — (7o, + a,, + 0.5b1).
Parameter 8 was determined using the conventional method, excluding the legs of the fillet weld
from the definition. The range of geometrical parameters  and y specified in Table 5.3 was
thoughtfully chosen to encompass the most significant behavioural characteristics of T-joints.
Specifically, small values of y result in a negligible membrane effect, while large values of
significantly enhance the resistance derived from pure bending mechanisms. It's important to
acknowledge that other phenomena also need to be considered and accounted for in this

context.
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Table 5.3 The scope of numerical experiments
Chord Brace
Specimen ho, by, to, hy, by, t, | B, v, e, Pyt
label RHS [mMm [mm [mm| RHS [mm [mm [mm]| [-] [-] [mm] [kN]
] ] ] ] ] ]
CH6_B80-10 350x250x6.3 350 250 6.3 120 80 10.0| 0.32 19.8 63.0| 172.28
CH8_B80-10 350x250x8 350 250 80| ., 120 80 10.0| 0.32 15.6 63.0 | 289.79
-
CH10_B80-10 350x250x10 350 250 10.0f X 120 &80 10.0|0.32 12.5 60.0 | 391.58
CH12_B80-10 350x250x12.5 350 250 12.5 2 120 80 10.0| 0.32 10.0 56.2 | 536.02
CH14_B80-10 350x250%x14.2 350 250 14.2 = 120 80 10.0| 0.32 8.8 53.7| 641.18
CH16_B80-10 350x250x16 350 250 16.0 120 80 10.0|0.32 7.8 51.0| 762.22
CH6_B100-10 350x250x6.3 350 250 6.3 150 100 10.0f 0.4 19.8 53.0| 197.05
CH8_B100-10 350%x250x8 350 250 80| o 150 100 10.0f 0.4 15.6 53.0| 319.87
CH10_B100-10 |350%x250x10 350 250 10.0 % 150 100 10.0| 0.4 12.5 50.0 | 447.93
CH12_B100-10 |350%x250x12.5 350 250 12.5 g 150 100 10.0f 0.4 10.0 46.2 | 608.54
CH14 _B100-10 350x250x14.2 350 250 14.2| = 150 100 10.0| 0.4 8.8 43.7| 724.60
CH16_B100-10 |350%x250x16 350 250 16.0 150 100 10.0| 04 7.8 41.0| 868.98
CH6_B120-12.5 |350x250x6.3 350 250 6.3 200 120 12.5| 0.48 19.8 43.0| 229.80
CH8_B120-12.5 |350x250x8 350 250 8.0 '-’N’ 200 120 12.5| 0.48 15.6 43.0| 381.53
CH10_B120-12.5 |350x250x10 350 250 10.0 g 200 120 12.5| 0.48 12.5 40.0 | 563.68
CH12_B120-12.5 |350%x250x12.5 350 250 12.5 % 200 120 12.5| 0.48 10.0 36.2 | 752.84
CH14_B120-12.5 |350x250x14.2 350 250 14.2 § 200 120 12.5| 0.48 8.8 33.7| 907.42
CH16_B120-12.5 |350x250x16 350 250 16.0 200 120 12.5| 0.48 7.8 31.0| 1092.12
CH6_B150-12.5 |350%x250x6.3 350 250 6.3 250 150 12.5| 0.6 19.8 28.0 | 278.06
CH8_B150-12.5 |350x250x8 350 250 8.0 2 250 150 12.5| 0.6 15.6 28.0 | 450.18
CH10_B150-12.5 |350x250x10 350 250 10.0 g 250 150 12.5| 0.6 12.5 25.0| 665.56
CH12_B150-12.5 |350%x250x12.5 350 250 12.5 u‘;z 250 150 12.5| 0.6 10.0 21.2 | 92894
CH14_B150-12.5 |350%x250x14.2 350 250 14.2 g 250 150 12.5| 0.6 8.8 18.7 | 1141.75
CH16_B150-12.5 |350x250x16 350 250 16.0 250 150 12.5| 0.6 7.8 16.0| 1370.94
CH6_B180-12.5 |350%x250x6.3 350 250 6.3 260 180 12.5| 0.72 19.8 13.0 | 327.33
CH8_B180-12.5 |350x250x8 350 250 8.0 2 260 180 12.5| 0.72 15.6 13.0 | 536.51
CH10_B180-12.5 |350x250x10 350 250 10.0 g 260 180 12.5| 0.72 12.5 10.0 | 794.25
CH12_B180-12.5 |350%x250x12.5 350 250 12.5 % 260 180 12.5| 0.72 10.0 6.2 | 1164.09
CH14_B180-12.5 |350x250x14.2 350 250 14.2 § 260 180 12.5| 0.72 88 3.7 | 1454.14
CH16_B180-12.5 |350x250x16 350 250 16.0 260 180 12.5|0.72 7.8 1.0 | 1774.19
CH6_B200-12.5 |350x250x6.3 350 250 6.3 | 300 200 12.5| 0.8 19.8 3.0 | 47143
CH8_B200-12.5 |350x250x8 350 250 8.0 § g 300 200 12.5| 0.8 15.6 3.0 | 744.56
CH10_B200-12.5 |350x250x10 350 250 10.0 ® * 300 200 12.5| 0.8 125 0.0 | 1071.50
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5.4 NUMERICAL ANALYSIS RESULTS

5.4.1 Failure modes and behaviour

A comprehensive analysis of load-displacement curves reveals consistent propagation features,
characterized by the absence of extremes or abrupt changes. This consistent behaviour is
indicative of a shared failure mode across all types of offset joints. Notably, unlike T-joints created
without eccentricity, offset joints exhibit intricate failure modes. These modes are defined by a
simultaneous deformation pattern of the chord web and indentation of the chord face, even in

models featuring low f values.

The degree of loading on opposing chord webs is notably influenced by the magnitude of offset
eccentricity. Larger eccentricities result in more pronounced differences in loading levels
between opposite webs. Furthermore, in models with higher  values, beginning from specimens
with f = 0.6, localized brace buckling was observed on the outer side of the brace under high

loading conditions.

The intricate interplay of these combined failure modes in the deformation of offset joints
warrants meticulous examination. These modes of failure serve as additional factors prompting
a thorough reconsideration and potential adjustment of the deformation criteria initially
developed for general T-joints. Such considerations are especially pertinent when adapting,
modifying, or possibly even revising the deformation criteria to accommodate the complexities

introduced by offset joints.

Numerical simulations performed for the models with different types of offset but with equal
geometrical parameters of the braces and chords reveal the difference in behaviour of fully offset
RHS T-connections and SCE RHS T-type connections as it is demonstrated by the Figure 5.7. The
load-displacement diagrams obtained for the SCE RHS T-type connections are mostly
characterized by a typical diagram of combined failure mode according to the classification given
in [52], in which the chord face and the chord web reach their strengths almost simultaneously,
and their resistance to the load can be defined by their limit strains prior to yielding. Whereas,
the load-displacement diagram of the fully offset connection studied by Bu et al. in [11]
(Figure 5.7, a) demonstrates a pattern of pure web crippling which is usually observed in tests [8]
and [94], or numerical simulations [165]. These facts explicitly prove the complex nature of
deformation of the SCE RHS T-type connections and the correctness of the adopted assumptions

for the developed analytical model.
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Figure 5.7 Comparing load-displacement diagrams for fully offset connection (a)
and stepped connection with eccentricity (b)
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5.4.2 Ultimate resistance

The numerical outcomes for resistance (P,;;) are showcased in the final column of Table 5.3. The
adoption of the 3%b, deformation criterion, following Lu et al. [76], guided the assessment.

Based on this limit, a deformation criterion was employed according to Zhao [160]:

Chord face failure

p <0.8. If P3oy/P1oy < 1.5,  Pyip = P305. (12)
If P3o,/P1o;, > 1.5, Py = 1.5P0,.

Web buckling failure

g = 0.8. If Ay, < 3%by, Puit = Pnax- (13)
If Agy> 3%by, Puit = Psopp,-

Overall, the patterns depicting the relationships between key geometrical parameters and
ultimate loads, as established for joints without offset (as presented in Matos et al. [82]), are

replicated in the results of the current numerical investigation.

Graphical representation of these outcomes (refer to Figure 5.8) unmistakably reveals that the
joint's resistance escalates alongside increased wall thickness (equivalently, a decrease in the
parameter y), regardless of the specific constellation of diagrams centred around distinct
values. Furthermore, resistance exhibits a robust correlation with the brace width, rising in

tandem with an augmentation of the parameter S, irrespective of the chord thickness.

_ —0—CH16 B80-10
p=0,32 —=—CH14 B80-10
——CHI12 B80-10
——CH10_B80-10
—o0—CHS8 B80-10

=

o

<
Load P, kN

1000 —e— CH6 B80-10
----- Limit 1%b0
800  ——{—T—T Limit 3%b0

Displacement A, mm

=
e}
B
(=}
co

10 12 14 16

Page 78 of 130



Ing. Svitlana Kalmykova

CTU, 2023

1600

1400 | at
=
X
=
-]

=

o

<o
Load P, kN

=
S
(=]
Load P, kN

[SS]

S

(R

B=0,40

—o0—CH16 B100-10
—=—CII14 B100-10
——CHI12 B100-10
—a—CH10 B100-10
—0—CHS$ B100-10
—e—CII6_B100-10

| === Limit 1%b0
Limit 3%b0

| At

Displacement A, mm

8 10 12 14 16

—0—CH16 Bl
—=—CI14 Bl

20-
20-
——CHI12 B120-
20
0

o o o

——CHI10 Bl
|+ —+——1 —0—CHS8 BI120-
—e—CH6 _B120-
----- Limit 1%b0
Limit 3%b0

[ S I S T e

1
1

Displacement A, mm

8 10 12 14 16

—0—CI16 B150-12
| o oo —#—CHI4 BISO-12
——CHI12_B150-12
—a—CH10 _B150-12

g —a—a—8 ]
—0—CHB8 B150-12

L Attt L
----- Limit 1%b0

——Limit 3%b0

Py
I A h—hk—A

»
»
»
»
»
»
L

Displacement A, mm

8 10 12 14 16

—e—CI6 B150-12 |

Page 79 of 130



Ing. Svitlana Kalmykova

CTU, 2023

1800

1600

Load P, kN

1400

1000
800
[J

I
600 I’A

1
400 | ff
i

1800

1600

Load P, kN

1400

1000

800

600

400

ro

B=0,80

T

——CHI16 B180-12
—a—CHI14 BI180-12
——CHI12 B180-12
——CHI10 B180-12
—O0—CHS8 B180-12

At —O— CHO B180-12

----- Limit 1%b0
Limit 3%b0

Displacement A, mm

12 14 16

—a— CH10 B200-12
—O0—CHS8_B200-20
—e—(CH6 B200-12
----- Limit 1%b0
— Limit 3%b0

Displacement A, mm

12 14 16

Figure 5.8 Load-displacement curves
collected around individual values of width-to-width ratios 8

While many load-deformation curves lack conspicuous peak loads, the adoption of the 3%b,

deformation criterion has been debated and applied to estimate the ultimate load. However, it

should be noted that this criterion does not account for the complex failure modes uncovered in

simulations across all types of offset joints.

The interplay between the applied load's eccentricity and the adopted ultimate limit force is

illustrated in Figure 5.9. The patterns delineating changes in resistance relative to eccentricities
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on the diagrams cast doubt on the suitability of utilizing the criterion established by Lu et al. [76]
to evaluate resistance for offset T-joints. The pronounced correlation between load eccentricities
and the joints' geometrical characteristics (parameters  and y), vividly depicted in Figure 5.9,
underscores the significance of this correlation, particularly when considering data collected

through the width-to-thickness ratio.

5.4.3 Concluding Remarks

The results from finite element analyses of steel tubular T-joints with offset, encompassing a
wide range of geometrical parameters, have been meticulously presented and scrutinized. The

primary conclusions drawn from this study can be summarized as follows.

Drawing from the conducted numerical investigations and insights gleaned from existing
literature, it is crucial to emphasize that the 3%b, criterion falls short in accommodating the
distinctive combined failure modes witnessed in offset joints. Consequently, for the design of
RHS welded joints with offset, it is advisable to seek alternative approaches beyond the
propositions set forth by Lu et al. [76]. One possible alternative is to consider the load
corresponding to the 5% maximum principal strain, as suggested by Annex C of EN 1993-1-5:2006
(CEN 2006).

The numerical results obtained from simulations exhibited noteworthy agreement with the

experimental outcomes of RHS tubular T-joints conducted for the validation procedure.
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CHAPTER 6:
ANALYTICAL RESISTANCE OF SCE RHS JOINTS SUBJECTED TO
CONCENTRATED FORCE

The chapter encompasses the creation of a plastic mechanism model designed for laterally offset
joints featuring different brace-to-chord eccentricities. It further includes a detailed comparison
of analytical models aimed at assessing the strength of laterally offset T-connections.
Additionally, a step-by-step procedure is outlined to validate the proposed model. This validation
process involves numerical simulations conducted by Kalmykova and Wald [49] [50] along with
those conducted by Bu, Wei, and Packer [12].

6.1 DESIGNING T-CONNECTIONS USING PLASTIC MECHANISM MODELS

Usually, the design of welded RHS connections involves an analysis of potential failure modes,
followed by estimating the limit state for each mode individually. Initially, Kato and Nishiyama
[52] examined the primary five failure modes for RHS T-connections subjected to concentrated
force, a classification later summarized in CIDECT [32]. Their findings highlighted the strong
dependence of the failure mode type on the width-to-width ratio 8. This ratio dictates the nature
of P — A (force-displacement) diagrams and the distribution of regions with concentrated plastic
strains across the connection's structure. It was established that, with the exception of modes
where f = 1.0, characterized by the local yielding of the chord web without affecting the chord
face, most failure modes exhibit a combined mechanism involving plastic failure of the chord face

alongside web crippling.

A quick overview of existing design methods for RHS connections under axial force reveals that
many are rooted in yield line mechanism analyses, where the patterns of yield lines mirror the
actual configurations of the connection's ultimate deformations. Additionally, [141] highlights
that the yield line approach provides an upper-bound solution for the yield load. Consequently,
a wide range of mechanisms should theoretically be examined to find the lowest acceptable value
as the failure load. Nevertheless, various studies have shown that simplified yield line patterns
yield strengths up to 10% higher than more intricate patterns with yield fans or those featuring
numerous yielding lines. Interestingly, for classic stepped T-connections with the brace aligned
along the chord's centreline and placed in the side walls of the chord, the yield load capacity
experiences only minor influence from the yield line pattern and the level of chord loading. The
calculation method involves equating the work performed by the external force with the work

carried out by the plastic hinge system.

To predict the plastic resistance of T-connections under the influence of concentrated forces,
numerous plastic mechanism models have been developed through the yield line method and

enhanced by various researchers. The most renowned and notable works [52], [155], [48], [156]
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and [26] were crafted in the late 20th century and form the foundation of modern design
standards and guidelines [2], [6], [15], [16], [33] and [34]. What distinguishes these models
primarily lies in their assumptions concerning the disposition of plastic hinges along the chord's
cross-section, which coincides with the vertical plane traversing the axis of symmetry of the

brace.

An extensive comparative analysis of the predictive models and derived formulas outlined in [52],
[155], [48], [156] and [26] was conducted by Feng and Young [44], utilizing results from tests
conducted on T-connections crafted from stainless steel. It became evident that accurately
accounting for the arrangement of plastic hinges significantly impacts the resultant values of
predicted capacity. This examination revealed that for cold-formed stainless steel RHS T- and X-
connections, the average ratios of failure load to design strength ranged from 0.59 to 0.92, with
a maximum coefficient of variation of 0.366. Based on these parameters, it can be inferred that
models adopted for estimating the combined resistance of T-connections, without differentiating
between the resistance of the chord face and chord walls, may possess limitations and

shortcomings.

It's worth noting that, except for the model formulated by Zhao and Hancock [157], all other
models failed to consider the behaviour of plastic hinges formed at the chord webs. However,
substantial plastic deformations at the chord webs were often observed almost simultaneously
with the yielding of the chord flange during tests outlined in [8]. This observation underscores
the necessity of incorporating into design procedures an assessment of the concurrent resistance

of the chord face and chord webs.

In studies conducted by Beque and Cheng [8] and [18], as well as by Nogueira et al [94], the
behaviour of chord webs has undergone thorough examination. In these works, novel design
methodologies have been formulated for RHS X-connections that fail due to chord web buckling.
These methodologies have been rigorously validated through a series of tests and numerical
simulations. The proposed analytical approaches, which estimate chord web buckling while
accounting for refined assumptions, provide satisfactory solutions for fully welded T-connections
with B = 1.0. However, these studies do not present a comprehensive solution to the design
challenges faced by RHS connections exposed to combined failures, such as those with values of
B =~ 0.8 or SCE RHS connections [8].

To date, there have been few published works on the topic of offset connection design. Apart
from the pioneering experimental investigation by Dawe et al. [25] concerning laterally offset T-
and N-connections with preloaded chords, few works have explored the behaviour of offset
connections. Noteworthy contributions to this area of study have been made by Bu, Wei, and
Packer [11], as well as Wei and Packer [146]. These studies have involved comprehensive
research endeavours aimed at establishing a robust analytical model to estimate the resistance
of offset connections. The proposed models were subjected to validation through a combination

of numerical simulations and experimental tests. However, it's essential to acknowledge that the
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foundational assumptions underpinning the primary design equation in [11] and [146], assuming
the absence of a web resistance component in the virtual works equation, may have inherent

limitations or potential inaccuracies.

In the pursuit of expanding knowledge about the design of offset connections, the research is
thought to conduct a comparative analysis of results obtained from various codes, calculation
techniques, and analytical models, including the model put forth by [11]. In conclusion, it was
deduced that the analytical model developed to ascertain the resistance of connections with
matching branch and chord sidewalls, as explored in [11] and [146], is not applicable to SCE RHS
connections. Discrepancies in the design strength of SCE RHS connections, derived from
numerical simulations and calculated using the analytical equation presented in [11], were
substantial, ranging from 2.9% to 35.3%. Furthermore, there was no consistent trend in the
fluctuation of design strength. An additional crucial finding relates to the suitability of criteria
initially formulated for stepped (co-axial) welded RHS connections in extrapolating the ultimate
resistance of offset RHS T-connections. The utilization of the methodologies outlined in design
codes and guidelines has been demonstrated to lead to a substantial underestimation of the true
design strength of SCE RHS connections.

Given the preceding analysis, it can be concluded that there is currently no universal analytical
model that adequately evaluates the resistance of SCE RHS connections with different types of
branch offsets from the connection central plane. Consequently, the primary goal is to formulate
and validate suitable physical relationships that facilitate numerical estimation of the resistance

for T-connections across a wide spectrum of eccentricities and various types of branch offsets.

6.2 ANALYTICAL MODEL FOR DESIGNING SCE RHS X-TYPE CONNECTIONS

6.2.1 Zhao and Hancock's Membrane Mechanism Model

Plastic mechanism model developed by Zhao and Hancock [157] was used as the basis for
developing the present model to calculate the design strength of the SCE RHS connections. The
aforementioned plastic mechanism models did not consider the plastic hinges at the chord webs,
which are commonly observed during the tests in the ultimate limit state. Typical graphs of load
versus flange deflection and web deflection demonstrate that the flange and web yield almost
simultaneously. The model of Zhao and Hancock [157] consists of a set of yield lines in the chord
webs and flanges with their own rotation capacities, capable of accounting for the membrane
force in the chord flange and the strain hardening of the material. This model can be used to
predict the yield load, post-yield behaviour, and ultimate load of RHS T-connections with tubular

sections subjected to concentrated force.

The design strength of connections based on the abovementioned model can be determined
using the design equation obtained from virtual work principle. For more details, go to the
Chapter 2.4.7.
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6.2.2 Membrane mechanism model for SCE RHS connections

Based on the membrane mechanism model [157], the strength of SCE RHS T-type connections
for RHS tubular members can also be determined using the pattern of yield lines, with a slight

modification.

The current model is visually represented in Figure 6.1 and is further detailed in the summary
provided in Table 6.1. For a comprehensive understanding of the model's geometry, please refer
to the derivations and calculations presented in the Annex A.

In the developed model, the web deformation A,, is presumed to be equal to SA. This assumption
draws from observations derived from numerical simulations and tests conducted by the authors
in [50].

Within the scope of this study, the model size ] is computed for two scenarios: one that considers
the membrane effect in the chord flange and another that disregards it. As indicated in the
comparative analysis conducted for model calibration, incorporating membrane forces following
Mouty's membrane model [87], [88] leads to conservative solutions when estimating the design
strength of offset T-connections characterized by low values of § (as indicated in column 6 of
Table 6.3). The complex nature of the membrane force distribution around the brace of offset
connections serves as an obvious reason behind this phenomenon. Furthermore, the research of
Davies [26] has demonstrated that membrane effects in the transverse direction within stepped
RHS X-type connections can be negligible. However, this assertion may introduce some

uncertainty and result in incorrect solutions for offset connections.

Regarding the case where the membrane effect is taken into account, the model size | is

determined by optimizing the function P(J).

dP _dPy i L "
_—=— i =0,
d] d] i=3,4,7 A]
and can be calculated by solving an equation
aJ>+b] —c =0, (15)
where
2eq
a=1+n1k+1_el, (16)
b = 2n1(b0 + bl) ’(1 + ey)z -1 ) (17)
e2hin
=2 ko L+ e h2 + nyhyP. (18)

Page 86 of 130



Ing. Svitlana Kalmykova CTU, 2023

b) General view — opposite-to-brace side

c) Cross sections — transverse d) Cross sections — longitudinal

Figure 6.1 Proposed yield line model for SCE RHS connections
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When disregarding the membrane effect, the expression for the minimum condition of the

function P(J) is reformulated as follows:

13

dpP AP,
—_— = ki _— =
dj AJ

i=1

0. (19)

The model size can be calculated as follows:

ethy , exhg(1 —ey)
n

n ¢+ + Bhy — Bezhy
1

/= 2 1, 2, B (20)
ng o ny n(l—ey)  exhy

b1+b0+n1+n2+

The design strength of SCE RHS connections can be determined using the design equation

obtained from virtual work principle, which is summarized as follows:

13
Ngq = Z kiP;. (21)
i=1

The contributions to the overall yield load stemming from each plastic hinge of types 1 to 13 can
be found from the equations documented in column 7 of Table 6.1.

The predicted yield load derived from the developed model can be interpreted as the design
strength or resistance of the SCE RHS connections. This yield load is then compared with the
results of numerical simulations, as outlined below in Table 6.3. Additionally, a comparison is
made between the predicted design strength, the values obtained using the design equations
proposed in [11] for offset X-type connections, and in [15], [34], [162] for common stepped

connections.
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Table 6.1 The components of Eq. (21) for the adopted yield line mechanism

CTU, 2023

Hinge
Hinge Number of Hinge ; tg. Increment of angle Hinge length, Virtual work, Derivatives
rotation
type No. hinges, k; | nomenclature | 6 (angle) l; oW, dP;/d]
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1 2a 2b 3 4 5 6 7 8
1 2 d,b L sa b m, 25 m, 2
ad, bc a - — -M,—
] L p ] 17]2
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CTU, 2023
Hinge
Hinge Number of Hinge tati Increment of angle Hinge length, Virtual work, Derivatives
rotation
type No. hinges, k; | nomenclature | 6 (angle) l; SW; dP;/dj
angle
1 2a 2b 3 4 5 6 7 8
€ e;(2] + hy) 2e;
11 1 ki 6 — 64 2] +h —64 M,———
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6.3 EVALUATING DESIGN STRENGTH BY THE PROPOSED PLASTIC MECHANISM
MODELS

The strengths of SCE RHS T-type connections, obtained using equations (19) and (20), were
subjected to a comparative analysis against results from numerical simulations. Additionally, they
were compared to the design strengths calculated through existing design equations presented
in building code [15] and contemporary studies focused on the design of offset connections [11],
[157]. This comparison encompassed various scenarios, including the plasticization of the chord
face and sidewall failure limit states as per EN 1993-1-8. Moreover, the comparison involved
average strengths acquired for the chord face and sidewall, the combined failure mode proposed
by Bu et al. in [11], and the original model developed by Zhao and Hancock in [157] for stepped
connections without brace shift, utilizing Eq. (11) and data from Table 2.1. The findings of this
comparative analysis are detailed in Table 6.2.

6.3.1 Model for chord face plasticization limit state

The design methodology in compliance with EN 1993-1-8:2005 [15] is employed to forecast the
strength of conventional stepped welded T-type connections among RHS members. The

geometry of the connections falls within the scope of validity outlined in Eurocode.

To circumvent local brace failure, the brace thickness was chosen judiciously. Consequently, the
predominant failure mode is Chord face failure for cases where <0.85, as specified in Table 9.14
of [15]:

fyots [ 2hy Qr

sin 6 YMs

where Cr is a material factor, 6, is an included angle between brace member and the chord, and

Qy is a chord stress factor.

As can be seen from Table 2.1, even though the coefficient of variation is low, the use of Eq. (22)
is not suitable for evaluating the load-bearing capacity of T-connections. The mean value of the
design strength is very high, indicating that the use of the chord plasticisation limit state criterion
of the stepped connections to evaluate the resistance of the SCE T-connections leads to a
significant under-estimation of the design strength obtained by the proposed analytical model

by more than 1.5 times.
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6.3.2 Model for chord sidewall failure limit state

Connections where the branch and chord members possess similar or larger widths, denoted by
B > 0.8, are recognized as full-width RHS connections. These connections are also referred to as
matched connections. The failure of these matched connections is primarily governed by the
chord webs' resistance against crippling. As outlined in [15], this failure mode can be determined

through the following equation:

_ ZXfyOtO hy ) (23)
sin (sinH 5t )

In the compressed branch, the parameter y is to be computed as per [15], employing the relevant
buckling curve and treating the chord sidewalls as columns. The subsequent equations, namely

Eqgs. (24) to (26), furnish the essential elements required for the calculation of N; p4:

1
¥ = m <10; ¢=051+a(d—-0.2)+ A?], (24)
o T2E (25)
¢ (KL./T)?’
|
1= e (26)

Here, L. represents the length of the sidewall column, calculated in accordance with [15] using

the formula (h, — 2t,). Additionally, 7 is the radius of gyration of the rectangular section of the

Lo
Vviz'
(assumed as 1.0 for the current comparison), and E denotes the modulus of elasticity

(205 000 MPa).

sidewall column, computed as r = In this context, K stands for the effective length factor

The values of N, p; for the SCE RHS T-type connections can be found in Table 6.2. These values,
as presented in the table, are determined by applying Eq. (23) to a single branch and
subsequently multiplied by a factor of two. Similar to Eq. (22), Eq. (23) tends to underestimate
the resistance of T-type SCE RHS connections. Moreover, the computed values for the individual
sidewall exhibit a notable coefficient of variation (> 20), making them unsuitable for indicating

the bearing capacity of connections with brace offset.

6.3.3 Average resistance for equal stepped connection

The presented model is established on the fundamental assumption of concurrent deformation
processes taking place in both the chord face and sidewalls. Hence, it is pertinent to compute the

average value of N3 p,4 lying between the resistances dictated by the limit states of chord face
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plasticization and sidewall failure. This estimation is intended for non-offset connections

featuring comparable brace and chord geometries.

Individual calculations of design strengths for the chord face and sidewall substantially
underestimate the design strength derived from the proposed analytical model. To ascertain the
average resistance, the formulas for stepped connections with f < 0.8 (Eq. (22)) and full-width
connections (f = 0.8) sharing the same bearing length along the chord (Egs. (23) to (26)) are
employed. Values obtained from Eq. (22) are combined with those from Eq. (23) for two

branches, and the sum is divided by two.

This approach yields the mean value of the design strength, demonstrating the model's utility for
evaluating the bearing capacity of T-type SCE RHS connections. Nevertheless, the relatively
substantial coefficient of variation imposes limitations on the practical applicability of this

approach.

6.3.4 Bu-Wei-Packer approach

Welded offset RHS connections were recently studied by Kalmykova and Wald [50] and Wei and
Packer [146]. Later, Bu, Wei and Packer completed their studies by their final work [11]. The
publications emphasize that the design resistance of the structure and its components is defined
by a combined yield-line mechanism formula. An analytical equation based on a combined yield
line approach was developed in [11] to predict the strength of fully laterally offset RHS-to-RHS X-
type connections with a width-to-width ratio f < 0.925.

N _fwto[ b L ol 2 g+ — (27)
“R4 = 5ing \ bosing 21— p) + X YXT1-g)

where y is the chord width-to-double-thickness ratio, y is a reduction factor applied to yield

stress for sidewall ‘column’ buckling calculated by Eq. (24).

A thorough comparison between the outcomes yielded by Eq. (27) and the values computed
using the proposed plastic mechanism model for T-type sections reveals that employing
equations designed for fully offset RHS-to-RHS X-type connections tends to yield conservative
estimations of the connection's resistance (column 10 in Table 6.2), especially for SCE RHS
connections with non-aligned brace and chord sidewalls. This is particularly noticeable for

specimens featuring low values of y within the low-to-middle range of 3.

To conduct a comparative assessment of the presented model against the numerical simulations
executed in [11], certain improvements were applied to the developed model. The structure of
the core expressions (Egs. (14) to (20)) and the constituents outlined in Table 6.1 remained

unaltered. However, the count of hinges considered was changes, as shown in column 2b of
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Table 6.1. Additionally, for evaluating X-type connections, the factor k = e; /e, was adopted

within the range of 0.175 to 0.3, and the model size ] is expressed as:

2
2[(e1 te\ 28 by+ng
ho[( 2ny ) €

] =
2 e eq )
(n1 eg n(1—ey)

The proposed model, when applied to design fully offset RHS-to-RHS X-type connections studied

(28)

by Bu, Wei, and Packer [11], [146], demonstrates satisfactory results, as depicted in Table 6.3.
The table presents a comparison among the numerical simulations conducted in [11], the
computational outcomes derived from the presented model (Egs. (14) to (20)), Table 6.1), and
the model formulated by Wei and Packer in [146]. In the Wei and Packer model, the parameter
x was calculated following the guidelines of EC3 [15] and the corresponding buckling curve "c".
As a result, the values of X-connections’ resistance obtained through Eq. (27) surpass those
acquired from numerical simulations, particularly for the low-to-middle values of y within the
entire range of adopted width-to-width ratios. Despite the low coefficient of variation, the
approach used to account for buckling in the chord web seems to lead to an overestimation of
the mean deviation. On the other hand, even though the coefficient of variation is approximately
20%, the model proposed in this study offers more dependable results due to its tendency to
slightly underestimate the design strengths in the context of numerical simulations.

6.3.5 Plastic mechanism model developed by Zhao and Hancock

The original plastic mechanism model developed by Zhao and Hancock [157] has been
incorporated in the comparison to highlight the necessity for adjustments in order to obtain
reliable results when assessing the design strength of fully offset and SCE connections with
eccentricity. The primary equations governing the rotation capacities of the yield lines are
provided in Table 2.1.

Upon reviewing column 11 in Table 6.2, it becomes apparent that the unmodified original model
is unsuitable for offset connections. Despite a tolerable coefficient of variation, the substantial
mean deviation renders the model inadequate, resulting in a notable underestimation of the

actual capacity of RHS SCE connections as estimated by the traditional Zhao and Hancock model.

6.3.6 Comparison with outcomes of experimental research

To validate the current model, a series of comparisons with available test results was conducted.
While experimental outcomes primarily serve as reference data for the validation of numerical

models [165], it should be noted that the number of tests specifically targeting offset connections
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is limited. Nonetheless, the present study undertook certain comparisons with test data obtained
from Kalmykova and Wald [50], Dawe et al. [25], and Wei and Packer [146]. The final column in
Table 6.2 confirms the suitability of the proposed model. Notably, the maximum relative
deviation from the conservative side (i.e., when the predicted design strength surpasses that
obtained from the tests) remains below 15%. Other discrepancies fall within an acceptable range,
characterized by negligible absolute deviations.
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Table 6.2 Comparison of proposed analytical model with resistances obtained using other models and tests

CTU, 2023

Geometry Comparison
speamentabel | e 18 Y| PulFeoms | Pume/Feemand Pu/Niga | Pu/Noga | Pu/Noga | Pu/Nowa | Pu/Nora | Pu/Fary
1 2 3 4 5 6 7 8 9 10 11 12
2.02.7.Sy.Co.235, [50] 0 0.3 12.5 1.131
1.01.T.Ec.Co.355, [50] 23 0.3 12.5 0.713

CH6_B80-10 63 19.8 0.844 0.672 1.648 2.124 1.292 0.996 2.845

CH8_B80-10 63 15.6 0.809 0.638 1.648 1.961 1.230 0.980 3.430

CH10_B80-10 60 032 12.5 0.882 0.692 1.554 1.543 1.031 0.856 3.590

CH12_B80-10 56.2 10.0 0.948 0.741 1.463 1.174 0.838 0.735 3.557

CH14_B80-10 53.7 8.8 0.989 0.773 1.415 1.032 0.756 0.688 3.464

CH16_B80-10 51 7.8 1.025 0.800 1.372 0.947 0.704 0.663 3.328

CH6_B100-10 53 19.8 0.838 0.703 1.636 1.768 1.148 0.934 2.795

CH8_B100-10 53 15.6 0.833 0.692 1.636 1.705 1.121 0.940 3.296
CH10_B100-10 50 04 12.5 0.876 0.726 1.544 1.392 0.960 0.834 3.371
CH12_B100-10 46.2 10 0.950 0.785 1.455 1.136 0.817 0.742 3.275
CH14_B100-10 43.7 8.8 0.997 0.823 1.409 1.017 0.747 0.700 3.160
CH16_B100-10 41 7.8 1.025 0.846 1.369 0.939 0.699 0.675 3.014
CH6_B120-12.5 43 19.8 0.847 0.748 1.602 1.635 1.082 0.939 2.702
CH8_B120-12.5 43 15.6 0.823 0.721 1.602 1.346 0.948 0.841 3.092
CH10_B120-12.5 40 0.48 12.5 0.821 0.717 1.512 1.170 0.844 0.771 3.072
CH12_B120-12.5 36.2 10 0.907 0.791 1.427 1.009 0.745 0.706 2.914
CH14_B120-12.5 33.7 8.8 0.942 0.821 1.384 0.943 0.704 0.683 2.781
CH16_B120-12.5 31 7.8 0.966 0.843 1.346 0.904 0.677 0.672 2.631
CH6_B150-12.5 28 19.8 0.850 0.796 1.480 1.631 1.052 0.975 2.400
CH8_B150-12.5 28 15.6 0.846 0.787 1.480 1.132 0.819 0.768 2.644
CH10_B150-12.5 25 0.6 12.5 0.850 0.791 1.407 1.058 0.769 0.739 2.532
CH12_B150-12.5 21.2 10 0.907 0.846 1.341 0.973 0.714 0.707 2.331
CH14 B150-12.5 18.7 8.8 0.930 0.870 1.309 0.942 0.693 0.700 2.195
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CTU, 2023

Geometry Comparison
Specimen label e,
P [mm] .8 Y PM/FFEM,S PM,me/FFEM,3% PM/NI,Rd PM/NZ,Rd PM/NS,Rd PM/N4—,Rd PM/NS,Rd PM/Fexp
1 2 3 4 5 6 7 8 9 10 11 12
CH16_B150-12.5 16 7.8 0.964 0.906 1.284 0.930 0.682 0.703 2.053
CH6_B180-12.5 13 19.8 0.854 0.862 1.323 1.863 1.093 1.073 1.920
CH8_B180-12.5 13 15.6 0.840 0.841 1.323 1.248 0.848 0.832 2.041
CH10_B180-12.5 10 0.72 12.5 0.860 0.868 1.283 1.207 0.821 0.825 1.887
CH12_B180-12.5 6.2 ' 10 0.898 0.919 1.257 1.154 0.791 0.817 1.684
CH14_B180-12.5 3.7 8.8 0.924 0.957 1.252 1.145 0.786 0.826 1.560
CH16_B180-12.5 1 7.8 0.965 1.014 1.257 1.162 0.795 0.852 1.437
CH6_B200-12.5 3 19.8 0.852 1.361 2.355 1.263 1.327
CH8_B200-12.5 3 0.8 15.6 0.870 1.361 1.364 0.908 0.935
CH10_B200-12.5 0 12.5 0.959 1.381 1.464 0.957 1.009
T1.Buetal [11] 0.5 15.9 0.883
T2.Bu etal [11] 0.5 10.7 1.092
T3.Buetal [11] 0.75 15.9 0.985
T4.Bu et al [11] 0.75 10.7 1.217
T8. Dawe [25] 25.5 0.66 12.5 1.052
T9. Dawe [25] 25.6 0.66 12.2 0.956
T10. Dawe [25] 25.6 0.66 12.1 1.335
Mean 0.900 0.800 1.428 1.314 0.889 0.832 2.700
Standard deviation 0.062 0.086 0.122 0.374 0.179 0.144 0.617
COV. % 6.897 10.696 8.530 28.450 20.183 17.361 22.856

Note.

1.
2.

In calculations using presented model, the values of k = Z—z is adopted equal to 0.85 for comparisons with tests.
1

Abbreviations:
Py is the strength obtained using the proposed plastic mechanism model,
is the strength obtained with the proposed plastic mechanism model, taking into account a membrane effect,

PM,me
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Frem s is the strength obtained from a shell FE model in Abaqus, assuming 3%b, deformation limit,
Frem 39 is the strength obtained from a solid FE model in Abaqus, assuming 3%b, deformation limit,
N1 ra is the design resistance of a chord face according to EN 1993-1-8:2003,

N3 ra is the design resistance of a chord web according to EN 1993-1-8:2003,

N3 ra is the average resistance for an equal stepped connection,

Ny ra is the design resistance according to Bu-Wei-Packer approach,

N5 ra is the strength obtained with the plastic mechanism model by Zhao and Hancock,

Foxp is the strength obtained from laboratory experiments, assuming 3%b, deformation limit.
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Table 6.3 Comparison of proposed analytical model with numerical simulations of X-type connections

and analytical model presented in [11]

Geometry Comparison
: 1 2
Specimen label [:n’n] B y k= Z—j Fsk Fawp Frem Fsk/Frem Fawp/Frem
1 2 3 4 5 6 7 8 9 10

10 0.175 1570.2 2127.9 - - -
15 0.175 697.9 1107.1 761.0 0.917 1.455

0.5 20 0.175 3925 652.5 476.0 0.825 1.371
25 0.175 251.2 408.2 352.0 0.714 1.160
30 0.175 174.5 268.6 264.0 0.661 1.017
35 0.175 128.2 185.3 200.0 0.641 0.926
10 0.200 1889.8 2593.6 1762.0 1.073 1.472
15 0.200 839.9 1365.7 947.0 0.887 1.442

04 20 0.200 472.4 807.8 614.0 0.769 1.316
25 0.200 302.4 504.5 429.0 0.705 1.176
30 0.200 210.0 335.8 321.0 0.654 1.046
35 0.200 154.3 238.2 251.0 0.615 0.949
10 0.225 2131.7 2916.7 1910.0 1.116 1.527
15 0.225 947.4 1543.5 1084.0 0.874 1.424

05 20 0.225 532.9 914.3 676.0 0.788 1.353
25 0.225 341.1 582.2 476.0 0.717 1.223
30 0.225 236.8 396.6 352.0 0.673 1.127
35 0.225 174.0 284.9 272.0 0.640 1.047
10 0.250 2463.7 3258.6 2429.0 1.014 1.342
15 0.250 1094.9 1729.5 1261.0 0.868 1.372

06 20 0.250 615.9 1035.9 748.0 0.823 1.385
25 0.250 394.2 673.8 526.0 0.749 1.281
30 0.250 273.7 465.6 358.0 0.765 1.301
35 0.250 201.1 339.3 295.0 0.682 1.150

1 Non-specified as per [11]

CTU, 2023
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Geometry Comparison
; 1 2
Specimen label [:1;“] B y k= Z—j Fsk Fawp Frem Fsk/Frem Fawp/Frem
1 2 3 4 5 6 7 8 9 10

10 0.275 3413.4 3855.5 3034.0 1.125 1.271

15 0.275 1516.9 2048.6 1536.0 0.988 1.334

0.75 20 0.275 853.2 1257.8 898.0 0.950 1.401

25 0.275 546.1 835.3 624.0 0.875 1.339

30 0.275 379.2 590.7 450.0 0.843 1.313

35 0.275 278.6 441.3 340.0 0.819 1.298

10 0.300 4800.3 4437.6 3577.0 1.342 1.241

15 0.300 2133.0 2355.8 1854.0 1.150 1.271

0.85 20 0.300 1199.8 1455.8 1081.0 1.110 1.347

25 0.300 767.9 978.6 738.0 1.040 1.326

30 0.300 533.3 702.6 526.0 1.014 1.336

35 0.300 391.8 533.9 392.0 0.999 1.362

Mean 0.869 1.277

Standard deviation 0.177 0.145

CoVv, % 20.360 11.350

Note.

The values of k = Z—Z is adopted in a range 0.175...0.3 in calculations using presented model for X-type connections
1
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CHAPTER 7:
CONCLUSIONS AND RECOMMENTATIONS

The introduction of lateral offset in X-type RHS connections, where the brace member's vertical plane
shifts from the chord centreline toward the chord wall, significantly impacts the connection's
resistance. This influence cannot be disregarded in the analytical approaches developed for the
design of offset RHS-to-RHS connections. To tackle the challenge of determining the design strength
of RHS to RHS X-type connections, several theoretical and laboratory studies have been undertaken
[50], [11], [146]. This study presents a comprehensive analytical model capable of estimating the
design strength of RHS T-type connections under axial compression, encompassing a wide spectrum
of width-to-width ratio f and width-to-double thickness ratio y.

The proposed model for RHS T-type connections under axial compression is rooted in the plastic
mechanism model developed by Zhao and Hancock [157] for stepped RHS T-type connections

subjected to axial force.

The model's development entails two key steps: validation through test results and verification [165],
which encompasses evaluating the model through numerical simulations. The numerical simulation
program [50] encompassed 33 models spanning a broad array of y values within each f ratio range,

ranging from 0.32 to 0.8.

In many instances, using different methods to determine the analytical resistance of X-type
connections yields unsatisfactory results, with overestimation of the actual resistance obtained from
numerical simulations. Nonetheless, the analytical expression (27) founded on the combined yield-
line mechanism proposed by Bu, Wei, and Packer [11] offers satisfactory design strength values for
fully offset RHS-to-RHS X-type connections with a brace member flush against the chord wall.
However, this equation may not accurately apply to X-type connections with non-matching surfaces
between the brace and chord, leading to substantial underestimation of the design strength when

contrasted with results from numerical simulations.

The analytical equations introduced in the present model offer viable solutions for both types of
offset T-type connections across an extensive range of y and f ratios. Furthermore, the model's
applicability extends to the design of X-type RHS to RHS connections in both configurations. The
comparative analysis presented in Table 2.1, comparing design strength values derived from the
developed equations to outcomes from nonlinear numerical FE simulations conducted by the authors
in [49] and by Bu et al. in [11], demonstrates good agreement and sufficient accuracy of the proposed

model.
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ANNEX A. GEOMETRY RELATIONS

The present model is shown in Figure 6.1 and summarized in Table 6.1. The geometry derivations are

given in this Appendix.

The web deflection 4, is assumed to be proportional to 8 (=I;—1) and 4, i.e. 4, = BA. Also, it is
0

.

2p2, 12
ey eshg+]
—_ .

assumed for simplification that the ratio k =

;

7’
€1 2p2, 72
erhg+]

Distances are assumed as n, = a,, + Ty + s and ny = by — b; — n, , where a,, is the weld size,
Text 1S the corner radius of RHS, s = 0 is the distance between a weld toe and an arc end of RHS chord

section.

A.l. ROTATION ANGLE «a - FIGURE 6.1, d

_ A
Sind = ————
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_ A
a = arcsin — (A1)
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Virtual change of the angle

a is an angle differential
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1
oa = 7 oA (AZ)

A.2. ROTATION ANGLE 8, - FIGURE 6.1, c

in A
sinff; = ———
VA2 +n?
) A
B1 = arcsin
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Virtual change of the angle 3,

B4 is an angle differential
nq

=—"1 s
A? +n?

6B,

A2 .
If = « 1 isassumed then
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0B, = — O6A
B ny (A4)
A.3. ROTATION ANGLE 3, — FIGURE 6.1, c
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2 VA? +ni
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’ AZ + n2 (AS5)
Virtual change of the angle 3,
B, -angle differential
5B, = —2_ 5A
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1
6B, = — oA (A6)
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A.A4. ROTATION ANGLE 3, — FIGURE A.1
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a) Main Scheme

b) Supporting schemes

Figure A.1 Rotation Angles W; and W,
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A.6. ROTATION ANGLE )3 — FIGURE A.2
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-

eiho

-

a) Main Scheme

g

b) Supporting scheme

Figure A.2 Rotation Angle W;and W,
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A.7. ROTATION ANGLE 3, — FIGURE A.2
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elho

a) Main Scheme

b) Supporting scheme

Figure A.3 Rotation Angles Ws
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A.9. ROTATION ANGLE @, — FIGURE A.4
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ezho

a) Main Scheme

b) Supporting scheme

Figure A.4 Rotation Angles W;
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A.10. ROTATION ANGLE 6, - FIGURE 6.1, ¢
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A.11. ROTATION ANGLE @, - FIGURE 6.1, ¢
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Details for each i-th hinge and virtual work are collected in Table 5.1.
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A.12. DEFINITION OF THE MODEL SIZE J

Membrane effect is neglected.

Size model is defined from the minimum of the sum of derivatives

13
zk AP 00
. iA] -_ . .
=1

Where k; is the number of i-th hinge, AAL} are derivatives from Table 6.1.
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2 2 2 e2p? 2e e;h2(1—e 2o
—bl—b0+]——n1+]——n2+]——10 ey _10( 1) Joeq
nq , n; nq nq ni(1—eq) ny ni(1—eq)
+]ﬁ+ﬁezho_ﬁho=0
exhyg

Finally, quadratic equation for J-size is

J2JJ? Je, J?e, J2B elzh(z)
L g + + 2 4 Beyhg—by — by — 1y — 11y —
ng N, "y 711(12—61) n(1—e) eyhy pezho—b, 0 1 2 o
eths(1—e
_ah@ze) o
nq

Equation coefficients are

2+1+ 2eq N B
a=—+—

n n, ni(l—e) eyhy
b=0

ethy eihb(1—ey)

ny nq

C=_1*<b1+b0+n1+n2+ +ﬁh0_ﬁezh0>

Solution of the equation

efhi  ehi(1—ey)

by + by +ny +n, + n10+ o

/= 2 1. 2 P
ny o ny, ni(l-—e;)  exhy

+ Bhy — Bezhy
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A.13. DEFINITION OF THE MODEL SIZE J FOR X-CONNECTIONS TO CHECK
THE MODEL [11]

Membrane effect is neglected. Yield lines No.4 and No.6 are excluded.

Size model is defined from the minimum of the sum of derivatives

Where k; is the number of i-th hinge, i—ii are derivatives from Table 6.1.

b, b, 1 n 1 e?hd e,
4*(————)+4*(———)+2*<—— + 2%
27 ng J? ng  nyJ? (1—ep)

1 1-— Zp2 2 1 h h
ny nyJ? ni(1—ep) ezhg J?

After reduction by 4 x M,

Mpx

_b1+b0 i_ﬂ_l_ 1 _e1zh(2)+ €1 _e1h(2)(1—e1) €1 n B
J? ny J* 2ny 2nyJ?  2ny(1—e) 2n,J? n(1—ey) ezhg
Bezhg _& _
JE 22
After multiplication by J?
2 2 e2p? 2e e;h2(1—e 2e 2
—bl—b0+]——n1+]—10 Joes _10( 1)+ J e J°B
n1 2111 2111 2111(1 - el) an n1(1 - 61) 82h0
h
+ﬁezh0 _% = 0

Finally, quadratic equation for J-size is

J? J? J?e; J?e; ]25 e12h(2) elh(2)(1—€1) Bho

- + + + - bl - bO - Tl1 - - -

n, 2n;, 2ni(1—e;) ny(1—e;) eyhy 2n, 2n, 2
+ Bezho = 0

Equation coefficients are

iyl a e | F
‘= ny o 2n; 2ny(1—e) ni(1—ey) ezhy
b=0

efhg n e1h(2)(1 —eq) n Bho
2ny 2nq 2

C=_1*<b1+b0+n1+ _ﬁezho)
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Solution of the equation

e?h? e h?2(1—e;) PBh
by + by +n, + 21n1°+ 1 °2n1 1 +52°—ﬁe2ho

] =
1 1 e, e, B
nq T 2n2 + an(l - el) + nl(l - el) + ezho
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