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ABSTRACT

This work presents the results of experimental and numerical research on the fatigue behaviour of
T- and X-joints between square hollow sections of which the brace is welded to the face of the
chord, without any additional stiffeners. The work has been carried out in the framework of the
CIDECT programme 7K "Fatigue behaviour of uniplanar joints", and an earlier ECSC programme
"Fatigue strength of welded unstiffened RHS joints in latticed structures and Vierendeel girders"
(CECA Convention nr. 7210-SA/111). Furthermore, experimental results of the CIDECT pro-
gramme 7H "The low cycle fatigue behaviour of axially loaded T-joints between rectangular hollow
sections" have been used in this work.

The aim of the research programmes is to establish a better design method for the fatigue strength
of joints in square hollow sections, based on the hot spot stress method. The results are to be
proposed for inclusion in Eurocode 3.

In the experimental investigation, the strain concentration factors are measured at various locations

of the joint for comparison with results of the numerical investigations and S, -N; curves are
. &3

determined.

The numerical work provides SCF values at weld toes for a range of parametric variations in the
joint dimensions. These results form the basis for a set of parametric formulae. These formulae
allow the determination of the SCF values at the weld toes of the brace and chord, depending on
the non-dimensional parameters (3, 2 and 7).

The results of tests and formulae are used to check the final validity of the formulae in combination
with the Srhs' N; lines.

KEY WORDS
Fatigue, Square Hollow Section, Hot Spot Stress, Stress (strain) concentration factor
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Cross sectional area of member considered.

Young’s modulus of elasticity.

Axial load on a member.

Moment of inertia of member considered.

In-plane bending moment on a member.

Number of cycles to failure under constant amplitude load from the Srhs-Nf curve,
corresponding to stress range Srh;i' B

Number of cycles to crack initiation.

Number of cycles to failure.

Stress ratio between maximum and minimum nominal stress in a cycle for constant
amplitude loading G, /0.,

Hot spot stress range = SCF-6, = SCF(6 -6 ).

Elastic section modulus of member considered.

Weld throat thickness.

External width of member considered.

External height of member considered (for square sections:h=b).

Length of member considered between points of contraflexure or simple supports.
The number of cycles of stress ranges S, ; in the design life

Measured projected length of the curved Gorners of the chord on the face of the
chord connected to the brace, used as outside radius of chord in numerical analyses
for actual dimensions.

Measured projected length of the curved corners of the chord parallel to the brace
axis, used as outside radius of chord in numerical analyses for actual dimensions.
Measured projected length of the curved corners of the brace used as outside radius
of brace in numerical analyses for actual dimensions.

Measured wall thicknesses of the chord at various locations.

Measured wall thicknesses of the brace at various locations.

Wall thickness of member considered.

Weld dimension parallel to member considered.

Chord length to half width ratio 2 1 /b,.

Brace to chord width ratio b,/b,.

Width to wall thickness ratio of the chord by/t,.

Yield strain of the member considered.

Nominal strain range (strain range according to beam theory).

Ultimate elongation of the member considered.

Standard deviation.

Detail category (classification) according to EC3.

Yield stress of the member considered.

Nominal stress range (stress range according to beam theory).

Ultimate stress of the member considered.

Maximum nominal stress in a constant amplitude loading cycle.

Minimum nominal stress in a constant amplitude loading cycle.

Brace to chord wall thickness ratio t,/t,.

chord

brace

axial stress

in-plane bending stress



NOTATION

API American Petroleum Institute

AWS American Welding Society

CHS Circular hollow section.

CIDECT Comité International pour le Développement et I’Etude de la Construction
Tubulaire.

DEn Department of Energy (UK).

EC3 Eurocode No. 3.

ECSC European Coal and Steel Community.

FE Finite Element.

Iw International Institute of Welding.

RHS Rectangular hollow section.

SAE Society of Automotive Engineers

SCF Stress concentration factor.

SNCF Strain concentration factor.
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1.1

INTRODUCTION

Hollow sections and their use in practice

Hollow sections are a major structural element in nature. The reasons for this are obvious: they

offer a good ratio between weight and resistance of longitudinal and lateral forces from all

directions and have relatively low drag coefficients which is important in resisting wind or water

flows. Also they allow the internal space to be used for transport and other functions, shielded from

the outside world by the hollow section which offers an optimal ratio between cross section and

perimeter.

Structural hollow sections for use in steel structures offer very similar advantages over open

structural elements, such as I-Beams:

Circular hollow sections are the structural elements best suited for withstanding wind- and
wave loadings, as they have a low drag coefficient. This has made these sections the
obvious choice for the design of offshore jackets.

They also have a large strength and stiffness, independent of the direction of the force. This
is useful for withstanding lateral forces from all directions.

Although the maximum moment of inertia is smaller than that of an I-beam of the same
weight per length, the minimum moment of inertia is larger. This is important in designing
members in compression (columns).

The large resistance of closed sections against torsion prevents lateral buckling of beams.
The torsional resistance together with the semi-rigid welded end connections in trusses
allows for an effective buckling length of the braces between 0.50 and 0.75 times of the
system length. This enhances the resistance against buckling even further.

The closed sections have a better ratio between cross section and exposed area than open
sections. This means that protection of closed sections against corrosion can be cheaper and
the savings in coating systems also attribute to a reduced strain on the environment. Cor-
rosion protection is also enhanced by the ’cleaner’ connections where dirt cannot easily
accumulate and the absence of sharp corners which might give rise to a less optimal

coating.



- The relatively small outer area also gives a larger inherent fire resistance. This resistance
can be improved by filling the sections with concrete, possibly in combination with
intumescent coating. Another way of improving the fire resistance is the use of water inside
the sections of the structure, allowing the water to flow through the structure. When a fire
breaks out, the heat will start a convection flow of the water, providing an effective cooling
of the structure.

- The interior of the sections can be used for transport of liquids, electrical wires, heating or
ventilation.

- The smooth shape of the sections and joints is appealing to architects.

The rectangular hollow sections have higher drag coefficients and are therefore less suited than
circular sections for withstanding large wind or wave loadings. Their properties are not completely
independent of the cross sectional axes as for circular hollow sections. The ratio between cross
sectional area (weight, costs) or outer area (corrosion protection) on the one hand and section
modulus (strength) on the other hand is about the same as for circular hollow sections. However,
the connections between rectangular hollow sections are simpler and fabricated more economically,
since the preparations at the joints are in most cases essentially straight cuts, rather than complex

shapes. Also connections with other structural or non-structural elements are more easily made.

1.2 Aim of the investigation

Although rectangular hollow structural sections have some very favourable qualities, initially their
use in practice has been hampered because of a lack of design recommendations. For the static
strength of uniplanar structures made of structural hollow sections (SHS), this problem has been
overcome. Design recommendations can be found in the IIW [69], the API [31], the AWS [32],
EC3 [53, 97], CIDECT [115], Dutta [52], Wardenier [112], Reusink et al. [91, 92] and Packer et
al. [84]. Also, the fatigue behaviour of uniplanar circular hollow sections is now well studied,
resulting in parametric formulae describing the relation between joint geometry and fatigue
behaviour, such as those by Efthymiou [54, 55], UEG (originally Wordsworth and Smedley) [108],
Kuang et al. [71] and Gibstein [60].



However, except for the ECSC-CIDECT programme "Fatigue strength of welded unstiffened R.H.S.
joints in latticed structures and Vierendeel girders" and the CIDECT research programme "Fatigue
behaviour of uniplanar joints" both described in this work, only a few investigations have been
carried out on the fatigue behaviour of rectangular hollow section joints. These investigations are
purely numerical, carried out by Soh et al. [100, 102] or contain only N- and K-joints, such as the
work reported by van Dooren et al. [20], Noordhoek et al. [82, 83] and Frater [59]. Other investiga-
tions were carried out by Ferreira [57] on very small specimens (both brace and chord 40 mm

width, 2 mm wall thickness).

Therefore, the present EC3 fatigue design recommendations for joints between rectangular hollow
sections are based upon the "classification method" (see Chapter 2), where the joints are primarily
classified into groups with nearly the same fatigue resistance. The geometrical stress concentration

has indirectly been taken into account by giving different Srhs -N; lines for different types of joints.

The research programmes by the ECSC and CIDECT aim to provide fatigue design recommenda-
tions for structures consisting of unstiffened welded joints between rectangular hollow sections.
These design recommendations are based upon the so-called hot spot stress method, which aims
to include the effects of the overall joint geometry on the stress distribution and hence on the
fatigue behaviour of the joint (see Chapter 2). The chosen approach for T- and X-joints is based
on determining the geometrical hot spot stress along a few established lines, by means of an
extrapolation method which aims to exclude the local influence of the weld. The aim of these
research projects is to develop a design method for T- and X-joints loaded by axial forces or in-
plane bending moments on chord and brace with a wide range of validity and a good balance

between accuracy and complexity in use.

Both experimental and numerical work are covered. The experiments (described in Chapter 3) serve
to determine the fatigue life of a given joint geometry and are used as a calibration for the
geometrical stress and strain concentration factors (SCF and SNCF) determined by the finite
element analyses (see Chapter 4). Furthermore, the influence of the thickness effect and stress ratio
has been determined. On the other hand, the numerical work is carried out for a wider range of
geometries, to enable the determination of the influence of various geometrical parameters and for
obtaining a detailed view of strain (or stress) distributions in the joints. It is then possible to derive

parametric formulae on this basis (see Chapter 5).



With the establishment of parametric formulae which give the SCFs as a function of the joint
geometry and loading, the hot spot stress or strain can be determined at a number of fixed positions
(see Chapter 2.5). The total hot spot stress range in case of combined axial forces and in-plane
bending moments on both brace and chord can be determined for these positions by multiplying
the relevant nominal stress by the appropriate SCF. By means of an appropriate S,hls_-Nf line the

fatigue life can now be determined. This procedure is illustrated in Figure 49 (see Chapter 8.1).

1.3 Overview of the research carried out

The ECSC research programme "Fatigue strength of welded unstiffened R.H.S. joints in latticed
structures and Vierendeel girders" on rectangular hollow sections, also sponsored by CIDECT has
been carried out in Germany and the Netherlands, with four participants, namely, Mannesmann-
réhren-Werke A.G., Diisseldorf, the University of Karlsruhe, the Delft University of Technology
and TNO Building and Construction Research in Rijswijk. The work in the Netherlands concen-

trated on T- and X- joints, whereas K-joints were studied by the University of Karlsruhe.

To extend the range of the parametric formulae, a follow-up study was started in the framework
of the CIDECT research programme 7K "Fatigue Behaviour of Uniplanar Joints" [5]. The participat-
ing partners are: Mannesmannrohren-Werke A.G., Diisseldorf, Verenigde Buizenfabrieken,
Oosterhout, TNO Building and Construction Research, Rijswijk and the Delft University of
Technology.

This thesis concentrates on T- and X-joints.
It describes the method of approach for the research, as well as noteworthy problems that are

encountered.

The research programmes consist of 5 steps:

- Experimental testing of some representative joints (see Chapter 3) for the determination of
the strain gradients and the fatigue strength.

- Numerical simulations of the experiments to calibrate the FE model (see Chapter 4).

- FE Analysis of a large number of joints as a basis for parametric formulae, for all load
cases considered and covering the geometrical variations found in practice (described in

Chapter 5).

10



- Establishment of the parametric formulae, based on regression analysis of the SCFs found
from the FE analyses (also in Chapter 5).
- Establishment of appropriate SrhS-Nf lines, based on the experiments or on experiments

combined with the SCFs found from the parametric formulae (see Chapter 7).

Details of the programme of work on T-, X- and K-joints are given in the sub-reports of the ECSC-
CIDECT project [6] to [16] (T- and X-joints) and [21] to [28] (K-joints). The main results are
summarized in [1] to [4]. Experiments carried out in the additional CIDECT research programme
7K "Fatigue behaviour of uniplanar joints" are described in [19]. The main results of this CIDECT
programme are summatized in [5]. Furthermore, results of CIDECT programme 7H "The low cycle
fatigue behaviour of axially loaded T-joints between rectangular hollow sections" have been used

[17].

Experimental work

Table 1 gives an overview of the number of experiments carried out per type of joint and per type
of loading as well as the responsible organisation and the research programme for which they were
carried out. Also the number of Runouts, Overloads, Weld failures, specimens where welding
started and ended at the Corners, Untested joints and K-joints of which the overlapping brace was
loaded in Tension specimens, is mentioned. These tests were excluded for determination of S, -N;
lines (see Chapter 7). The specimens where the SNCFs were Not measured have been used only
for ’numerically’ determined S,h.s.-Nf lines (N;, o, from experiments, SCF from parametric
formulae). The number of tests usable for the SrhlSv-Nf lines is also given in Table 1. Chapter 3

contains details about the set up and results of the experimental work.

Numerical work

The numerical work started by calibrating the SNCFs of the FE model with the experiments and
continued with a parametric study on the SCFs for axially loaded T- and X-joints, and T- and X-
joints loaded by a bending moment on the brace [1, 3, 4]. This was done for the geometries
summarized in Table 8. See Chapter 4 for more details on the numerical work.

Analysing the T-joints loaded by a bending moment on the chord for the complete range of
geometries allows elimination of the bending component in the chord of T-joints, so that one set

of parametric formulae can be used for X- and T-joints loaded on the brace [118].

11



In order to check whether the parametric formulae for bending moment in the chord of T-joints
would also be valid for an axial force on the chord, 5 T-joints are analysed by the FE method,
applying an axial force on the chord. As even for more critical load cases the difference between
X- and T-joints is small (see Chapter 5), the formulae for loads on the chord are also applicable

to X-joints, so that the range of application of the parametric formulae is then completed.

The resulting parametric formulae relate the SCF to the geometric parameters [, 2y and T. The
geometries investigated have all butt welds (w,=t,/2, w,=t,+2) and corner radii that vary from 1 to
2 times the wall thickness of the member, dependent on the width of the member. The influence
of the corner radii and weld dimensions and weld type is therefore investigated separately (see

Chapter 6). As a result, the range of validity of the parametric formulae can be extended.

Analysis of results

The S,hlS‘-Nf lines, based entirely on experiments or with N, taken from experiments and thAsA taken
from the parametric formulae, form a basis for the fatigue design of T- and X-joints in square
hollow sections. The research has also established a thickness correction factor [120]. In case the
parametric formulae are used, this implies checking both members, which is illustrated in the design
example in Chapter 8. A comparison of the SrhAs_-Nf lines (see Chapter 7) reveals the reduction of
scatter which can be obtained by applying the thickness correction.

For inclusion in EC3, a classification according to EC3, Document 9.03 is necessary (see Chapter
7). The class in EC3 is the stress corresponding to a fatigue life of 2:10° cycles. The classification,

based on the hot spot stress obtained from experiments or parametric formulae is established.

As a result of this study, design recommendations are proposed (see Chapter 8), consisting of a set
of parametric formulae, usable for uniplanar X- and T-joints made of square hollow sections, loaded
by in-plane bending moments or axial forces on their members. The formulae are also applicable
for various corner radii (for instance cold formed square hollow sections, which generally have

larger corner radii than hot finished sections) and various weld shapes.

12



Table 1. Overview of experiments carried out

No.| Type of | Type of | Prog. Institute Remarks ' Ref. |Valid
of Joint Loading responsible Tests?
Exp on the for Work ROWNCTU E N
Brace
16 T-joint Axial ECSC Delft Un. of 1 - 3 - - - - [20]]12 12
Force |CIDECT| Technology
8 T-joint Axial |CIDECT| Delft Un. of -1 - - - - [25)) 7T 7
Force 7H Technology
4 T-joint IP.B. |CIDECT| Delft Un. of - - - - - - - [27]] 4 4
Moment 7K Technology
14 | X-joint Axial ECSC | TNO Building | 1 2 - - - - 1} [15]]10 10
Force |CIDECT| & C. Research
27 | X-joint I.P.B. ECSC Universitat 30 0- 112223 - - [19]] 1 1
Moment | CIDECT Karlsruhe
24 | K-joint Axial * | ECSC Universitit 1 - 220 - - - [30]] 421
(gap) Force |CIDECT Karlsruhe
12 | K-joint | Axial* | ECSC Universitit 1 - - 8 - 12 - [34]] - -
(overlap) | Force |CIDECT Karlsruhe

Runout: the specimen had not (completely) failed at the end of the test.

Overload: the specimen had accidentally been loaded by a high load.

Weld Failure: the weld itself failed, rather than the sections.

Not measured: at Karlsruhe the SCFs were only measured for 1 specimen per series.
Corner weld start/stop: welding commenced and finished at the corners, resulting in
degraded fatigue behaviour.

Tension on the overlapping brace, rather then the through brace, which decreases the
fatigue strength.

Untested: 1 X-joint proved too strong for the test setup and was therefore not tested.
Experimentally determined th.s -N; lines (hot spot strains from measurements).

All joints with remarks under 1 have been excluded from the analysis.

Numerically determined S,h.s‘-Nf lines (measured N;, 6., SCF from parametric for-
mulae)

Joints with remarks under 1 have been excluded from the analysis, except for joints where
the SCF was not measured.

The S, N lines in this work are exclusively based upon work carried out on T- and X-
joints.

For the K-joints, also some bending moment is introduced.

13




2

2.1

FATIGUE BEHAVIOUR AND ANALYSIS

Background on fatigue behaviour

A dominant factor affecting fatigue under cyclic or fluctuating loads is the localized peak stress (or

peak strain) range which can be defined as the nominal stress (strain) times a stress (strain)

concentration factor. Under fluctuating stresses or strains induced at these concentration points,

progressive localized permanent damage can occur, called fatigue. This may culminate in cracks

or complete failure after a sufficient number of fluctuations. For statically loaded joints with

sufficient deformation capacity, the stress or strain concentration is of minor importance due to

stress redistribution by local yielding.

o | R=- R=0 R>0

& S [ R = o/ oumx
” . \/\/\/W IS = own— %
[ EE \N\ANI“’

* VYTV

Figure 1. Stress range S, and stress ratio R.

The fatigue behaviour is usually investigated on the basis of constant amplitude loading tests (see

Figure 1), and is primarily dependent upon:

The nominal stress range 6,=0,,,,-O..., The nominal stress range is the stress range derived
in a member from simple beam theory. It therefore represents a situation excluding the
effects of geometrical discontinuities which cause stress concentrations.

are the maximum and minimum nominal stress in a constant amplitude cycle.

O or G,

max min
The geometry of the joint, determining the geometrical stress concentration.

The wall thickness of the member considered. The fatigue strength tends to decrease with
increasing wall thickness. This effect is called the size effect or thickness effect.

The stress ratio R=0,,,/0,,,, is generally of minor importance, due to the uncertain relation
between the local minimum and maximum stresses and the external nominal stresses, which
is caused by residual stresses due to fabrication, by stress redistribution caused by local
yielding and by other usually unknown stress components, such as those caused by uneven

settlement of the foundation.



R may have some influence on small thicknesses, or for post weld heat treated specimens
(see Chapter 2.8).

- Environmental effects could aggravate the situation (corrosion fatigue) and would then have
to be taken into account.

- The material may also influence the fatigue behaviour, especially in the low cycle region,
or in case of fatigue improvement techniques (see Chapter 2.8). However, in most
applications the influence of the strength of the material on the fatigue behaviour of welded

components is small and not taken into account in the design guidelines.

The relation between stress or strain and the number of cycles to failure is generally given in Srh -
.S,

N; (Wohler) diagrams in which the stress- or strain range is given on the vertical axis and the

number of cycles to failure on the horizontal axis, both on a logarithmic scale as illustrated in

Figure 2. The number of cycles to failure decreases with increasing stress range and wall thickness.

2000 T T LSRR T LA T LILLRRRLL T UL
1600 E —— IWline A 3
DEn
E EC 3 class 71 E
= EC 3 class 90 3
800 F ——— Y S S
U e AWS X, / API X' ]
&;E;\ N Q\ 1
= 400 N FATIGUE LIMIT ~ API = 26108 J
< N\
e i AWS Xy = 14107
& i X, = 24107 ]
Z BUTT WELDED JOINT, t=25 mm
200 Sy
%
E -
w
S
o 100
5
p
| o
‘b
|
20 L L L1LLll Lol Ll Ll Ll L LLLl] 1 Ll Lilll L Ll LiLLL Ll LLILLL
108 10t 108 108 107 108 108

——= NUMBER OF CYCLES TO FAILURE N

Figure 2. S,hs-Nf lines for hollow section joints (t=25 mm).
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In practice, constant amplitude loading is seldom present. Therefore, cumulative damage rules are
used to describe the behaviour under spectrum loading. A popular rule, which is no worse than
other known rules [106] is the Palmgren-Miner’s rule, where fatigue damage accumulates linearly

with the number of cycles at a particular load level:

Z.;_iSl 2-1)

where n=number of cycles at load level i
N=number of cycles to failure at this load level i.

This programme concentrates on the influence of the joint geometry on the fatigue life.

22 Definitions regarding fatigue

The weld toes in welded joints have preformed notches and therefore positions of weakness where
fatigue cracks are most likely to occur. Attention is therefore primarily focused on fatigue of welded
joints. The International Institute of Welding (IIW SC-XV-E) has provided recommendations in
which certain definitions in relation to the fatigue design procedure for hollow section joints are
listed [68].

These are given below with small adaptations and some additional information:

- "branch" is replaced by "brace".

- "these" recommendations is replaced by "the IIW" recommendations.

More important are the comments in the case of the hot spot stress and the stress concentration

factor, as well as the additional information on the definition of fatigue.

Fatigue

When fluctuating loads are applied to a material they may induce local stresses and strains which
are sufficient to induce localised micro structural changes resulting in the development of cracks.
This process is known as fatigue. The cracks, fatigue cracks, can grow to a size sufficient to cause

failure.

In the IIW definition, fatigue is defined from a constructional point of view. The underlying
mechanism is a repeated movement of the steel at the crystal interfaces at a microscopic level.
However, more advanced fatigue assessment methods try to take more stress raising components

into account, such as the local notch strain approach (see Chapter 2.3).

16



Fatigue life
The fatigue life is generally specified as the number of cycles N of stress or strain of a specified
character, that a given joint sustains, before failure of a specified nature occurs:
- In the IIW recommendations a crack through the wall is considered as failure.
- In the European Offshore programme [33, 50], four failure modes are considered:
N,:15% change in strain, measured "near" the crack initiation point.
N,:first "visible" crack.
N;:through thickness crack
N,:end of test (complete loss of strength).
- For the present work, a crack extending over a length of the brace width (in the brace) or
the brace width plus twice the projected length of the weld in the chord face (in the chord)

is considered as fatigue failure.

Nominal stress
The nominal stress is specified as the maximum stress in a cross section calculated on the actual
cross section by simple elastic theory, without taking into account the effect of geometrical dis-

continuities due to the joint configuration on the stress.

Stress range
The stress range o, is defined as the algebraic difference between the maximum and minimum
stresses in a stress cycle (see Figure 1). The nominal stress range is based on the nominal stresses

while the hot spot stress range is based on hot spot stresses.

Stress ratio R
The stress ratio R is defined as the ratio between the minimum and maximum stresses for constant
amplitude loading taking account of the sign of the stress. Tension is taken as positive and

compression as negative. See Figure 1.

Hot spot stress, geometric stress

General definition

The hot spot stress (range) is the stress range that occurs at the hot spot, which is defined as the
point where the maximum stress range according to a certain definition occurs (generally at the toe

of the weld).
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IIW Definition

The stress range to be used for fatigue design of hollow section joints is the range of the "hot spot”
stress. The "hot spot" is defined as the point along the weld toe where the extrapolated principal
stress has its maximum value. The extrapolation must be carried out from the region outside the
influence of the effects of the weld geometry and discontinuities at the weld toe, but close enough
to fall inside the zone of the stress gradient caused by the global geometrical effects. The
extrapolation is to be carried out on the brace (cut and welded member) side and the chord
(continuous member) side of each weld (see Figure 3). In some simple connections the "hot spot"
stress can be determined by considering only the stress normal to the weld toe since the orientation

of the maximum principal stress is in these cases normal or almost normal to the weld toe.

Comments on the IIW definition

The IIW bases its definition of the hot spot stress range on extrapolated principal stress values,
where local stress concentrations are excluded (see Figure 3). The EC3 [53] refers to this as the
"geometric stress", whereas Niemi [81] terms it a "structural stress" or "shell stress". There are
several different definitions of the hot spot stress. A discussion on the hot spot stress definition is

given in Chapter 2.4.

Stress concentration factor
The stress concentration factor SCF is defined as the geometrical hot spot stress divided by the
nominal stress in an attached brace. In joints with more than one brace each brace has to be

considered. Generally, stress concentration factors are calculated for the chord and brace.

Comments to the IIW definition

This definition, like that used in many other design recommendations always treats the stress
concentration as a factor on the nominal stress in the brace. In general, the chord is loaded as well,
causing additional hot spot stress. Therefore, this has to be taken into consideration. A more general
definition, also used in this work would be : The stress concentration factor SCF is defined as the
(part of the total) hot spot stress divided by the nominal stress which causes this (part of) the hot
spot stress. The total hot spot stress is then a function of all nominal stresses in all members of the
joint and their stress concentration factors. See Chapter 2.5 where the hot spot stress definition used

in this work is presented.
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Other terms related to fatigue, not defined by ITW

S

An S, -N;curve or Wohler line gives the relationship between the (hot spot) stress range and the

s\ CUrve

number of cycles to failure. Conventionally, the (hot spot) stress range is plotted on the vertical axis
and the number of cycles on the horizontal axis, using logarithmic scales for both axes.

The S, -N; curves given by the IIW for square hollow section joints have been derived from a
statistical analysis of the relevant hot spot stresses and number of cycles to failure and represent
lives which are less than the mean life by two standard deviations. Based upon the philosophy of
the hot spot stress range method, the curves should also be applicable to rectangular hollow

sections.

Fatigue strength
The fatigue strength of a specimen is the stress range that this specimen can resist for a specified

number of cycles (for instance 2-10° cycles).

23 Methods of assessing the fatigue behaviour

The fatigue assessment of hollow section joints would ideally require a very accurate determination
of the stress distribution in the joint as the results are extremely sensitive to small changes in the
geometry. Apart from requiring a very large computer capacity, it is usually not possible to measure
the exact geometry of the weld and joint to the level required. Hence a large scatter in results is
commonly accepted for the fatigue behaviour. The aim of the fatigue assessment method is to
establish a good balance between complexity and accuracy in the prediction of the fatigue strength.
Various research projects have come up with several fundamentally different ways of assessing the

fatigue behaviour of hollow sections joints, at various levels of complexity and accuracy.

Stress analysis based assessment methods

The most common fatigue assessment methods are based upon an approach of the stress distribution
at the weld toe to different degrees of accuracy. These approaches, based on nominal stress
(classification method), hot spot stress, local notch stresses or fracture mechanics are grouped

together, since they can be regarded as refinements of one another.
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The nominal stress range o, is the stress range in the member determined from beam theory,
without taking the stress discontinuity due to the presence of the joint into account. The actual
stress causing the fatigue cracking is build up as follows from the nominal stress (see also Figure
3):

- Stress raisers from the global geometry of the joint. The stress resulting from these stress
raisers, accounted for in stress concentration factors is usually referred to as the geometric
hot spot stress in EC3 [53], the structural stress by Petershagen [87], o, by Marshall [77,
79] or simply the hot spot stress IIW [68]. These stress raising effects are incorporated in
most parametric formulae for the determination of the fatigue strength. Usually, this is
presented in a non-dimensional way by using terms such as B, 2y, T and o.

- Another factor that might have to be included in the parametric formulae as it influences
the hot spot stress is the size of the weld. Especially for joints between square hollow
sections, this factor can have a significant influence on the hot spot stress (see Chapter 6).
Extrapolation to the weld toe from 0.4 t (see Chapter 2.4) would include this factor and
hence the influence of the size of the weld might be considered part of the geometrical hot
spot stress.

- More localised stress raisers, caused by the overall shape of the weld which influences the
stresses very locally and are typically non-linearly distributed over the plate thickness. The
AWS [32] includes some local stress raisers by providing different S, -N; lines, depending
on the profile of the weld (see also Chapter 2.7, where the AWS is discussed and Chapter
2.8 where fatigue improvement techniques are discussed). These factors might be included
by multiplying the hot spot stress that includes the effects of the global joint geometry by
a factor denoted as K; by Marshall [76] or K,,, by Iida [67]. Marshall refers to this stress
as o;.

- Another influence is the local stress raising influence of the shape of the weld toe,
especially the angle between weld toe and parent material and the radius of the weld toe.
This influence is claimed to overrule the influence of the overall shape of the weld [44].
In contrast to the AWS, the DEn design guidelines place an emphasis on the shape of the
weld toe rather than the complete weld profile, by allowing 30% higher stress for ground

weld toes (remedial use only).
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Inclusion in the analysis could again be presented as a multiplication factor, perhaps in
combination with the previous influence to establish one "weld shape factor". However,
measurement of these factors is difficult and the level of quality assurance in fabrication
that is necessary to ensure the specifications would hamper these factors from being
included in today’s practical fatigue design.

- Notch peak stresses, caused by the condition of the weld toe, including factors like undercut
and lack of fusion. These stress raisers may vary widely along the weld and are strongly
dependent on the skill of the welder and the welding method used. It is not feasible to give
explicit correction factors for these influences so that the current practice of demanding a
minimum quality of the weld toe would have to be maintained. Including these factors in
the analysis could improve the accuracy of the fatigue analysis.

- Microscopic stress raisers, caused by the granular structure of the steel. It is not normally

feasible to take these stress raisers into account.

From a FE point of view, the nominal stress can typically be determined by beam elements, the
global hot spot stress requires shell elements (with preferably solid elements at the weld for a clear
definition of the weld toe, see Chapter 4). The localised stresses require solid elements for a 3D
representation or shell elements to represent a cross section.

Although it is tempting to assess ever more local stresses, a probably more important aspect to
include in the fatigue assessment would be the stress gradient, which might well prove to be as

important as the local stresses.

Fatigue analysis based on the nominal stress (classification method)

This method is based on the so-called nominal stress, which is determined from beam theory:
Coom=F/A + M/W. The geometry of the joint with its inherent stress distribution is taken into
account by grouping joints with a similar behaviour into a single fatigue class. This approach is
currently included in EC3 [53]. This method is very straightforward in use: just the type of joint
will give information about the fatigue strength. In EC3, the class of a specimen is related to the
stress level which a specimen can sustain for 2 million cycles. The S-N line of that class then gives
the relationship between the stress and the number of cycles to failure. A major disadvantage of this
method is the inherent conservativeness: joints with a large range of fatigue strengths are grouped
together. For safety, the lowest fatigue strength should determine the class of the whole group (see

also Chapter 2.7, remarks on the EC3 classification).
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For X- and T-joints between square hollow sections, the stress concentration factor varies from
about 2 to 30, depending upon the geometry of the joint (see Figure 32). Either many classes have
to be defined, or a conservative approach would have to be adopted, or correction factors on the
class should be given (such as multiplying the class by T). When a certain joint has different classes
for in-plane bending and axial load on the brace, the class has to be calculated on the basis of the
ratio of the load cases. The concept is most useful when not enough data is available to establish
a hot spot approach, or for details for which the fatigue behaviour is less influenced by the

geometry.

Fatigue analysis based on the hot spet method

In the hot spot stress approach, the fatigue life is not directly related to the nominal stress, but
through the so called hot spot stress, which is the maximum geometrical stress occurring in the joint
where the cracks are usually initiated. In the case of welded joints between hollow sections, this
generally occurs at the toe of the weld. The stresses and strains near the joint are not uniformly
distributed, due to the stiffness variation. In the case of rectangular hollow sections, the stresses

tend to be highest near the corners of the brace.

In the past twenty years, many international investigations have been carried out on circular hollow
section joints, leading to Srh_S.-Nf curves, together with a number of parametric formulae for
determining the stress concentration factors (SCFs) for various types of joints. As an example,
Figure 2 shows the SrhAs_-Nf curves recommended by the various design guidelines. In principle, the
advantage of the hot spot stress method is that all kinds of joints are related to the same S, -N;
curves by the stress concentration factors, which depend on the global joint geometry. Usually, they
can be determined by parametric formulae. However, if parametric formulae do not exist, or the
parameters are outside the range of validity of the formulae, expensive numerical analyses or

measurements on experiments have to be carried out.

Numerical analyses have the distinct advantage of giving the exact positions, directions and
magnitudes of high stresses and the patterns of stress distribution in the entire zone of the specific
joint being considered, based upon the amount of refinement put into the modelling. However, the
modelling cannot give the actual peak stress at the weld toe, due to inherent difficulties in
representing the singularity at the notch formed between weld and parent metal [44]. However,
since only "geometric stress" is used to define the SCF (see Figure 3), this information is not

necessary.
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Factors not covered by the geometrical hot spot stress method are:

- The stress field around the hot spot such as the stress gradient.

- Global geometry of the weld, especially the leg length.

- The condition of the weld toe, for instance the toe radius and the influence of weld toe

improvement techniques (see Chapter 2.8).

In spite of the restrictions mentioned above, the hot spot stress (or strain) method has proven to be

the most commonly used approach for fatigue design of circular hollow section joints.

The local notch stress approach

This method needs information on the stress or strain distribution in the vicinity of the weld, which

is usually obtained by means of an FE analysis as used for the hot spot method. The influence of

the notch and the notch stress can be obtained from a FE analysis of a small region in the vicinity

of the weld, using a fine 2D (shell) or 3D (solid) mesh. As a result, additional stress concentration

factors can be established, to be multiplied with the SCFs of the hot spot method. In this way,

correction factors for different weld types might be established.

The results of the local stress or strain concept seem to be more consistent, as they cover yet

another source of scatter in fatigue behaviour. There are however, disadvantages of this method,

which so far prohibited use of these method in design recommendations, other than the simple

correction for the weld shape used in the AWS , API and EC3 codes:

- The determination of the effect of local stress raisers in a uniform way for inclusion in
design guidelines is still a problem.

- The influence of the weld shape, especially the leg length also changes the hot spot stress
as noted by de Back [34] and van Wingerde [85, 119] since the weld toe is moved away
from the highest stress range. .

- To take full advantage of this method, the weld profile must be controlled. Usually, this
is very difficult and hence expensive, so that other techniques might be preferred to

enhance the fatigue behaviour. (see Chapter 2.8).
In a Japanese investigation by Yoshida and lida [123], the notch peak stress raisers had been

virtually eliminated in the ground weld toes. In this case the basic S, -N;line for smooth material

could be used.
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Fracture Mechanics approach

This approach is based on Paris’ law that governs the fatigue crack growth rate:

da

aw=C (AK ,,,)™ in thickness direction and

_g§=c (F.AK o)™ in the direction of the length of the crack.

Here:

da/dN crack depth extension per load cycle.

de/dN  half crack length extension per load cycle.

AK  the stress intensity factor in the direction (/2 in depth direction or 0 // surface).
C,m  material constants

F reduction factor for crack growth at the surface [46].

In principle this method can accurately predict the fatigue behaviour of a joint and is only
dependent upon material constants and the stress intensity factor. However, the stress intensity
factors are usually lacking in the case of welded joints between structural hollow sections due to

the geometry with its inherent complex stress distribution.

The fracture mechanics model can be incorporated in a FE model of the complete joint. This would
normally require a very extensive 3D element mesh with crack tip elements. One alternative is the
use of the hot spot stress from FE analyses or from strain gauges as the nominal stress in a plate
with a welded attachment plate, which is used to model a part of the weld with chord wall and
brace wall of a joint. This method can obtain reasonable predictions of the fatigue life of a joint

as was shown by van Straalen [105].

Another alternative is the line spring method as applied by de Lange [73]. The basic procedure of

the method is as follows:

- Derive the compliance characteristics of the crack as a function of the crack depth and
material properties only. As a first approach (only considering the cracking mode I), this
can be done by referencing to a crack in a simple edge-cracked plain strain specimen
subject to tension and bending.

- Couple the crack zone to the surrounding structure enforcing compatibility conditions and

solve the resulting boundary value problem for the applied loads.
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The size of the initial defects has to be estimated. The estimation of these initial defects governs
the fatigue strength found. However, for joints where cracks are already detected, this method is
valuable in predicting the remaining fatigue life of the joint. In this case, the actual weld dimen-
sions are known, and the extra effort that this method requires over lower level analyses might well
be offset by avoiding costly repairs. Also, this method is a useful tool in research and can explain

some aspects of the fatigue behaviour, such as (a part of) the thickness effect.

Other fatigue behaviour assessment methods
These methods differ fundamentally from the methods describe above. Although their application
is very limited at this time, they are mentioned for the sake of completeness and because of future

application.

Frequency measurement

Analysis based upon vibrations in which the member is hit by an impulse in the direction of the
nominal force for which stress concentration factors are to be established, see Kahoutek [70]. The
rigidity of the test specimens used was measured by analysing the dynamic behaviour, especially
the natural frequencies. These rigidities were then plotted against the SCF as determined by Kuang
[71] and Lloyds and DNV. If enough data is found, the SCF and rigidity might be related to each
other. The method cannot give much indication about the actual distribution of the stiffness around
the joint as it only gives one value per joint and must therefore be classified as indicative rather

than practical when it comes to determination of the SCF.

Comparison with the static strength

Comparison with the static strength of the joint. This method is proposed for use by the Architec-
tural Institute of Japan [72], although mainly in the low cycle area. There are certainly a number
of similarities between the static and fatigue strength of a joint, such as the generally unfavourable
behaviour for f=0.4 to 0.7. However, the static strength tends to be almost proportional to the yield
stress of the material, whereas the fatigue behaviour is normally hardly effected (except for
improvement techniques, see Chapter 2.8). Also, the fatigue behaviour is strongly influenced by
factors like local stress concentrations in the corner of the joint and the weld quality which would
not affect the static behaviour of the joint so much. Nevertheless, if the static strength of a joint is
known, this method might be useful for a quick reference to determine whether a more elaborate

check on the fatigue strength of a joint is necessary.
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24 Discussion on the definition of the hot spot stress

Although the hot spot method is used in many design guidelines, the definition of the hot spot
stress is still under debate. Various design guidelines do not address this matter explicitly although
the result can vary considerably, depending on the way the hot spot stress or strain is determined.
It is clear that the different definitions used for the hot spot stress tend to cloud comparisons
between various test results, research results such as parametric formulae and design recommenda-
tions. The IIW has started an initiative to reach a common definition for the hot spot stress, see

Niemi [81].

Stress or strain based definition

Although in this work and in most design recommendations the terms hot spot stress and stress

concentration factor are used, in many cases these are really based on strains. Strains have two

advantages over stresses:

- They can be measured easily by individual strain gauges (unless principal strains are to be
determined), whereas stresses would require strain gauge rosettes to measure various strain
components.

- From a theoretical point of view, strains are more logical, since low cycle fatigue tests with
strains far exceeding the yield strain do not show any difference in behaviour as could be

the case for stress based phenomena [17].

However, as design recommendations are geared toward stresses, the results are usually presented
as stresses. As a result, S, -N; lines showing "stresses" far exceeding the yield or even ultimate
stress are presented (see Chapter 7). The nominal stress and strain ranges can be easily converted:
c=E=,

In the numerical analysis, both hot spot strains and hot spot stresses have been determined, resulting
in SNCFs and SCFs respectively. Chapter 5 contains a comparison between SNCFs and SCFs for
quadratical extrapolation of strains or stresses of T-joints loaded by an in-plane bending moment
on the brace. The ratio between SCF and SNCF varies considerably: SCF=c‘SNCF or
6,.=cE€,,, where "c" varies between 0.6 and 1.4. For the European Offshore programme, van
Delft [47] found a mean value of 1.15 for ¢ for circular hollow section joints. Frater [59] found a

ratio of 1.091 to 1.146 for RHS K-joints.
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Type of stress (strain) to be used

Which stress is to be used: principal stress or a stress perpendicular to the weld toe. The IIW, DEn
(T-curve definition) and EC3 definitions all use principal stresses, but IIW states that these stresses
are usually perpendicular to the weld toe in the case of simple connections. The AWS and API use
the hot spot stress perpendicular to the weld toe. Principal stresses can be tens of percents higher

than stress perpendicular to the weld toe [94]. Closer to the weld the stresses are diverted perpen-

dicular to the weld by the stiffening influence of weld and attached wall [79]. Therefore, the ratio _Oerincipar

perpendicular

decreases closer to the weld. For the extrapolation this means that SCF ;. is often lower than

SCF since the principal stresses tend to increase less sharply towards the weld toe [94]. As

perpendicular
only stress components perpendicular to the weld are enlarged by stress concentrations caused b_y
the global weld shape and the wall of the adjacent member, the author favours a definition based
upon stresses perpendicular to the weld. This view is supported by the direction of crack growth,
which is usually mainly along the toe of the weld, especially at the initial stages of the crack.
Furthermore, strains perpendicular to the weld toe can be measured by simple strain gauges instead
of strain gauge rosettes and extrapolation of principal strains or stresses would require extrapolation

of all components, which is rather cumbersome. Also, the direction of the principle stress would

be different for different load cases, prohibiting superposition of load cases.

Positions where the hot spot stresses are determined

Some parametric formulae are only provided for the highest values of the stress concentration
factors for a particular single load action. However, for combined loading, both the location and
value of the stress concentration factors have to be determined, to allow superposition. The
appropriate determination of the hot spot stress can only be obtained from those sets of parametric
formulae which give sufficient information at several locations. As may be observed in Chapter 2.5,

a number of locations are considered in the present work.

Type of extrapolation

Since the local stress concentrations due to weld geometry and irregularities at the weld toe cannot
easily be determined and as these stress concentrations are heavily dependent upon fabrication, they
are not to be taken into account in the hot spot method. This is a major source of scatter in fatigue
test results. The influence of the local weld notch strains is excluded by carrying out an extrapola-
tion procedure from outside this region (see Chapter 2.5). The hot spot stresses or strains arrived

at in this manner are divided by the nominal stress or strain to arrive at the stress concentration
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factor (SCF) or strain concentration factor (SNCF). At first, working group III of the ECSC
proposed a linear extrapolation to the weld for joints between circular hollow sections. Later on,
the stress distribution was found to be non-linear in some cases. As a consequence, the ITW

recommendations [68] no longer specify any method of extrapolation.

In this work, two extrapolation methods, described in Chapter 2.5 (linear and quadratic) have been
used for the determination of the hot spot stress. The difference between linear and quadratic
extrapolation can be up to 40%, as is shown in Chapter 7.6, where the two extrapolation methods
are compared to each other. For joints in rectangular hollow sections, the geometric strain can be
strongly non-linear and therefore the quadratic extrapolation method should give more realistic
values for the S(N)CF at the weld toe. This is supported by comparing the S,h‘S‘-Nf curves based on
test results, corrected for the thickness effect, see Figures 42 and 43 in Chapter 7.

Another advantage of the quadratic extrapolation is a better agreement between characteristic S-N;
lines based on experiments and those based on parametric formulae. This allows the same classifi-
cation according to EC3, document 9.03 without any correction factors on the parametric formulae
being necessary. This classification is carried out in Chapter 7.5 and presented in Table 23.
Therefore, although the quadratic extrapolation is slightly more difficult to carry out and more

sensitive to small changes in the data points, this extrapolation method is preferred.

Limits for the extrapolation

Not only the type of extrapolation is important, but also the distance from where the extrapolation
to the toe should be carried out. Working group III of the ECSC originally used a value of 0.2V(rt)
(with r the radius and t the wall thickness of the brace considered) for the closest point to the weld
for extrapolation. Later on, as the influence of r on the position of the extrapolation was considered
doubtful, a value of 0.4 t was adopted by Gurney [61] and van Delft [44] with a minimum of 4
mm. This value was also used for this work. In the research projects presented in this paper, the
second strain gauge (or data point from numerical analysis) is taken to be 0.6 t further away for
linear extrapolation and 1.0 t further away for quadratic extrapolation, but this point tends to be less
critical. The SAE [99] uses strain gauges of 6 mm length straddling the weld toe for a local stress
(including some local influences from the weld). Yoshita and lida went even more local by
applying 0.6 mm strain gauges. Note that the use of absolute values like 4 mm from the weld toe,
or strain gauges of 6 mm length influence the thickness effect obtained: for larger wall thicknesses,
the strain gauges tend to be more in the local stress zone and hence obtain higher strains. These

effects tend to mitigate the thickness effect (see also Marshall [79]).
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2.5 Definitions and assessment of the hot spot stress used in this work

Positions where the hot spot stresses are determined

The stress concentration factor SCF is defined as the (part of the total) hot spot stress divided by
the nominal stress which causes this (part of) the hot spot stress. The total hot spot stress is then
a function of all nominal stresses in all members of the joint multiplied by their stress concentration
factors. In case only axial forces and in-plane bending moments are considered, the total hot spot

stress can be determined by:

S, . =0 SCF,to, SCF, 0, -SCF,tc, SCF, (2-2)
In this formula:

O:,  The nominal in-plane bending stress range in the brace.

Gr, The nominal axial stress range in the brace.

C:,  The nominal in-plane bending stress range in the chord.

O,  The nominal axial stress range in the chord.

SCF,,;, SCF,,, SCF,, and SCF,, are the corresponding stress concentration factors.

In case of axially loaded T-joints, the hot spot stresses are caused by the induced bending moment
in the chord o, , as well as by the axial force on the brace G,al(see Chapter 5.3). This concept
deviates from many popular definitions: the IIW design recommendations [68] and the API [31]
divide the total hot spot stress by the nominal stress in the brace to arrive at the stress concentration

factor.

t;: WALL THICKNESS OF BRACE

Figure 4. Position of lines A to E.
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To be able to determine the total hot spot stress according to Equation 2-2, allowing superposition
of load cases that consist of forces and in-plane bending moments on chord and brace, it is necess-
ary to establish fixed positions where the SCFs are determined. The stresses are considered along
five lines A to E on the chord and brace (see Figure 4), which have been found to give highest
stresses [6].

As a consequence, the hot spot stresses found may underestimate the 'true’ hot spot stress if the
direction of the principal stresses deviates from these lines, especially if the stress concentration is
less pronounced. Here, the stresses at other positions or in other directions or at the inside of the
members may be higher. Therefore, a minimum value of 2.0 is specified for SCF,, and SCF, in

the proposed design recommendations, see Chapter 8.

Extrapolation to the weld toe
For the extrapolation of the hot spot stress at the weld toe, two methods have been used in this
research programme (see Figure 5).

Both methods start by fitting a curve through all available data points (by hand or numerically).

Linear extrapolation
Two points on the curve determined from all data points are used for the extrapolation: the first is
0.4 t from the weld toe, with a minimum of 4 mm. The second point is taken to be 0.6 t further

from the weld toe.

Quadratic extrapolation

The first point is again 0.4 t from the weld toe, with a minimum of 4 mm. The second point on the

curve used for the quadratic extrapolation is taken 1.0 t further from the weld toe.

The quadratic extrapolation is carried out through:

- The first and second point on the curve based upon all data points.

- All data points between the first and second point on the curve (for t>10 mm, this means
from 0.4 t to 1.4 t from the weld toe)

In this case, the curve passing through all data points supplies two additional data points as a basis

for the extrapolation.

By means of the least squares method, a quadratic curve is fitted through all these points, obtaining

the quadratic SCF.

31



0.4 t, MINIMUM 4 mm

QUADRATIC EXTRAPOLATION

SCF QUAD. -

|
SCF LINEAR |
| LINEAR EXTRAP[OLATlON
|

|

0.6 t

|
|
|
|
I
|
I
|
I
I
=
1

WELD TOE

Figure 5. Method of extrapolation to the weld toe.

2.6 Survey of existing research on the fatigue behaviour of square hollow section joints

Work concerning the SCFs of tubular joints

The research on the fatigue behaviour of uniplanar tubular joints has resulted in usable parametric
equations, such as those derived by Kuang [71], Wordswordth, later modified by the UEG [108]
and by Smedley [98], Gibstein [60] and Efthymiou [54, 55]. The work of Efthymiou is based on
FE analysis with solid elements for 150 geometries with various load cases, resulting in a sound
basis for parametric equations, with a wide range of validity. Comparison with experimental results
by van Delft [45], Fessler [58], and Smedley [98] showed good agreement. Efthymiou supplies
correction factors for short chords and determines all SCFs at fixed positions (chord crown and

saddle as well as brace crown and saddle) to allow for superposition of load cases.

This idea of superposition is extended by supplying so-called influence formulae which relate the
SCFs of all members in crown and saddle to an unbalanced load on a member, allowing every
possible load combination. The same method could be used for the analysis of multiplanar joints.
The disadvantage of having to calculate many SCFs in case of combined loads on various members
is offset by the fact that any given combination of load cases can be analysed by using the

parametric formulae, without loss of accuracy.
Note that the set up of the research as described in Chapter 2.5 in this work follows a similar

philosophy, as does the ongoing work at the Delft University of Technology on multiplanar joints
[94].
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Work carried out for earlier ECSC research [82, 83]

This work contains tests on K- (134 specimens), KT- (16 specimens) and N-joints (67 specimens)
from various laboratories in Paris, Liége, Nottingham, Karlsruhe and Delft. The results were
presented as classification per type of joint. The influence of the steel grade was found to be
negligible in most cases. Cold finished sections showed a slightly better fatigue behaviour than hot
finished sections, but the difference was found to be small. The classification factors and 7T
influence found in this investigation (although slightly modified) form the basis for the present EC3
classification rules (see Chapter 2.7). The classification method was used as only limited informa-

tion about SCFs was provided at the time of drafting.

Work carried out for K-joints in Karlsruhe [2, 21 to 28, 75]

In the scope of the same research programmes presented here for T- and X-joints, work was also
carried out for K-joints with gap or overlap and loaded by axial forces or in-plane bending
moments. A large number of tests were carried out (see Table 1). By means of the FE method a
wider range of parameters was studied, including interactions between various geometric parame-

ters.

However, there are a few comments to the work:

- Series of tests were carried out with the same nominal dimensions. Per series of tests, the
SNCFs were measured for one joint only. Applying this SNCF for the other joints in the
series introduces an extra scatter in the S,M.-Nf lines, since the different fatigue behaviour
of various test specimens with the same nominal geometry may partly be caused by
different SNCFs.

- The overlapped joints were loaded with the overlapping brace in tension. This is known to
decrease the fatigue strength and for this reason is usually avoided.

- By basing the nominal stress purely on the axial stress in the brace, rather than including
the bending stresses caused by eccentricities and stiffness distribution around the brace, the
SCFs are valid for this ratio between bending moments and axial forces only.

- The numerical analyses were used to obtain only maximum SCFs in brace and chord, rather

than at fixed positions. This prohibits a superposition of load cases.
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Work on K-joints, carried out in Delft [20]

Numerical work was carried out for only twelve K-joints with gap, hence the resulting formulae
must be classified as preliminary. Only one experiment was carried out for SCF measurements,
without fatigue testing. However, it contains valuable information on the interpretation of the SCFs
found by modelling the weld with shell elements, rather than solid elements and on the influence
of the secondary bending moments in K-joints on the SCF, which were experimentally verified by

variation of the end support conditions of the chord, to introduce bending moments.

Work carried out at the Nanyang Technological Institute (Singapore) [100 to 104]

This research contains a numerical investigation of the SCFs of K-, T- and Y-joints made of RHS
braces and chords or RHS braces and CHS chords [101, 103]. Comparisons with SCFs for circular
hollow section joints are made. Also, a study on the SCFs of joints made of square hollow sections
for T-, K- and Y-joints, including out-of-plane bending moments, is carried out. A comparison of
the SCF formulae for K-joints [100] with experiments carried out for a Canadian investigation [59]
showed a generally better agreement than the preliminary formulae established in Delft [20] and
the formulae of Karlsruhe [2]. However, the Delft formulae were used outside its range of validity
and the measurements in the gap area of one joint were not made at the correct position as there
was no room to fit the strain gauges, thereby underestimating the SCF. The formulae for T-joints

will be compared with the results of this work in Chapter 7.

There are also some comments to this work:

- The investigation is purely based upon numerical investigations and no comparison with
experimental results was made yet. No S,h.s‘-Nf lines were established.

- The omission of the weld modelling in the FE analyses might result in relatively large
errors, depending on the geometry of the joint.

- The research is carried out by starting from one geometry and then varying one parameter
only, to determine the influence of that parameter. Then the same procedure is repeated for
the other parameters. This procedure ignores the important interaction between the various
geometric parameters such as shown in the formulae of Efthymiou for tubular joints [55]
and the present work.

- No joints with f=1.0 were studied, limiting the range of validity of the formulae consider-

ably.
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Work carried out by the University of Coimbra and Lisbon (Portugal) [57]

The experiments consisted of T- and Y-joints made of RHS 40x40x2 mm, hence the practical
application may be limited. Also, no different geometries were tested so that no parametric formulae
were established. Instead the investigation concentrated on the influence of the shape of the weld

and the use of FE models and an assumed 3D crack propagation law.

The influence of the thickness (size) effect on fatigue behaviour

In many publications the influence of the size effect on the fatigue behaviour has been investigated.

The size effect is also recognized in the design recommendations (see Chapter 2.7).

The thickness effect is attributed to three origins:

- Geometrical thickness effects arise from the stress gradient at the notch root, which is less
steep for larger thicknesses even if geometric scaling is maintained in full (for instance the
radius of the weld toe). This means that the crystals at the crack tip are subjected to larger
loadings. This effect can be partly investigated by means of fracture mechanics.
Compare two specimens, one being twice as large as the other in all aspects. Paris’ law

:%%:C (AR ,,,,)™ (see Chapter 2.3), in which AK~a and m=3 results in a \2"=2'S faster

crack growth for the larger specimen. Since the construction is only 2 times larger, failure
(for instance a through thickness crack) occurs 40% faster in the larger specimen. This
thickness effect alone would account for a thickness effect of N~t*°. For a slope of 1:3 in
the S, -N line, the thickness effect on stress basis is t'7.

Usually, the geometry is not completely scaled as for instance the radius of the weld toe
is not increased as much as the wall thickness, so that the stress magnification factor
increases stronger with increasing thickness [64], resulting in a larger thickness effect.

- The statistical thickness effect is caused by the fact that in a larger volume of material, the
chance of a large defect increases. As fatigue is a weakest link driven mechanism, the
fatigue strength will generally decrease with the size of the detail considered.

- The technological thickness effect results from differences in production parameters. The
grain structure is coarser, the yield strength is lower, the residual stresses are higher, the

probability of hydrogen cracking increases and the toughness decreases.

The thickness effect is the result of fairly complex factors, which is the reason why results obtained
by various researchers differ considerably. Haagensen [64] and Marshall [76] claim that the size
effect is larger for joints with a higher stress gradient K,. Indeed, in the current investigation with

generally high SNCFs, a large thickness effect is found (see Chapter 7).
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For an ongoing research project at Delft [94], lower SCFs were found and also a smaller thickness
effect. Berge [37], Sablok [96] and Booth [40] report that the thickness effect is independent of the
weld profile, post weld heat treatment or random loading. Berge [37] notices a sometimes larger
thickness effect for tubular joints (with typically higher SCFs) than for welded plates. Sablok [96]
finds about the same thickness effect for plates and tubular structures, also independent of the
environment (air, sea, sea and cathodic protection). Van Delft finds a thickness effect of + %075 *10®
for tubular joints, based on a statistical analysis of European fatigue test data.

There seems to be evidence indicating that there might be a relationship between the thickness

effect and the SCF, as indeed might be expected from fracture mechanics analyses.

2.7 Survey of some relevant design codes

From the results of the research projects, conclusions can be drawn regarding the various existing
design recommendations. The developments of fatigue research on tubular joints are reflected in
the different design guidelines, which are based or: a wide variety of philosophies and contain many
uncertainties in definitions, fairly "open" guidelines on how the hot spot stress should be determined
and even gross inconsistencies.

Many design guidelines do not specify which parametric equations (which can also vary by a factor
of 2 in stress as found by the UEG [109]) to use for the determination of the SCF. This is
especially surprising in view of the many different definitions of the hot spot stress with inclusion
of different effects (see Chapter 2.4). If for instance the local stress is included in a set of
parametric formulae, the accompanying S,}LS_-N‘r lines should be higher than when only the
geometrical stress concentrations are considered. If a quadratic extrapolation is used, again the hot
spot stresses found are higher than for linear extrapolation.

The author believes that unless the formulae to be used for the SCFs are specified or exact
specifications of the kind of hot spot stress to be used are made, the very exact specifications on
S,hls.-Nf lines to be used are pointless. Similar objections exist against allowing the designer to base
designs on stress concentration factors "obtained from parametric formulae within their domains of
validity, a finite element analysis or an experimental model" such as in the EC3 [53] and many
other design recommendations allow unless explicit specification on the background to the Srhv&-Nf
lines is provided. Similar conclusions are drawn by an investigation by the UEG [109]. Of course,
for joints not covered by the design recommendations, the usual freedom should be allowed to the

designer.

36



International Institute of Welding [68]

This institute, especially committee XV-E, is strongly committed to establish internationally
accepted design guidelines for the fatigue design of joints between structural hollow sections. The
hot spot stress definition is based upon extrapolation of principal stresses and contains specific
thickness corrections down to 4 mm wall thickness, as well as (simple) parametric equations for

joints between square holiow sections and a hot spot stress definition.

Parametric formulae for the determination of stress concentration factors are given for uniplanar T-,
Y-, X-, K- and N-joints made from circular hollow sections loaded by axial force or in-plane or
out-of-plane bending moments, as well as for uniplanar K- and N-joints made from square hollow
sections loaded by axial force or in-plane bending moments. These formulae are fairly provisional
as at the time of drafting only limited evidence was available. For square hollow section joints, only
the influence of T is taken into account. The influence of improved weld profiles is not taken into
account.

The design curve A applies in general to all types of joints independent of the stress ratio R. The
characteristic (95% survival) fatigue strength is given in relation to the wall thickness t of the
member under consideration. The curves are therefore modified for the actual thickness of the

relevant member (brace or chord) being considered in the figures.

The reference line for the IIW is given for a wall thickness of 22 mm. Between 10* and 5-10°, the
line has a slope of 1:3. After 5:10% the S,hvs'-Nf line has a slope of 1:5 until N=2-10%, beyond
which the Srh.s.-Nf line runs horizontally (fatigue limit).

The thickness correction for wall thicknesses between 4 and 22 mm is rather complicated:

- For N=10% all th.s. for t=4 to 22 mm are the same.

- For N=5-10° , the corresponding hot spot stress range can be calculated from the reference

S,h”-Nf line using Equation 2-3, based on Gurney [62].
- 22\ 0.25 -
5,78, (£2) (2-3)

- After N=5-10° the Srh'S.-Nf lines are parallel to the reference Srh.s.-Nf line at a slope of 1:5,
until N=2-10% beyond which the Srh_s'-Nf lines run horizontally.

For thicknesses greater than 22 mm, the S,h_s_-Nf line for 22 mm has to be reduced according to

Equation 2-3 for all values of N, so that these Srh_s_-Nf lines are parallel to the reference Srh's'-Nf line.

The reference S,h's.-Nf line is taken from the existing DEn S,h_s_—Nf line (1984), together with the

thickness correction for t > 22 mm. However, the thickness correction below 22 mm is added by

ITW and the slope of 1:5 starts at 5-10° instead of 107 in the DEn design recommendations.
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Department of Energy Guidelines [48]
The hot spot stress definition of the DEn is based upon extrapolation of principal stresses. Linear
extrapolation is used by the DEn for T- and X-joints. For Y- and K-joints, a nonlinear extrapolation

is recommended. No bonuses are given for controlled overall weld profiles. However, grinding the

weld toe is stated to give at least 30% improvement on the fatigue strength of a joint.

Curve T’ (Thorpe [107], Reynolds [93] to be included in the currently proposed revision of the DEn
design guidelines)

This design curve is based on a wide database, containing over 400 data points and is currently
proposed for inclusion in the revised DEn design guidelines for offshore installations, using t=16
mm as the reference line, unlike the current DEn design guideline, which is based on t=22 mm. The
slope of the line is 1:3 for N=10* to 107, after which the slope becomes 1:5 until 10°, which is the
fatigue limit. The line with slope 1:3 may be extended in the low cycle range, with hot spot stress
ranges up to 20,. The results of low cycle fatigue tests [17], where hot spot stress ranges of up to
50, occurred, fit in quite well in the S,h'S.-Nf lines. Therefore the limit to 26, does not seem
necessary, at least in the case of joints between (square) hollow sections (see Chapter 7).

For wall thicknesses larger than 16 mm, a thickness correction is applied for the whole S,hs_-Nf line,

resulting in parallel S,hS-Nf lines. The thickness correction is then given in Equation 2-4.

5,78, (52)° (2-4)

Inclusion of thinner walled specimens, below 16 mm, would yield a larger thickness correction
exponent, but this was attributed to the disproportionate large welds for these thicknesses. But a
similar wall thickness effect was shown by van Delft [45] and lida [67] (in case of bending
moments). This is also in accordance with the larger thickness effect found for the present research.
However, in the proposed revision for the DEn design recommendations, no thickness effect below
16 mm is taken into account, due to a lack of reliable data and the fact that the DEn guidelines tend
to concentrate on offshore applications. A comparison between Figures 40 and 42 (see Chapter 7)
which present the experimental results of this work shows that this is very conservative for smaller
wall thicknesses. The DEn will also specify which parametric equations for tubular joints are to be

used in conjunction with the S,hS-Nf line specified (for instance the Eftymiou equations [54]).
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Euro Code 3 [53]

The hot spot stress called geometric stress in the draft version of the EC3 follows the same
definition as the ITW code [68]. However, EC3 restricts the thickness effect to 25 mm and above.
Instead of specifying Srh.s.-Nf lines, the EC3 specifies classes, which represents Srh.s. at N=5-10° of
the detail. The corresponding S,h_s.-Nf line starts at 10* cycles, (5.84G,), runs at a slope of 1:3 until
5-10° cycles (0.737:G,), and then at 1:5 until the fatigue limit at 10° cycles (0.405'G,). EC3
currently uses both the classification and the hot spot stress method. Classes are also given for

joints between rectangular hollow sections. No parametric formulae are specified by EC3.

For the hot spot stress concept (t < 25 mm) the relevant classes are:
class 90: butt welded joints with controlled weld profile.
class 71: butt welded joints.

class 36: fillet welded joints.

A comparison between classification method and hot spot method reveals some serious inconsist-
encies in the EC3. For instance, for fillet welded K-joints with gap and 1=1.0, class 36 is to be used
for the classification method, based on nominal stress (t < 12.5 mm). For the hot spot method, class
36 is also to be used, whereas the nominal stress is to be multiplied by the SCF. So based on

nominal stresses the class of the hot spot method is 36/SCF.

Experiments carried out at the University of Toronto [59] found SCFs of up to 6.0. These experi-
ments were within the range of validity (only the tests at Toronto had fillet welds for a brace wall
thickness of 12.5 mm, whereas EC3 restricts the classification method for fillet welded joints to a
maximum of 8 mm wall thickness). This results in a factor of 6 difference in stress for the
classification method versus the hot spot stress method.

In case of other joint geometries the differences might even be larger. At the University of
Karlsruhe, test K20S34 [24] SNCFs well over 10 were measured, for a fillet welded K-joint which
was fully within the range of validity. These measurements did not take the secondary bending
moments due to eccentricities and uneven stiffness distribution around the joint into account. Would
this effect have been taken into account for the nominal strains, with the nominal bending strain
being about 50% of the nominal axial strain, a SNCF of about 6 would have been found. Applying
the hot spot method would again result in a factor of 6 difference in stress between the classi-

fication method and the hot spot method.
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The classification method is probably unconservative in some cases. For instance several test
specimens of series K20S34 [24] (chord 100x100x4 mm, brace 40x40x4 mm, gap 43.4 mm), within
the range of validity of the EC3 classification method would exhibit a class based on nominal stress
of under 40 (including a factor 1.5 on the nominal stress, to account for secondary bending stress).
Applying the thickness correction derived in Chapter 7 at N=2-10° for a joint that is twice as large
in all aspects (still within the range of validity), the class would be about 25, so class 36 can be

unconservative.

The classification method is restricted to wall thicknesses below 12.5 mm and the Srh's'-Nf lines for
the classification method have a slope of 1:5 for N;<10%, making them slightly more conservative
in the low cycle range. But this does not clear the inconsistency between the hot spot method and
the classification method (with the classification method being less conservative). It is clear and also
confirmed by the present investigation that the hot spot stress classification of 36 is not correct for
hollow section joints. Also, the favourable thickness effect, which has been implicitly included for

the classification method, should be taken into account for the hot spot method.

The newest draft of the EC3 allows class 36 for fillet welds unless it can be proven that a higher

class can be used. In Chapter 7, the results of this investigation are classified according to EC3,
resulting in class 90 (for t=16 mm), for both fillet and butt welds without controlled weld profile,
so that the designer can safely use this class. Class 90, in good agreement with most S, . -N; lines
of the existing recommendations, is now proposed for inclusion in EC3, together with a favourable

thickness correction for wall thicknesses below 25 mm.
Structural Welding Code (American Welding Society [32], Marshall [78, 79])

The hot-spot strain definition given for structures made of hollow sections states that the hot spot
strain is "The cyclic total range of strain which would be measured at the point of highest stress
concentration in a welded connection. When measuring hot-spot strain, the strain gauge should be
sufficiently small to avoid averaging high and low strains in the regions of steep gradients." No
extrapolation is to be carried out, nothing is said about the parametric formulae to be used, and only
simple SCF equations are given.

A difference with most other codes is a strong emphasis on the overall weld profile, also discussed

in Chapter 2.8.
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The effect of the plate thickness is to be compensated by improving the weld profile from a
standard flat weld profile for brace wall thicknesses smaller than 10 mm to concave smooth profile
welds which have to be fully ground for large brace wall thicknesses (Marshall [77]). In this way,
the basic S, -N; line (X,) is also valid for larger wall thicknesses. In case the weld profile require-
ments for the wall thickness of the brace are not met a lower S,M-Nf line (X,) is to be used. In the
commentary, a correction of t/t;,; > is suggested for sharp notched welds and brace wall
thicknesses exceeding the limits given for X, in the code.

The equations of the lines X, and X, are not given in the AWS code. No detailed parametric
equations are given to determine the hot spot stress. Instead, "prototype measurements" or analysis

according to the "best available theory" are suggested.

Recommended Practice for Planning, Designing and Constructing Fixed Offshore Platforms

(American Petroleum Institute [31])

The API design recommendations closely resemble the AWS regulations. The hot spot strain is
taken as the strain "measured by a strain gauge element adjacent to and perpendicular to the toe of
the weld, after stable strain cycles have been achieved". Therefore no extrapolation is carried out,
and the thickness effect is mitigated by the fact that for larger sizes the strain gauge tends to pick
up a larger portion of the local strains, resulting in higher strains. In this way, the measured SCF
becomes thickness dependent. The formulae for the SCFs of tubular joints are very simple, based

on Kellog’s formulas.

Instead of the AWS S,}).S.-Nf lines X, and X,, the API uses the notation X (=AWS X;) and
X’(=AWS X,), where X may be applied when the weld profile is improved (the toe smoothly
merging with the adjoining base material). The fatigue limit is taken to be 2:10® cycles, in contrast
to the AWS, where the fatigue limit is taken as 107 for X, and 2-107 for X,. Also, no thickness
correction factors are included, although a simplified version of the AWS thickness correction is
now proposed for inclusion in the API [80]. Stress concentration factors may be derived from FE

analysis, model tests or empirical equations.
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Comparison between the S,hs-Nf lines of the design recommendations
In order to compare the various S, Nt lines, a wall thickness of the member under consideration
of 25 mm (the reference thickness of EC3) and a butt weld is considered applying the thickness

corrections in the design recommendations.

EC3 : class 71/90 (depending on weld profile)

DEn : 114-(16/25)**=100

IIW : 106+22/25)°%=95

AWS/API: 79/100 (depending on both weld profile and wall thickness)

See also Figure 2, where the various S,hs-Nf lines are plotted.

It is encouraging that the variation between the various Srh.s.-Nf lines at 2-10° cycles is relatively
modest (£ 15% on the basis of stress). However, the American S,h‘s.-Nf lines have a different slope
and the AWS has also a comparatively optimistic fatigue limit, resulting in the fatigue limit of
AWS line X, being a factor 2 higher on stress basis than that of any other Srh.s.-Nf line.

As for the Srhvsv—Nf line definition: the EC3 manages to describe the complete S,h.s.-Nf line with only
one parameter (the class), which is quite useful for the designer and easy to incorporate in computer
software. On the other hand, the AWS does not give any numerical information on the S,hASA-Nf lines,

forcing the designer to measure from the graphs.

The influence of the thickness (size) effect in the design recommendations

0.11 logy g N, . .
107 (which is

limited to N5°10°, see Chapter 8) in which t is the wall thickness of the member that fails. In

Previous research [3, 120] has established a thickness correction factor of (16/t)

case the parametric formulae are used, this implies checking both members. In the present draft
versions of EC3 and DEn, the thickness correction is only applicable for wall thickness over 25 and
16 mm respectively, resulting in prohibitively conservative designs for small wall thicknesses. The
APT omits the thickness effect by specifying an improved weld profile for larger wall thicknesses,
in order to compensate for the thickness effect. The AWS also includes the influence of the weld
profile, but for thicknesses exceeding the limit thickness the S,, .-N; lines are modified by a factor

-0.25
t/ tlimit .
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2.8 Survey of techniques used for improvement of the fatigue behaviour

The use of high strength steel decreases the ratio between the amount of material required and the

static strength of the structure. However, the fatigue performance is not (or hardly) influenced by

the steel grade. For larger wall thicknesses, the fatigue performance degrades even further. The use
of improvement techniques is meant to enhance the fatigue strength, as reported by many
researchers. Combining several techniques would even bring larger gains in fatigue performance.

However, there are considerable disadvantages connected to the application of improvement

techniques:

- The results are usually subject to considerable scatter and very sensitive to the skill of the
operator, so quality control is critical.

- The number of experiments is limited and often solely based on plate tests or small scale
specimens. It is expected that some improvement techniques will have less influence for
larger thicknesses. Also, the fatigue behaviour of welded plates can not always be translated
to that of hollow section joints. Some hollow section joint geometries are difficult to access,
in which case application of improvement techniques might be less effective.

- Application of improvement techniques is often costly.

- Other locations and failure modes might govern the fatigue strength, for instance root
failure, in which case further improvement at the toe is useless.

- Stress relief techniques are sensitive to the influence of stresses introduced during further
stages of fabrication and erection.

- Some improvement techniques, such as weld profile control are dependent on the stress

gradient of the connection [56].

Because of the uncertainties mentioned above, the discussed improvements in this paragraph are
only an indication of the effectiveness of the improvement method considered. Most design
guideline committees have been reluctant to attribute a higher fatigue strength to improved welds.
Nevertheless, it is obvious that more research would enable a more widespread application of the

improvement techniques.
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Weld profile control

For this technique, the welder should control the overall weld shape and the transition from weld
to base material should be smooth. Especially the local angle and radius are considered important
by de Back [33] and Elliot [56]. The main advantage of this method is that no extra technique is
required for fatigue behaviour improvement.

The AWS acknowledges the effect of weld profile control by allowing a higher S, "N line for
those profiles that pass a disc test [32]. Recent tests in France [39] and Norway [63] indicate about
25% improvement in fatigue strength at long lives for plates with transverse fillet welds with con-
trolled profile. For tubular joints, the results vary considerably: early UKOSPR and ECSC pro-
grammes did not reveal any significant influence of weld profile control. Later tests by Dijkstra and
Noordhoek [50] revealed improvements of 150% on fatigue lives for the improved joints. Improved
weld profiles tend to have the weld toe further away from the brace wall, resulting in lower spot
stresses [56]. Reductions in SCF for improved welds of up to 25% are reported by Marshall and
Elliot [56].

Another way to control the weld profile is the use of special electrodes as was done for Japanese
tests on high strength steels with 6,=500 to 800 MPa. The improvements in fatigue life were 50
to 85%, with the largest increase occurring for the highest strength steel. These electrodes might
also be used for the finishing passes at the weld toe. At this moment, it is not known how the

results are for non-horizontal positions.

Grinding

A rotary burr grinder or a disc grinder is used to remove slag intrusions and improve the transition
from weld toe to basic material. It has to be extended to 0.5 mm below the bottom of any visible
undercut, according to DEn [48]. This method is the only method allowed by European design
guides for improving the fatigue strength and is only allowed for remedial measure in case the
fatigue strength of a joint is found to be inadequate. A problem with grinding, especially disc
grinding is that too much material may be removed. Also, it is very difficult to grind in confined
areas. These effects cause a considerable scatter in fatigue behaviour improvement. At long lives,
improvements ranging from 10 to 160% (the larger improvements being for high strength, quench
tempered steels) are reported by Booth [41]. Another advantage is that by reducing the highest

stresses in sea environments, also stress corrosion is reduced [38].
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Weld toe remelting by TIG or plasma dressing

The weld toe is remelted, resulting in a smoother transition and removal of slag inclusions and
undercuts, as well as residual stresses. TIG dressing is rather sensitive to operator skill. Improve-
ments ranging from 10 to 100% are reported [64]. Plasma dressing has a larger heat input and a
wider weld pool, thus making this method less sensitive to the skill of the operator. The results are

generally better than for TIG dressing.

Post weld heat treatment

After welding, the specimens are heated to about 600°, in order to relief the residual stresses. Van
Delft [45] finds no influence for R=0. The only specimen with R=-1 and PWHT was found to be
above the scatter band, suggesting a beneficial effect of PWHT.

Peening

Peening can be done by a hammer with a round tip of 6 to 14 mm radius, or a bundle of wires,
used to plastically deform the material to about 0.6 mm depth. The equipment is usually pneumati-
cally operated. The purpose is to remove the residual tensile stresses and introduce compressive
stresses at the weld toe. Like most other improvement techniques, peening is believed to be most
successful for high strength steel.

As an alternative, shot peening can be used: small shots in an air stream blast the material. The
coverage is called 100% if all dimples at the surface just overlap. Normally 200% coverage is
specified. Typically, peening results in a 30 to 100% increase in fatigue life, especially for high
strength steel and R=-1. It can be expected that high loads in variable amplitude load conditions

could decrease the performance gain, but tests do not confirm this.

Improvement techniques in the design guides

Various design recommendations reward a better weld profile by allowing a higher S, -N; line (see
Chapter 2.7). The DEn norm allows a 30% higher fatigue strength if the toe of the weld is ground
(only remedial use allowed). The EC3 goes from class 71 to 90 for a controlled weld profile. The
AWS and API go from 80 N/mm? (at N=2-10°) to 100 N/mm? for an improved weld profile. Note
that most design guidelines give a more or less constant improvement, independent of the yield
stress and number of cycles to failure. This is in contradiction with the results of improvement tech-
niques, which show a larger effect for longer lives (which should result in a less steep slope in the

S, N line for improved welds) and high strength steels [64].

T
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By suggesting that the wall thickness effect can more or less be compensated by an improved weld
profile, the AWS and API attribute a very large influence to the weld profile. This influence has

been heavily disputed by American versus European researchers.

Verification tests on the influence of the weld profile

To verify the influence of the weld profile tests were carried out in the USA [77]. Eighteen
specimens were tested with t=12.7, 25.4 and 50.8 mm wall thickness and a weld profile as
demanded by the AWS. Figure 6 shows the fatigue strength relative to the AWS X, S,hVSV-Nf line,
plotted against the chord wall thickness. The thin line connects the average results of all tests with
t=12.7 and t=50.8 mrh, the thin dashed line connects the average results minus 2 times the standard
deviation of all tests with t=12.7 and t=50.8 mm (the results for t=25.4 mm were omitted to show

the results in one straight line).

3.
@ O FLAT WELD POSTTION
25 t A B O VERTICAL WELD POS.
A A WELDED OVERHEAD
A b th A: RunouTs
r 2
T 2
g %
e
E SRt
g 15 —~]
E \J
g
" 0 ry s N
2 f’..~
= = ~l< _
I e
-
J&Ni;w A8
07
10 20 30 40 50 60

—— CHORD WALL THICKNESS IN mm (=2+BRACE WALL THICKNESS)

Figure 6. Evaluation of the Rice tests.
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By observing the fatigue results it can be seen that the specimens with a smaller wall thickness on
average showed a better fatigue behaviour. However, as the scatter is also considerably larger, the
characteristic (mean minus 2 times the standard deviation) fatigue strength of thin walled specimens
is no better than that of the thick walled specimens. As the designer has to use the characteristic

strength, the AWS philosophy seems to be fully supported by the test results.

However, the test results shown include a large number of runouts, shown as open symbols with
arrows pointing upwards. The runouts are test specimens which did not fail after 2-107 cycles. The
conclusion must be that these specimens were tested at a stress level below their fatigue limit and
are actually indeterminately better than shown in Figure 6. The exclusion of these results, which
are especially low for the thin walled specimens is therefore necessary to obtain valid results. The
thick line in Figure 6 connects the average results of the test results after exclusion of runouts with
t=12.7 and t=50.8 mm, the dashed thick line connects the average results minus 2 times the

standard deviation of the test results after exclusion of runouts with t=12.7 and t=50.8 mm.

In this way, a clear thickness effect of t°* is observed and claims on the influence of the weld
profile do not seem to find any justification by the Rice tests any more.

Sablok [96] reports that the improved weld profiles can compensate for the thickness effect until
t=25 mm. As a conclusion, it would be better not to couple the thickness effects and the effect of

weld profile improvement as in the AWS, but to give independent influence factors.
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3 EXPERIMENTAL RESEARCH

3.1 Introduction

The ECSC-CIDECT project [1, 11] which forms the basis of this work consisted of experiments
on axially loaded X- and T-joints, as well as X-joints loaded by an in-plane bending moment.
These experiments consisted of:
- 27 X-joints loaded by an in-plane bending moment on the brace
- 14 X-joints with an axial force on the brace
- 16 T-joints with an axial force on the brace
- 24 K-joints (gap) with axial forces on the braces
(not used in this work)
- 12 K-joints (overlap) with axial forces on the braces

(not used in this work)

The experimental part of the additional CIDECT programme [19] consisted of:

- 4 T-joints loaded by an in-plane bending moment on the brace.

The results from CIDECT programme 7H "The low cycle fatigue behaviour of axially loaded T-
joints between rectangular hollow sections" [17] were also used:

- 8 T-joints with an axial force on the brace

Other T-joints, loaded by random loading [18] were not used in this report.

Table 1 gives an overview of the experiments used in this work. It also contains the work carried

out on K-joints for the ECSC-CIDECT project.
The primary reason for experimentation is to determine fatigue data for the joints from constant

amplitude fatigue testing at two different stress ranges (Srhs)’ to use for classification according to

EC3 (see Chapter 7) and to obtain reliable S, ,-N; (or €, -Ny) lines for square hollow section joints.
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32 Set up of experiments

Material and welding method used for the test specimens
Hot finished hollow sections with steel grade Fe430D and Fe430B, in accordance with Euronorm

25-72, are used for the specimens.

All test specimens are welded with rutile electrodes (trade name OMNIA) in accordance with NEN
1062 (ERa 112), NBN F31-001 (E43-2R), ASME SFA-5.1 (EE6013), DIN 1913 (E43 22R(C)3),
ISO 2560 (E432R12) and BS 639 (E43 22R). Fillet welds are provided at the joints for all brace
wall thicknesses below 8 mm and butt welds for 8 mm and above. The fillet welds are carried out

in 3 runs and the butt welds in 4 runs.

Figure 7 shows the welding details and welding sequences used for the test specimens. Note that
for X-joints with a bending moment in the brace nearly all specimens (except the four specimens
of series X1B) had a welding sequence starting and ending at the corners of the brace and not as

for the rest of the specimens.

I WELD SEQUENCE

T—joint X—joint
7
7 N
0
457
T
A \
>4 L 1.5t
ty <8 mm: FILLET WELD 28 mm: BUTT WELD

Figure 7. Recommended welding details and weld sequence.
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Test set-up
Figure 8 shows the test rig used for X-joints that are loaded by axial force.
Figures 9 and 10 show the test rigs used for T-joints loaded by in-plane bending moment and axial

force.

Figure 8.

s

Test rig used for axially loaded X-joints.
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Figure 9. Test rig used for T-joints loaded b an in-plane bedmg moment.
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Figure 10.

Test rig used for axially loaded T-joints.

Figure 11. Test specimen T9.




Test specimens

The length of the members is chosen such that the strains to be measured were not influenced by
the end conditions. The measurements had to take place at about 2 to 2.5 b from any end
conditions. Therefore, the length of the chords was taken to be 2.5 b from the intersection of brace
and chord, resulting in 1;=6b,. In the braces the nominal strains had to be measured at about 2.5
b, from the intersection of brace and chord and also 2.5 b, from the end plates, determining the
length of the brace 1,=5b,. The geometry of the members and welds as well as material properties
of the joints used for the experiments is summarized in Tables 2 (X-joints) and 3 (T-joints).

A typical test specimen is shown in Figures 11 and 12.
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Strain gauges locations

A detail of an instrumented test specimen is shown in Figure 12, whereas the location and
numbering of strain gauges is shown as an example in Figure 13. For the X-joints with a bending
moment in the brace, strain measurements were carried out for only one specimen per series. The
SNCFs obtained in this way are used for all specimens of the series. In the case of specimen T1
and line D of all T-joint specimens, measurements were carried out at one corner only. Other T-
joints tested had 5 strain gauges as a strip in one corner plus 1 strain gauge in one or three other
corners, on which mean values or maximum values of the SNCF were based by simply scaling the
determined values of SNCF to the ratios of the strains found at the same distance to the weld toe

of the four corners.

Strain measurements

Prior to the fatigue testing of all joints, strains are measured at preselected measurement lines where
peak strains are known to occur (see Figure 4). Strain gauge chains are placed at these locations
to fall sufficiently within the extrapolation limits (see Chapter 2.5). By means of extrapolation of
the measured values, the strain concentration factors (SNCF) at the weld toe on the chord and brace
were determined. In most cases, 4 test specimens with the same geometry and dimensions are used
for the fatigue tests, a pair at two different stress ranges (th.s.)' Measurements of strain and
determination of SNCF are also carried out for all these specimens. Where possible, the SNCF
values per measurement line (experimental measurements) are recorded for 3 cases:

- At the corner where the first crack occurs during fatigue testing (SNCF ., 1)

- At the corner where the maximum SNCF distribution occurs (SNCF,,,)

- For the average SNCF distribution at the corners (SNCF, qq0)-

At an earlier stage [16, 90] a choice was made to use the experimental results obtained for crack
location. However, the experimental results were not in all cases recorded at the corner where crack
initiation occurred. Also, in the majority of cases, the crack location also gave the maximum values
and where this was not the case, the difference was less than 10% in virtually all cases. Therefore,
only maximum values are used and presented in this work. However, for calibration of the FE
model, the average SNCFs at the corners of the joints were used, rather than the maximum SNCF,
since the geometry of the numerical model used for calibration is also based upon average

dimensions measured at all corners of the joint.
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Selection of test series

Besides providing data for the establishment of S, -N; lines and a comparison for the numerical

model, the test series were carefully selected to provide information on other subjects as well.

The stress ratio (R) is generally chosen for all tests as R = +0.1. However, R = +0.5 is also
used for some T-joints (see Table 4), in order to determine the influence of R.

The influence of T is studied by 2 series of axially loaded T-joints with the same B (0.7)
and 27 (16) but with 1=0.4 and 1=0.64 respectively. The two series are T1 to T8 with t,=5
mm and fillet welds, and T9 to T16, which had t,=8 mm and butt welds.

The influence of the wall thickness (size) was studied for axially loaded X-joints. The
axially loaded X-joints consist of three series with various dimensions for the chord and
brace but the same non-dimensional parameters 2y =16, B=0.7 and T = 0.63. In this way,
the size effect (b,=100, 200 and 260 mm for tests X1 to X4, X5 to X8 and X9 to X12
respectively) could be investigated. In this work, the size effect is determined by analysing
all valid experimental data, as presented in Chapter 7.

As all other axially loaded test specimens had a width ratio B = 0.7, it was decided at a
later stage to add two axially loaded test specimens X20 and X38 with B (27) values of 0.4
(25) and 1.0 (12.5) respectively, providing a basis for comparison with the numerical work
over a range of parameters in B and 2.

For the X-joints with a bending moment in the brace, t, was varied for the series X1 to X3,
thus varying both y and T simultaneously. The series X1 versus X4, and X3 versus X5
provide information about the influence of B (1.0 versus 0.7).

Because all X-joints with a bending moment in the brace (except the four specimens of
series X1B) had a welding sequence starting and ending at the corners of the brace, the

effect of the weld sequence on the fatigue strength of the joints could also be studied.
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Table 4. Summary of the test results and numerically determined SCFs used for the Srh -N; lines (Delft)

non-dim. SNCF ! SCF ? Remarks
no. parameters R e, m Niw N te measured formulae (see below table)
B 2y = pm/m (mm) T quad. | lin. quad [F B C N W R O
AXIALLY LOADED X-JOINTS
X1 070 159 0.63| 0.1] 252 13000 105000 40| 560 817| 651 7281 1 0 0 0 0 O
X2 0.70 159 0.63| 0.1] 252 2500 150000 40( 730 9.00| 651 7281 1 0 0 0 0 O
X3 0.70 159 0.63( 0.1| 114| 571000 9000000 40| 684 887| 651 7281 1 0 0 0 1 O
X4 0.70 159 0.63| 0.1| 141] 260000 3270000 40( 600 847| 651 7281 1 0 0 0 0 O
X5 070 16.0 0.64| 0.1] 212 2500 280000 12.5| 3.80 5.18] 553 641(0 0 0 0 0 0 O
X6 0.70 16.0 0.64| 0.1| 212 30000 310000 12.5| 3.00 4.11| 553 6410 0 0 0 0 0 O
X7 0.70 16.0 0.64| 0.1] 143 70000 665000 12.5| 450 551| 553 64110 0 0 0 0 0 O
X8 0.70 16.0 0.64| 0.1| 143| 140000 1400000| 12.5| 4.15 515| 553 641/0 0 0 0 0 0 1
X9 070 163 0.63| 0.1| 257 5000 100000 | 16.0| 3.05 4.60| 567 6580 0 0 0 0 0 0
X10 070 16.3 0.63| 0.1]| 257 2500 90000| 16.0| 335 4.88| 567 6580 0 0 0 0 0 0
X11 0.70 163 0.63| 0.1] 140 25000 790000 16.0| 3.90 5.19| 567 658/ 0 0 0 0 0 0 1
X12 0.70 163 0.63| 0.1 140 30000 330000 | 16.0| 428 591 567 658[{0 0 0 0 0 0 O
X20 0.40 250 050| 0.1 277 2000 18300 8.0 13.00 14801732 18481 0 0 0 0 0 0
X38? 1.00 12,5 0.50[ - - - 0 0o 1- - -
AXTIALLY LOADED T-JOINTS
T1 0.70 16.0 0.40( 0.1| 167 419000 2046000 50| 647 692 656 7331 1 0 0 1 0 O
T2 0.70 16.0 0.40| 0.1] 127 867000 4515000 50 635 694 656 7331 1 0 0 1 0 O
T3 0.70 16.0 0.40| 0.1| 232 91000 457000 50| 730 812 65 7331 1 0 0 1 0 0
T4 0.70 16.0 0.40( 0.1 128 1400000 9800000 12.5| 2.64 2.61| 493 574|1 0 0 0 0 1 0
TS5 0.70 16.0 0.40| 0.5| 131| 380000 2942000 5.0 7.69 926 656 7331 1 0 0 0 0 0
T6 0.70 16.0 0.40( 0.1| 178 181000 686000 501 7.06 771 656 73311 1 0 0 0 0 0
T7 070 16.0 0.40| 0.5] 181 76000 550000 50| 648 7.09| 656 7331 1 0 0 0 0 O
T8 0.70 16.0 0.40| 0.5( 238 23000 209000 501 746 846| 656 73311 1 0 0 0 0 0
T9 0.70 16.0 0.64| 0.1 275 25000 185000 | 12.5| 449 551| 739 857{0 0 0 0 0 0 O
T10 0.70 16.0 0.64| 0.1 151 129000 1250000| 12.5| 4.43 567 739 857/ 0 0 0 0 0 0 0
T11 0.70 16.0 0.64| 0.1 122 197000 2062000| 12.5| 431 551| 739 85700 0 0 0 0 0 0
T12 070 16.0 0.64| 0.1 83 1211000 11630000 12.5| 442 534 739 8570 0 0 0 0 0 0
T13 0.70 16.0 0.64| 0.5| 154| 185000 716000 12.5| 426 549 739 857(0 0 0 0 0 0 O
T14 0.70 16.0 0.64| 0.5| 118| 261000 2146000| 12.5| 4.15 587 739 85700 0 0 0 0 0 0
T15 070 16.0 0.64| 0.5 83 543000 5390000 12.5| 517 6.49| 739 8570 0 0 0 0 0 0
T16 0.70 16.0 0.64| 0.5| 156 40000 838000 12.5| 473 5.8 739 857(0 0 0 0 0 0 0
T17 0.70 16.0 0.40| 0.1 861 300 1300 50| 838 955| 656 7331 1 0 0 0 0 O
T18 0.70 16.0 0.40| 0.1| 709 300 3500 50| 799 9.18( 656 7331 1 0 0 0 0 0
T19 0.70 16.0 0.40| 0.5| 525 900 7500 5.0 795 909 656 7331 1 0 0 0 0 0
T20 0.70 16.0 0.40( 0.5| 485 2000 11000 501 782 877 656 73311 1 0 0 0 0 0
T21 070 16.0 0.64( 0.1| 446 1000 74000 12.5| 582 6.45| 739 857/0 0 0 0 0 0 1
T22 0.70 16.0 0.64| 0.1| 560 1200 7000 12.5( 573 7.08| 739 8570 0 0 O O 0 O
T23 070 16.0 0.64| 0.5| 312 5600 47000 12.5] 457 6.12 739 8570 0 0 0 0 0 O
T24 070 16.0 0.64| 0.5( 357 3300 38000 12.5| 492 571 739 85710 0 0 0 0 0 0O
T-JOINTS LOADED BY AN IN-PLANE BENDING MOMENT ON THE BRACE
T31 070 16.0 0.40( 0.1] 495 6000 71000 5.0 511 560 455 5061 1 0 0 0 0 O
T32 0.70 16.0 0.40| 0.1 370 40000 684000 5.0 395 424 455 5061 1 0 0 0 0 O
T37 070 16.0 0.64( 0.1] 296 78000 648000 ( 12.5( 2.45 324 457 513/0 0 0 0 0 0 O
T38 0.70 16.0 0.64| 0.1 203 158000 | 2201000 12.5( 2.80 3.28| 457 5130 0 0 0 0 0 0
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Table 4. Summary of the test results and numerically determined SCFs used for the Srh -N; lines (Karlsruhe)
s.
non-dim. SNCF ! SCF ? Remarks
no. parameters R |€.m N N¢ te measured formulae (see below table)
B 2y um/m (mm) M quad. | lin. quad [F B C N W R O

X-JOINTS LOADED BY AN IN-PLANE BENDING MOMENT ON THE BRACE

4X1Aa | 1.00 125 050 0.1| 557 - 134600 4.0 417 476| 19 201{1 1 1 1 0 0 O

4X1Ab | 1.00 125 0.50| 0.1| 428 - 329600 | 4.0| 417 476 196 2011 1 1 1 0 0 O

4X1Ac | 1.00 125 0.50| 0.1| 343 - 735200 4.0| 417 476| 19 2011 1 1 1 1 0 0

4X1Ad | 1.00 125 0.50| 0.1| 257 - 2960400| 4.0 417 476| 196 2011 1 1 1 1 0 0
X1Ba | 1.00 12,5 0.50| 0.1| 686 - 193600| 4.0| 4.17 476| 196 2011 1 0 1 1 0 O
X1Bb | 1.00 12.5 0.50| 0.1 428 - 1208000| 4.0| 417 476 196 2011 1 0 0 0 .0 O
X1Bc | 1.00 125 0.50| 0.1| 514 - 2612500 40| 417 476| 196 2011 1 0 1 1 0 O
X1Bd | 1.00 125 0.50( 0.1| 300 - 10636400| 4.0 4.17 476 196 2011 1 0 1 0 1 O
4X2a | 1.00 159 0.63| 0.1| 557 - 92500| 4.0| 261 323} 226 2321 1 1 1 1 0 O
4X2b | 1.00 159 0.63]| 0.1| 428 - 283300| 4.0| 261 323 226 232|1 1 1 1 0 0 O
4X2c | 1.00 159 0.63| 0.1| 300 - 1498800| 4.0| 261 323| 226 2321 1 1 1 1 0O
“X2d | 1.00 159 0.63| 0.1] 257 - 1518300 40| 261 323| 226 2321 1 1 0 1 0 O
“X3a | 1.00 250 1.00 0.1| 557 - 95800| 4.0| 333 38| 294 3031 1 1 1 1 0 O
4X3b | 1.00 25.0 1.00| 0.1| 428 - 293700 4.0 333 3.82| 294 3031 1 1 1 1 0O
4X3c | 1.00 250 1.00| 0.1]| 343 - 503400| 4.0 333 382f 294 3031 1 1 0 1 0 O
4X3d | 1.00 25.0 1.00| 0.1] 257 - 4556700| 4.0| 333 382 294 3031 1 1 1 1 0 O
‘X4a | 070 125 0.50| 0.1| 729 - 43900 40| 233 271 344 37911 1 1 0 0 0 O
4X4b | 070 12.5 0.50| 0.1] 428 - 238600 4.0| 233 271 344 3791 1 1 1 0 0 0
*X4c | 070 125 0.50| 0.1| 515 - 272500 4.0| 233 271| 344 37911 1 1 1 0 0 O
“X4d | 070 12.5 0.50| 0.1| 386 - 607100 40| 233 271 344 37911 1 1 1 0 0 O
4Xd4e | 070 12,5 0.50| 0.1] 343 - 644800 4.0| 233 271 344 3791 1 1 1 0 0 O
4X4f | 070 125 0.50f 0.1| 300 - 2115200 4.0| 233 271 344 379(1 1 1 1 0 10
“X4g | 070 12,5 0.50| 0.1 257 - 2492600 4.0 233 271 344 37901 1 1 1 0 1 0
4X5a | 070 25.0 1.00{ 0.1[ 214 - 167900| 4.0| 579 7.03] 1499 18011 0 1 0 0 0 O
X5b | 070 250 1.00| 0.1| 171 - 216400 4.0| 579 7.03| 1499 18011 0 1 1 0 0 O
4X5¢c | 070 250 1.00| 0.1] 129 - 379100 40| 579 7.03|1499 18011 O 1 1 0 0 O
4X5d | 070 25.0 1.00| 0.1 76 - 2651600 4.0| 579 7.03|1499 18011 0 1 1 0 0 O

! The hot spot stress for the S, -N; lines was determined using Srh =1.1'E-SNCF €,

2 SCF formula taken for the méiber that failed in the test. *

3 Testing of joint X38 was abandoned since the test rig required repeated repair due to the large fatigue strength of the joint.

4 All X-joints loaded by an in-plane bending moment, with the exception of series X1B, were welded starting and ending in

the corners, which is known to adversely effect the fatigue behaviour. Therefore the results must be interpreted with care.

Remarks

F: 1 indicates a fillet weld (all joints with t, = 8 mm were butt welded).

B: 1 indicates a brace failure.

C: 1 indicates that welded started and stopped at the corner, often resulting in worse fatigue

performance.
N: 1 indicates that no hot spot strains were measured, SNCFs were taken from another specimen in
the same series.

w: 1 indicates that the weld itself failed, rather than cracks starting at the weld toe.

R: 1 indicates that the test was stopped before the member had failed completely.

O: 1 indicates that the joint was accidentally overloaded, possible resulting in an improved

fatigue performance.
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33 Test results

Table 4 summarizes the test results for X- and T-joints. In this table, the number of cycles to crack
initiation and failure, the nominal strain range, the maximum SNCFs in the member that failed
provide adequate information for an evaluation of the test results. Srh.s.-Nf lines (in fact converted
€, .-N; lines) and a wall thickness correction factor can be determined for the various test series
from the results of the fatigue tests and the extrapolated hot spot strain ranges at the weld toes of

chord and brace, see Chapter 7. A few other phenomena are covered below.

Sensitivity of SNCFs for small variations in the actual joint geometry

As expected, a scatter exists in the strain distribution along the measurement lines at identical
locations and therefore in the SNCFs. In general, this scatter is influenced by small differences in
comner radii and weld dimensions (both influences are also studied numerically in Chapter 6) and
especially the tapering in wall thickness. The measured thicknesses were found to be ranging from
values close to the nominal wall thickness in the middle of the flat parts to sometimes 30% larger
thicknesses measured at the corners, so a strong impact on the measured SNCFs is to be expected.
Note that the variation in corner radii is absent in circular hollow sections, whereas the variation
in wall thickness of circular hollow sections is typically smaller than £10%. Also the variation in
weld dimension is larger in the corners of the rectangular hollow sections. The scatter in fatigue
strength of joints between rectangular hollow sections can therefore be expected to exceed the

scatter for circular sections.

The SNCF values at the weld toe in brace and chord obtained from linear and quadratic
extrapolation of the measurements are summarized in Table 5 for the X-joints and Table 6 for the
T-joints. The measured SNCFs are sometimes as much as 50% different for different test specimens
with the same nominal dimensions and load type. Together with the typical scatter associated with
fatigue testing, a large scatter in fatigue strength is to be expected. Comparison between the SNCFs
found from parametric formula and measurements such as carried out by Frater [59] should be

made with these results in mind.

Weld failures
In the first T-joints tested weld failure was observed (which also occurred for some X-joints with
a bending moment in the brace, see Table 4). Therefore, for subsequent specimens T4 to T8, the

weld geometry was revised.
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Influence of the stress ratic R

In previous investigations by Mang and Zirn [51], a considerable influence of the stress ratio R was

observed for thin walled hollow section joints. This influence is also shown in Figures 14 and 15,

where the numbers of cycles to failure are plotted against the nominal strains in the brace for

axially

figures,

loaded T-joints (all X-joints were tested for R=0.1 only). As can be observed in these

the fatigue strength based on nominal strains tends to be higher for R=0.1 than for R=0.5.

When the numbers of cycles are plotted against the hot spot strains, as shown in Figures 16 and

17, the

influence of R is no longer apparent. Due to the fact that somewhat higher SNCFs were

observed for the tests with R=0.5, which was aiso found by Yura [66] for CHS X-joints, almost

no influence is observed for the presentation based on g, .

Table 5. maximum SNCFs at the weld toe from measurements of X-joints (Delft)
test measured dimensions of the test speci- |SNCF linear extrapolation SNCF quadratic extrapolation
no. mens
chord brace chord brace chord brace

boxhgxt, ' bxhxt, ! B C D A E B C D A E
X-JOINTS LOADED BY AN AXIAL FORCE ON THE BRACE
X1 101.0x101.0x 6.1| *70.0x 70.0x 4.2 1.65| 5.60 2.28| 8.17
X2 101.0x101.0x 6.1f  * 70.0x 70.0x 4.2 7.30 9.00
X3 101.0x101.0x 6.1|  *70.0x 70.0x 4.2 6.84 8.87
X4 101.0x101.0x 6.1|  *70.0x 70.0x 4.2 6.00 8.47
X5 200.6x200.6x12.6| 139.8x139.8x 7.8 3.80 2.95 1.13| 7.32 5.18 4.56 1.53| 898
X6 200.6x200.6x12.6| 139.8x139.8x 7.8 3.00 7.60 4.11 8.43
X7 200.6x200.6x12.6[ 139.8x139.8x 7.8| 4.50 6.40 5.51 6.65
X8 201.1x201.1x12.7| 139.8x139.8x 7.8| 4.15 6.80 5.15 7.68
X9 259.2x259.2x17.0|  180.5x180.5x10.6| 3.05 1.15| 6.40 4.60 1.39] 7.25
X10 259.2x259.2x17.0|  180.5x180.5x10.6| 3.35 6.40 4.88 6.71
X11 259.2x259.2x17.0[  180.5x180.5x10.6| 3.90 ? 6.40 5.19 ?6.98
X12 259.2x259.2x17.0f  180.5x180.5x10.6| 4.28 }6.40 591 36.98
X20 201.1x201.1x 8.0/ 2 80.0x 80.0x 4.1{ 13.00 8.00 14.80 11.40
X38 199.7x199.7x16.2|  201.1x201.1x 8.0| 0.88 0.34| 2.38 0.97 0.48| 2.43

All dimensions in mm.

1

The dimensions and mechanical properties were based on measured dimensions and the mechanical properties
for each delivered tube length. The joints which were used for the calibration of the FE model were also
measured near the joint.

Test specimens with a nominal t,<8 mm were fillet welded, the other specimens had a butt weld.

Test specimens X11/X12 and T9/T11 were not measured in the brace, therefore the average of the SNCFs of
X9/X10 and T10/T12 was used.

No strain gauges were used for the determination of the SNCF, instead the values of the measured specimen
of each series were used.

All X-joints loaded by an in-plane bending moment, with the exception of series X1B, were welded starting
and ending in the corners, which is known to adversely effect the fatigue behaviour. Therefore the results must
be interpreted with care.
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Table 5. maximum SNCFs at the weld toe from measurements of X-joints (Karlsruhe)
test measured dimensions SNCEF linear extrapolation SNCF quadratic extrapolation
no. of the test specimens
chord brace chord brace chord brace
byxhext, b,xh,xt, "B C D A E B C D A E
X-JOINTS LOADED BY AN IN-PLANE BENDING MOMENT ON THE BRACE
X1Aa*| 100 x100 x 7.8] 2100 x100 x 3.7| 0.90 0.52| 1.59 4.17| 1.04 0.69| 231 4.76
X1Ab*| 100 x100 x 7.8| %100 x100 x 3.7
X1Ac*®| 100 x100 x 7.8| ?100 x100 x 3.7
X1Ad*¥| 100 x100 x 7.8| 2100 x100 x 3.7
X1Ba* 100 x100 x 7.8{ %100 x100 x 3.7
X1Bb | 100 x100 x 7.8] *100 x100 x 3.7
X1Bc* 100 x100 x 7.8| %100 x100 x 3.7
X1Bd* 100 x100 x 7.8| *100 x100 x 3.7
X2a* | 100 x100 x 6.1| #2100 x100 x 3.9| 0.72 0.44| 2.04 2.61| 0.85 0.51] 1.77 3.23
X2b* | 100 x100 x 6.1 2100 x100 x 3.9
X2c“ | 100 x100 x 6.1 2100 x100 x 3.9
X2d? 100 x100 x 6.1| 100 x100 x 3.9
X3a% | 100 x100 x 3.9| *100 x100 x 3.9| 2.70 0.40| 291 3.33] 2.95 0.63| 3.43 3.82
X3b* | 100 x100 x 3.9| 100 x100 x 3.9
X3c*® 100 x100 x 3.9| %100 x100 x 3.9
X3d* | 100 x100 x 3.9| 2100 x100 x 3.9
X4a ® 100 x100 x 8.0/ * 70 x 70 x 3.7 0.31| 2.33 146 0.48| 2.71 1.56
X4b 100 x100 x 8.0 * 70 x 70 x 3.7
X4c® | 100 x100 x 8.0 2 70 x 70 x3.7
X4d* | 100 x100 x 8.0 * 70 x 70 x 3.7
X4e * | 100 x100 x 8.0 2 70 x 70 x 3.7
X4f * 100 x100 x 8.0 * 70 x 70 x 3.7
X4g* | 100 x100 x 8.0 * 70 x 70 x 3.7
X5a® 100 x100 x 3.8/ 270 x 70 x 3.6 5.79( 7.59 3.65 7.03] 11.12 5.64
X5b% | 100 x100 x 3.8 * 70 x 70 x 3.6
X5¢* | 100 x100 x 3.8 * 70 x 70 x 3.6
X5d“ | 100 x100 x 3.8 * 70 x 70 x 3.6
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Table 6. maximum SNCFs at the weld toe from measurements of T-joints (Delft)

test
no.

measured dimensions
of the test specimens

SNCF linear extrapolation

SNCF quadratic extrapolation

chord brace chord brace chord brace

boxhgxt, b,xh,xt, !B C D A B c D A E
T-JOINTS LOADED BY AN AXIAL FORCE ON THE BRACE
T1 200.7x200.7x12.8| 2 140.0x140.0x5.0| 0.82 235 2.78| 6.47 2.18 3.07 3.08| 6.92
T2 200.7x200.7x12.8[ * 140.0x140.0x5.0 2.36 6.35 3.42 6.94
T3 200.7x200.7x12.8| * 140.0x140.0x5.0 233 7.30 291 8.12
T4 200.7x200.7x12.8| 2 140.0x140.0x5.0] 0.42 2.08 2.64| 6.99 1.51 261 2.56| 8.13
T5 200.6x200.6x12.6| * 140.0x140.0x5.0 2.02 7.69 3.27 9.26
T6 199.7x199.7x12.7| * 140.0x140.0x5.0{ 0.52 2.25 7.06 1.67 2.68 7.71
T7 200.6x200.6x12.6| 2 140.0x140.0x5.0 1.86 6.48 2.70 7.09
T8 200.7x200.7x12.6| 2 139.9x139.9x5.0 2.41 7.46 3.24 8.46
T9 200.6x200.6x12.7 140.0x140.0x7.6| 2.27 431 4.49| 572 3.86 °5.51 4.49| 6.08
T10 200.6x200.6x12.7 140.0x140.0x7.6| 2.47 4.19 4.43| 6.41 418 5.67 4.47| 6.95
T11 200.6x200.6x12.7 140.0x140.0x7.6 > 431 551
T12 200.6x200.6x12.7 140.0x140.0x7.6| 2.96 4.42 4.37| 7.00 400 534 5.10( 7.77
T13 200.7x200.7x12.8 140.0x140.0x7.6 426 5.49
T14 200.6x200.6x12.7 140.0x140.0x7.6 4.15 5.87
T15 200.7x200.7x12.8 140.0x140.0x7.6 5.17 6.49
T16 200.6x200.6x12.7 140.0x140.0x7.6 4.73 5.88
T17 199.7x199.7x12.7| * 139.9x139.9x5.0 2.05 8.38 2.84 9.55
T18 199.7x199.7x12.7| 2 139.9x139.9x5.0 1.83 7.99 2.34 9.18
T19 200.6x200.6x12.7| 2 140 x140 x5.0 1.68 7.95 2.13 9.09
T20 200.6x200.6x12.7| 2140 x140 x5.0 2.09 7.82 2.70 8.77
T21 199.7x199.7x12.7 140 x140 x7.6| 2.66 543 582 6.15 3.50 6.22 6.45| 6.82
T22 199.7x199.7x12.7 140 x140 x7.6 5.73 7.08
T23 199.7x199.7x12.7 140 x140 x7.6 457 6.12
T24 199.7x199.7x12.7 140 x140 x7.6 4.92 5.71
T-JOINTS LOADED BY AN IN-PLANE BENDING MOMENT ON THE BRACE
T31 200.7x200.7x12.8| 2 140 x140 x5.0 0.97 5.11 1.33 5.60
T32 200.7x200.7x12.8| 2140 x140 x5.0| 023 130 1.22| 3.95 3.59| 033 1.67 1.33| 4.24 421
T37 199.7x199.7x12.7 140 x140 x7.6| 1.12 2.45 2.02| 4.15 3.70| 1.66 3.24 228 420 4.01
T38 199.7x199.7x12.7 139.8x139.8x7.8 2.80 4.15 3.28 4.49
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Discussion on the influence of the stress level
Consider the governing quadratically measured SNCF in Table 4 for axially loaded T-joints, which

occurs in the brace for t,=5 mm and in the chord for t,=8 mm.

T-joints with t,=5 mm

R=0.1: the SNCFs range from 6.92 to 8.12 (T1 to T3 and T6).

R=0.5: the SNCFs range from 7.09 to 9.26 (+11% on average) (TS5, T7, T8).
Low cycle: the SNCFs range from 8.77 to 9.55 (+23% on average) (T17 to T20).
T-joints with t,=8 mm

R=0.1: the SNCFs range from 5.34 to 5.67 (T9 to T12).

R=0.5: the SNCFs range from 5.49 to 6.49 (+7% on average) (T13 to T16).
Low cycle: the SNCFs range from 5.71 to 7.08 (+15% on average) (T21 to T24).

Although the overall scatter tends to cloud the comparison, causing an overlap in SNCF ranges,
there is clear evidence for the relation between stress level and SNCF. Note that a dependency on
R of the SNCF weakens the hot spot stress philosophy: although the relationship between Srhs and

N; is maintained, the SNCFs are slightly dependent on the stress level.

A first possible explanation for the effect of the stress range might be local cyclic yielding, which
causes a lower stiffness and hence a larger ratio between strain- and load range. The yield strain
syz300/210000=1430-10'6 (see Tables 2 and 3). Cyclic yielding would require &, = 286010,
Note that in all cases (except for the low cycle tests) in Table 4, a,h_s_=e,mm-SNCF is below this
value. Very local stress raisers (see Chapter 2.3) could raise this value to cause cyclic yielding.
However, this does not explain the influence of R as R does not influence this strain range.

Probably more important is the geometric non-linear behaviour.

Influence of the wall thickness ratio T

The 7T-ratio strongly influences the mechanism of failure. This is because for the same nominal
stress in the brace, the nominal stress in the chord increases with increasing t,, causing a tendency
towards chord failure. The value of T at which the failure mode changes from brace to chord failure
is dependent upon the other geometrical parameters 3 and 2y and upon joint type and load case as

these factors influence the SNCFs in the members.
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Also the thickness effect plays an important role in relation to 7.

All tested specimens, except for X20 and X5 had the maximum measured SNCF in the brace, but
for the axially loaded joints where the SNCFs in the chord were close to the values in the brace,
chord failure occurred, due to the higher chord wall thickness and consequently lower erhls.-Nfcurves

than for the brace.

For the T-joints with 1=0.4 failure generally occurred in the brace, whereas for 1=0.64 failure
occurred in the chord. The only exception was specimen T4 (1=0.4), which showed crack initiation
in the chord. This test was stopped at N=107, because crack growth was very slow. For X-joints
with an axial load in the brace, all tests had a t value of 0.5 or larger. In general, chord failure
occurred, which agrees with the results for T-joints. However, the small specimens X-1 to X-4 with
1=0.64 failed in the brace due to the very high SNCFs in the brace, sometimes as much as 5 times
larger as in the chord. Except for X5, all X-joints with a bending moment in the brace had brace
failures, even in cases where T was 1.0. For the series X5 the SNCFs in the brace were larger, even

for 1=1.0.
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Crack initiation

Table 4 shows that crack initiation begins at an early stage, typically N;; was 0.1 to 0.25 N Ny
was not determined for X-joints with a bending moment in the brace. A possible explanation for
the large ratio between N, and N; is the very steep stress gradient near the corners of the brace:
the crack soon reaches areas where the strains are considerably lower, in contrast to for instance

axially loaded butt welded plates.

In Figure 18, a cracked specimen is shown. The crack started in the chord at the weld toe and

developed through the weld into the brace.

1E5T 19
LOADR. 230 KN
N4 185000

Figure 18. Detail of test specimen T9, after testting.
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4 NUMERICAL RESEARCH

4.1 Introduction

The numerical work aims to investigate a parameter range in order to establish the parametric
formulae for the designer. As no reliable information concerning the numerical modelling of join-ts
between square hollow section was available at the time, a study was carried out on the influence
of the FE model used upon the accuracy of the results [6]. As noted in Chapter 3.3, the SNCFs
obtained are highly sensitive for small variations of the geometry of the joint. Therefore, a similar
sensitivity of the SNCFs for the numerical model is to be expected. This means that simple FE
models without modelling of the corner radii and weld as might be used for the analysis of the
static behaviour of the joints will not be satisfactory for fatigue analysis.

Also, no sophisticated mesh generator was available at the time, leaving the task of modelling
entirely to the researcher. The second purpose of the study was to gain experience and confidence

in modelling the joint geometry.

Joints used for the comparison

As the numerical work for the initial ECSC-CIDECT contract was to be carried out in Delft, the
experiments used for the comparison were all from Delft. All experiments on T-joints cover only
two different geometries, from each of which one joint was selected (joints T4 and T12). The X-
joints consisted only of one set of non-dimensional parameters in three different sizes, each of
which was modelled (X1, X5 and X9). The two joints with B=0.4 and B=1.0 were also used for the
comparison (X20 and X38).

Measurements of the dimensions used for the calibration of the FE model

In order to be able to follow the change in wall thickness reliably, the wall thickness was measured
at various positions (see Figure 19). The measurements for T4 and T12 have been carried out at
all four corners of the brace (and for the wall thickness and weld sizes also at the centres of the flat
parts) to determine bt T, 1, Wy and w,. The measurements for the chord were carried out at
the upper half of the chord at both sides along the brace (t01 ~togr To» To, and roz). The values for b,
(= h,) were obtained from the 4 sides of the brace, whereas for the chord only the side adjacent to

the brace was taken into account to determine b, (= hy).
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For X-joints, which have been calibrated with an earlier FE model (see Chapter 4.3, [6]), less

measurements have been carried out. The most important measured dimensions are given in Tables

2 and 3.

General considerations for the FE model

72

All FE analyses carried out are linear elastic. For the hot spot stress concept, the SNCFs
are supposed to be independent on the stress level (no redistribution of strains), which is
not completely true (as shown and discussed in Chapter 3.3).

In contrast to the measurements, the length of the brace was taken as 2.5 b,, rather than 5.0
b,, to reduce the number of elements in the FE model. As the stresses can be evenly
distributed at the top of the FE model, this does not influence the stress distribution near
the joint, as shown in [14]. Because of co-symmetry for axially loaded T- and X-joints,
only 1/4 of the T-joint, or 1/8 of the X-joint has to be modelled, applying the suitable
boundary conditions. In contrast to other researchers [102], this was also found [14] to be
possible for contra-symmetry as arises for joints loaded by an in-plane bending moment on
the brace (for linear FE analysis only).

To allow for a straightforward comparison, the FE analyses for the calibration are based
upon strains. The parameter study is stress based, to establish formulae for the designer on
the basis of stresses.

The weld was modelled with solid elements, to allow for a clear definition of the weld toe.
As an alternative, Van Dooren used a simple FE model which did not include the weld or
corner radii, applying a "shift rule" for the extrapolation [20]. However, the use of solid
elements to model the weld eliminates the discussion on the position of the weld toe

completely and removes a possible source of errors.
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Figure 19. Summary of symbols used for the calibration of the FE model with the tests.



42 FE elements used

The in-house general purpose finite element program DIANA (DIsplacement ANAlyser) is used for
all the analytical work [42]. Only the linear elastic part is required for this research work. The steel
properties used are always with the modulus of elasticity (E) of 210000 N/mm? and Poisson’s ratio
(v) of 0.3.

Several types of elements have been used:

- 8 noded, 40 degrees of freedom thick shell elements

- 20 noded, 60 degrees of freedom solid elements

- 13 noded, 49 degrees of freedom transition elements

- 2 noded, 12 degrees of freedom beam elements

Shell elements

The main part of the model is made up of thick shell elements, shown in Figure 20. The shell
element is an eight noded curved quadrilateral thick shell element, degenerated from the 20 noded
solid element [30, 88]. Each node has five degrees of freedom, of which three are translational and
two out-of-plane rotational degrees, giving a total of 40 degrees of freedom per element (see Figure
20).

Figure 20 also shows positions and numbering of integration points related to the element
coordinates and node numbering order, where the results of analyses are output. The program
allows a higher number of integration points, particularly in the thickness direction, but for the
present work, a total of 12 integration points will suffice in most cases. This gives a 2x2 Gauss
integration along the planes of the shell, with & and n=+ 143 (=0.577) and 3 point Simpson
integration in the thickness direction, with the three points corresponding to the bottom surface,

mid-surface and top surface of the shell ({=-1.0, 0.0 and + 1.0) respectively.

Solid elements

The weld and a part of the members near the weld are modelled with solid elements, as shown in
Figure 21, to allow for a clear definition of the weld toe. The extrapolations used to determine the
SNCFs are carried out on data from solid elements as these elements were thought to provide the
most reliable representation of reality.

The solid element used is the 20 noded isoparametric element shown in Figure 21. An isoparametric
element is described as an element having the same interpolation function for displacements and

geometry (shape). A second order polynomial in &, 1 and { (see Figure 21) is used for this element.
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In general, a choice of Gauss integration order that may be used is 3x3x3, 2x2x3, 3x3x2 and 2x2x2.
The minimum order of integration is 2x2x2. The integration order chosen for the present work is
2x2x3 in most cases. However, where solid elements are stacked together, 2x2x2 order is also
chosen. The order of numbering the integration points follows the sequence followed in the shell
element (Figure 20). Unlike shell elements, solid elements represent three dimensional measure-
ments and do not explicitly imply any thickness. Therefore, Simpson integration is not provided
in DIANA as an option for such elements and the positions of the integration points from the
middle of the solid in each of the directions &1 and { are given for 3x3x3 integration as -V 0.6, 0.0
and +/0.6 (=0.774). For 2x2x2 integration, the positions for & 1 and { -1/3 and +14/3 only. The
3x3x3 Gauss integration, with 27 integration points, requires a lot more computer storage and is

only sparingly used.

Transition element

In order to combine the use of shell and solid element in the same analysis, it is useful to have
"transition" elements for compatibility at the junction between the shell and solid configurations.
The 13 noded transition element (see Figure 22) has only one side attached to a solid element, the
opposite side to shell elements and the remaining two (adjacent) sides to other transition elements.

Details of the integration points, etc., are similar to those for the shell elements described earlier.

Beam elements

The beam element is only used in the present work to distribute the applied loads at the ends of
members over the total cross-section and introduce the correct boundary conditions. They are
therefore only fictitious elements with properties given such as to induce uniform displacements at
the ends of the members.

The beam element used for the present work is a linear beam element with two nodes.
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Figure 20. Thick shell element.
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Figure 21. Solid element. Figure 22. Transition element.
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43 Development of the FE model

The development of the model is described extensively in [6] and [14], so that it will only be
summarized here. All models contain a weld made of solid elements and a rounded element at the
corner of the weld.

As a first step, the radii of chord and brace were modelled as quarter cylinders, r, based upon I,
and r,, and 1, based upon r, . In fact, the measurements at the test specimens revealed that the
centres of the inner and outer radius do not coincide, as the thickness varies strongly in the corner.
Also, the radii do not merge smoothly with the flat side, as a quarter of a cylinder would, but

instead intersect the sides at a fairly large angle.

In order to improve the accuracy of the results, the wall thickness in the brace corners was
increased to t,,. Later, the wall thickness in the chord was increased to tog- In cases where the wall
thickness in the corners was larger than the corner radii, values marginally smaller than the corner
radii were used. Later on, the intermediate wall thickness ty, was also included in the model, which
then contained a stepwise thickness influence in the chord of to» via ty, 10 1, Also, in case the wall
thickness at 45° exceeds the corner radius, the radius is adapted to the wall thickness (plus 0.5
mm), rather than the other way round. This model, shown in Figures 23 and 24 performed satisfac-

torily for X-joints [6].

However, for T-joints, line C at 45° was often found to give the highest strains and here the
stepwise increase in wall thickness resulted in poor accuracy. A smooth transition, using all wall
thicknesses and radii measured (as shown in Figure 19) was used for both brace and chord. Also,
more solid elements were introduced to allow all extrapolations to take place in solid elements only.
Also, the corner radii were modelled more realistically instead of the quarter cylinder (as shown
in Figure 19). The resulting model as shown in Figures 25 and 26 was used for the comparison.
The model used for the parametric study is derived from this model, but is based on nominal wall
thicknesses and corner radii, so that no tapering of the wall thickness occurs and the corners are
quarter cylinders. When the nominal wall thickness and nominal corner radius are equal, the corner
radius is increased by 5%, to avoid sharp inner corner radii and allow the use of shell elements in

the corners.
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SEE FIGURE 24 FOR DETAILS OF THE WELD AREA \ /

Figure 23. FE model initially used for the analysis of X-joints.

SOLID ELEMENTS USED FOR THE WELD
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Figure 24. Detail of the FE model initially used for the analysis of X-joints.
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SEE FIGURE 26 FOR DETAILS OF THE WELD AREA

Figure 25. FE model used for the analysis of T- and X-joints.

SOLID ELEMENTS USED FOR THE WELD
/_ AND FOR THE AREAS IN BRACE
AND CHORD NEAR THE WELD

SMALL ELEMENTS NEAR THE WELD

LIGHTLY ADAPTED MESH TO OBTAIN
STRESSES ALONG LINE C

Figure 26. Detail of the FE model used for the analysis of T- and X-joints.
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44 Comparison of the FE model with the experiments

A comparison is carried out between experiments and two numerical analyses for each of the 7
joints considered. The first analysis is based upon the average measured dimensions of the test
specimen used for the comparison. The second analysis uses nominal (specified) dimensions. In this
way, the accuracy of the numerical modelling with measured dimensions is checked against
experimental measurements. Secondly, the influence of the difference between nominal and
measured dimensions is studied by comparing the two numerical analyses. This provides useful

background data on margins of safety with respect to actual joints.

The comparisons have been carried out along the measurement lines where the strain gauges were
placed (see Figure 4). Examples of the SNCF distribution along these lines are presented in Figure
27. The SNCF distribution may be described as strains throughout the structure (brace as well as
chord), all normalized with respect to uniform longitudinal strain at a cross-section of the brace
which is outside the region of influence of the joint. The FE analyses were performed with a
nominal strain of 1.0 in the bface, so that the values in the computer plots are all normalized and
strain concentrations can be easily determined at each integration point. For the experiments, the
average values at the four corners were normalized with respect to the average strain, which was

measured with strain gauges, placed on the brace at a distance of 2.5 b, away from the weld toe.

The SNCF values at the weld toe are summarized in Table 7 for each of the three cases:
experimental measurements, analyses based on measured dimensions and analyses based on nominal
dimensions. The values are obtained from extrapolations along lines A to D. This was done for the
experiments and for the numerical analyses with nominal and measured dimensions. Line E was
not taken into consideration, since no measurements were available along this line for the axially

loaded T- and X-joints, which were used for the calibration of the FE model.
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Table 7. Extrapolated SNCFs from measurements and FE analyses

JOINT

DIMENSIONS (mm)

Linear extrapolation

Quadratic extrapolation

CHORD BRACE CHORD BRACE CHORD BRACE

byxhgxt, bxhxt, B C D A B C D A
SNCF MEASURED
X1 101.0x101.0x 6.1 | 70.0x 70.0x 4.2 - - 115 5.09 - - 148 595
X5 200.6x200.6x12.6 [139.8x139.8x 8.0 | 3.35 - 1.00 6.90| 4.41 - 114 8.09
X9 259.2x259.2x17.0 |180.5x180.5x10.6 | 2.76 - 110 6.20| 3.60 - 143 6.87
X20 |201.1x201.1x 8.0 | 80.0x 80.0x 4.1 |12.50 - - 7.80| 14.50 - - 10.80
X38 |199.7x199.7x16.2 [201.1x201.1x 8.0 | 0.86 - 034 2.30| 0.96 - 048 238
T4 200.7x200.7x12.8 |140.0x140.0x 5.0 | 0.21 1.74 2.64' 5.75| 0.89 2.10 2.56'  6.55
T12  |200.6x200.6x12.7 [140.0x140.0x 7.6 | 2.90 4.31 437 6.44| 3.57 498 510"  6.86
SNCF FE WITH MEASURED DIMENSIONS
X1 101.0x101.0x 6.1 | 70.0x 70.0x 4.2 0.60 - 120 6.18 0.59 - 187 711
X5 200.6x200.6x12.6 [139.8x139.8x 8.0 | 3.56 - 1.00 6.10| 5.77 - 144 815
X9 259.2x259.2x17.0 [180.5x180.5x10.6 | 4.55 - 155 6.10| 6.38 - 1.85 6.52
X20 |201.1x201.1x 8.0 | 80.0x 80.0x 4.1 |12.30 - - 12.60]13.25 - - 14.80
X38  |199.7x199.7x16.2 [201.1x201.1x 8.0 | 0.68 - 040 1.70| 0.49 - 026 185
T4 200.7x200.7x12.8 |140.0x140.0x 5.0 | 0.17 1.93 3.04 6.72| -0.20 246 330 797
T12  |200.6x200.6x12.7 [140.0x140.0x 7.6 | 1.88 5.08 4.57 7.10] 3.09 6.08 4.89 795
SNCF FE WITH NOMINAL DIMENSIONS
X1 101.0x101.0x 6.1 | 70.0x 70.0x 4.2 1.48 - 250 13.75) 1.19 - 376 1698
X5 200.6x200.6x12.6 [139.8x139.8x 8.0 | 6.00 - 210 8.80| 6.55 - 266 955
X9 259.2x259.2x17.0 |180.5x180.5x10.6 | 4.65 - 1.90 6.80 4.99 - 217 728
X20 {201.1x201.1x 8.0 | 80.0x 80.0x 4.1 |13.65 - 560 13.70f 15.11 - 630 16.40
X38 |199.7x199.7x16.2 [201.1x201.1x 8.0 | 0.55 - 0.60 1.45| 0.37 - 082 1.37
T4 200.7x200.7x12.8 |140.0x140.0x 5.0 | 2.56 3.00 3.45 7.90| 3.12 341 382  9.08
T12  |200.6x200.6x12.7 |140.0x140.0x 7.6 | 3.70 535 533 6.48| 433 640 573  7.18

Not enough corners were measured, therefore the SNCF at the crack location was used instead of the average

SNCFs.

No measurements were carried out along line E for the joints considered in this table
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4.5 Results of the comparison between FE analyses and experiments

The following general conclusions are made from this preliminary work:

- The modelling of the finite element mesh, together with input of the measured variations
of thickness in the cross-section of the brace and chord, results in a good simulation of the
strains and their gradients. As an example, Figure 27 shows the comparisons between
measurements and analysed strains for joint T4 at the locations in the brace and chord
where the highest strains occur: lines A (brace) and C (chord).

- For close correlation with experimental measurements, it is necessary to model the variation
of thickness in the cross-section of the chord and brace and the corner radii as realistically
as possible. This confirms the sensitivity of the SNCF for small changes in the geometry
as noted before in Chapter 3.3. Also the modelling of the weld and attached members in
solid elements provides a straightforward interpretation of the output.

- Observations show a wide difference in SNCFs with measurements when the nominal di-
mensions are used. Analyses with nominal values mostly give higher strains, because the
nominal thicknesses are smaller than measured thicknesses.

- A large number of analyses using the present type of idealization (Figures 25 and 26), is
possible on a mini-computer. On the Convex C240, each analysis takes about 1 minute

(less than 2 seconds CPU time), thereby allowing a large number of analyses.

Discussion on the differences between the numerical and experimental test results

- In view of the fact that a very fine mesh is required near the weld (0.2 t)), it is possible that
a better accuracy may be achieved by also having more than one element in the thickness
direction.

- The measurements for the experimental specimens are averaged over the 4 corners.
However, an average geometry need not necessarily result in an average strain, because of
non-linear relationships between strain distribution and geometric aspects such as the wall
thickness.

- The FE method used here is based upon a displacement approach, so that an upper bound
is obtained on the stiffness even for the most optimal mesh refinement.

- A linear elastic FE analysis is carried out. However, there exists a relationship between load

level and SNCF (see Chapter 3.3), suggesting a geometrical non-linearity.
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5 PARAMETRIC STUDY

5.1 Geometries and load cases considered

After the development of the numerical model and comparison with the experimentally determined
SNCFs (see Chapter 4), the next step is the stress based analysis of a large number of geometries

and load cases, in order to establish a basis for the parametric formulae.

Geometries considered

In order to cover the complete range of practical geometries, variations in [3, 2y and T have to be
studied. One possible approach is to use a standard geometry and then vary each independent
parameter (in this study B, 2y and 1) in turn. The advantage of this method is that the number of
geometrical combinations to be analysed increases only linear with the number of parameters: each
new parameter is studied for a few values of that parameter.

This method has for instance been applied by Soh and Soh for their parametric studies in SCFs
[102, 104].

A basic disadvantage of this method is that the important interaction between the geometrical
parameters is completely disregarded. In case several parameters are distinctly different from the
basic geometry this might cause large errors (see Chapter 7.7). Therefore, another approach has
been adopted for this work, covering more or less the complete parameter range. Table 8 presents
an overview of the geometries analysed. For f=0.4/0.7/1.0, three values of 2y are analysed, each
with at least 2 values of 1. For 2y=16.0, additional analyses were carried out for B=0.25/0.55/0.85
with 1=0.5/1.0 to obtain more information on the complex relationship between P and the SCF. This

way, 30 geometries were analysed.
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Notation used for the numerical work
The number of the geometry (see Table 8) is used consistently throughout the work for referencing
all numerical analyses. In addition, the following letters are used for specifying further details.
- Joint type

T T-joint

X X-joint
- Calculation

C Calculation

(a T was originally used for tests, but not in this work)

- Geometry number

This number relates to a geometry as presented in Table 8.

- Load type
A Axial force on the brace(s) for studying SCF,,
M In-plane bending moment on the brace(s) for studying SCF,,
F Axial force on the chord for studying SCF,,
C In-plane bending moment on the chord for studying SCF_,
- Weld type
B Butt weld
F Fillet weld
w Full wall penetration fillet weld

So for instance TC12AB indicates a numerical analysis of T-joint geometry 12
(chord 200x200x12.5 mm, brace 140x140x8 mm, see Table 8) loaded by an axial force on the brace
with a butt weld.

Note: the experimental geometries X4, X38 and T20 to T38 are not consistent with this number-
ing system, to maintain consistency with earlier reports. The experiments are therefore
annotated in a simpler way, without information on load type or weld type, to avoid

confusion.
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Table 8. Geometries used for the parametric study
JOINT NON-DIM. CHORD BRACE WELD !
PARAMETERS
no. B 2y T b, ty 1, b, t, I3 W, W,
41 160 050 200 125 250 50 63 63| 32 83
421 025 160 1.00] 200 125 25.0 50 125 125 63 145
20 250 050 200 80 16.0 80 40 40 20 60
21 160 032 200 125 25.0 80 40 40| 20 6.0
22 125 025 200 160 32.0 80 40 40/ 20 6.0
23| g40 250 100/ 200 80 160 80 80 80| 40 100
24 160 0.64| 200 125 250 80 80 80| 40 100
25 125 050/ 200 160 320 80 80 80| 40 100
43 160 050 200 125 250 110 63 88 32 83
44| 055 160 1.00] 200 125 250 110 125 175 63 145
26 250 063] 200 80 160/ 140 50 7.0 25 7.0
4 160 040 200 125 250/ 140 50 7.0 25 70
27 125 031] 200 160 320/ 140 50 70/ 25 7.0
47 160 050/ 200 125 250/ 140 63 88| 32 83
28 070 250 1.000 200 80 160/ 140 80 112| 40 100
12 160 064 200 125 250, 140 80 112 40 100
29 125 050/ 200 160 320/ 140 80 112 40 100
30 160 100 200 125 250 140 125 175 63 145
31 125 078 200 160 320/ 140 125 175 63 145
45 160 050 200 125 250/ 170 63 125 32 83
46| 085 160 1.00 200 125 250 170 125 250/ 63 145
32 250 0.79] 200 80 160/ 200 63 125 32 83
33 160 050 200 125 250 200 63 125/ 32 83
34 125 039 200 160 320 200 63 125/ 32 83
35 250 100 200 80 160/ 200 80 160/ 40 100
36 160 0.64| 200 125 250 200 80 160/ 40 100
371 100 125 050 200 160 320 200 80 160/ 40 100
38 160 1.00 200 125 250/ 200 125 250/ 63 145
39 125 078 200 160 320/ 200 125 250/ 63 145
40 125 100 200 160 320 200 160 320/ 80 180

All dimensions in mm.

1
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Load cases and joint types considered

To allow use of formula (2-2), SCF,,, SCF,, SCF,, and SCF,,, should be known.

As SCF,, and SCF,, are the most important stress concentration factors, each geometry is
investigated as a T- as well as an X-joint with an in-plane bending moment and axial force on the

brace.

To allow comparison between T- and X-joints and provide information on SCF,,, the T-joints are
also investigated for an in-plane bending moment on the chord.

Five T-joints were analysed with an axial force on the chord, to investigate SCF,,

In case of T-joints with an in-plane bending on the brace, analyses were carried out on the basis

of strains and stresses, to allow comparison between SNCFs and SCFs as discussed in Chapter 5.4.

All geometries are provided with butt welds. The influence of the weld type is studied in Chapter
6, together with the influence of the corner radius. Using the extrapolation methods described in

Chapter 2.5, the SCF values are determined and tabulated in Tables 10 to 16.

5.2 Comparison of T- and X-joints

In the case of T-joints, the load from the brace is transferred to the end supports of the chord,
whereas for X-joints the loads in the opposite braces are in equilibrium. Especially in the case of

T-joints with an axially loaded brace, large bending moments occur in the chord.

For long chords and joints with larger values of T and B, the nominal stresses in the chord due to
this bending moment can be considerably higher than the nominal stress in the brace. Therefore,
it is important to consider the influence of this bending moment. The total hot spot stress at a given
location according to the definition presented in Chapter 2.5 can be thought of as being the result
of a nominal axial stress in the brace multiplied by the appropriate stress concentration factor plus
a nominal bending stress in the chord multiplied with the corresponding stress concentration factor.
In case of axially loaded T-joints, Formula 2-2 reduces to:

S, . = 0uSCF,+ 0,9'SCF.

C..' —m-—Al. o)

As M0=71[F1- (1,-b,), in which F,=A-E-0,,: ©
0

mo
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The total SCFs can be calculated from:

A (1,7by)

SCF.o.=SCF,, +8CF " ———— (5-1)
0

For T-joints loaded by an in-plane bending moment on the brace (M;=M,/2)
(5-1) changes to:

W,

SCF,;=SCF, +SCE 0"
0

(5-2)

An important consequence of the additional strain caused by the induced bending in the chord is
the fact that the SCF's based on the total stress range (SCF,,,) as often given in design recommenda-
tions are dependent on 0. When SCF,, and SCF,, have been determined by FE analyses with an
axial load on the brace and a bending moment on the chord respectively, it is possible to calculate

SCF,, using Equation (5-1).

To check the validity of this approach, a T-joint T38 was analysed 3 times (based on strains):

- An axial load on the brace (also causing an additional bending moment in the chord) for
a certain chord length 1,=1290 mm (SNCF,,).

- A bending moment on the chord of the T-joint, without any loading on the brace (SNCF,,)).

- An axial load on the brace for a double chord length 1=2580 mm (SNCF,,).

Based on the first 2 FE analyses, it is possible to determine SNCF,, using Equation (5-1). Then,
applying Equation (5-1) again on SNCF,,, and SNCF,, for a double chord length, SNCF,,, can be
determined. The result is compared with the (total) SNCFs found for an FE analysis with the double
chord length. The results are tabulated in Table 9. As can be observed, the agreement is very good
(within a few percent). It should however be noted, that for very short chords, depending on the
support conditions, this relationship is no longer perfect, as is known from literature (for instance
Efthymiou, [54]). The SCFs of T-joints loaded by an in-plane bending moment on the chord are
tabulated in Table 10.
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Table 9. Influence of 1, on the SNCFs of axially loaded T-joints
ly SNCF Linear extrapolation Quadratic extrapolation
(mm) B C D A E B C D A E
1290 [SNCF,, 045 10.82 11.88 2.49 3.65 046 1243 12.82 2.60 3.98
1290 [SNCF,, -0.13 1.25 2.05 0.04 0.20| -0.13 1.37 2.15 0.05 0.24
1290 [SNCF,, 1.10 4.53 1.57 2.29 2.64 1.11 5.54 2.01 235 2.7
2580 |[SCF,, -0.33 1826 24.08 2.73 484 -032 2058 25.62 2.90 5.41
+10.98-SCF
2580 |SNCF,, -0.37 1857  25.08 2.79 486 -033 1995 26.16 2.94 5.41

TC38 -Chord:200x200x12.5, r7=25 mm
-Brace:200x200x12.5, r;=25 mm
-A,=8973 mm’ (determined from nominal dimensions)
-W,=486102 mm’ (determined from nominal dimensions)

-1,=1290 mm (length of test specimens)

Analyses, shown respectively in the table above:

1 FE analysis of TC38 with 1;=1290 mm and an axial load on the brace.

2 FE analysis of TC38 with 1;=1290 mm and a bending moment on the chord.
3 Determining SNCF,, for a double chord length from the two previous FE

Ak (1,-by) A

analyses SNCF o= SNCF,; + SNCF o — 0, OF: SNCF,, =SNCF, .~ SNCF, ,+ _.
0

8973%(1290-200)

For TC38: SNCF,,=SNCF e

- SNCF,,*

tot

4 With SNCF,, and SNCF,, the SNCF for a double chord length is determined

A% (1,-b
SNCF, E=SNCF51+SNCFm0*T1 ( v; )
° 0
SNCF,,,=SNCF, ,+ SNCF, ,x 89737 (2580°200) _gycr 410, 98xsncF,,

4x486102
5 For comparison, a FE analysis of TC38 with 1;=2580 mm and an axial load on
the brace. The results of case 4 and 5 are very similar, showing the

validity of the concept.

=SNCF,,.-5.03*SNCF,,

*(1y=by)

0

89



Table 10. SCFs T-joints, loaded by an in-plane bending moment on the chord
butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. B 2y T B C D A E B C D A E

TC41CB | 025 160 0.50| -0.14 069 134 001 -026/ -0.16 072 141 0.00 -0.24
TC42CB | 025 160 1.00| -023 071 148 009 -034/ -026 075 156 0.09 -0.36
TC20CB | 040 250 050/ -0.12 079 144 -002 -032{ -0.14 083 154 -0.02 -0.26
TC21CB| 040 160 032| -0.09 074 138 0.07 -0.15{ -0.10 077 145 0.07 -0.06
TC22CB | 040 125 025 -0.07 068 129 011 -007; -009 071 136 011 0.03
TC23CB | 040 250 1.00] -020 083 156 -0.04 -041| -023 089 167 -0.04 -040
TC24CB | 040 160 0.64| -0.17 081 153 -0.02 -026/ -0.19 086 162 -0.03 -023
TC25CB | 040 125 050/ -0.15 077 145 -001 -0.16] -017 080 155 -0.01 -0.12
TC43CB | 055 160 0.0/ -0.10 091 155 -0.02 -0.08 -0.10 096 166 -0.01 -0.03
TC44CB | 055 16.0 1.00/ -0.18 099 171 -0.08 -025 -020 1.04 181 -0.09 -0.24
TC26CB | 0.70 250 0.63] -0.01 113 171 -000 -0.13] -000 123 183 0.02 -0.09
TC4CB 070 160 040 -000 095 159 018 0.13] -0.02 101 1.66 023 022
TC27CB| 0.70 12,5 031| -000 092 147 026 025 003 1.00 156 031 035
TC47CB | 0.70 16.0 050/ -0.01 1.02 168 0.2 0.09 -003 1.08 176 0.14 0.16
TC28CB | 070 250 1.00| -0.05 124 182 -0.07 -024{ -005 133 193 -0.07 -0.21
TCI2CB| 070 16.0 0.64| -004 1.09 175 0.04 0.02| -007 117 181 005 0.07
TC29CB | 0.70 12.5 050/ -0.03 1.04 162 0.13 o0.16] -002 111 171 014 023
TC30CB | 070 16.0 1.00| -0.05 123 187 -0.03 -0.14 -005 128 193 -0.03 -0.11
TC31CB| 070 125 0.78/ -007 113 175 001 -0.01f -0.07 120 182 0.0l 0.03
TC45CB| 0.85 160 050/ 009 1.11 185 022 026/ 013 124 198 029 033
TC46CB | 0.85 16.0 1.00/ 009 140 2.13 007 006 012 151 226 0.10 0.10
TC32CB | 1.00 250 079 0.9 148 235 0.09 026/ 020 1.65 255 0.11 032
TC33CB | 1.00 160 0.0[ 0.14 106 172 -0.00 0.6 015 115 1.8 0.00 0.8
TC34CB | 1.00 12,5 039 0.0 088 152 -005 0.08 012 094 159 -0.05 0.09
TC35CB | 1.00 250 1.00/ 017 151 284 011 032 018 167 313 014 038
TC36CB | 1.00 160 0.64 012 126 199 002 020 013 137 211 0.03 022
TC37CB | 1.00 125 050/ 009 098 164 -0.04 013 010 1.04 174 -0.03 0.14
TC38CB | 1.00 160 1.00/ 007 125 245 004 025 008 130 257 0.06 029
TC39CB | 1.00 12,5 078 005 1.09 183 -001 017 006 118 193 0.00 0.19
TC40CB | 1.00 12,5 1.00/ 002 1.05 216 -0.00 020f 003 1.12 229 001 024
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Table 11. SCFs T-joints, loaded by an in-plane bending moment on the brace, not compensated for the
influence of the bending moment in the chord, butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. ] 2y T B C D A E B C D A E

TC41MB| 025 160 050 081 161 161 118 156/ 092 1.76 1.70 130 1.68
TC42MB| 0.25 160 1.00 073 195 198 070 138 0.84 211 211 076 1.46
TC20MB| 040 250 0.50| 445 633 547 392 412 518 7.07 6.10 461 472
TC2IMB| 040 160 032 146 206 1.89 236 248 161 227 203 272 276
TC22MB| 040 125 025 076 1.11 1.03 1.82 193] 072 1.8 1.08 207 211
TC23MB| 040 250 1.00f 7.16 11.12 859 328 3.62| 8.05 1255 941 365 395
TC24MB| 040 16.0 0.64| 246 378 3.18 232 254 273 425 346 255 274
TC25MB| 040 125 0.50) 128 198 1.77 1.87 207 138 217 191 2.04 221
TC43MB| 0.55 160 050 328 414 311 379 3.60] 3.66 4.66 341 425 3.99
TC44MB| 0.55 16.0 1.00| 494 660 456 3.11 2.89| 560 7.19 493 347 3.16
TC26MB| 0.70 25.0 0.63| 9.10 1040 6.38 730 6.26] 1048 11.81 7.15 838 7.17
TC4MB 0.70 160 040 179 261 210 438 394 249 3.07 227 496 441
TC27MB| 0.70 125 031 084 1.19 1.07 3.19 296/ 1.19 138 1.16 357 327
TC47MB| 0.70 16.0 050/ 1.99 327 258 470 4.08) 297 393 288 525 449
TC28MB| 0.70 250 1.00| 13.13 1514 845 740 564| 1572 17.11 934 822 6.16
TCI2MB| 0.70 16.0 0.64] 274 415 3.11 486 4.03| 372 509 342 534 437
TC29MB| 0.70 125 050 138 194 1.68 3.66 322 190 235 185 398 347
TC30MB| 0.70 16.0 1.00{ 372 575 399 439 336 494 681 436 487 3.66
TC3IMB| 0.70 125 078 191 2.85 231 344 289 250 338 255 380 3.14
TC45SMB| 0.85 160 0.50[ 1.81 250 1.79 3.69 341 223 3.07 208 405 3.76
TC46MB| 0.85 160 1.00f 298 481 345 413 350/ 3.63 551 384 451 384
TC32MB| 1.00 250 0.79] 091 269 249 276 3.01] 092 330 29 283 3.14
TC33MB| 1.00 16.0 050, 036 117 091 178 197 036 134 1.03 179 197
TC34MB| 1.00 125 039 020 071 055 137 148 021 083 0.62 136 145
TC35SMB| 1.00 250 1.00f 1.16 335 412 3.12 371 1.17 4.04 477 321 394
TC36MB| 100 160 064/ 046 1.89 147 193 218/ 046 214 1.63 195 223
TC37MB| 100 125 050/ 026 1.02 0.84 147 165 027 1.13 093 147 1.65
TC38MB| 1.00 160 1.00( 064 258 298 228 288 0.64 288 326 234 3.04
TC39MB| 100 125 0.78 036 1.70 1.54 168 199 036 1.89 1.67 171 2.03
TC4OMB| 100 125 1.00f 041 195 239 180 237/ 041 216 259 186 251
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Table 12. SCFs T-joints, loaded by an in-plane bending moment on the brace, compensated for the
influence of the bending moment in the chord, butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. §] 2y T B C D A E B C D A E

TC41MB| 025 16.0 050/ 081 1.60 1.59 118 156 092 175 1.68 130 1.68
TC42MB| 025 160 1.000 073 194 196 070 139/ 084 210 208 076 147
TC20MB| 040 250 050 445 630 541 392 413 519 7.04 604 461 473
TC2IMB| 040 160 0.32| 146 204 185 236 248 161 225 199 272 276
TC22MB| 040 125 025 076 109 1.00 18 193 072 116 105 2.07 211
TC23MB| 040 250 1.00 7.17 11.06 849 328 3.65 807 1249 930 365 398
TC24MB| 040 160 0.64| 247 374 3.11 232 255 274 421 338 255 275
TC25MB| 040 125 050 129 195 171 187 208 139 214 185 2.04 221
TC43MB| 0.55 16.0 050 329 407 299 379 3.61| 367 458 328 425 399
TC44MB| 0.55 160 1.00 496 647 434 312 292 563 706 470 348 3.19
TC26MB| 070 250 063 9.10 1022 611 730 628 1048 1162 686 838 7.18
TC4MB 0.70 160 040 179 250 192 436 393] 249 296 2.08 493 439
TC27MB| 070 125 031| 084 110 093 317 294 119 129 101 354 324
TC47MB| 0.70 160 050 1.99 3.13 235 468 407/ 297 378 264 523 447
TC28MB| 0.70 25.0 1.00{ 13.14 14.85 8.02 742 570 1573 1680 889 824 6.21
TCI2MB| 0.70 160 064 275 397 2.82 485 403 373 490 312 533 436
TC29MB| 070 125 050/ 138 1.80 145 3.64 320 190 220 161 396 344
TC30MB| 070 160 1.00] 3.73 547 3.56 440 339 495 652 392 488 3.69
TC31IMB| 070 125 0.78| 192 263 197 344 289 251 315 220 380 3.13
TC45MB| 085 160 050 1.79 227 141 365 336/ 220 282 168 399 3.69
TC46MB| 0.85 160 1.00 295 433 272 411 348 359 499 306 448 3.81
TC32MB| 1.00 250 079 0.83 209 1.53 272 290 084 263 18 279 3.01
TC33MB| 1.00 160 050 032 086 041 178 192/ 032 101 051 179 192
TC34MB| 1.00 125 039 018 050 0.18 138 146/ 018 060 023 137 143
TC35MB| 1.00 250 1.00 108 260 270 3.07 355 108 321 321 314 375
TC36MB| 1.00 160 064/ 042 145 077 192 211} 041 166 089 194 215
TC37MB| 1.00 125 050 023 073 035 148 1.61| 024 082 041 148 161
TC38MB| 1.00 160 100 061 196 176 226 276/ 060 223 198 231 290
TC39MB| 1.00 125 078/ 034 124 077 168 192/ 033 139 08 171 195
TC40MB| 1.00 125 1.00 040 143 131 1.8 227/ 040 160 145 186 239
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Table 13.

SCFs T-joints, loaded by an axial force on the brace, compensated for the influence of the
bending moment in the chord, butt welds

JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
n0. B 2y 1 B C D A E B C D A E
TC41AB 025 16.0 0.50 6.21 557 359 382 282 6.66  6.08 383 446 324
TC42AB 025 16.0 1.00[ 10.75 9.15 532 277 1.371 11.56 9.88 567 327 1.59
TC20AB 0.40 250 0.50f 1493 13.86 8.15 10.25 8.52| 16.38 15.33 877 1237 9.83
TC21AB| 040 16.0 032 490 408 2.71 5.68 493 520 451 290 674 556
TC22AB | 040 125 0.25 2.53 1.81 1.37  3.89 346] 258 2.08 142 458 3.86
TC23AB| 040 250 1.00| 27.20 2493 12.16 10.18 5.88] 3031 27.37 1328 1143 6.42
TC24AB | 040 16.0 0.64 9.53 8.11 458 6.64 438 1020 9.04 495 740 4.76
TC25AB | 040 125 0.50 5.11 397 247 489 343 550 449 273 542 372
TC43AB | 0.55 160 0.50 729 594 333 7.02 5.45 792 681 3.75 791 6.08
TC44AB | 0.55 16.0 1.00/ 12.50 10.11 467 658 3.70{ 13.78 11.07 5.09 733 412
TC26AB | 0.70 25.0 0.63| 14.31 12.15 590 997  7.63] 15.19 1439 671 1142 8.82
TC4AB 070 16.0 040[ 2.74 2.81 1.80 594 488 379 350 211 6.73  5.51
TC27AB 070 12,5 0.31 1.51 144 095 430 3.68] 2.00 1.88 129 484 410
TC47AB 070 16.0 0.50( 3.45 3.65 224 6.53 5.03] 4.63 450 2.59 730 5.54
TC28AB | 0.70 25.0 1.00| 20.24 17.28 7.09 1024 6.27| 21.77 19.59 791 1136 6.85
TCI12AB| 0.70 160 0.64] 4.64 486 270 690 4.86 5.62 6.19  3.05 7.60 529
TC29AB | 0.70 125 0.50| 248 240 1.48 522 4.00] 3.05 2.95 1.84 572 433
TC30AB | 0.70 16.0 1.00 6.59 727 345 6.57 3.76|  7.62 8.29 386 728 4.13
TC31AB | 0.70 125 0.78 3.75 3.62  2.04 526 345 420 423 234 581 379
TC45AB | 0.85 160 0.50] 242 2.63 136 399 349 286 325 1.64 439 3.89
TC46AB | 085 16.0 1.00f 4.09 526 283 466 3.56| 484 600 320 511 3.95
TC32AB 1.00 25.0 0.79 1.10 287 200 260 276 1.12 349 239 268 288
TC33AB 1.00 16.0 0.50[ 0.53 146  0.71 1.74 1.87 0.52 1.61 0.84 1.75 1.87
TC34AB 1.00 12,5 0.39 035 097 043 1.38 1.44| 0.35 1.10  0.51 1.37  1.40
TC35AB 1.00 250 1.00 145  3.63 347 298 343 149 435 409 3.08 3.65
TC36AB 1.00 16.0 0.64 0.68 2.26 1.20 1.91 2.08 067 252 1.37 193 212
TC37AB 1.00 12,5 0.50 0.46 1.35 0.68 1.50 1.62| 0.46 147  0.79 1.50 1.61
TC38AB 1.00 16.0 1.00 1.05 322 258 233 2.78 1.02 357 295 240 295
TC39AB 1.00 12,5 0.78 0.70 232 1.28 1.76 195 0.69 251 1.44 1.80  2.01
TC40AB 1.00 12,5 1.00f 087 279 215 196 237 0.85 3.02 241 2.03 253
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Table 14. SCFs X-joints, loaded by an in-plane bending moment on the brace
butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. B2y 1 B c D A E B C D A E

XC41IMB| 025 160 050 081 162 162 118 156/ 092 1.77 171 130 1.68
XC42MB| 025 160 100/ 074 197 198 070 138 085 213 211 076 146
XC20MB| 0.40 25.0 050 455 678 552 395 414 507 744 586 4.64 475
XC21MB| 040 160 032 1.51 221 1.96 238 249 163 240 205 273 277
XC22MB| 040 125 025/ 081 110 1.05 1.83 193] 083 123 108 208 212
XC23MB| 040 250 1.00| 722 1147 858 334 365 821 1259 930 372 4.00
XC24MB| 0.40 160 0.64| 252 392 325 236 257 275 432 346 260 277
XC25MB| 0.40 125 050/ 137 204 1.8 1.89 209 151 226 195 207 224
XC43MB| 055 160 050 342 428 314 3.87 365 379 481 344 435 405
XC44MB| 055 160 1.00| 518 684 458 318 292| 584 745 494 355 3.20
XC26MB| 0.70 25.0 0.63] 991 1094 648 752 642| 1072 1280 722 8.63 736
XC4MB 070 160 040/ 1.80 278 2.08 453 405 269 334 233 512 453
XC27MB| 070 125 031 1.02 145 112 330 305 142 179 139 370 337
XC47MB| 0.70 160 050 220 3.50 2.56 486 4.18[ 320 419 285 543 4.60
XC28MB| 0.70 25.0 1.00| 14.08 1587 838 7.62 576| 1549 17.89 923 846 630
XCI2MB| 0.70 16.0 0.64| 3.02 444 3.06 503 4.12| 376 542 337 553 447
XC29MB| 070 125 050 1.59 225 1.69 3.80 330[ 203 267 198 414 3.56
XC30MB| 0.70 160 1.00| 4.16 636 397 454 342 498 716 435 503 372
XC31MB| 0.70 125 078 224 3.16 226 3.58 295 261 3.62 252 395 321
XC45MB| 0.85 160 050 209 264 158 3.85 351 251 323 186 422 3.87
XC46MB| 085 160 1.00| 347 499 3.04 430 359 415 571 341 470 3.92
XC32MB| 1.00 250 079 091 238 174 277 295 091 296 209 284 3.07
XC33MB| 1.00 160 050/ 038 105 052 1.8 197/ 039 121 062 1.8 197
XC34MB| 1.00 125 039 022 063 026 143 150 023 076 032 142 147
XC35MB| 1.00 250 1.00] 1.17 298 3.03 313 361] 118 3.64 360 322 3.82
XC36MB| 1.00 160 064/ 050 171 093 198 217/ 050 195 107 2.00 220
XC37MB| 1.00 125 050 030 092 046 1.53 166/ 031 1.03 055 153 1.66
XC38MB| 1.00 160 1.00| 074 238 2.09 234 283 074 2.68 235 240 298
XC39MB| 1.00 125 078 045 158 096 175 198/ 045 176 108 178 2.0l
XC40MB| 1.00 125 1.00| 055 1.84 1.62 1.88 235 055 206 181 193 247
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Table 15. SCFs X-joints, loaded by an axial force on the brace
butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. B 2y T B C D A E B C D A E

XC41AB| 025 160 050/ 6.60 594 382 400 2.84| 7.06 649 407 469 328
XC42AB| 025 160 1.00 1146 9.73 565 293 1.26| 1229 10.50 6.00 3.46 147
XC20AB| 040 250 0.50| 16.06 14.85 863 1088 8.89| 17.57 1643 929 13.11 10.22
XC21AB| 040 160 032| 536 446 295 6.05 517 567 491 315 720 5.83
XC22AB| 040 125 025 281 202 152 415 3.62| 28 231 157 489 405
XC23AB| 040 250 1.00] 2921 26.60 12.78 10.83  5.94| 3249 29.17 13.95 12.15 6.49
XC24AB| 040 160 0.64] 1039 879 493 7.09 448] 11.09 978 532 791 4.87
XC25AB| 040 125 050 568 436 270 523 3.51| 6.03 492 298 580 3.81
XC43AB| 055 160 050 821 648 358 7.55 572 874 741 402 851 639
XC44AB| 0.55 160 1.00| 1401 10.83 492 7.04 3.73| 1522 11.82 535 7.84 415
XC26AB| 0.70 250 0.63] 1588 1299 6.12 10.64 8.00| 1642 1532 6.95 12.17 925
XC4AB 0.70 160 0.40[ 325 3.04 1.87 638 513| 433 378 218 723 580
XC27AB| 070 125 031 1.82 151 097 4.63 3.86] 232 199 132 521 431
XC47AB| 0.70 160 0.50] 4.06 390 230 7.00 524| 525 481 265 7.82 577
XC28AB| 070 250 1.00{ 2224 18.04 7.13 10.85 6.42| 23.38 2038 7.95 12.04 7.0l
XCI2AB| 070 160 0.64] 534 513 271 736 499 638 658 3.06 812 543
XC29AB| 070 125 0.50] 295 247 148 561 4.11| 351 306 1.83 615 445
XC30AB| 070 16.0 1.00f 748 737 332 698 3.74| 848 843 371 773 4.10
XC31AB| 0.70 125 0.78] 440 360 195 563 344 482 424 224 622 377
XC45AB| 085 16.0 050 277 243 110 4.02 3.41| 3.19 3.04 135 442 379
XC46AB| 0.85 160 1.00] 447 449 212 4.64 335 519 518 241 508 370
XC32AB| 1.00 250 0.79] 086 180 1.06 227 229 08 226 133 233 237
XC33AB| 1.00 160 0.50; 043 090 034 1.62 165 043 1.04 044 1.62 1.65
XC34AB| 1.00 125 039 028 059 020 132 132 029 071 025 131 129
XC35AB| 1.00 250 1.00{f 1.16 224 1.8 257 277 1.16 277 230 265 293
XC36AB| 1.00 160 064 056 144 062 175 179 057 165 074 177 1.82
XC37AB| 1.00 125 050 038 083 034 143 145 039 094 041 143 144
XC38AB| 1.00 16.0 1.00 091 1.99 135 213 229 091 226 1.57 218 242
XC39AB| 1.00 125 078 061 140 0.63 166 1.68] 0.61 1.58 074 169 171
XC40AB| 1.00 125 1.00f 079 166 1.09 1.8 199 079 1.89 126 192 211
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A similar method is applied to all SCFs for T-joints loaded by in-plane bending moment on the
brace, this time based on equation (5-2). In this way, Table 12 was derived from Table 11 by
"subtracting" the influence of the bending moment on the chord. For axial load on the brace the
results are only presented after exclusion of the influence of the bending moment according to

Equation (5-1). See Table 13.

If the influence of the bending moment on the chord of T-joints is excluded, a comparison between
T- and X-joints can be made (Table 14 vs. Table 12 and Table 15 vs. Table 13). Plotting the SCFs
of T-joints against the SCF of X-joints with the same non-dimensional parameters for lines A to
E in case of an in-plane bending moment on the brace (Figure 28) and an axial force on the brace

(Figure 29) shows a very close agreement between the two joint types.

Note that:

- The minimum value for SCF,, and SCF,, is taken as 2.0 (see Chapter 2.5).

- For joints with p=1.0 the stress concentration factors for X-joints are lower than for T-
joints. This is due to the fact that the loads in X-joints are directly transferred from brace
to brace via the side wall of the chord, whereas for T-joints the loads are transferred to the
ends of the chord. This results in lower SCFs for axially loaded X-joints along lines C and
D, which is taken into account by applying a correction factor of 0.65 for line C and 0.5
for line D on the SCF,,,,,, for axially loaded X-joints with f=1.0. These correction factors
are given in Tables 18 and 19.

As a result, one set of parametric formulae can be used for SCF,, and SCF,, for T- and X-joints,

unlike many other investigations which have come up with different sets of equations for T- and

X-joints. For instance Smedley [98] who derived completely different terms for the two types of

joints, based on an analysis of a large database of experiments. Soh and Soh derived formulae

containing an o influence for X-joints [104], which does not seem logical (except as a correction

factor for short chords).
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The approach of separating the influence of the bending moment in the chord has 3 distinct
advantages:
- Elimination of o in the parametric formulae.

This parameter can be included in a non-dimensional way in Equation (5-1).

In order to arrive at completely non-dimensional parametric formulae, as for the types of

joints and loadings, a certain idealization is necessary:

L . . bg
The moment of inertia of a solid square section I,=___

o TTC
The elastic section modulus of a square chord with wall thickness t,and no rounded corners

bg - (by=2t,) ¢ _bg-bg +8bit,~24bits+32b,t s -16ts

DI,
0 17 7

Lo
B,

. . 8bit,-24bit{+32b,ts-16t,
this results in wy=__°"° 24b°t6°b3 Dqto 6t°z.§bot0(b0—3t0).
0

As W,=2

As n,=4t,* (b,-t,) (again neglecting the corner radii) and l;=cb, /2:

A (Lg=by) _ 3+4(b, -ttty (oby/2-by) _3(B-t/2y) T (a/2-B) _3T(2yB-1) " (a-2P)

oW, Tb,t, (b,-3t,) - 4 (T=37271" 4 8(ZY-3)

Therefore: S, =0,,* (SCF, +SCF," 3“223('22_'3()0"25) ) (5-3)

- Additional bending moments in the chord, asymmetrical support conditions of the chord
and other effects can be elegantly included in the determination of S, : namely by
determining all forces on the members and applying Equation (2-2)

(ths: G,m1~SCFm,+o,al-SCFa]+ Grm0~SCFmO+ ., ‘SCF,,) for the determination of Srhs

- One set of parametric formula can be used for both T- and X-joints.
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Influence of axial load on the chord

In order to check whether the parametric formulae for bending moment in the chord of T-joints can

also be used for an axial force on the chord, 5 T-joints are analysed by the FE method, applying

an axial force on the chord. The SCFs are compared with the SCFs obtained from the parametric

formulae for a bending moment on the chord. As the SCFs for lines A, B and E are negligible for

all cases considered, only lines C and D need to be considered. As no differences larger than 20%

are found (see Table 16, results for in-plane bending moment on the chord taken from Table 10),

it is acceptable to apply the parametric formulae for T-joints loaded by an in-plane bending moment

on the chord to T-joints with an axial load on the chord.

As even for more critical load cases the difference between X- and T-joints is small (see Chapter

5.2), the formulae are also applicable to X-joints.

By applying these formulae also to X-joints loaded by axial force or bending moment on the chord,

the range of application of the parametric formulae is then covered for all load cases.

Table 16. SCFs T-joints, loaded by an axial force (FB) or in-plane bending moment (CB) on the chord
butt welds
JOINT NON-DIM. SCF linear extrapolation SCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. B2y 1 B C D A E B C D A E
TC41CB | 025 160 050/ -0.14 069 134 0.01 -026] -0.16 072 141 000 -0.24
TC41FB | 025 16.0 050/ -0.16 080 1.56 002 -036/ -0.18 083 1.64 0.01 -035
TC43CB | 0.55 16.0 050/ -0.10 091 1.55 -0.02 -0.08 -0.10 096 1.66 -0.01 -0.03
TC43FB | 0.55 160 050/ -0.13 1.01 176 -0.08 -0.22| -0.13 1.05 1.88 -0.07 -0.17
TC28CB | 0.70 250 1.00{ -005 124 1.82 -0.07 -024| -0.05 133 193 -0.07 -0.21
TC28FB | 0.70 250 1.00{ -0.13 130 2.06 -0.14 -039( -0.14 138 218 -0.14 -0.37
TC33CB| 1.00 160 050/ 014 106 172 -000 0.16f 0.15 1.15 1.82 0.00 0.18
TC33FB 1.00 16.0 0.50f 0.12 1.04 173 -0.19 -0.09] 0.14 112 1.8 -0.18 -0.07
TC35CB | 1.00 250 1.00f 017 151 284 011 032 0.18 1.67 3.13 0.14 038
TC35FB 1.00 250 1.00, 0.11 133 247 -0.12 -0.02| 0.11 143 270 -0.10 0.02
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Table 17. SNCFs T-joints, loaded by an in-plane bending moment on the brace, not compensated for the
influence of the bending moment in the chord, butt welds
JOINT NON-DIM. SNCF linear extrapolation SNCF quadratic extrapolation
PARAMETERS CHORD BRACE CHORD BRACE
no. B2y ot B C D A E B C D A E

TC41MB| 025 160 050/ 054 128 131 110 146/ 063 139 138 122 157
TC42MB| 025 16.0 1.00] 054 1.57 1.63 065 127 063 166 173 070 133
TC20MB| 040 250 0.50| 346 524 440 365 383 411 579 4.8 416 429
TC21IMB| 040 16.0 032 1.03 1.67 149 223 233 117 183 157 249 254
TC22MB| 040 125 025/ 053 085 080 173 182 050 09 084 191 194
TC23MB| 0.40 250 1.00/ 591 9.18 709 3.00 331 677 1036 7.72 331 3.59
TC24MB| 040 160 0.64| 1.89 3.08 254 213 233 211 347 274 234 251
TC25MB| 040 125 050 096 1.64 139 172 190 1.02 180 149 1.88 2.03
TC43MB| 055 160 0.50| 245 325 231 343 322 284 367 255 .3.83 355
TC44MB| 055 160 1.00] 3.94 527 353 276 251 458 562 385 3.06 273
TC26MB| 070 250 063| 7.76 831 465 662 550 891 943 528 751 620
TC4MB 0.70 16.0 040 146 1.94 151 404 356/ 181 217 165 452 39
TC27MB| 070 125 0.31] 1.08 121 082 296 272 140 129 089 329 297
TC47MB| 0.70 16.0 050 171 254 1.89 428 3.62| 234 287 211 475 397
TC28MB| 0.70 25.0 1.00[ 1141 1220 646 662 4.80| 1379 1381 722 729 523
TCI2MB| 0.70 16.0 0.64| 253 3.15 228 438 355 305 377 254 480 3.84
TC29MB| 0.70 125 050/ 1.85 195 128 330 285 238 224 141 359 3.08
TC30MB| 0.70 16.0 1.00| 4.07 444 3.02 391 288 482 509 334 431 312
TC31IMB| 0.70 125 0.78| 276 281 1.76 3.06 251 350 311 195 335 271
TC45MB| 0.85 16.0 050 278 343 141 356 325 387 408 169 3.86 3.55
TC46MB| 0.85 16.0 1.00] 438 617 255 376 312 587 693 293 407 338
TC32MB| 1.00 250 079 1.03 406 1.80 276 294 103 493 201 282 3.06
TC33MB| 1.00 16.0 0.0 044 1.79 066 1.83 199 044 201 073 1.83 199
TC34MB| 1.00 12,5 039 026 1.07 039 142 152 026 123 042 141 149
TC35MB| 1.00 250 1.00 128 495 289 306 354 129 594 316 3.12 374
TC36MB| 1.00 160 0.64| 055 275 1.05 195 216/ 055 313 113 197 2.19
TC37MB| 1.00 125 050/ 034 149 060 151 166/ 034 166 065 151 1.66
TC38MB| 1.00 16.0 1.00 077 357 209 222 275 076 388 218 228 289
TC39MB| 1.00 125 078 047 237 115 167 193] 046 262 121 170 196
TC40MB| 1.00 125 1.00[ 053 265 171 176 225 052 290 177 1.80 238
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5.4 Comparison of SNCFs and SCFs

In earlier investigations, the ratio between SCF and SNCF was assumed to be approximately 1.1
as found in another research project [65]. The relationship between stresses and strains is given

below:

Ty (e, +V: (€,+E,)) (5-4)

If x is the direction perpendicular to the weld and assuming that strains in the other directions are

small, (5-4) reduces to:c,= li g = e,~1.1EE.

Whereas this ratio is still applied when no other data is available, for instance to compare measured

strains to Srhs -N; lines based on stresses, this ratio might be dependent on the geometry of the joint.

To check this assumption, the SNCFs are also determined for the case of T-joints loaded by in-
plane bending moments on the brace, presented in Table 17. The results are compared to the
corresponding SCFs in Table 11. The comparison is presented in Figure 30. As can be observed
in this figure, the average ratio between SCF and SNCF is about 1.1, but values lower than 0.6 and
higher than 1.4 also occurred. For higher SNCFs, the ratio between SCF and SNCF approaches 1.1,
suggesting that in this case the other strain components are less significant with respect to the strain
perpendicular to the weld toe. As a result, comparison between SCFs and SNCFs should be carried

out with great care.
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Figure 30. Comparison between SNCFs and SCFs for T-joints loaded by an in-
plane bending moment on the brace, quadratic extrapolation.
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5.5 Background to regression analyses

Aim of the regression analysis

A computer program has been developed in order to carry out the present analyses. Many
combinations of trial functions have been tested before arriving at the final formulae. The concept
is to obtain the simplest possible formulae which gives a good sum of the squares of the residuals
and acceptable individual residuals, both absolutely and relatively to the SCF. Also, the shape of
the formulae is kept the same for all lines and load cases considered, so that only the constants in

the formulae are changed.

Checks on the accuracy of the formulae

The absolute residuals are expressed as follows:

Absolute error = SCF -SCF

formula FE analysis

The relative residuals are expressed as percentage error due to the formulae as follows:

(SCF -SCF

formula FE analysis)

SCF

Percentage error = 100

FE analysis

While the sum of the squares of the residuals gives a measure of the overall goodness of fit of a
particular formula, the residuals also show whether any variables have been left out, or a higher
order influence of a parameter exists. Also, the significance of errors of individual values can be
observed and decisions made on their weight and as to whether a function is acceptable within the

limits of engineering accuracy, without having to resort to statistical tests.

It is particularly important that either the relative error or the absolute error of all data points
available is small (for instance, a relative error of 40% is no problem for SCFs close to 1 as a
minimum value of 2.0 is used for SCF,, and SCF,,,, but it is important for an SCF of 10). Further-
more, the individual importance of each data point is to be considered, taking into account which
points are relatively less accurate. For f=0.7, and especially B=0.85, the SCF is very sensitive to

small changes in geometry and/or FE model).
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Data used for the regression analysis

The SCFs (numerical analysis with butt welds) used for the regression analysis are given in Table
10 and Tables 12 to 16. As noticed in Chapter 5.2, axially loaded X-joints with f=1.0 have a more
favourable stress distribution than T-joints. To be able to treat data sets from T- and X-joints as one
population, the SCFs of the parametric formulae for axially loaded X-joints with B=1.0 were
multiplied by 0.65 for line C and 0.5 for line D to allow the comparison of the FE results for T-

and X-joints and the determination of relative and absolute errors.

Function types investigated

It was found that the type of general function most suitable for the formulae was:
3(8)
SCF = f,(0)f,(B) 2y (5-5)

The types of functions to be used are limitless. However, of the two obvious choices, polynomials
or Fourier series, the former has been preferred here, since it applies better to the kind of
relationship needed, is easier in use for the designer and more consistent with existing formulae.

As shown below, some influences can be covered by a parameter raised to a power.

It is also found that with the above formulation, by taking the regression analysis for any chosen
function f,, iteration has to be carried out for all parameters in f, and f; (non-linear regression).
First, starting values are filled in, then the parameters of the polynomial in f, are solved directly,
then the parameters in f; and f; are improved etc., until the sum of the squares of the absolute errors

reaches a minimum.

Any desired combination of polynomial (or other) functions can be used with the computer
program, which then gives the constants to the functions. These constants can be rounded off to the
required number of significant figures and the residuals determined. The influence of rounding off
the constants to a required number of significant figures has also been observed by comparing the
residuals using these rounded off constants with those obtained directly from the regression analysis
(without rounding off the constants). It has been observed that the number of decimals given in the
formulae cannot be rounded off to two decimal places without affecting the accuracy. This is
mainly due to the difference in magnitude of the parameters: rounding off to two decimals would
influence some parameters by as much as 10%, resulting in an even higher percentage difference
for the SCFs.
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5.6

Establishment of parametric functions for loading on the brace

The general type of formula given in equation (5-5) is split into 3 functions:

f, (the influence of 1)

As can be seen in Figures 31 and 32 (see Chapter 5.8), the influence of T can be described
fairly accurately as: f,(T)= 17 for the chord and f,(1)=1 (no influence) for the brace. After
this correction, the data points for the same B and 2y but different T coincide fairly well.
A more accurate description would include B and 2y in f;, which would complicate the
graphical presentation considerably .

f,

The basic influence of B appears to be roughly parabolic for lines A to E. A function of
the type: f,(B)=a+bP+cp’ is therefore used. It may be noted that the limits of B are set at
0.35 to 1.0 and not 0.25 to 1.0. This is because only 2 data points are available for p=0.25,
and although they are useful in the total regression analysis to determine the joint behav-
iour, they could give misleading information for 2y values other than 16. Also, B values for
rectangular hollow section joints under 0.4 are uncommon for structures loaded in fatigue.
From the regression analysis an additional factor for 2y in f, was found necessary for line
C only: £,(B,2y)=a+bB+cB*+d2y.

fs

For the joints with B = 0.4/0.7/1.0, the SCF values increase in both members with

increasing 27. The relationship between the SCF and 27 is described by a parabolic function
in B. Thus: fy(B)=e+{P+gB>

The following formula is then established:

SCF =

Here:

(a + bB + cB? + d2y)2y g b (5-6)

- a to h constants in the formula.

- h=0 for the brace and h=0.75 for the chord.

- For all lines except line C: d=0.

- The other parameters are determined by the least squares method, treating the FE

results for T- and X-joints as one population.

Line A always had larger SCFs than line E, or the SCFs of the two lines were within a few percent

of each other, except for B=1.0. In cases where line E was more than 10% higher than line A, line

E also had the highest SCFs for the other load case.
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Therefore, and because the loads in the chord do not influence lines A and E, it is possible to use
the maximum SCF of the brace instead of determining 2 formulae for lines A and E respectively.
Note that a similar approach for the chord is less easily established, due to the influence of the
bending moment in the chord and the fact that the highest SCF is also dependant on the type of

loading, which causes problems for superposition of load cases.

5.7 Establishment of parametric functions for loading on the chord

All values of SCF,, for lines A, E and B are below 0.4 and therefore negligible. So only functions
for lines C and D are established. A simplified form of Equation (5-6) is used with parameters
b,c,d,f and g equal to 0, leaving SCF=a2y - " Note that the influence of T is now much smaller,
about 0.2 as opposed to 0.75 for SCF,, and SCF,,, (the data points with the same B and 2y, but
different T generally coincide after this correction). This is due to the fact that the force on the
members is not linearly related to the wall thickness of the brace as for SCF,; and SCF,,. Another
difference is that SCF,, is not limited to a minimum of 2.0, since it is to be multiplied by other
nominal stresses and the stress pattern is much clearer so that less underestimation occurs by
limiting the number of locations and directions where the stresses are determined. Due to the

analyses carried out for an axial loading on the chord, the formulae can also be used for SCF,,.
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5.8 Results of the parametric study

The formulae are summarized in Table 18 (SCF based upon quadratic extrapolation) and in Table
19 (based upon linear extrapolation). A uniform type of function is obtained, usable for both X-
and T-joints, chord as well as brace. The formulae are still reasonably simple to use and also agree
better with the points determined by FE analyses than the preliminary formulae as established in

[1, 10, and 16].

In Figures 31 to 33, the formulae are presented by plotting B against the SCF for various values
of 27y. The third parameter, 7, is included in the SCF. Note that the data points which are taken from
FE analyses on T- and X-joints, show [ in their position along the X-axis, 27y in the type of symbol

and 7 in the size of the symbol.

The SCFs for various types of load (axial load or in-plane bending) are now known as a function
of the geometry of the joint. Because fixed positions are selected, superposition is allowed, so that
the determination of the hot spot stress according to Equation (2-2) becomes possible. The hot spot

stress range for any arbitrary combination of loads is determined as follows:

S

h

=0, SCF,+0, SCF,+ 0, SCFut o, SCF, (2-2)

The nominal stress range G,, is the stress range in the member determined from beam theory,

without taking the stress discontinuity due to the presence of the joint into account.
Together with appropriate S, N lines (established in Chapter 7), based entirely on experiments

or with N taken from experiments and S,hsbased on the SCFs taken from the parametric formulae,

the formulae form a basis for the fatigue design of T- and X-joints in square hollow sections.
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Table 18. SCF formulae for T- and X-joints made with square hollow sections,
quadratic extrapolation

SCFs for T- and X-joints, loaded by a bending moment on the brace (SCF,,)

LINE

B SCF=(-0.011+0.085-3-0.073 -Bz)-zy<‘~722+1-‘51'B*"697‘ﬂ2>fc 075

C SCF=( 0.952-3.062-B+2.382-3%+0.022827) 2y COOISEITBAG8SE 7 075
D SCF=(-0.054+0.332B-0.258 )2y G.0%+10628105278) 7 075

AE SCF=( 0.390-1.054-B-+1.115-§?) 2y (0154+4:555B3.5098)

SCFs for T- and X-joints, loaded by an axial force on the brace (SCF,))

LINE

B SCF=( 0.143-0.204-B+0.064 B?) 2y 1377171581105 7 075

C SCF=( 0.077-0.129-+0.061 B*-0.0003 2y) 2y (-565+1874-1.0258% . 075
D SCF=( 0.208-0.387-B+0.209-3?) 2y 0525239818818 7 075

AE | SCF=(0.013+0.693B-0.278 )2y 070188621008

SCFs for T- and X-joints, with loads on the chord ~ (SCF,, , SCF,)

LINE
C SCF=0.7252y 02487 019
D SCF=1.3732y0%5B.g 04
B,A,E | negligible i.e.. SCF=0
Range of validity: 035< B 1.0
125<2y €250
025< 1 <10
1.0 <1/t<4.0
Minimum SCFs for the brace: SCF,,, SCF,,, 2 2.0
X-joints,p=1.0: line C SCF,;=0.65SCF,mua

line D SCF,,;=0.50-SCF;, .

Fillet welds:  (if B is close to 1.0, line A cannot have  lines A,E SCF,, ,=1.40-SCF,,,
a fillet weld)
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Table 19. SCF formulae for T- and X-joints made with square hollow sections,
linear extrapolation

SCFs for T- and X-joints, loaded by a bending moment on the brace (SCF,,)

LINE

B SCF=(-0.005+0.054-B-0.047-B?)-2y (5961798813108 .7 075
C SCF=( 0.826-4.694 B+4.109-B>+0.0899 2y) 2y 07214797 4038 8% 7. 075
D SCF=(-0.035+0.273-B-0.221 32) 2y | 90-0728B:03736 1 075

AE | SCF=(0.396-1.066-B+1.119-7)2y (0 sw4s0ps6issh

SCFs for T- and X-joints, loaded by an axial force on the brace (SCF,))

LINE
B SCF=( 0.125-0.178-B+0.057-7)2y (94119481 2508%) 7 075
C SCF=( 0.068-0.125 B+0.063--0.0002-2y) 2y (156" 80208537 075
D SCF=( 0.168-0.310-B+0.174:32) 2 1 015:2283 5193167 075

AE | SCF=(-0.067+1.075-0.708-B?)2y 051431 515739

SCFs for T- and X-joints, with loads on the chord (SCF,, , SCF,y)

LINE
C SCF=0.708 2y 22B.7 020
D SCF=1.322:2y *195%. 0.4
B,A.E negligible i.e.:. SCF=0
Range of validity: 035< B £1.0
125<2y €250
025< 1 <10
1.0 <1/t<4.0
Minimum SCFs for the brace: SCF,,, SCF,,, 2 2.0
X-joints,B=1.0: line C SCF,;=0.65'SCF 1

line D SCF,,=0.50-SCF

formula

Fillet welds:  (if B is close to 1.0, line A cannot have  lines A,E SCF,, ,,=1.40-SCF
a fillet weld)

formula
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6 INFLUENCE OF CORNER RADII AND WELD ON THE SCF

6.1 Introduction

In Chapter 5, parametric formulae for the designer have been established. However, the
parametric study which forms the basis of the proposed design method concentrates entirely on
butt welded joints with specific weld dimensions (w,=t,+2, w,=t,/2) and corner radii (r/t=1 to 2,
depending on b) only. As different manufacturers supply rectangular hollow sections with
different corner radii and as different welding standards and weld types demand different weld
dimensions, it is important that the influence of variations of corner radii and weld dimensions
on the SCFs as determined by the parametric formulae is known. The need therefore arises to
study the effect of different corner radii and welds with different dimensions on the stress
concentration factor and compare the results to the parametric formulae, in order to extend the

range of application.

In principle, according to the method described in Chapter 5.1, many combinations of B, 2y, 1,
1y, I;, W, and w, for welds with and without full wall penetration should be analysed. Studying 3
cases per parameter results in 3*=6561 combinations per type of joint and per load case. The
resulting parametric formulae would have to cover the complete range and incorporate terms for
all parameters and cross terms. It is obvious that the number of FE analysis required, the
subsequent statistical analysis and the resulting complexity of the parametric formulae effective-

ly prohibit application of this method.

Therefore a simpler form is used for the parameters r,, r,, w,, w, and wall penetration. This is
based on variation of the parameter considered on a basic geometry. To allow for a study of the
interaction between P, 2y, T and the parameter considered, this is done for 7 basic geometries,
listed in Table 20. Four geometries study the effect of the B ratio for 2y=16 and 1=0.5. For
B=0.7 and 7=0.5, two additional values of 2y are considered, namely 2y=12.5 and 2y=25, in
order to get an impression of the influence of 2y. The influence of 7 is studied by including a
joint with t=1.0 for 2y=16 and B=0.7. All studies were carried out on T-joints with an axial load
on the brace. Therefore, this method does not cover interactions between, for instance, variations

inr, and r,.
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Table 20. Basic geometries, used for the investigation of the influence of corner radii
and weld
CHORD BRACE Non-dimensional Weld Size (exte-
(mm) (mm) parameters rnal)

b, ty 1, b, t, T B 2y T W, w,
200 125 250 50 6.3 6.3 025 16.0 0.50 32 83
200 125 250 80 6.3 6.3 0.40 16.0 0.50 32 8.3
200 125 25.0| 110 6.3 8.8 0.55 16.0 0.50 32 8.3
200 125 25.0| 140 6.3 8.8 0.70  16.0 0.50 3.2 8.3
200 80 16.0| 140 4.0 5.6 070  25.0 0.50 2.0 6.0
200 16.0 32.0| 140 80 112 0.70 125 0.50 4.0 10.0
200 125 250 140 125 175 0.70  16.0 1.00 6.3 14.5

6.2 Setup of the numerical work

Analyses carried out

- In order to study the influence of the brace corner radius, 4 FE analyses per basic geometry

have been carried out with r,/t; = 1, 2, 3 and 4 respectively.

- The influence of the chord corner radius is studied by carrying out 4 FE analyses per basic

geometry with r/ty = 1, 2, 3 and 4 respectively.

- In order to investigate the influence of the weld, all basic geometries are investigated for

3 welds (see Figure 34):

- fillet welds (w,=w,=t,\2)

- fillet welds with full wall penetration (w,=w,=t, 2)

- butt welds (w,=t,/2, w,=t,+2), as used in Chapter 5.

As a consequence of the choice of parameters, some sections are outside the normal manufacturing

ranges. These cases, which all have r,/b>0.25 or r,/b,>0.25 are shown as dashed lines in Figures

36 and 37 and are commented upon wherever necessary.
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Measurement lines considered

Because of the definition of lines A to E (see Figure 4), the position shifts with r, (see Figure
35), so that lines A and E coincide for r;=3.41t, and for larger brace corner radii even cross
each other. For the establishment of parametric formulae for the brace, lines A and E have been
combined by always choosing the higher SCF of the two, see Chapter 5. For all cases conside-
red in this chapter, line A has higher SCFs than line E (see Table 13). Therefore, line E is not

considered in this chapter.

’ | s / s
/" cHORD P CHORD P CHORD P
7/ / 2 '———-—/
FILLET WELD FULL PENETRATION FILLET WELD BUTT WELD

Figure 34. Types of weld investigated.

A/B C A/B L
I 7 I
E/D I(/ E/D
('_] )
1
t t—y kK
r/ty =10 r/t; =2.0 ri/ t, =40

Figure 35. Relationship between r, and the position of lines A to E.
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6.3 Influence of the corner radii on the SCF

For the corner radii, the ratio of SCF/SCF;my, is plotted against the radius divided by the radius
used for the determination of the formulae, as presented in Table 20. This presentation in
Figures 36 and 37 shows directly the influence of the corner radius compared to the accuracy of
the formulae, as for r=r,,,, the SCF obtained should be SCFy,,,. It should be noted that the
formulae can sometimes give a deviation of up to 20%, compared to the FE analyses on which
they are based, due to the curve fitting (see also Figures 31 to 33). After exclusion of the
unrealistic geometries (r/b>0.25), shown as dashed lines in Figures 36 and 37, the general
tendencies can be given for the influence of r, and r, on the SCFs of lines A, B, C and D.
These tendencies are summarized in Table 21, by giving the relative change in SCF per relative
change in corner radius, ie. the slope of the lines in Figures 36 and 37. The slope is the change

in SCF (in %) when r is changed by Iy, (for instance from 1 to 2 times Teymua)-

Table 21. Influence of corner radii on the SCF

CHORD CORNER RADIUS BRACE CORNER RADIUS
average SCF/SCF i average SCF/SCFy
/T ormula LINE LINE LINE LINE /Mol LINE LINE LINE LINE
A B C D A B C D
0.75 1.07 1.04 103 112 0.52 1.07 103 09 1.10
2.86 090 091 090 092 2.00 078 0.84 0.88 1.15
ASCF (%) -12 -9 -9 -14 | ASCF(%) -14 -9 -4 +2
Ar Ar
(SLOPE) (SLOPE)
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Figure 37. Influence of r, and r, on the SCF for various values of 2y and 1.
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Influence of the corner radius of the brace on the SCF

Of all brace corner radii investigated, only a few cases differ substantially more than 20% from the

formulae. This is only the case for r,/t,=4 and as the SCFs are lower than the parametric formulae,

the formulae are safe. The only substantial underestimation is line D, 2y=25 B=0.7. This is mainly
caused by the parametric formula, which slightly underestimates the SCF in this case.

Relationship between the SCF and the brace corner radius per line.

Line A A clear influence can be found, independent of the geometry. The SCF decreases somewhat
linearly with increasing r, for all geometries investigated, allowing a correction factor to
be established.

Line B The influence is smaller than for the brace and slightly non-linear in I,

Line C The influence of the corner radius of the brace on the SCF along line C is rather small for
all geometries investigated.

Line D The average influence of the brace corner radius for line D is small, but varies for different
geometries. Especially for larger values of B and 2y, there appears to be an increase of SCF
with increasing brace corner radii. No uniform correction factor can be given or seems

necessary.

Influence of the corner radius of the chord on the SCF

The comparison of the FE analyses with the parametric formulae shows aspects which are very

similar to the observations for the influence of the brace corner radii. Only a few cases differ

substantially more than 20% from the formulae. This is only the case for r,/t,=4 and as the SCFs
are lower than the parametric formulae, the formulae are safe. The only underestimation is found
for line D, 2y=25 B=0.7 (as was the case for the influence of the brace corner radius).

Relationship between the SCF and the chord corner radius per line.

Line A The SCF is not linearly dependent on r,. An influence can be found, which is dependent
on the geometry. A correction factor can be established, but in order to be accurate, B, 2y
and T may have to be incorporated.

Line B The influence is strongly dependent on the geometry of the joint and non-linear in T,

Line C The influence of the chord corner radius on the SCF along line C is linear in r, and const-
ant for various P ratios. But for smaller values of 2y the relationship between the SCF and
1, is not very clear.

Line D The SCF decreases somewhat linearly with increasing r, so that a correction factor could

be established.
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6.4 Influence of the weld on the SCF

Influence of the type of weld on the SCF

The first comparison, shown by the filled symbols in Figure 38, is between a normal fillet weld
(We=w,=t,~/2) and a fillet weld with the same external weld dimensions, but with full wall
penetration. As can be seen in Figure 38, the influence of the full wall penetration on the SCF
is negligible in all cases investigated. The fillet welded joints with full wall penetration and the
fillet welds with the same weld dimensions and joint geometry but no wall penetration have

virtually the same SCF.

Influence of the shape of the weld on the SCF

The influence of the size of the weld is more important (the open symbols). Two cases are
analysed, namely wy=t,/2, w,=t,+2 (a typical butt weld size) and w=w,=t,"/2 (a typical fillet
weld size, but with full wall penetration). In case t, is small, the weld dimension along the brace
w, is about the same for both weld shapes: t,+2~t, /2 (less than 10% difference if 3.5 <t; <7
mm), so that the main difference between both weld shapes occurs for w,. For the case with
=10 (t,=12.5 mm), w,=14.5 mm for the butt weld shape and 17.68 mm for the fillet weld
shape, a difference of about 20%. As can be seen in Figure 38 and Table 22, the difference in

weld dimensions has an important influence on the SCF.

Relationship between the SCF and the weld dimensions per line

Line A The SCFs of the fillet weld dimensions were about 33% higher than those of
butt welded joints with the same geometry. The recommended factor of 1.4 for
the determination of the SCF of fillet welds for line A [3] is confirmed by the
results.

Line B,C,D For B<0.7 the SCFs of fillet welded joints were generally slightly lower than for
butt welded joints (15% on average). For $=0.7 the SCFs were 35% lower. For
the geometry with 1=1.0, the difference was even larger (50%). So the SCFs in
the chord were generally lower for fillet welded joints, but the differences with

butt welded joints varied from 0 to 50%, depending upon the joint geometry.
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Table 22. Influence of the weld on the SCF

SCFﬁllet weld/SCFbutt weld

LINE A LINE B LINE LINE
C D
minimum 1.32 (1.22) 0.66' (0.45) 0.73%* (0.63) 0.79 (0.62)
maximum 1.37 0.99 0.93 0.88
average 1.33 0.84 0.85 0.83
Note: 1=1.0 in brackets and not used to determine to average.
! B=10.7, 2y=12.5 or 16.0,
2 B=10.7, 2y=16.0
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Figure 38. Influence of the weld penetration and weld dimension on the SCF.
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6.5 Conclusions on the range of validity of the parametric formulae

Experimental data on the influence of the corner radii

No experiments have been carried out to verify the numerically determined influences of corner
radii in this research programme. However, some experimental evidence is provided by tests carried
out on K-joints. Some of the joints were made of hot finished sections, other joints were made from
cold finished sections (the latter usually having a larger corner radius). In this case the cold formed
sections had a slightly better fatigue behaviour. This is in agreement with the numerical investiga-
tions which generally predict lower SCFs for larger corner radii. See Figure 39 (taken from an
earlier research programme [74, 83]). In other cases, the slightly larger wall thickness in the corners
of hot finished sections, which is known to decrease the SCFs [13], might cause the hot finished

sections to exhibit a slightly better behaviour than cold finished sections.

Influence of corner radii

The influence of the corner radii is usually within the scatter band of the parametric formulae, as
shown in [119]. For some lines, the correction factor would be dependent on the joint geometry
(requiring extensive additional investigations to cover the complete range of validity of the
parametric formulae) and be non-linear in r. Incorporating all the influences would complicate the
formulae considerably. Furthermore, differences in manufacture and fabrication of the joints tend
to cause much larger differences (see Chapter 4, [120], [13]). Specifying an influence of the corner
radii would also limit the designer in that a specified corner radius would have to be used in order

to gain profit in terms of lower SCFs.

Influence of the weld

The parametric formulae determined in Chapter 5 can be used for fillet welded joints, provided that
the SCFs found from the formulae for lines A and E in the brace are multiplied by a factor of 1.4.
To profit from the favourable influence of the weld dimensions on the SCFs in the chord, additional
research would be necessary. Based upon the limited number of geometries investigated, no general

correction factor can be given for the chord.

Results
As a result, the parametric formulae from Chapter 5, together with correction factors on the SCF
in case of fillet welds of 1.4 for the brace and 1.0 for the chord are recommended for fillet welded

joints. These correction factors are given in Tables 18 and 19.
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7 ESTABLISHMENT OF §, -N; LINES AND THICKNESS EFFECT

7.1 Establishment of the S-N line based on experimental data

After closer inspection of the available results and further analysis, the following data have been

excluded from the main data base and marked in Tables 1 and 4:

- For the X-joints loaded by an in-plane bending moment on the brace, the welding at the
joint started at the corners of the braces, except for one series of 4 joints X1Ba to X1Bd.
All other series of test joints were welded according to accepted procedure, starting and
stopping weld runs at the middle of the brace. All such joints where welding started at the
corners are not used for the analysis.

- Furthermore, for the X-joints loaded by a bending moment, strain measurements were not
carried out for all joints, so that the SNCF and SCF values have been used from one joint
per test series with identical dimensions, where the measurements were carried out. All
such data have been discarded from the main analyses based on measured hot spot stresses.
However, they can still be used for the analysis based on the parametric formulae.

- Testing of joint X38 was abandoned since the test rig required repeated repair due to the

large fatigue strength of the joint.

The remaining experiments which can be used consist of 13 axially loaded X-joints, 24 axially
loaded T-joints as well as 4 X-joints loaded by an in-plane bending moment of which the hot spot
strains were measured for only 1 specimen and 4 T-joints loaded by an in-plane bending moment.

The test results are summarized in Table 4.

Other tests have been plotted in the S, -N; lines, but are excluded for the determination of the

characteristic Srh‘s_-Nf lines.

Runouts: the test was stopped before complete failure, because of large number of
cycles to failure.

Weld failures: the weld itself fails, rather than cracking of a member at the weld toe.

Overloads: large loadings which can eliminate residual stresses and may influence the
fatigue behaviour.

These tests are marked in Tables 1 and 4 and by arrows in the S, -N; lines.
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Figures 40 (based on quadratic extrapolation) and 41 (based on linear extrapolation) show a plot
of 8, -N; for all these data points, with the size of the symbols proportional to the wall thickness
of the failed member in a joint. The influence of thickness can clearly be seen. A mean line is
determined through all these points along with lines at + 2 times the standard deviation, parallel
to the mean line. As expected, the deviation from the mean is large. The line minus 2 times the
standard deviation can be used as a characteristic line. For comparison, the characteristic lines of
IIW line A [68] and the new DEn line [107] are plotted in for 16 mm thickness as well as the EC3
class 90 S, "Nt line. Although not used in this work, the test results of K-joints also fit in nicely

with the S,, . "Nt lines derived in this chapter [3].

72 Establishment of the thickness effect

A statistical analysis has been carried out of all the data presented in Table 4, from which it was
found that only the influence of wall thickness of the failed member in relation to the fatigue life

(Np) was significant.

The main data used in the analysis after exclusions as summarized in chapter 7.1, consists of 34
specimens, with wall thicknesses of 4, 5, 8, 12.5 and 16 mm. For the thicknesses considered
(between 4 mm and 16 mm), there is sufficient evidence from earlier work [52, 112], the ITW rules
[68] and the work by Van Delft, et al [45] on the European fatigue tests on tubular joints, that the
slope of the S,}LS-Nf lines may vary with wall thickness. The difference in the two approaches is that
in the ITW rules [68], the size effect is taken to begin at 10* cycles and increase with increasing N,,
while Van Delft, et al [45] assume the size effect to begin at 1 cycle. The latter approach gives
simpler formulae, of the form as given by equation (7-1), which is why a similar approach is

adopted here.

A large number of statistical analyses have been carried out to get an optimum constant x for the
g g P
following thickness correction on the data points to an equivalent fatigue strength for t=16 mm:
xlog) o(Np)
S Sy, . tmm)(16/) !

ty ¢ (16 mm)
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Then x is varied for all the analyses, until a minimal scatter in the S,, "N line is obtained. The
optimum value of x is -0.11, so that the thickness correction for the data points is:
-0.11 log; o(Ng)
Srh'sl(l6 mm) Srh.s‘(t mm)'(16/ t) 1 (7-1)
Design S,, ."N¢ lines for other wall thicknesses can then be derived from the S,, "N line for t=16
mm by applying the equation above, rewritten to give a direct thickness correction relationship:
0.11 logy o(Ng)
Seyymm = Sy 6 mm(16/) 100 (7-2)
Applying equation (7-1) to the experimental data gives Figures 42 and 43 (for quadratic and linear
extrapolation respectively), which shows the main data, plotted together with the mean line. The

lines for 2 times the standard deviation are also plotted, parallel to the mean line.

The figures show that:

- The scatter is reduced very much by applying the thickness correction, as can be observed
by comparing Figures 40 and 42 (or 41 and 43).

- The characteristic line for the test results for 16 mm thickness based on quadratic extrapola-
tion (Figure 42) is slightly below the II'W and DEn lines.

- The 3 T-Joints with weld failures (a = t,) were in this case not below the mean line.

- The joints that were accidentally overloaded for a few cycles also fit in nicely with the
other results, with the exception of specimen T21, (N=7.4'10* which seems to be
influenced by the high peak load at the start of the test.

- In the case of runouts, the joints were sufficiently cracked, suggesting that the number of
cycles to failure would be within the scatter band.

- Since the experiments contain butt welded and fillet welded specimens (t, < 8 mm), the
S,, "Nt lines can be used for both types of weld.

- The experiments do not indicate the position of the fatigue limit for constant amplitude
loading, since insufficient information is available in the high cycle area (for instance 108
cycles).

- The low cycle tests with hot spot stresses of up to 50, are in the scatter band. This
indicates that limitations of the hot spot stress range to 20, as in the DEn design guide are

not necessary.
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Since the fatigue strength depends on the wall thickness, both chord and brace have to be checked
for the critical locations in relation to the S,hvs.-Nf line relevant to the thickness of the member
considered. Therefore equation (2-2) has to be applied to locations A and E (combined) for the
brace together with the S,hAS'-Nf line for the brace wall thickness as well as for locations B, C and

D for the chord, however now related to the Srhs-Nf line for the chord wall thickness.

Because of the larger influence of welding defects, the equations are not valid for thicknesses below
4 mm, because, as shown in [3], the fatigue life is adversely affected for small thicknesses. This

conclusion is also supported by earlier work [112].

7.3 Establishment of the S, -N,line based on the parametric formulae
h.s.

In order to use the parametric formulae, the nominal stress range ¢, must be determined. This stress
range is obtained by multiplying the nominal strain range €, from Table 4 with 1.1'E. Multiplying
this stress range with the SCF values, determined from the formulae (Table 18 for quadratic
extrapolation or Table 19 for linear extrapolation) or graphs (Figures 31 to 33) gives the *numerical’
hot-spot stress range th,s' These values have been adjusted to 16 mm thickness by using Equation
(7-1) and plotted against the fatigue life determined from tests (Table 4) in Figure 44 (quadratic

extrapolation) and in Figure 45 (linear extrapolation).

The SCFs in the brace for fillet welded specimens are about 1.4 times higher than for butt welded
joints with the same basic geometry (see Chapter 6). Therefore the hot spot stresses in the brace
are multiplied with this factor for fillet welded specimens. The same (existing) design S,his_-Nf lines
as plotted in Figures 40, 42, 41 and 43 are plotted in these figures as well. The S, - N; curve is
determined using the highest SCF of the cracked member, applying the SCF formula for the
nominal dimensions of the test specimen considered. Nearly all results for the axially loaded
specimens (with the exception of X1) are above the characteristic lines IIW-A and DEn T’.
However, in Figure 44, based on quadratic extrapolation, a few cases the results are slightly below

the characteristic curves:
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The X-joint X1Bb with a bending moment on the brace had an SCF from the measureme-
nts of 4.76 (see Table 5). However, other measurements with an even smaller wall
thickness in the chord (higher T and 27) had SCFs of about 3, which agrees better with the
parametric formulae (see Figure 31: the SCF in line A for B=1.0, 2y=12.5 is about 2.5). As
the results of all experimental SCFs of the 4 data points of X-joints with a bending moment
on the brace are based on a single measurement, and as this measurement seems to be out
of range compared to other measurements, no evidence exists suggesting that the parametric
formulae underestimate the SCF in this case.

Specimen X12 is also low in the scatter band. This specimen had a higher measured SCF
when compared to X9 to X11 (see Table 5), which had the same nominal dimensions.
These ’individual® deviations due to different dimensions are of course not included in the
parametric formulae, but they do influence the fatigue life. Therefore specimen X12 seems
to exhibit a slightly worse fatigue behaviour when the SCF is determined by parametric
formulae.

Two other X-joints, X1 and X2 are also somewhat below the characteristic Srhvs.-Nf lines,
but this is also the case for the S,hls.-Nf lines, based on the experiments. Here, the agreement
between measured SCFs and SCFs from the parametric formulae is good.

Two T-joints, 17 and T18 were also rather low in the scatter band, but close enough to the

DEn line and still above the IIW line.
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7.4 Comparison between parametric formulae and experimental results

The SCF values derived from the numerical analyses are, in general, higher than from the
experimental work. It can be observed that the scatter band is slightly wider than for the tests.
However, as the hot spot stress ranges found by applying the SCF formulae are generally higher
(compare the mean lines in Figures 42 and 44), the characteristic line based on quadratic
extrapolation is about the same.

There are different causes for this larger scatter in the S, "Nt line, based on the parametric

formulae:

- The FE analyses are based on nominal dimensions. In reality, the wall thickness in the
corners was found to be 30% higher in some cases, causing significantly lower SCFs. See
Chapter 4 and [13]. »

- The parametric formulae are based on curve-fitting through all data of T- and X-joints, with
errors of about 20%. See Figures 31 to 33.

- The factor of 1.1 to convert from measured SNCFs to SCFs can vary, depending on the

geometry (see Chapter 5.4).
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7.5 Classification of the S’hx'Nf line according to Eurocode 3, document 9.03

The S, -N;line to be used for the fatigue design of T- and X-joints between square hollow sections
is determined by a statistical evaluation according to Eurocode 3, document 9.03 [43]. This
document is established to determine fatigue strength curves for joints between structural hollow
sections and is based on the following starting-points:

- Priority is given to full sized specimens (this is especially important for circular hollow
sections).

- The governing parameters are the stress level and the number of cycles to failure. In case
of the hot spot method, the stress level to be considered is the hot spot stress. Also, the
thickness correction has to be taken into account, as shown in Figures 42 to 45.

- The minimum number of test specimens required is 12. In this case, the S,M-Nf line is

based upon 34 data points.

The analysis is carried out as follows:

1) Only test results of specimens where strain gauge measurements were carried out are used
for the statistical analysis to derive the classification according to EC3. Runouts, weld
failures, overloads and specimens with incorrect weld sequence are excluded from the
analysis.

2) A least squares fit is carried out, minimizing the error in N; on the data points:

Ny=a S &> With a and b constants.
m

"h.s., 16 m
This concept slightly deviates from the least squares fit used in the Srhs -N¢ lines in
this work, as these S,hs-Nf lines are based on a least squares fit on both Srhs and
N;. This concept acknowledges that the scatter in the S,hS-Nf lines has two causes:

- variation in N; for a certain S,

- variation in Srh& itself, due to measurement and extrapolation inaccuracies,
or inaccuracies of the parametric formulae.

This can be seen by comparing Figures 42 and 44: the same N; is used for all the

tests, but due to the slightly less accurate prediction of the th.s. by the formulae,

the scatter in Figure 44 is larger.

Also, the result of this least squares fit on both N, and S, .» is a slightly smaller

scatter (the characteristic lines are closer together) and a better visual fit (the mean

line fits better through the data points). A disadvantage of the least squares fit on

both Nyand S, s that this method is slightly more complicated.
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3) Once the mean S, -N line is established, the mean class is S, at N=2-10°.

4) Now the characteristic class has to be determined with a confidence of 95%. For an infinite

number of data points, this class would be the mean class-1.64 o, with ¢ the standard

deviation in N,.

For less data points, a larger margin between mean class and characteristic class is required

to fulfil the 95% confidence margin. Assuming a Student’s "¢" distribution of the residual

of Ny, the characteristic strength is determined by the mean strength minus t(95%)-c. The

number of data points minus the number of degrees of freedom in the formulae =34-7=27.

The percentile of the ¢ distribution (95%) for 27 degrees of freedom is 1.73, so that the

characteristic class is the mean class-1.73 ©.

The results of the analysis are given in Table 23 where the mean and characteristic classes based

on linear and quadratic extrapolation are presented for the experiments with and without thickness

correction, as well as for the formulae with thickness correction. Characteristic classes based on

quadratic extrapolation and including the thickness of 95 and 97 are found for experiments and

parametric formulae respectively. The nearest existing EC3 class is 90, therefore this is the most

appropriate class for the hot spot stress based fatigue assessment of the joints covered in the work.

Table 23. Classes based on hot spot stress, according to EC3

Class MEAN CLASS CHARACTERISTIC CLASS
Extrapolation method Linear Quadratic L/Q Linear Quadratic L/Q
Experiments, no thickness 119 160 0.74 54 87 0.62
correction
Experiments, 95 122 0.78 66 95 0.69
thickness correction
Stress from Formulae 129 146 0.88 88 97 0.90
thickness correction
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7.6 Comparison of S’h_s_'Nf lines using linear and quadratic extrapolation

The difference in SCF between linear and quadratic extrapolation can be up to 40%, as can be
observed in Figure 46, where the two extrapolations are compared to each other (for T-joints loaded
by an in-plane bending moment on the brace).

Both linear and quadratic extrapolation were applied all through the research programme. This
approach provides a solid basis for the choice of the extrapolation method. Rather than comparing
the various steps in the process, such as the comparison between numerical and experimental results
or the difference between the parametric formulae and the FE results, an overall comparison can
be made. This is done by comparing the Srh_s_-Nf lines based on the quadratic extrapolation method

of Figures 40, 42 and 44 with Figures 41, 43 and 45, which are based on linear extrapolation.
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Figure 46. Comparison between linear and quadratic extrapolation for T-joints

loaded by an in-plane bending moment on the brace.
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Compared to the quadratic extrapolation, the mean Srh.s.-Nf lines of the linear extrapolation are
approximately 25% lower based on experimental SCFs and about 10% lower based on numerical
SCFs. As the linear extrapolation for experiments gives about 25% lower SCFs and the parametric
formulae give about 10% lower SCFs, the number of cycles found for a given geometry and
nominal stress would be the same. However, the designer has to apply the characteristic lines (for
instance 95% survival), so that the scatter of the lines becomes important. Looking at the
characteristic lines the differences become clear: for experimentally determined hot spot stresses,
the linear extrapolation gives about 35% lower results than the quadratic Srh's_—Nf line, due to a
larger scatter in the S, -N; lines, compare Figure 42 with Figure 43. For the parametric formulae,
the characteristic line is about 10% lower for linear extrapolation, as can be seen by comparing

Figures 44 and 45.

So analvsing an experiment on the basis of linear extrapolation with a given nominal stress would
result in a 25% lower hot spot stress, to be used in conjunction with a 35% lower (on stress basis)

S, ,-Ne line. Hence the number of cycles to failure would correspond to that of an analysis based

T
on quadratic extrapolation with a 10% higher nominal stress. If the analysis is carried out with the
parametric formulae, the analysis based on linear extrapolation would give only 10% lower hot spot
stresses, to be used with a 10% lower S,hs-Nf line. So here the result would be the same as for an

analysis on the basis of quadratic extrapolation.

Another way of comparing both extrapolation methods is shown in Table 23, where the ratio
between the class based on linear and quadratic extrapolation is presented, to show quantitatively
the difference between both methods.

The table confirms the advantage of quadratic extrapolation over linear extrapolation for evaluation
of the experiments: the ratio between the characteristic class based on linear extrapolation and the
characteristic class based on quadratic extrapolation is 0.69 (experiments with thickness correction).
This is about 10% smaller than the ratio between the mean class based on linear extrapolation and
the mean class based on quadratic extrapolation, which is 0.78. The difference in ratios indicates
a larger scatter for linear extrapolation.

For the SCFs based on the parametric formulae the results for linear extrapolation are about the

same.
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Another advantage of the quadratic extrapolation is a better agreement between the characteristic
S,h_s'-Nf line based on experiments and the Srh‘s.-Nf line based on parametric formulae (compare the
characteristic lines in Figures 42 and 44). This would allow one S,h‘sA-Nf line for experimentally
determined hot spot stresses and the parametric formulae, without any correction factor being
necessary.

This is confirmed by the classification according to EC3 as shown in Table 23: for quadratic
extrapolation the characteristic class of the SCFs from experiments with thickness correction is 95
whereas the characteristic class of the SCFs from parametric formulae is 97. This would not be
feasible for linear extrapolation without a correction factor on the parametric formulae being

necessary, as the characteristic classes are 66 and 88 respectively.

Therefore, although the quadratic extrapolation is slightly more difficult to carry out and more

sensitive to small changes in the data points, this method is preferred over linear extrapolation.
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7.7 Comparison with parametric formulae derived by Soh

The only other parametric formulae available for the SCFs of T- or X-joints between square hollow
sections are those recently derived by Soh and Soh [102]. Their parametric formulae (only valid

for T-joints) are tabulated in Table 24.

Table 24. SCF formulae for T- and made with square hollow sections derived by Soh [102],
including the influence of the bending moment on the chord (SCF,).

SCFs for T-joints, loaded by a bending moment on the brace (SCF,,)

Chord SCF= 06343 B 1.173 .2,Y,1.347 T 1.134 oL -0.248
Brace SCF= 07058 _B 0.880,2,Y 0.952_,t 0.748 oL 0.045

SCFs for T-joints, loaded by an axial force on the brace (SCF,))

ChOl'd SCF___ 02134B 0.701 ,2,Y 1.304 T 1.003 o -0.283
Brace SCF= 030 1 4'13 0.312 2,Y 0.875 T 0.829 o -0.017

Range of validity: 020< B £0.75
15.78< 2y <47.62
040< 1t <1.00
6.66 < o < 36.66

A direct comparison between the formulae derived by Soh with the formulae derived in Chapter
5 is not straightforward since slightly different concepts were used. The formulae by Soh only give
one value for the chord, which should be compared with the highest SCF of the lines B, C and D
of this work. The Soh formulae are also used for the analysis of the X-joints, although the formulae
are valid only for T-joints. The X-joints with an in-plane bending moment on the brace are even
further outside the range of validity because for those joints B=1.0, whereas the Soh formulae are
valid only for B<0.75. Therefore, the comparison is carried out by plotting the resulting S, -N; line,
based on N; and o, from the experiments multiplied with the SCFs from the Soh parametric
formulae [102].

Equation (7-1) from the experiments is applied to incorporate the thickness effect in the results. The
correction factor for the SCF in the brace of fillet welded specimens is taken to be 1.4, analogous
to the correction factor derived in Chapter 6. The resulting graph, shown in Figure 47, can then be

compared to Figures 44 and 45.
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Soh, th. correction by (t/ 16)0']1 N These formulae are valid for T-joints

only.

Influence of the chord length

The Soh formulae include the effect of the bending moment on the chord introduced by the axial
force or in-plane bending moment on the brace, rather than establishing separate parametric
formulae for that load case. Instead they contain a term for the influence of the chord length (even
in case of an in-plane bending moment on the brace!).

According to the Soh parametric formulae the SCF in the chord decreases with increasing chord

length. The SCF in the brace decreases also, but to a lesser degree.
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Except for very short chords, where the end conditions influence the stress distribution in the joint,
the result of a larger chord length is only a larger bending moment in the chord.

Looking at Table 10, SCF,, is negative for line B (8<0.70) and in some cases in the brace. This
might account for the negative exponent found by Soh and Soh. However, for lines C and D SCF,
is positive, increasing the hot spot stresses at these locations for increasing chord length. In many
practical cases the highest SCF occurs along lines C or D (see Table 6), so that the exponent in the

o-term should be positive, rather than negative.

Comparison between T- and X-joints

The X-joints fit in quite nicely, although the formulae were not meant for this type of joint:

- For the brace, this is quite understandable, since X- and T-joints were found to differ
mainly because of the bending moment in the chord, which does not influence the SCF in
the brace (see chapter 5.2).

- For the chord, the bending moment in the chord, which causes the difference between T-
and X-joints (see Chapter 5.2) does not seem to influence the governing SCF in the chord
very much for the joints used in the experiments. For the T-joints, line D is governing the
fatigue strength, due to the bending moment in the chord. However, the SCF in the T-joints
along line D (see Table 6) was not much higher than the SCF along line B of the X-joints
with the same non-dimensional parameters (B=0.7, 2y=16 and 1=0.64). Therefore, for the
joints tested in this research programme, the difference in SCF between T- and X-joints is

not large.

Comparison of the Soh formulae with the formulae derived in Chapter 5

As can be seen by comparing Figures 47 and 45, the scatter in results of the analysis based on the

Soh formulae is considerably larger than for the formulae derived in Chapter 5. There are several

reasons for this:

- One reason for the scatter is the difference between axial loading and in-plane bending: the
formulae for axial force give noticeably lower SCFs in comparison with the experiments.
This causes the test specimens with an axial force on the brace to be significantly lower
in the S, -N; lines than the specimens loaded by an in-plane bending moment.
Figure 47 shows separate sets of mean and characteristic lines for axially loaded specimens

and for specimens loaded by an in-plane bending moment.
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- A second cause might be the correction factor for fillet welds. The thinner specimens are
all at the lower bound of the scatter band, but the applied thickness correction comes
directly from the experiments and does not work out bad for the Delft formulae of Chapter
5. However, the factor used for fillet welds does not have such a solid experimental basis.
If a larger correction factor would be used, the overall scatter would be much Iess.
However, the results in Chapter 6 do in no way hint that a larger correction factor might
be justified.

- Especially serious is the result for test specimen X20, an axially loaded X-joint with B=0.4,
29=25 and 1=0.5 (N=1.8-10%). Although it is only one test result, the data point fitted in
nicely with all other experimental or numerical S,, "N lines, even to the higher bound of
the scatter band. According to the Soh formulae, the fatigue strength of this joint is by far

the worst among the axially loaded joints.

The cause for the discrepancy of especially X20 and maybe also for the thin walled joints (which
have a different T value) is probably the lack of interaction between the various non-dimensional
parameters in the Soh formulae, as commented upon in Chapter 5.1. The basic geometric parame-
ters of the Soh formulae are B=0.50, 2y=30, 1=0.64, =22 and the angle between brace and chord
45°. First, the influence of B was studied by analysing $=0.22/0.30/0.50(basic geometry)/0.60 and
0.75, keeping all other parameters constant. Then the other parameters are analysed in turn, but
never varied together. As a result, geometries that differ in more than one parameter from the basic

geometry might not be properly analysed with the Soh formulae.
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8 DESIGN RECOMMENDATIONS

8.1 Proposed design rules

In the previous chapters, parametric equations for the determination of the stress concentration
factor SCF have been established, together with their range of validity and correction factors for
axially loaded X-joints and fillet welds. Also, a basic S, -N; line (t=16 mm) according to the EC3
has been determined for use in combination with the parametric formulae (see Table 18) or with
experimentally measured hot spot stresses. A thickness correction for t<16 mm has been determined
from the test results, whereas for t>16 mm, the thickness correction of the new DEn design
guidelines [93] is proposed to be retained in the absence of further information. In this chapter, the

main aspects needed for the design recommendations are considered.

Scope

These recommendations concern the design and analysis of welded joints in braced structures and
Vierendeel girders where rectangular hollow sections are used which may be either cold or hot
finished. They cover structures using steel grades Fe 360, Fe 430 and Fe 510 in compliance with
Euronorm 10025 or equivalent. The tolerances should conform to requirements given in ISO

657/XIV and ISO 4019.

Symbols, Notation and Definitions
The symbols and notations used in these design recommendations are the same as those used
throughout this work. They are given after the introduction.

The definitions of fatigue related terms used in this chapter are given in Chapter 2.2

Stresses to be considered

For nodal joints consisting of braces and chords, the stress to be used for fatigue design is the range
of hot-spot stress adjacent to the weld toe of the members. With experimental models or finite
element analyses, care should be taken in obtaining geometric stress extrapolated to the weld toe
as described in Chapter 2.5. In chapter 7, the linear and quadratic extrapolation are compared to
each other. The quadratic extrapolation, as shown in Figure 5, is found to be more accurate because

of the highly non-linear stress gradients obtained in RHS-joints.
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The SCF values obtained from measurements, FE analyses or parametric formulae should be
determined for all lines A to E, so that the position and value of the highest hot spot stress in the
brace and in the chord can be found using the formula below for lines A to E :

S,,.= O, ,'SCF,tc, ‘SCF,+ G, ,'SCFt o, SCFy

A minimum value of 2.0 should be taken for SCF,, and SCF,_,. This is because the SCFs of line
A to E can underestimate the "true" hot spot stress, as the stresses at other locations or in different
directions can exceed the stresses along the lines of measurement. Also, the possibility of cracking
from inside the member, which is especially critical for large values of P, is taken into account by

this factor.

Determination of the hot-spot stress

The hot spots stress may be determined in three ways:

1) Through experimental model studies, where strips of strain gauges are to be positioned at
the lines of measurement A to E, at a proper distance from the weld toe to allow enough
strain gauges to be positioned within the area from which the quadratic extrapolation is
carried out. For the determination of SNCFs, the nominal strain should be measured at least
2.5 b from the joint and end supports, to exclude the "end effects" from the measurement
of the nominal strain. Extensive information on the test method used as a basis for the
determination of the design guidelines described in this chapter can be found in reference

[7, 12].

2) Applying finite element analysis. The mesh refinement should provide enough reliable
information for the quadratic extrapolation along lines A to E. Near the corner of the weld,
this means small elements, without sudden changes in size or a large aspect ratio, see
Figure 26. The weld and corner radii should be modelled for the FE analysis and solid
elements should be used to model at least the weld and the intersection area between brace
and chord to ensure a proper definition of the weld toe. An analysis based solely on solid
elements is preferred if the FE prograntused cannot provide a good interface between solid
and shell elements. The FE models with mixed solid and shell elements have been found
to occupy more disk space and consume more CPU time than FE models with only solid
elements [95] for the same number of elements used. This is the case even though a FE
model completely made up of solid elements has considerably more degrees of freedom
[95].
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3)

In case of critical joints, a calibration of the FE model with experimental results is to be
carried out, to ensure the validity of the results for use with this design method. The FE

model and calibration with experiments is commented upon more extensively in [13 to 15].

Use of the parametric formulae, within their range of validity and applying the correction
factors given in this chapter. The parametric formulae are restricted to T- and X-joints
made of square hollow sections loaded by arbitrary combinations of axial forces or in-plane
bending moments on the members.

The formulae and correction factors are summarized in Table 18.

Axially loaded X-joints with p=1.0 have lower SCFs than axially loaded T-joints with
B=1.0, due to a direct transfer of forces from one brace to the opposite brace via the sides
of the chord. This is taken into account by multiplying the SCFs from the parametric
formulae along lines C and D for axially loaded X-joints with B=1.0 with 0.65 and 0.5

respectively.

Basic design S,,-N;curve

The basic design Srh S-Nfcurve established for the hot spot stress based fatigue assessment of joints

between square hollow sections is EC3 class 90. This line has N;= 2-10° cycles for a (hot spot)

stress S, =90 N/mm? [53]. The S, -Nline can be used down to N; = 10° cycles (see Figures 40

to 45 and Chapter 7.2). It is based on a wall thickness of 16 mm and can be used independent of

stress ratio or type of weld.

For N; = 10° to N; = 5-10°, this line has a slope of 1:3.
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For joints with a constant amplitude loading in a non-corrosive environment, or with
adequate protection against corrosion, a fatigue cut-of limit is adopted at N;= 5.10%, so that
the S, -N¢ line is horizontal.

In case of random loading in a non-corrosive environment, or with adequate protection
against corrosion when a linear cumulative damage calculation is used, the slope of the
S, ,-N; line between N;= 5.10° and N, = 10° is 1:5. After N;= 10", the fatigue cut-off limit,

the line is horizontal, therefore stress ranges below the value corresponding to the cut-off

1)

limit may be neglected.



The EC3 design recommendations do not apply for joints in a corrosive environment which are not
adequately protected, therefore the IIW [68] and DEn [48] design recommendations are suggested.
A penalty factor of 2 is to be applied on the fatigue life. Also the slope of the line remains 1:3
without any fatigue limit.

The American guidelines account for the effect of corrosion by adapting the fatigue limit: the API
(for random loading in a sea environment) has a much higher fatigue limit than the AWS as shown

in Figure 2.

Thickness correction factors
As noted in Chapter 7, a thickness correction factor is required in order to obtain the fatigue

strength for other thicknesses.

The correction on S, has to be made, between N; = 10° and N; = 5-10°.

. _ ) 0.1 log; o(Np)
t<16 mm: Srh_s_(t mm)y = th.s.(lﬁ mmy * (16/1) .

16 mm: S, mm = Sy, (16 ) * (16/)°%.

After N= 5-10°, all the SrhS-Nf lines are parallel to the line for t=16 mm, see Figure 48 for the

appropriate Srh . -N; lines.
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Table 25 contains the equations for the S, -N; lines, for N=10° to 10%, inclusive of the thickness

effect.

For thicknesses below 4 mm, welding imperfections may adversely affect fatigue strength. In earlier
investigations for K-joints with a wall thickness of 2.9 mm, the thickness correction could only be

used after applying a factor of 2.3 on S, [3].

Another aspect is the extrapolation method which influences the hot spot stress of these joints, as
the extrapolation is based on points that are at least 4 mm from the weld toe (see Chapter 2.4),

which is relatively large for small wall thicknesses.

Table 25. Equations for the S, -N; lines
t N; 10° < N; < 5-10°

3 106
10°<N<5-10 Log (s, ) = (12.151-1og (N,) ) +Log (52)- 0.11" Log (N)
12.151-3 1og (S, )
log(Ng) = 16
l—3-0.ll~log(_t_)
t<l6mm
.1N6. 8
5-10°<Ng<10” log(s, )=1(15.786-1og(N,)) +log (8)-0.737
(variable ampli- S T
tude only) Log (,) =15.786-5- Log (S, ) +5 Log (52)* 0.737
3 16
10°<N<5-10 log(s, ) =.§ (12.151-1log (N,)) +log(lT6) £0.30

log (N,) =12.151-3 log (S, )+3-1og<.£c§)~o.3o

t=16mm 106 8
5-10°<N<10" log(s, )=L(15.786-1og (N,)) +log (18)-0.30
(variable ampli- ) 11:6

tude only) log(N;)=15.786-5"1log (S, )+5 log()- 0.30
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Welding recommendations and correction factors
As the data base contains both fillet welds and butt welds, the Srhs-Nf line is applicable to both
types of welds. For use of the parametric formulae, the effect of the weld type is taken into account

as a correction factor.

For fillet welded joints, the SCF from the parametric formulae for the brace (line A/E) should be
corrected by the factors given below:
brace: lines A/E 1.4

chord: lines B, C and D :1.0 (no correction)

If welding of joints commences at the corners of the brace, instead of in the middle of the sides as

in normal welding practice, the fatigue strength deteriorates. For t=4 mm, a factor of 2.0 should be

applied to the S,h.S [3].

The connections at the welded joints should be carried out over the entire perimeter of the hollow

sections by means of a full penetration weld, partial penetration weld, fillet weld, or a combination.

Full penetration welds should be used if:

- The brace has a wall thickness larger than 8 mm.

- The angle at the toe of the brace is larger than 120°

- For B=1.0, fillet welds can only be used at the side of the brace perpendicular to the axis
of chord. Therefore, the sides parallel to the chord axis should be welded by a full

penetration butt weld.

Attention should be given to the proper selection of materials and the welding procedure. In order
to avoid failure of the weld under static loading, the throat thickness of the fillet weld is equal to
or greater than the wall thickness of the brace (a>t,). For Fe 510 the throat thickness should exceed
the brace wall thickness: a>1.1-tl. Recommended details of welds are given in Figure 7 (Chapter

3.2).

Partial safety factors

A safety factor has to be included depending on the type of structure (whether the joint is "fail-
safe" or not), the inspection scheme and the accessibility of the joint. In Eurocode 3 [53], a partial
safety factor has to be applied to the hot spot stress range. These partial safety factors are presented

in Table 26.
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Table 26. Partial safety factor v, according to EC3 on the hot spot stress range

Inspection and access "Fail-safe’ Non °fail-safe’  struc-

structures tures

Periodic inspection
and maintenance.

Accessible joint detail. T = 1.00 T = 1.2
Periodic inspection
and maintenance. v, = 1.15 v = 135

Poor accessibility.

Design procedure

For each potential crack location the long term distribution of relevant stress ranges should be

established and the probable fatigue life should satisfy the Palmgren-Miner’s linear cumulative

damage rule:Z n/N; < 1.0.

An arbitrary joint could be checked by following the steps given below, also shown in a concise

flow chart in Figure 49.

1.
2.
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Load and geometry of the joint should be determined first.

From simple formulae such as 6,; = F/A,, 6,, =M/W, and 6,y =My/W,, the nominal
stresses in the members can be determined.

Determine the joint parameters B=b /by, 2y=by/t, and 1=t,/t,.

From the SCF formulae or graphs the SCFs for the various load cases can be determined
for lines A to E.

Determine the hot spot stress for lines A to E from:

S,,.= orml-SCle+G,al~SCFal+ orm0~SCFm0+ o ‘SCF,y

Only the highest stress in the chord and the highest stress in the brace need to be
considered.

The number of cycles to failure N, for both brace and chord is obtained from the S -N;

line for the appropriate wall thickness. The lowest number of cycles in brace or chord

determines the fatigue strength of the joint.
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Figure 49. Design procedure for RHS T- and X-joints loaded in fatigue.
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82 Comparison with existing design rules

Comparison of the S,,ILS_=-Nf lines with the DEn and ITW design lines

The evaluation of the test results in Table 23 results in EC3 class 95, although class 90 is adopted
for the design recommendations. Class 95 is about 20% lower than that for circular hollow section
joints as given by the DEn Srh.s_-Nf line [107] and 11% lower than the IIW Srh's_-Nf line [68], see
also Chapter 2.7. This difference between CHS and RHS joints might be caused by the deviation
of the direction of the principal stresses in comparison to the assumed measurement lines, in
combination with a slightly lesser weld quality in the corners of the joint.

Because of the thickness correction, which extends downwards to 4 mm, the S,hAS.-Nf lines for
smaller wall thicknesses are higher than the DEn Srh.s'-Nf line, which is valid for all thicknesses of
16 mm and below.

In comparison with the ITW, the thickness correction is larger, so that for smaller wall thicknesses,
the Srh.s.-Nf line is also higher than IIW line A.

Comparison of the S,h_s.-Nf lines with EC3

EC3 would allow a hot spot stress design of joints between structural hollow sections based on
class 36 for fillet welded joints, class 71 for butt welded joints and class 90 for but welded joints
with a controlled weld profile [53], or alternatively a fatigue strength curve obtained from "adequate
fatigue tests". In Chapter 7, the S,h_s_-Nf line has been determined, according to accepted EC3

criteria.
As a direct result, the hot spot stress design method of joints between square hollow sections loaded

in fatigue has become considerable more economic, due to the omission of over-conservative Srh -
.8,

N; lines for the hot spot method. For smaller wall thicknesses, the advantages are even larger.
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8.3 Design examples

Two design examples below serve to illustrate the design procedure.

Example I

T-joint in square hollow sections, made of Fe 430, see Figure 50.

F'

Figure 50. T-joint, used in the design example.

Chord: 200 x 200 x 12.5, A, = 8973 mm?, W= 513444 mm?, 1;= 1500 mm

Brace: 140 x 140x 5 , A, = 2661 mm? W,= 114711 mm®
B =140/200 = 0.7; 2y = 200/12.5 = 16; T = 5/12.5 = 0.40.

Weld: the brace is 5 mm thick and therefore a fillet weld with a= 5mm is assumed
(Wy=w,=t,"/2=7.1 mm)

Problem: To determine the nominal axial force range for the design of a T- joint at 2.10°
cycles for a constant amplitude loading.

Factor of Depending upon the code of practice, a factor of safety should be applied to the hot

safety: spot stress range or fatigue life. In this example, the T-joint is supposed to be fail-
safe (failure of the joint does not result in failure of the whole structure). The joint
is supposed to be poorly accessible. According to EC3 [53], a partial safety factor
of 1.15 is to be applied to the hot spot stress range, see Table 26.

. . A;r (1,-b
An axial stress ©,; causes a stress in the chord of: ¢ ,=c,," _‘m.l {17b,)
" 0

Therefore, the total hot spot stress becomes:

A, (1,-b,)

S.,, =0’ (SCF, #+SCF,r 2 rn b

T,

) »in this case:S, =0,,* (SCF,,+SCF ;1.76)
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The SCFs and the ratio between the total hot spot stress and the nominal axial stress in the brace
are tabulated below for lines B, C and D in the chord and lines A and E (combined) in the brace.

The SCFs can be determined with the formulae in Table 18, or read from Figures 32 and 33.

Table 27. SCFs in the T-joint considered
LINE | AXIAL FORCE BENDING S, /0.
IN THE BRACE MOMENT .
IN THE CHORD
SCF,, SCF,,

AE 10.26' - 10.26
B 4.50 - 4.50
C 4.27 0.99 6.01
D 2.11 1.64 5.00

! The SCF in the brace (lines A,E) is multiplied by 1.4, to correct for the weld type.
See Table 18 and Figures 32 and 33.

The Srhs at 2:10° cycles can be determined from either the Srhs-Nf lines in Figure 48 or the
equations in Table 25:

0.1110g;((2:10%)

Brace: t= 5.0 mm: S,hs=11300*(2~106)‘”3-(16/ 5.0) 201 N/mm?.

0.11-1og;((2:10%)

Chord: t=12.5 mm: S,hs=1l300~(2-10")‘”3'(16/12.5) 106 N/mm?,

Due to the smaller wall thickness of the brace, the Srhs at N~=2+10° is almost twice as high as for
the chord.

A factor of safety of 1.15 on Srhs has been used, so that the above values are changed to :

201/1.15=175 and 106/1.15=92 for brace and chord respectively.

F = Abrace - S

range

/S, ! 6u)

"hs., Ng=2:108

(chord) = 2661 - 92/ 6.01 = 40.7-10° N = 40.7 kN
(brace) = 2661 * 175 / 10.26 = 45.4:10° N = 45.4 kN

Frange

Frange

The lower value = 40.7 kN
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Example II

Problem: For the joint of example I, the nominal axial force range F,,, for the design of a

T- joint at 2.10° cycles and a given load spectrum is to be determined.

Load Total number of loading cycles of 2 x 10 for the load spectrum given below:
0.95 F . 20 cycles
090 F,.. 180 cycles
0.80 F.x 1800 cycles
0.65 F .\ 18000 cycles
0.45 F_,, 180000 cycles
0.20 F,, 1800000 cycles

2 x 10° cycles (N,

Calculations for cumulative damage:
The analysis is carried out by using the Palmgren-Miner’s linear cumulative damage rule. The

percentage fatigue strength used for each nominal stress range Srhsi is to be determined, which is

,;_i- 100%. Here, n; is the number of stress cycles at the hot spot stress range S

i

and N, the

rh.s.i’
number of stress cycles to failure in Figure 48 or Table 25 for S'hsf'
The following condition is to be satisfied: Z%=l .0.

The analysis is carried out in an iterative way, for various values of F_,..

From example I:
S, (chord) = 6.01'F/2661
Srhs(brace) = 10.26'F/2661

A fatigue strength of 40.7 kN was found for constant amplitude loading. Of course, the maximum

force F,,,, will exceed this value, since most of the cycles occur at a considerable lower force range.

As an example, the check has been carried out for F =150 kN, with a partial safety factor

according to EC3 [53] of 1.15. This is shown in Table 28.
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Table 28. Check on damage, Xn/N;<1.0 Fo=1.15-150 kKN
n F, (kN) Brace (line A) Chord (line C)
S, i N;10° n/N, S, i N;-10° n/N,
20 163.9 632 0.03 0.001 370 0.04 0.000
180 1553 599 0.04 0.005 351 0.05 0.004
1800 138.0 532 0.06 0.031 312 0.07 0.026
18000 112.1 432 0.12 0.145 253 0.13 0.136
180000 77.6 299 0.47 0.387 175 0.42 0.434
1800000 345 133 10.66 0.169 78 5.28 0.341
2000000 0.737 0.941
The damage in the chord is close to 1.0, so F,,,,=150 kN
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9

9.1

CONCLUSIONS

General conclusions

Hot spot stress definition

A consistent hot spot stress or strain definition is required to allow comparison of test results and

design recommendations. The determination of the hot spot stress at predetermined locations and

in the direction perpendicular to the weld toe allows a well defined comparison between test results.

Parametric formulae established in this way allow an elegant superposition of load cases. The hot

spot stress definition used in this work is based on a number of considerations:

The hot spot stresses are determined at fixed positions rather than using the maximum value

in a member, to allow a better comparison between test results and to allow superposition

of load cases.

Two extrapolation methods (linear and quadratic) are used for the extrapolation of the

stresses to the weld toe. Since the strain distribution is rather non-linear, a quadratic

extrapolation yields better agreement with the failure mode. This is confirmed by the

experimental Srh.s.-Nf lines, where the scatter is smaller for quadratic extrapolation than for

linear extrapolation.

Although strains are more easily measured and probably describe the fatigue tests better,

a stress based analysis is preferred because it is more consistent with current design

practice.

Stresses perpendicular to the weld toe are preferred over principal stresses for a number of

reasons:

- Primary stresses can be measured and extrapolated more easily than principal
stresses.

- Primary stresses can be superpositioned for different load cases, unlike principal
stresses which differ in direction, depending on the load case.

- As only the stress component perpendicular to the weld is increased by stress
concentrations caused by the global weld shape and the wall of the adjacent
member, this stress component would give the best basis for a fatigue design

method.
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Conclusions from the experiments

156

The SCFs are found to be very sensitive to small changes in the geometry of the joint.
Also, due to the tapering of the wall thickness that occurs in square hollow sections and
to differences in corner radii, larger differences in SCF occur than for CHS joints.

In general, a strong thickness influence can be observed from the tests, suggesting that the
thickness effect can be applied well below 16 mm. The following thickness correction
factors on the basic S,hvs_-Nf line for 16 mm are proposed for inclusion in the design
guidelines:

t<16 mm: (16/t)*"" 8109

t>16 mm: (16/t)™* .

Crack initiation generally starts at about 10% to 25% of the total fatigue life.

The fillet weld size a=t, may become critical in fatigue, resulting in weld failures as shown
in the specimens T, to T,, and in many of the X-joints with a bending moment in the brace.
However, the fatigue life was observed not to be substantially influenced in all cases.
The influence of the R-ratio on the relationship between hot spot strain and number of
cycles to failure is small. The influence seems to be larger for the relationship between
nominal strain and number of cycles to failure. This is due to the fact that the SCFs are
somewhat dependent on the R ratio, which is also shown by Yura.

There exists an influence of the stress level on the SCF, which is probably caused by
geometric non-linearity: for higher stress levels, the SCF is also higher. This might also
explain the observed influence of the stress ratio R on the relationship between nominal
strain and number of cycles to failure.

The welding sequence was found to influence the fatigue strength [3]. Most of the X-joints
loaded by an in-plane bending moment on the brace were welded starting and ending in the
corners of the brace, rather than at the middle of the sides of the brace. These joints exhibit
a notably lower fatigue strength, which is accounted for by a penalty factor of 2.0 on the
hot spot stress.

The 7 ratio has a strong influence on the mode of failure: for low values of T, brace failure
occurs, whereas for higher values of T the chord fails. However, no precise value of T can
be given for which brace failure changes to chord failure, since this also depends on other
geometric parameters and on the type of loading. Also, for lower T ratios, the wall
thickness of the brace is lower than the chord wall thickness. Therefore, the thickness effect

plays an important role on the mode of failure.



Conclusions from the comparison of experiments with FE analyses

Since the SNCFs are very sensitive to small changes in geometry, it is necessary to model
the variation of thickness in the cross-section of the chord and brace as realistically as
possible, if close correlation with experimental measurements is required for calibration.
The modelling of the finite element mesh, together with input of measured variations in
thickness in the cross-section of the brace and chord, results in a good simulation of the
strains and their gradients.

The SNCF values for analyses with measured dimensions are, in general, either about the
same as or above the experimentally measured values. The values for analyses with
nominal values are, in general, higher than those for analyses with measured dimensions.
This is caused by the square hollow sections used in the experimental specimens having

a larger thickness (especially at the corners) than the specified nominal dimensions.

Conclusions from the numerical work

The parametric formulae presented in this work allow the determination of the hot spot
stress for a given range of T- or X-joints in square hollow sections and form a basis for
future design recommendations.

It is shown that one set of parametric equations can be used for both T- and X-joints,
provided that the influence of the induced bending moment in the chord of T-joints is taken
into account separately and a correction factor is given for axially loaded X-joints with
B=1.0.

The range of validity of the formulae can be extended for r/t = 1 to 4, without correction
factors being necessary. This is confirmed by the (few) available experimental results.
The conversion between strains and stresses is not straightforward and deserves attention
when for instance strain and stress based results are compared. The ratio between SCF and
SNCF for the joints considered varies from 0.6 to 1.4, with an average value of 1.1.

The weld penetration (i.e. full penetration fillet or normal fillet weld) does not have much
influence on the SCFs at the weld toe.

The influence of the weld type can be taken into account by multiplying the SCF found
from the parametric formula (which are derived for butt welds) for the brace by 1.4. For
the chord, the SCFs of fillet welded joints are generally lower, but this is dependent on the

geometry of the joint, so that a preliminary (correction) factor of 1.0 is recommended.
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Conclusions regarding existing design recommendations

9.2

EC3 class 90 for both fillet and butt welds is proposed as a basis for the design of
rectangular hollow section joints. This class 90 agrees better with the test results than the
current classes and is closer to the DEn and IIW lines, which are unconservative for the
joints considered here.

Ignoring the thickness effect below 16 mm as in the DEn or below 25 mm as in EC3 is not
in accordance with the test results and is prohibitively conservative for small wall
thicknesses. Based on the test results, a thickness correction down to 4 mm is allowed.
The current practice of specifying the S,h_s‘-Nf line without giving detailed guidelines regard-
ing the determination of the hot spot stress should be abandoned.

The Srhls_—Nf lines of the various design codes are relatively in good agreement with each
other for 25 mm wall thickness at N;=2 10 cycles. However, due to different slopes of the

S, N lines, the results for other N, vary more widely. For other thicknesses, the results

"
vary even more, due to the present inconsistent thickness corrections.

Tests carried out at Rice University [77] do not seem to support the AWS design rec-
ommendations regarding the influence of the weld profile when runouts are excluded.
However, the remaining data is not enough to reject the influence of the weld profile
altogether.

The range of validity of the classification method in EC3 is too wide.

The low cycle test results show that there is no need to limit the hot spot stress range to

20,, as in the DEn design guidelines.

Recommendations for future work

Work on K-joints

The ECSC research programme "Fatigue strength of welded unstiffened RHS-joints in latticed

structures and Vierendeel girders", consisted of T- X- and K-joints. However, the parametric

formulae obtained [24, 28] are not consistent with those for X- and T-joints, since:
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The formulae are based on axial forces plus implicitly included secondary bending
moments. As the ratio between axial forces and secondary bending moments is dependent
on the structure and the type of loading, it would be preferable to give separate parametric

formulae for axial forces and bending moments as done for T- and X-joints.



- The use of maximum stress on a member as a basis for the design formulae rather than at
a number of specified positions, such as lines A to E as for T- and X-joints, only allows
a rather conservative superposition for different load cases, as the maximum stresses might
occur at different positions in the members for different load cases.

- In view of the additional parameters for K-joints (gap, angle of the brace) many more FE
analyses would be necessary to cover the parametric range.

- Another type of FE model has been adopted in comparison to T- and X-joints, with a
simple weld modelling and without corner radii. This did not result in differences for the
stresses in the gap area. However, in comparison with the experiments, differences with
respect to the stresses in the chord face (line B) have been found [22], so that a mesh
refinement here is necessary.

- The parametric formulae obtained for the determination of stress concentration factors of
K-joints with gap [24] and overlap [28] are also of a completely different form in

comparison to T- and X-joints [3].

The philosophy used for K-joints is different than that for X- and T-joints. To bring the K-joints
in line with T- and X-joints, alternative FE analyses for K-joints with a similar FE model as used
for X- and T-joints, followed by a new regression analysis to establish parametric formulae is
advised.

With the new parametric formulae to be established for K-joints, test results of research

programmes carried out earlier can be re-evaluated.

Extension for non-square rectangular sections

The use of rectangular rather than square hollow sections would in some cases work out very
economical. Considering a beam-column framework, the beams could now be rectangular sections
with the larger height used to take the in-plane bending moments. By choosing equal width of brace
and chord ($=1.0) a very favourable SCF is obtained. Allowing rectangular sections gives an extra
parameter to reach an optimum design. However, no analyses or tests have been carried out for
non-square hollow sections so that the range of validity of the parametric formulae for the h/b ratios

of the members is not established, thus preventing the proper use of rectangular hollow sections.
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Extension for Y- and N-joints

By studying a few cases where the brace is not perpendicular to the chord, the range of validity of
the parametric formulae for T- X- and K-joints might be extended to cover Y- and N-joints. In case
no simple correction factors can be established, different sets of parametric formulae can be

established.

Study on the hot spot stress

During the IIW conference in The Hague (the Netherlands), 1991, the need became obvious to
reach an agreement on the definition of the hot spot stress. In this research programme, some
considerations have already been made.

The influence of the non-linearities on the SCF, as noted in Chapter 3.3, might require further
study, based on non-linear FE analyses. A comparison might be carried out between the use of
primary stresses and the use of principal stresses as a basis for the fatigue analysis. The

extrapolation method might also be investigated in more detail.

Study on alternative fatigue assessment methods

The inclusion of more information on the shape of the stress field near the weld toe, rather than
just one stress value as in the hot spot stress method, might be a better basis for fatigue analysis.
For instance including the slope of the stress field near the weld toe might cover the thickness

effect as well as some sources of scatter.

Extensive study for fillet welded joints

As indicated in Figure 38, fillet welds in some cases have considerably lower SCFs in the chord
than butt welds. In these cases, the parametric formulae for SCFs in the chord are conservative for
fillet welded joints. In case of lines B and C, B=0.7, 2y=16, 1=1 the SCFs for fillet welds are about
50% lower than for butt welds. Therefore, by carrying out extra FE analyses and/or tests, correction
factors or separate parametric formulae can be established, allowing the designer to take advantage

of this effect.

Establishment of design guidelines for multi-planar hollow section joints

Obviously, there is considerable interest at present time in multi-planar joints because of an almost
complete lack of data. However, there is an ECSC-CIDECT programme of tests and numerical
analyses on isolated joints and joints in multi-planar girders, carried out at the University of

Karlsruhe, the Delft University of Technology and TNO Building & Construction Research.
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HET VERMOEIINGSGEDRAG VAN T- EN X-VERBINDINGEN GEMAAKT VAN
VIERKANTE BUISPROFIELEN

AM. van Wingerde
Technische Universiteit Delft

SAMENVATTING

In dit proefschrift worden de resultaten van experimenteel en numeriek onderzoek naar het
vermoeiingsgedrag van T- en X-verbindingen gemaakt van vierkante buizen waarvan de
wandstaaf gelast is op het vlak van de randstaaf, zonder gebruikmaking van extra schotten. Het
onderzoek is vitgevoerd in het kader van het CIDECT onderzoekprogramma 7K "Fatigue
behaviour of uniplanar joints", en een hieraan voorafgaand ECSC (EGKS) onderzoekprogramma
"Fatigue strength of welded unstiffened RHS joints in latticed structures and Vierendeel girders"
(CECA 7210-SA/111). Hiernaast is gebruik gemaakt van experimentele resultaten van het
CIDECT programma 7H "The low cycle fatigue behaviour of axially loaded T-joints between
rectangular hollow sections".

Het doel van de onderzoekprogramma’s is het opstellen van een ontwerpmethode voor op
vermoeiing belaste verbindingen van vierkante buizen, welke gebaseerd is op de zogeheten hot
spot’ spanning methode. De resultaten kunnen worden opgenomen in Eurocode 3.

In het experimentele onderzoek worden de rek concentratie factoren gemeten op diverse plaatsen
in de verbinding, ter vergelijking met de numerieke resultaten en voor de bepaling van de S-N
lijnen.

Het numerieke onderzoek levert SCF waarden op aan de lasteen voor een variatie in verbin-
dingsafmetingen. Deze resultaten vormen de basis voor formules die het mogelijk maken de
SCF waarden aan de las van wandstaaf en randstaaf te bepalen, afhankelijk van de dimensieloze
parameters B, 2y and 7, die de geometrie van de verbinding beschrijven.

De resultaten van de experimenten en numerieke berekeningen zijn gebruikt om de uiteindelijk
afgeleide formules te controleren in relatie tot de voorgestelde S-N lijnen.

TREFWOORDEN
vermoeiing, vierkante buisprofielen, hot spot spanning, spannings (rek) concentratie factor.
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