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ABSTRACT

Circular hollow sections (CHS) are widely adopted in fixed jacket and topside
structures due to their excellent structural and mechanical properties. Virtually in
almost all off-shore structures, one of the main design considerations when using CHS
is to optimize the structural joints which are susceptible to fatigue failure due the
dynamic and cyclic loading natural of the structures. Recently, partially overlapped
CHS tubular K-joints become more and more popular due to their optimum strengths
when compared to other alternative joint configurations such as non-overlapped
(gapped) or completely overlapped K-joints. However, in the past, few research works
were carried out to study the fatigue behaviour of partially overlapped CHS K-joints. In
fact, currently, only a very limited information regarding the fatigue life of CHS
overlapped K-joints are available. Hence, there is a need to investigate the stress
concentration factors (SCF) and the hot spot stress (HSS) distributions of this kind of

joints in the current research.

In the current research, carefully planned experimental studies were firstly carried out
to investigate the SCF and the HSS distributions along the joint intersection of three
full-scale partially overlapped CHS K-joints. The experimental results show that
depending on the geometrical parameters of the partially overlapped K-joints, the
maximum SCF could locate on either the brace side or the chord side of the joint. The
experimental results show that Efthymiou formulae are conservative only when the
partially overlapped K-joints are subjected to in-plane bending (IPB) loading, but not
for the case of axial (AX) loading. In addition, it is observed that the S-N curves are

found to be on the conservative side of the test results.

After the experimental study, finite element (FE) models were created to simulate the
test specimens. The FE models were based on mesh generator developed by Nguyen at
NTU in 2008. These FE models were conducted by using the FE program ABAQUS. A
comparison between tests results with FE analyses showed that reliable SCF and HSS

values could be obtained. However, using such method in a normal day-to-day design
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office operation is not unfeasible. Thus, a large scale parametric study is carried out to
study the general fatigue performance of this type of joint. A total of 3500 FE models
with wide range of geometrical parameters of partially overlapped K-joints were
created. From the parametric study, it is seen that the SCF values increase generally as
y, rand @ increase, but as Ov and g increases the SCF values decrease. In general, all
these parameters have a large impact on SCFs for the partially overlapped CHS K-joint.
A set of parametric equations was subsequently proposed for predicting the SCF of
partially overlapped CHS K-joints under axial and in-plane bending load cases. The
equations were verified against the acceptance criteria of the Fatigue Guidance Review
Panel. Further analysis on the accuracy and reliability of these regression equations
shows that they are reasonable accuracy, but improvement is needed in order to come
up better SCF/HSS estimations. As part of an attempt to gain a more accurate
prediction, a new interpolation method is used for estimating the SCF and HSS values
of partially overlapped CHS K-joint. The assessment confirms the efficiency and
reliability of the new method for predicting the SCF and HSS of partially overlapped
CHS K-joints under basic AX, IPB and combined loadings.

Finally, a comparison study between the gapped and the partially overlapped CHS K-
joints has been made. It is observed from the comparison results that the partially
overlapped CHS K-joints are mainly in favour when they are working under the AX
load case, especially where the joints of having braces with low and medium y values.
It is also observed that under the combined AX and IPB loading, the partially
overlapped CHS K-joints gain more benefits than the gapped. The gapped CHS K-
joints are in favour on working under the IPB loading. However, it should be noted that
some researchers suggested that in design of trusses or frames it is usually to assume
that the members are pin-ended, meaning bending moment can be neglected as far as
the joint design is concerned provided the eccentricity associated with them falls within
the certain limits stipulated in CIDECT Design guide No. 8. In this case, it could be
concluded that the partially overlapped K-joints could be regarded as a favourite joint

type when compared to gapped CHS K-joints in terms of fatigue performance.
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Introduction

CHAPTER 1
INTRODUCTION

1.1 RESEARCHBACKGROUND

Steel hollow sections are commonly used as supporting structures in onshore and
offshore engineering. In these structures, the members are jointed together by welding
the profiled ends of the brace into the circumference of the chord. The connections
between the brace and the chord are defined as structural joints. According to different
sectional shapes, the types of structural joints can be classified either as circular or
rectangular joints. Circular hollow sections (CHS) are more widely adopted in practice
due to their excellent structural and mechanical properties such as having high strength
and low weight ratio. The continuous smooth curved surfaces also decrease the
frictional forces caused by wind/wave, and thus increase the capacity of resistance
against the environmental loads. In addition, the stress concentration, which will reduce
the life of the structures subjected to cyclic loads, is smaller than that of rectangular

hollow section (RHS) joints.

Fatigue is regarded as one of the major problems that cause the degradation of offshore
steel structures in the long-term integrity. A significant feature of fatigue is that the
applied load is not necessarily large to cause immediate failure at members and joints
of the structures. Instead, the failure of structural components occurs after a certain
number of load fluctuations have been experienced. The Health & Safety Executive
statistic data of the North Sea steel structures revealed that the fatigue damage of
offshore steel jackets was the most frequent single cause of repairs which represented
about 25% of all repair works [1]. Thus, the fatigue failure is one of the most important
failure modes to be considered in the design for offshore steel jacket. The offshore steel
jacket is a truss-work structure consisting of tubular members resting on the seabed. It

supports several modules on topside with piles running inside the main legs of structure
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and penetrating beneath the seabed as shown in Figure 1.1.

The structural hollow section (SHS) joints may be classified according to the geometric
configurations, transfer action of loads among braces, and types of design. For the
purpose of design, Underwater Engineering Group [2] classified the tubular joints into
four (4) categories as follow.

- Simple welded joint

- Complex welded joint

- Cast steel joint

- Composite joint

Some of the different types of tubular joints are illustrated in Figure 1.2. Cyclic
loadings would be occurred to tubular joints by three basic load cases namely axial
load (AX), in-plane bending (IPB) and out-of-plane bending (OPB) as shown in Figure
1.3. Each load case has its particular distribution of stresses along the joint intersection
of members. The geometrical parameters of typical welded joints are shown in Figure
1.4.

Simple tubular joints are the most widely used connection details for the construction
of offshore steel jackets in the industry. The popularity is attributed to the available
parametric equations and direct calculation methods to assess the joint capacity. It is
also because of ease of fabrication, non-destructive testing and inspection that can
apply to them. However, due to the gap between braces and eccentricity, additional
moments on the chord member should be carefully considered. BOMEL [3], in an
industry project investigating the strengths of tubular frames, found that gapped K-
joints exhibited a typical brittle response and shed a large proportion of the load. It is
also important to note that with the progressive development of offshore exploration in
deeper waters and arctic conditions, the offshore platforms are now becoming larger
and more demanding. As a result, the use of simple tubular joints for larger offshore

steel jackets may not be appropriate and becomes uneconomical as long thick wall cans
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are required to be used at every connection in order to avoid the overlapping of

structural members.

In contrast, partially overlapped K-joint has a high residual capacity as a result of their
optimized load transfer pattern. This advantage, however, is offset by higher fabrication
costs due to the complex end profile of the overlapping brace and difficulty of the
inspection of the hidden weld. However, Tizani et al. [4] reported a case study
comparing the costs of three K-joints design options. Having considered a material
based on, however, only ultimate strength of the joints and fabrication costs, it was
concluded that the specification of tubular overlapped joints was the cheapest solution,
with the fabrication cost actually being significantly cheaper than that of the alternative
canned gapped joints. However, up to now, only a few research works were carried out
to study the fatigue behaviour of partially overlapped CHS K-joints. In fact, currently,
very few information regarding the fatigue life of partially overlapped CHS K-joints
are available. Hence, there is a need to investigate the stress concentration factors (SCF)

and the hot spot stress (HSS) of this kind of joints in the current research.

1.2 OBJECTIVES OF CURRENT RESEARCH

The main objectives of the current research are focused on the SCF and HSS of

partially overlapped CHS K-joints and are listed below.

1. To experimentally and numerically investigate the HSS and SCF distributions at the
joint intersections under different load cases.

2. To evaluate the applicability of present S-N curve [5] in design of partially
overlapped CHS K-joints.

3. To study numerically the influence of geometrical parameters on the SCF
distributions of the joint under AX and IPB load cases.

4. To propose parametric equations to predict the SCF of the joint under AX and IPB

load cases.
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5. To propose a new method that based on interpolation method for the more accurate
estimation of SCFs and HSSs of partially overlapped CHS K-joints.
6. To compare, in general, the fatigue performance of partially overlapped CHS K-

joints with their counterparts, gapped CHS K-joints.

1.3 SCOPE OF CURRENT RESEARCH

The current research involves experimental and numerical investigations of SCF and
HSS of partially overlapped CHS K-joints under both basic and combined load cases.
In Chapter 1, an introduction of the use of tubular joints in the offshore construction
industry is presented. The objectives of the current research are also given. In Chapter 2,
a literature review on the past research findings related to the partially overlapped K-
joints is reviewed in detail. Some basic understandings on the stress and concentration

distributions of various tubular joints are also included.

Chapter 3 describes the experimental set up for three full-scale partially overlapped
CHS K-joints. The stress distributions and stress concentration along these joints
intersections are studied. The test data are also used for the verification and calibration
of the finite element (FE) model. The applicability of the present S-N curve [5] in
design of partially overlapped CHS K-joints is evaluated. Then, the influence of
various geometrical parameters on the SCF of partially overlapped CHS K-joints is
presented in Chapter 4. In this chapter, based on the data obtained from the FE analysis,
a set of regression equations is proposed to predict the SCFs of partially overlapped
CHS joints under AX and IPB loading. In order to further improve the accuracy of the
SCF/HSS predictions, an interpolation method to calculate HSS and SCF values of
partially overlapped CHS K-joints is presented in Chapter 5. A comparison fatigue
performance, in general, between the partially overlapped CHS K-joints and the gapped
counterparts is presented in Chapter 6. Finally, in Chapter 7, conclusions of the present
research project are given. The recommends concerning future research programmes on

the behaviour of the partially overlapped CHS K-joints are also highlighted.
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To date, equations for the fatigue design of partially overlapped CHS K-joints are not
commonly available in any design code. The originality of this study is to propose new
method, which is based on interpolation method, to predict the SCF and HSS of
partially overlapped CHS K-joints. It is believed that this new method would help
engineers to successfully and effectively carry out the SCF/HSS analysis of any
partially overlapped CHS K-joint.
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CHAPTER 2
LITERATURE REVIEW

2.1 STRESS ANALYSIS OF TUBULAR JOINTS

Tubular joints have been used extensively as supporting structures in offshore
engineering. The joints are formed by welding the brace and the chord together. In
these welded tubular joints, the stiffness around the intersection is not uniform. This
will result in a non-uniform geometrical stress distribution. A typical stress distribution
along the weld toe is shown in the Figure 2.1. This non-uniform stress is usually caused
by curvature discontinuity at the intersecting curve, which will then cause stress
concentration at this region. The peak stress around the intersection is known as the /ot
spot stress (HSS) which is the place of the crack initiation site and relates to fatigue life
of tubular joints, and thus it is an important parameter used in design and analysis. The
HSS is normally dependent on the geometry of the joints as well as on the external
loadings. In addition, the HSS is also affected by fabrication factors such as the
configuration of the weld (flat, convex, concave), and the local condition of the weld

toe (radius of weld toe, undercut).
2.1.1 Nominal Stress

The nominal stress (o;) is calculated using the simple beam theory and the
superposition method without taking accounts the geometric discontinuity and other
localizing effects. The nominal stress of a tubular K-joint subjected under basic load
can be expressed as follows:

For balanced axial load (Figure 1.3a),

4F

O T d —(d-20)) @D
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For in-plane bending (Figure 1.3b),

o,= ?‘2 d My 7 (2.2)
n(d" —(d-2t)")
For out-of-plane bending (Figure 1.3c),
32dM,,, 2.3)

o =
" (dt —(d -20)")

where F'is the axial load, d is diameter of the brace, ¢ is thickness of the brace, M;pz and

Mopp are in-plane bending and out-of-plane bending moments respectively.

In the case of a CHS overlapped K-joint under combined axial load and in-plane
bending, the nominal stress can be superimposed by the two nominal stresses. That

means the nominal stress can be expressed as

4F 32dM,,
o, = +
" (d>—(d-2t))  m(d* —(d-20)")

(2.4)

Accordingly, the nominal stress of a tubular K-joint under combined axial load and out-

of-plane bending can also be expressed as

4F 32dM,,
o, = +
" a(d>—(d-2t)Y) =(d*-(d-20)")

(2.5)

2.1.2 Hot Spot Stress (HSS) Classification
There are several methods available to determine the fatigue resistance of welded

connections [5]. The commonly used methods are the classification method, the HSS

method, the local notch stress method and the fracture mechanics approach. The

10
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classification method is based purely on the nominal stresses. The HSS and the local
notch stress methods are based on the HSS at weld toe and the local peak notch stresses
at weld root respectively. However, the HSS method is regarded to be the most
practical approach as it relates different structural geometry of the joints to the same S-
N curve by introducing SCF for fatigue calculation [6]. Hence, the HSS method is
adopted in the current study to determine the stress concentrations of partially

overlapped CHS K-joints.

It should be noted that the points of higher localized stresses at the joint intersection of
members are called as “hot-spots” and the associated stresses are known as HSS. Based
on a large amount of data on stress analysis of tubular joints obtained by UKOSRP
programme, Irvine [7] suggested that the HSS should be defined as “the linear stress
distribution outside the notch region on a tubular joint extrapolated to the weld toe to
obtain experimental values of tubular joint hot spot stress”. Additionally, rosette gauges
were recommended to be used to obtain the maximum principal stresses so that the

stresses could be conservatively extrapolated to obtain the HSS.

On the other hand, DEn [6] recommended that “the stress, which is used to describe the
fatigue performance of a tubular joint, should incorporate the effects of overall tube
geometry (i.e. the relative sizes of the brace and chord) but omit the concentrating
influence of the weld geometry which changes around the periphery of any brace/chord
intersection and, although weld profiling is specified by codes of practice such as AWS
D1.1 [8], will in practice vary from joint to joint”. The greatest value of the maximum
principle stress extrapolated to the weld toe through the local stress region around the

brace and the chord periphery conservatively determines the HSS.

It should be stated that not all tubular joints will exhibit a region of stress linearity near
the weld toe. K and Y joints in particular can, in certain locations, exhibit geometric
stress distributions which are non-linear, and to maintain the general definition of HSS

as given above, i.e. that found at the weld toe but omitting the concentration caused by

11
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weld geometry, non-linear extrapolation through the region of local stress is necessary.
Thus, a more general definition of HSS can be defined as the peak value of geometric
stress at the weld toe. Furthermore, van Wingerde et al. [9] proposed a more precise
approach based on the HSS method to replace the previous nominal stress and HSS
approaches for the fatigue analysis of steel connections. The following guideline was

proposed for the fatigue design of hollow section connections.

(a) Type of stress

Only stresses perpendicular to the weld toe were considered.

(b) Extrapolation approach

A quadratic extrapolation was recommended to exclude local stress concentrations.
This extrapolation approach accurately described a nonlinear stress increase near the
weld toe as more data was obtained. It is certain that for most simple tubular joints, the
stress increase within the extrapolation region was linear. However, a quadratic
extrapolation would be needed to determine the HSS at the weld toe in certain location

of the overlapped CHS K-joints.

(c) Position of HSS at weld toe
The exact position of SCF at weld toe had to be established to determine the HSS
caused by axial forces, in-plane and out-of-plane bending moments. For tubular joints,

these positions were located at the heel crown and saddle of the chord and the braces.

It should be noted that the HSS is the extrapolated stress at the weld toe. For simple
welded joints, the SCF is defined as the HSS divided by the nominal stress of the
loaded brace that causes the HSS. Therefore, the HSS at the weld toe is a function of all
the nominal stresses in the members of the connection multiplied by their

corresponding SCF.

12
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In the latest International Institute of Welding fatigue design guide [10], the use of the
HSS range had similar concept as the HSS method proposed by van Wingerde et al. [9]
with procedure described below. The HSS range at a specific location of a joint under a
load case was the product of the nominal stress range and the corresponding SCF. The
HSS ranges at the same location of a joint under combined load cases could be
superimposed. If the position of the maximum HSS in a member under a relevant
loading could not be determined, the maximum SCF must be applied for all the points
around the periphery of the member at a joint. The HSS ranges must be calculated for

both the chord and the brace.

From the above, it could be seen that the principal stress and the stress perpendicular to
the weld toe were the two commonly used stresses to determine the HSS at the weld
toe. For simple welded joints, owing to the stiffening effect of the weld and the
member wall thickness, the principal stress tended to divert to a perpendicular direction
as it moved toward the weld toe. That is the ratio of the principal stress to the stress
perpendicular to the weld toe decreased with the distance to the weld [11, 12]. It was
important to note that the direction of the maximum principal stress at the crown toe
and heel positions was perpendicular to the weld toe. However, in certain location of
tubular joints, the geometric stress perpendicular to the weld toe may not be the
maximum principal stress [6]. In this case, one of the above methods should be chosen

to calculate the HSS.

Van Wingerde et al. [9] also summarized the advantages of using the stress
perpendicular to the weld toe to determine the HSS. The stresses perpendicular to the
weld toe could easily be measured using simple strain gauges. All the stress
components were still required to be separately considered even when the principal
stresses were determined. The hot spot principal stresses caused by various load cases
could not be superimposed. The stress component perpendicular to the weld toe was
enlarged by the presence of global weld shape and notch. This view was supported by

the direction of crack growth.

13
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2.1.3 Extrapolation Methods

Owing to the effect of localized weld shape and notch stresses, HSS cannot be directly
obtained by using strain gauges installed at the vicinity of the weld toe. Thus, the
extrapolation of stresses within the specific region is adopted to determine the HSS.
Generally, the extrapolation region is defined by specified minimum and maximum
distance measured from the weld toe of the joint. The region is defined in such a way
that the effect of the geometry of the weld and the condition at the weld toe are not
included in the HSS [13].

Two extrapolation methods were employed in the ECSC and CIDECT research
programmes [14, 15, 16, 17, 18, 19, 20 and 21] simultaneously, to enable a comparison
between the two methods to be made. Both methods start by fitting a curve through all

available data points (by hand or numerically), shown as a heavy line in Figure 2.2.

1. Linear extrapolation. Two points on the curve determined from all data points are
used for the extrapolation: the first is 0.4¢ from the weld toe, with a minimum of 4

mm. The second point is taken to be 0.67 further from the weld toe.

2. Quadratic extrapolation. The first point is 0.4¢ 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¢ further from the weld toe. The quadratic extrapolation is carried out
through the first and second points on the curve based on all data points, shown as

squares in Figure 2.2.

It was also recommended by DEn [6] that “the maximum extent of local notch region is
defined as 0.2(r7) '* (and not less than 4 mm), where  and ¢ are the brace outside radius

and thickness respectively”. The dependence of (r7) '

was derived from the study of
bending stresses in tubes [23]. This parameter was modified according to the analysis

of large-scale tests on tubular joints in ECSC and UKOSRP projects. Based on DEn

14
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guidance [6], the requirements for the extrapolation region of the chord and the brace

can be seen in Figure 2.3.

An alternative approach to determine the HSS was to specify a minimum strain gauge
distance of 0.4¢ from the weld toe as highlighted by Gurney [22]. Gurney’s
recommended distance was actually derived from the finite element analysis of simple
fillet weld joints in plates. The region of the notch stress was a function of plate
thickness. Swensson et al. [23] and Wardenier [24] commented that for joints with
pronounced 3-dimensional effects, Gurney’s recommendation described the notch
region better than DEn [6]. ECSC Working Group III eventually adopts the
requirement of 0.4r minimum distance as the extrapolation region with details
summarized in Table 2.1 [13]. These requirements for the extrapolation region to
determine the HSS near the weld toe of the joint are also included in [IW [10] and Zhao
etal. [5].

van Wingerde et al [25] recommended that linear extrapolation is suitable only for non-
overlapped CHS connections, where the stresses near the weld toe would increase
almost linearly noted by the DEn design recommendations [26], since in this case the
difference between linear and quadratic extrapolation would be negligible. As for RHS
connections, the geometric strain can be strongly non-linear, and the quadratic
extrapolation method should therefore give more realistic values for the SNCF at the
weld toe. It is also noted that 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 classification according to EC3
[27], without any correction factors on the parametric formulae being necessary.
Having learned from all above researchers, although the quadratic extrapolation is
slightly more difficult to carry out, this extrapolation method has been used in the

current study.

15
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2.1.4 Stress Concentration Factor (SCF)

In the design guides the HSS is usually defined and obtained by a parameter called
Stress Concentration Factor (SCF). The relationship between the HSS and the SCF can
be illustrated in Figure 2.1. The HSS is the peak stress, and it can be expressed as

follow:

OHSS = Onominal xSCF (26)

From Equation (2.6), the HSS is obtained if the SCF and nominal stress are determined.

The nominal stress can be obtained from Equations (2.1) to (2.3) for basic loads.

Research into fatigue behaviour of overlapped K-joints can be found in Almar [28],
Efthymiou & Durkin [29], Gibstein [30], Lalani and Forsyth [31] and Moe [32].
Systematic research into the fatigue behaviour of overlapped K-joints was carried out
at VERITAS in years 1982 -1984. Stress analysis was carried out with objective of
deriving parametric formulas for SCF. Fatigue tests were conducted in order to verify
the validity of hot spot definitions and the applicability of S-N curves for overlapping
joints. It is noted that overlapped K-joints can be designed to provide some
improvement of fatigue strength properties comparing to K-joints with gap, provided
that d/D should be less than 0.85. However, the parametric SCF formulas for
overlapped CHS K-joints are presently not available in literature [28].

Efthymiou and Durkin [29] carried out the stress analysis of 100 FE models of K-joints
using PMBSHELL FE program. The emphasis was on overlapped joints but a large
number of gapped joints were also examined. The SCF parametric equations of the
partially overlapped K-joints were developed under both balanced and unbalanced
basic load cases. It is noted that the unbalanced axial load overlapping always reduces
chord SCFs significantly, whereas braces SCFs are also reduces when #yace < Jehord- The

benefit of overlapping is more pronounced in joints with brace inclinations 90°/45°
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than for inclinations 45°/45°. It is also noted that overlapped K-joints is, however, not
beneficial while subjecting to in-plane bending load case. Furthermore, it is noted that
SCFs are low in balanced out-of-plane bending load case, while in unbalanced are high.
These equations for overlapped K-joints are shown in Table 2.3 in the present study.

However, they were not adopted in the EC3 [27].

Gibstein [30] studied the stress concentrations of 19 FE models of K-joints with £ =1
under five different load cases. A set of parametric equations was derived to estimate
the SCF of gapped K-joints as well as overlapping K-joints with and without stiffeners.
The SCF formulas for £ =1 of the overlapped K-joints are shown in Table 2.4.
However, the investigation did not cover fully the range of geometric parameters of the
joints. According to that study, the locations of maximum SCF were depended on the
brace-chord thickness ratio (#/7) and load type: for the #/7 =1 the maximum SCF is
usually located in the chord, whereas #/7 < 1 the maximum SCF can be found in chord

or brace, depending on the load type and design considered.

Lalani and Forsyth [31] also investigated a series of elastic and fatigue tests on
overlapping K(N)-joints. A total of ten elastic and fatigue tests were undertaken,
including four axial load tests, three in-plane moment load tests and three out- of- plane
bending tests. The HSS approach was used to determine the SCF of the joints.
According to this study, for the joints under balanced axial load case, the maximum
SCF occurred at the crown heel of the 45° diagonal brace. Similarly, for the brace
perpendicular to the chord, the maximum SCF occurred at the crown position.
However, the peak stress of the joint did not always occur at the crown or the saddle
position of members. It is also noted that all cracks occurred on the brace side of the
weld, in line with maximum stress locations. It is further noted that the use of the HSS

range concept is valid for overlapped CHS K-joints studied.

Moe [32] performed the stress analysis based on the fatigue tests of overlapped CHS K-
joints and overlapped CHS K(N)-joint subjected to balanced axial loads. It is observed
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that brace failure mode in overlapped joints is more critical than previously observed
chord failure due to the acceleration of the crack development from relatively short
surface crack, which to some extent reduces the time in-service for possible crack
detection, meaning that this mode of failure may lead to somewhat shorter fatigue lives

compared with previous results.
2.1.5 Hot Spot Stress (HSS) determination

Although the HSS can be determined by nominal stress and SCF together, it is still not
easy to estimate its value and the location of peak stress when overlapped K-joint is
subjected to complicated loads. This is because all SCF equations proposed by the
researchers have considered only the basic loads and disregard where the maximum
SCF point located. For combined loading cases, it is uncertain because there is no
general definition on nominal stress and also the position of the HSS could shift from
one location to another depends on different proportions of the basic loads in the
combined loading cases. Actually, the HSS can be located at any point along the
intersection under combined loads. API RP-2A [33] proposed a method to determine

the peak hot spot stress as follow:

1
Peak HSS =|SCFyy f | +(SCEyyfips)? +(SCEypy fop)* 2.7)

where peak HSS is the peak HSS, SCF x, SCFps, SCFopp are concentration factors
(SCFs) for AX, IPB and OPB respectively. fix, fipp and fopp are the corresponding

nominal stresses.

Obviously, Equation (2.7) is simply summing up the products of the nominal stress due
to each load type and the corresponding maximum SCFs. This will make the results
conservative because in general the HSS caused by each basic load could be located at

different positions. Therefore, the sum of the HSS from Equation (2.7) will
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overestimate the peak stress value. This had been proven by Pang and Lee [34] in their
study on tubular T-joints. To avoid this disadvantage, Gulati et al. [35] had suggested
superimposing the stress distributions from each of basic load modes to obtain the HSS.

Subsequently, a new equation was proposed as follow:

o(p)= K ,(0)fix + Kpi(9) f1ps + Kpo(®) fops (2.8)

where K (@), Kzi(p), Kpo(¢) specify the stress concentration factors (SCFs) around the
intersection of joint subjected to AX, IPB and OPB respectively. fix, firs and fopp are

the corresponding nominal stresses.

The position and value of the HSS can be determined from Equation (2.8) if K4 (@),
K3zi (p), Kp, (@) can be explicitly provided. However, the explicit expressions were not
provided in the literature. Chang and Dover [1] suggested that K, (@), Kz (), Kzo (@)
can be obtained using equations of Hellier et al. [36] for tubular T and Y-joints. Yeoh
et al. [37] verified this method by conducting a test on a tubular T-joint and found that
stress distributions obtained by superposition method of Equation (2.8) compared well
with the results obtained directly from the full-scale test. Soh and Soh [38] also studied
the superposition method by conducting a test on tubular K-joint and found the results
from this method agreed well with experimental results. Although this method can
provide more accurate information of hot spot stress, it is still not easy to be applied in

practice because the accuracy of the HSS from Equation (2.8) depends on the accurate

expressions of K4(@), Kpi(®), Kgo(®).

Therefore, in the present study a new tool is suggested to predict the HSS values which
base on Equation (2.8). The created database is able to provide all positions and K (@),

K3i (), Kp, () along the intersection of partially overlapped K-joints.
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2.2 S-N Curves for Fatigue Design

The fatigue life prediction of welded components requires appropriate stress analyses.
The dominant parameter in the fatigue analysis is the stress range which can be defined
as the stress difference between the maximum stress (Omax) and the minimum stress
(Omin)- The mean or the peak levels of loading are found to be less significant as
compared to the range of stresses. In the case of constant amplitude loading, the stress

range is defined as follow.

Aoc=0c_, —0_. (2.9)

The constant amplitude of stress histories is illustrated in Figure 2.4a. For welded
structures, the variable amplitude loading (Fig. 2.4b) is more common than the constant

amplitude loading.

The S-N curves for assessing the fatigue performance of tubular joints are commonly
used in offshore structures [5 and 10]. The S-N curves are a plot of the stress range
versus the number of load cycles to failure. The typical S-N curves for structural
hollow section connections are shown in Figure 2.5. These S-N curves are obtained
from series of the experimental tests on representative geometries and materials. The
primary advantage of using these curves is that it allows the use of a single S-N curve
and thickness correction for all hollow section connections. The validity of wall
thickness for circular hollow section connections is limited to 50 mm. The effect of
wall thickness of hollow sections can partly be explained by fracture mechanics and
partly by technological and statistical factors. It can be seen from Figure 2.5 that
thicker walled elements have shorter fatigue life than thinner walled elements. As a
result, thicker walled elements would fail at lower number of load cycles than the
thinner walled elements in the same hot spot stress range. Therefore, a proper design of

welded tubular joints against fatigue failures must be based on the magnitude of SCF,
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which is defined as the ratio of the highest stress to the member nominal stress obtained

from the global stress analysis.

Actually, a basic S-N curve is used for hollow section joints with a wall thickness of 16
mm [9, 39-43]. For joints with wall thickness other than 16 mm, the thickness
correction factors are introduced. The influence of the thickness effect on fatigue
behaviour of hollow section joints has been widely investigated by Gurney [23], van
Delft [44], Marshall [45, 46], van Delft et al. [47], Berge and Webster [48], Haagensen
[49], Thorpe and Sharp [40] and van Wingerde [11]. The thickness effect is also
recognized in the design recommendations [50], [26, 27] and [10]. A common set of S-
N curves and thickness correction formulae have been established by van Wingerde et
al. [51, 52]. The equations for S-N curves are presented in Table 2.2. However, an
attention should be paid as Figure 2.5 and Table 2.2 only apply to CHS joints with
thickness between 4 mm and 50 mm and RHS joints with thickness between 4 mm and

16 mm.

Some research works concerning overlapped K-joints have been done by Lalani and
Forsyth [31], and Moe [32]. Lalani and Forsyth [31] investigated a series of elastic and
fatigue tests on overlapping K(N)-joints. According to them, test results indicated that
S-N curves approaches would yield a conservative estimate of fatigue life. Another
researcher Moe [32] performed the stress analysis based on the fatigue tests of two
overlapped K-joints subjected to balanced axial loads. It is also noted that the S-N

curves were found to be on the conservative side of the test results.

2.3 Interpolation Method for SCF and HSS Estimation

In the mathematical subfield of numerical analysis, interpolation is a method of

constructing new data points within the range of a discrete set of known data points.
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In engineering and science one often has a number of data points, as obtained by
sampling or experimentation, and tries to construct a function which fits those data
points. This is called curve fitting or regression analysis. Interpolation is a specific case

of curve fitting, in which the function must go exactly through the data points.

An interpolation method was firstly applied to analyze stress intensity factors (SIFs) of
gapped CHS K-joints by Shao [53]. According to the results of the study, the accuracy
of the SIFs obtained from interpolation method is higher than that of SIFs obtained
from the proposed parametric equations. Having compared the interpolation method
with the proposed equations for tubular T and Y-joints [54 and 55], the interpolation

method appears to be more accurate, feasible and practical.

Presently, there is almost no parametric equation available for fatigue design of
partially overlapped CHS K-joints. An extensive research is therefore needed in this
area before the joint configuration could be considered to be used in practice. In this
current research, the determination of the SCF and HSS of the partially overlapped
CHS K-joint is the primary focused. As far as the new method is concerned, both
experimental and numerical investigations are needed to be carried out as they would

have been performed in next chapters.
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Table 2.1 Extrapolation region recommended by I[TW [10] and Zhao et al. [5]

Chord member Brace member
Crown Saddle Crown and saddle
3ymin= 04T 1. pyin = 0.4 mm Lemin= 0.4t L min = 0.4 mm
L max = 0.4(rtRT)™ L max = 0.09R Ly max = 0.65(rt)"”*

Lemin (Lmay): minimum (maximum) distance measured from the weld toe
location in a direction perpendicular to the weld toe (for chord member location)

or/and a direction parallel to axis of the brace member (for brace member location)

Table 2.2 Equations for the S;s-Ny curves for CHS joints (4 mm < t < 50 mm )
and RHS joints (4 mm <t <50 mm ) [5, 10]

log(S,,.)= l(1 2476 —log(N , + O.O6log(N/,)log(E)
for 10° < Ny < 5x10° 3 | | t

or
12.476-31og(S . )
1-0.1 810g(1t6)

log(Nf) =

for 5.10° <N;< 10°
or3.107<Nr< 10 log(S,,,) =~ (16327~ log(N,,) + 0.402log( )
(variable amplitude) 5 ‘ t

or

log(N,)=16327-5log(S,

rhs

)+2.0110g(%)
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Table 2.3 Parametric equations for overlapped K-joints [29]
Load type SCF equation
Load on one brace only Chord SCF:
N\ y ! [L11 =38 - 0.52) |sin"* 6
E ;% 2 2 Brace SCF:

Q

0

13 + J}‘L_0.52060.1 [0187 _ 125ﬂ”(ﬂ _ 096)]Sln (2.7—0.01a) 0

Balanced IPB

Chord SCF:
1‘45ﬁ,[_0‘85y(1—0‘68/)’) sin®” 9[0.87170'3]
Brace SCF:

sin @

= — 1+ 048 0247’_70.2 0.7 Sin0.55 0 min 1.8
0 O ﬂ y max( Sin emax )
IPB on one brace Chord SCF:
only 1.45ﬂ1_0,85y(1—0‘68ﬁ) sin0‘7 0
/ Brace SCF:
1+ 0.65ﬁT0A4y(1.o9—0,77ﬂ) Sin(0.06y—1416) 0
Q _ _ o]
Unbalanced IPB Chord SCF:
145785y 08P 5in®7 9 (Oy < 30%)
/ §:; Z?\ 1.776 ¥y 5in®7 0 (Oy > 30%)
~ ~ Brace SCF:
4) 74)
1+ 0.65ﬁT0A4y(1A0970A77ﬁ) Sin(0A06y71A16) 9 *(09+0.4ﬂ)
VALIDITY RANGE

The above equations are generally valid for geometrical parameters within the

following limits:
02<4<1.00
8.0<y<32
02<7<1.00
200<0<90°
4<a

60% < Ov <100%
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Table 2.4 SCF Formulas for f=1 of overlapped K-joints [30]

Load type SCF equation
Axial Load Chord SCF:
\ / ]‘490/])0.73 70.37
7, Q
Brace SCF:
Y 1.61(t/T) -0.23 }/0.32
0 _ _ 0
In Plane Bending Continuous brace
Chord SCF:
/ N 1 76(t/D0'89 7/0.22
Brace SCF:
0. 78(t/T)0'41 70.37
o - - 0 Non continuous brace
Chord SCF:
Brace SCF:
].24(1/1“)'0'17 7().28
Out of Plane Bending Continuous brace
NG S Chord SCF:
I.54(t/T)I'31 70.37
Brace SCF:
1.]1(t/D0'22 7/0.53
0 - - ) Non continuous brace
Chord SCF:
0.90(t/T)1'21 7/().58
Brace SCF:
1.]6(1/7“)0'29 }/0.51
VALIDITY RANGE

The above equations are generally valid for geometrical parameters within the
following limits:

£ =1.00
y=15-35
72>0.5

6, =6,=55

Ov=¢q/px100=21%
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Stress distributions at joint intersection of chord and brace [6]

Figure 2.1
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& Data point, also used for quadratic extrapolation
0 Additional data point, gained fom curve through all data points
04t
Tulin 4 mmm
2 Curve,|ftted through all available data points
10t
HCF Linear o3
Linear Extrapolation
D6t
=
ol
H—
o
Weld Toe Diistance from Weld Toe

Figure 2.2 Linear and quadratic extrapolation procedure [6]
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Figure 2.5 Typical S-N curves for fatigue design of structural hollow

section connections [5, 10]
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CHAPTER 3
EXPERIMENTAL INVESTIGATION

3.1 INTRODUCTION

Simple non-overlapped CHS K-joint is one of the most widely used connection types in
offshore structures. However, due to the existence of a gap between the braces, under
some geometrical configurations, eccentricity and unbalanced moment could be
generated on the chord and this may lead to undesirable brittle responses of the joints
[3]. Hence, in many design codes [5, 27] an upper limited is imposed on the
eccentricity for non-overlapped CHS K-joints. In practice, any eccentricity for a non-
overlapped CHS K-joint could be eliminated by partially overlapping the braces. When
compared with a non-overlapped K-joint, the partially overlapped CHS K-joint
normally has a higher fabrication cost due to the more complex intersection profile.
However, due to their optimized load transfer pattern and zero eccentricity property,
partially overlapped CHS K-joints often offer a higher residual capacity and ultimate
strength [56, 57]. In a study carried out by Healy [58], it was found that in case the
through brace was in tension, the capacity of partially overlapped joint was much better
than when it was otherwise loaded. Dexter and Lee [59, 60] examined numerically the
effects of several geometrical parameters and the overlapping percentage on the
behaviour of overlapped joints. It was found that, in general, overlapping the braces has
a beneficial effect on joint strength for the joints with relatively thick brace walls.
Furthermore, it was also reported from Dexter et al. [61] that partially overlapped CHS
K-joints are expected to have increased strength up to a certain amount of overlap and
then decrease when the joint is completely overlapped. Besides strength enhancement,
partially overlapped joint could also lead to more cost effective joint design. In a study
carried out by Tizani et al. [4], it is found that after considering both material and
fabrication costs, the use of a partially overlapped joint could lead to the cheapest
solution with the addition fabrication cost actually offset by avoiding the use of canned
gapped joint as an alternative.
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In the study of fatigue performance of partially overlapped CHS K-joints, works done
by Bouwkamp [56, 57] found that the SCF could be reduced by more than 30% when
compared with the non-overlapped CHS K-joints having the same parameters and
properties. Fessler et al. [62] also observed that the HSS of a partially overlapped CHS
K-joint is 40%-45% less than that of the gapped joint. Furthermore, having compared
the results of overlapped and gapped CHS K-joints, Gibstein [30], however, concluded
that fatigue strength improvements could be obtained by using a partially overlapped
joint with same chord and brace diameter. So far, the most detailed work related to the
SCF and the HSS distributions of this joint type was published by Efthymiou and
Durkin [29]. Over 100 partially overlapped CHS K-joints were analyzed using FE
models for nine different load cases. Parametric equations were then developed for
each load case and the results were experimentally verified by Dharmavasan and
Seneviratne [63] using acrylic models. It was found that overlapping helps reduce the
chord SCFs significantly.

Despite the above mentioned advantages of the partially overlapped K-joint, equations
for the fatigue design of this type of joints are not commonly available in design code.
Efthymiou and Durkin [29] had published some formulae but they were not adopted in
the EC3 [27]. Furthermore, not many full scale testing results related to the SCF and
the HSS values for partially overlapped CHS K-joints were reported [64-69].

In this study three specimens were designed for testing in such a way that partially
overlapping is inevitable in order to eliminate the eccentricity of the resulted joints.
Experimental studies were carried out by applying static loadings at the end of the
through braces of the joints. The stress distributions of the partially overlapped CHS K-
joints tested under the three basic loading cases AX, IPB and OPB and their
combinations were carefully recorded during the test. For each specimen, experimental
study was carried out to investigate SCF and the HSS distributions along the brace-

chord intersections. In addition, fatigue test of all three specimens were also carried
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out, and their fatigue life was also compared with S-N curves as to evaluate the

applicability of present S-N curves [5] in design of partially overlapped CHS K-joints.

3.2 STATIC TESTS OF PARTIALLY OVERLAPPED CHS K-
JOINTS

3.2.1 Set up of the Test Rig and the Loading System

The tests of the partially overlapped CHS K-joints were carried out using the “Orange”
rig (Figure 3.1) located in the Construction Technology Laboratory, School of Civil
and Environmental Engineering, Nanyang Technological University. This test rig is
designed for static and fatigue tests of hollow section joints under AX, IPB and OPB
loads or combinations of them. The test rig has three actuators namely, Actuators 1, 2
and 3 (Figure 3.2) installed at one end of the rig which are able to apply cyclic loadings
with adjustable frequency to the specimen along three mutually perpendicular axes. In
this study, Actuators 1 and 2 which have a maximum capacity of 250 kN were
employed to apply AX and IPB loadings, respectively. Actuator 3 with a maximum
capacity of 150 kN was employed for the generation OPB loading. All three actuators
can apply both tension and compression loadings and they can be operated individually

or concurrently to create combined loading conditions.

3.2.2 The Specimens Tested

In this study, three full-scale partially overlapped CHS K-joints (Specimen SlI,
Specimen SII and Specimen SlII) were tested. The typical test set up of the three
specimens and their geometrical properties are shown in Figures 3.1 and 3.3. Each joint
specimen comprises the chord, a through brace and an overlapping brace. The angles
between the braces and the chord are equal to 45° for Specimen Sl and Specimen S|,

and 60° for Specimen SlIl. These three joints were fabricated using structural steel
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pipes complied with the BS EN10210-S355 J2H standard. The joints were welded
according to the AWS specifications [8]. Ultrasonic checking was conducted along all
the welding paths to ensure that the welding at the intersections of the chord and braces
was complete penetration groove weld with standard flat profile. In the set up of each
specimen, both ends of the chord and the overlapping brace were welded onto the flat
plates and bolted directly onto strong reaction panels of the rig. The end of the through
brace was welded onto a flat plate and bolted directly onto the actuators (Figure 3.2).
The physical dimensions and other important non-dimensional parameters of the
specimens are listed in Table 3.1. The material properties of the sections obtained from
standard coupon tests are summarized in Table 3.2. Note that the section sizes and
configurations of these three specimens were carefully selected in such a way that if
they are fabricated as non-overlapped joints with minimum gap spacing, the
eccentricity of the resulted joints shall exceed the maximum limit imposed by the EC3
[27].

3.2.3 Strain and Stress Measurements

Since the main objective of this study is to investigate the HSS and the SCF
distributions along the intersections of the tubular sections, extensive strain
measurements were conducted by installation of strain gauge arrays at the joint. At the
joint intersections, three curves, namely, Curves A, B and C were identified (Figure
3.4). Curve A is the intersection between the through and the overlapping brace.
Curves B and C are the intersections between the chord and the overlapping and the
through braces, respectively. From Figure 3.4, it can be seen that for each side of the
joint, these three curves meet at a junction point. Along these three curves, strain
gauges were installed at locations near the weld toe of the chord and the braces to
record the strain distributions. As from many past studies [65, 66], the quadratic
extrapolation method [5] is needed to obtain accurate strain measurements, three rows
of strain gauges were installed at each measurement location along the line

perpendicular to the weld toe at distances equal to 0.4¢, 1.0¢ and 1.47 (¢ is the thickness
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of member) from the weld toe (Figures 3.4 and 3.5). Three types of strain gauge
arrangements were deployed in this study (Figure 3.5). At locations far way from the
junction point and the saddle and crown toe of the intersections, a single perpendicular
strain gauge arrangement is used. At the saddle and crown toe of the intersections, an
arrangement of a pair of strain gauges arranged in the perpendicular and the parallel
directions to the weld toe was adopted. Finally, in order to capture the complex strain
pattern, rosettes were deployed at regions close to the junction point. Besides along the
intersection curves, eight strain gauges were also installed at the two cross-sections
along the through brace to detect any secondary bending moment caused by load
eccentricity and joint flexibility (Figure 3.6). During the test, all strain gauges were
connected to four TML ASW-50 switchboxes and a TML TDS-801 data logger. The
data logger was then connected to a personal computer where special software for
monitoring, collecting and processing of the testing data was installed.

3.2.4 Static Test Procedure

In the static test, a series of basic loading cases and combinations of them were applied.
The basic load cases were employed to obtain the SCF and the HSS distributions from
the specimens and to validate the results against the published equations [29]. Prior to
the actual test, the specimen was subjected to at least six loading and unloading
sequences. This precaution shall test for the satisfactory performance of strain gauges
and eliminated any drift of strain measurements due to the fabrication of the joints. In
the actual test, each specimen was first subjected to an incremental static load on one
axis, and the strains were checked against linearity and zero drift to indicate shakedown
of residual stress. The eight strain gauges installed at the cross sections of the through
brace were monitored by data logger to manage the applied loads in such a way that
secondary loads would not be involved. The actuators were then ramped to the
predetermined loads. During the static test, in order to ensure that the joint remained
fully elastic, the maximum static load applied was carefully computed so that the peak

HSS generated in all loading cases shall not exceed 85% of the corresponding material
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yield stress of the sections (Table 3.3). It should be mentioned that while only positive
value of AX and OPB loadings were applied in the test, both positive and negative IPB
loadings (Figure 3.3) were applied. During the tests, the actuators were ramped to the
maximum load in at least six loading increments. At each step, the actuators were held
in place and the strain readings were recorded. The loads were then increased to the
next level and measurements were repeated. After having reached the maximum load,
the above steps were repeated by releasing the applied load in several increments to

Zero.
3.2.5 Static Test Results

SCF computations

At locations where only the single strain gauge arrangement was used, the strain values
measured were directly converted to the stress values by multiple them with the
Young’s modules and the stress-strain conversion factors [65 and 66]. Quadratic
extrapolation was then applied to obtain the stress at the weld toe for SCF computation.
At locations where the two strain gauges arrangement was used, the corresponding

strain concentration factor (SNCF) is first computed as

svep = 9N (3.1)

nominal

where SN,ominai 1S the nominal strain computed from the eight strain gauges readings at
the center of brace sides. The SCF value is then computed using the following

equation:

(14v¢/E, )

SCF = SNCF .
(1=v7)

(3.2)

In Eqn. (3.2) strains &, and & /are, respectively the perpendicular and the parallel strain

components recorded by the strain gauges and v = 0.3 is the Poisson’s ratio.
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Eventually, quadratic extrapolation was again employed to compute the SCF at the
weld toe. At location where rosettes were deployed, the principal strain and stress could
be directly computed and the SCF values at weld toe were then obtained by

extrapolations.

SCF distributions

For Specimens Sl and SlI, it is found that critical SCF values were induced along
Curve A and Curve C. In particular, a positive and a negative IPB loading induced high
values of SCF along Curve A and Curve C, respectively. The SCF distributions along
Curves A and C for Specimens Sl and SlII under different basic loading cases are
shown in Figure 3.7(a) and Figure 3.7(b), respectively. In Figure 3.7(a), the SCF
distributions along both the through and the overlapping braces are plotted. From
Figure 3.7(a), it can be seen that in general, the SCF distributions along the through
brace are higher than that along the overlapping brace. For Curve C, as shown in Figure
3.7(b) for the SCF distributions along the chord and the through brace, the SCF

distributions along the through brace are higher than that along the chord.

For Specimen SllII, similar plots for the SCF distributions are shown in Figure 3.8(a)
and Figure 3.8(b) for Curve A and Curve C, respectively. From Figure 3.8(a), it is
again observed that for Curve A under the same basic loadings, the SCF induced along
the through brace are in general higher than that along the overlapping brace. However,
for Curve C, it is found that the maximum SCF induced along the chord is higher than
that along the through brace. Hence, it could be concluded that besides the magnitude,
the location of maximum SCF could also be influenced by the geometrical parameters
of the joint.

HSS distributions
In this study, two different approaches were employed to evaluate the HSS of the joints
tested under combined loading conditions. Besides direct strain and stress

measurements obtained during the experimental study, the standard superposition
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method [5] was also employed to compute the HSS from the SCF values obtained from
the basic load cases. When the superposition method is used, for the combined load

cases, o(p), the stress at a given point p at the weld toe is calculated as

o(p)=SCF 4x(p) xCn-ax + SCFpa(p) xCn-1r8 + SCFopp(P) XCn-0PB (3.3)

where SCF 4x(p), SCFpp(p) and SCFopp(p) are, respectively, the SCFs at point p for the
AX, the IPB and the OPB loads. ;. 4x, 0,18 and ;. ops are the corresponding nominal
stresses. Hence, the HSS values obtained from the superposition method could be
directly compared with the corresponding results obtained from the experiments

measurements.

After some detail comparisons among all the results obtained, it is found that when the
joints were subjected to combined AX and IPB loadings, peak HSS was induced along
Curve C. Figure 3.9(a) and Figure 3.9(b) show the HSS distributions obtained by the
two approaches along Curve C for Specimens Sl, SII and SllI, respectively. For
Specimens Sl and SlI, it can be seen from Figure 3.9(a) that for all the two approaches
used, HSS distributions along the through brace are higher than the corresponding
distribution along the chord. Note that this observation is different from most results
obtained in other T/Y and gapped K-joints studies in which the peak HSS location was
almost all reported to be located along the chord side of the joint. For Specimen SlII,
from Figure 3.9(b), it can be concluded that under the AX and IPB loading
combination, the peak HSS is located along the chord side of the joint. It is important
to note that the results obtained from the experiments and superposition method show
reasonable agreement. Hence, it can be concluded that when one would like to carry
out fatigue assessment of an uncracked partially overlapped CHS K-joint, cares shall be
paid on the locations of the peak HSS which could either be located along the chord

side or the brace side of the joint.
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It is important to emphasize on the peak HSS location. The peak HSS for Specimen Sl
and Specimen SlI is located along the brace side, while for Specimen Sl — along the
chord side. This could be contributed to the fact that these three specimens are different
in generated parameters, such as B, t, y,6 and Ov. The experimental results also
confirm previous researchers’ results. According to Gibstein [30], the locations of
maximum SCF are depended on the brace-chord thickness ratio (/7) and load type: for
the #T =1 the maximum SCF is usually located in the chord, whereas #7 < 1 the
maximum SCF can be found in chord or brace, depending on the load type and design

considered.

3.2.6 Comparison with Efthymiou’s Formulae

It seems sensible to compare the experimental tests results with that of Efthymiou's
formula as this formula only gives SCFs at either the saddle or crown location, and also
this formula was derived using models based on shell elements. However, as
mentioned in the amended thesis that up to now, equations for the fatigue design of
partially overlapped CHS K-joints are not commonly available in any design code. The
Efthymiou's formulae are the only found in literature.

Furthermore, it is important to note that several previous researchers who did
researches in this field were satisfied with Efthymiou's formula. Moe [32] performed
the stress analysis based on the fatigue tests of overlapped CHS K-joints and
overlapped CHS K(N)-joint subjected to balanced axial loads. According to Moe [32],
the Efthymiou's formulae gave a very satisfactory with the maximum values measured
in his study. Lalani and Forsyth [31] also investigated a series of elastic and fatigue
tests on overlapping K(N)-joints. It is noted that the SCF values obtained from using
Efthymiou's formulae are reportedly conservative to their test results.

The maximum SCF values obtained from the tests under the AX and IPB load cases

and the corresponding values obtained by using Efthymiou’s formulae [29] along the
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Curve C are plotted in Figure 3.10 and Figure 3.11 for Specimens Sl, SII and SllI,
respectively. In addition, the maximum SCF values for all loading cases obtained from
the test, from the Efthymiou’s formulae are summarized in Table 3.4. Note that in
Figures 3.10 and 3.11, the SCF values from Efthymiou’s formulae were plotted as
horizontal lines since the these formulae only give a single SCF value but not the
distribution along the weld toe. Furthermore, since Efthymiou’s formulae do not give
any value for the load case of OPB, no comparison was made between the formulae
and the experimental results. From Figures 3.10 and 3.11 and Table 3.4, it can be
concluded that the Efthymiou’s formulae is conservative for all specimens for the IPB

loading case.

However, they are not always conservative for the AX loading case (e.g. Specimens Sl
and Sl1I, AX loading for both chord and brace side). Hence, the use of these formulae in
practical applications may not be always able to yield conservative estimation of the
fatigue life of a partially overlapped CHS K-joint. It could also be due to the fact that
the range of validity of the current specimens’ parameters is not within the range
validity for the Efthymiou’s formulae in terms of percentage of overlap.

3.2.7 Comparison with Finite Element Models

Based on the dimensions of the actual specimens, the finite element (FE) models were
generated and analyzed by using a finite element mesh generator which had been
developed previously [65]. Figure 3.12 shows the 3D solid finite element meshes
adopted in the numerical modelings. The FE models have been created in such a
manner that smallest elements are used in regions of high stress gradients, with
gradually increasing element sizes further away from the high stress gradient regions.
For all FE models tested, the boundaries, loading conditions and material properties are
identical as the respectively tested specimens. The analysis has been conducted by
using the FE program ABAQUS [70].
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Comparison of SCF under AX load case

The SCF distributions obtained from the tests and the FE analyses under AX load cases
for Specimens Sl, SII and SlII are shown in Figures 3.13(a), 3.15(a) and 3.17(a),
respectively and their maximum SCF values under AX load case are also presented in
Table 3.4. From Figures 3.13(a), 3.15(a), 3.17(a) and Table 3.4, it can be concluded
that the FE analyses results are conservative for all specimens. Note that the maximum
and minimum differences of SCF values between FE analyses and tests results are
23.3% and 4.6%, respectively.

It is observed from Figures. 3.13(a) and 3.15(a) that the trends of the experimental and
finite element SCF curves for the +ve AX loadings are not agree well. The trends of the
SCFs curves obtained from experimental tests are located near the crown heel, but the
finite elements SCFs curves have no clear cut about their positions. Nonetheless, the
trends of SCFs curves from finite element are likely towards to the crown heel, where

the SCFs curves are located.

Comparison of SCF under +ve IPB load case

Figures 3.13(b), 3.15(b) and 3.17(b) show the SCF distributions obtained from the tests
and the FE analyses under +ve IPB load cases for Specimens SlI, SlII and Slll,
respectively. The maximum SCF values of the tests and the FE analyses under +ve IPB
load case for all specimens are also presented in Table 3.4. From Figures 3.13(b),
3.15(b), 3.17(b) and Table 3.4, it can be concluded that the FE analyses results are
conservative for all specimens. Note that the maximum and minimum differences of

SCF values between FE analyses and tests results are 16.3% and 2.05%, respectively.

Comparison of SCF under —ve IPB load case

Figures 3.14(a), 3.16(a) and 3.18(a) show the SCF distributions obtained from the tests
and the FE analyses under —ve IPB load cases for Specimens SI, Sl and Slll,
respectively. The maximum SCF values of the tests and the FE analyses under —ve IPB

load case for all specimens are also presented in Table 3.4. From Figures 3.14(a),

39



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Experimental Investigation

3.16(a), 3.18(a) and Table 3.4, it can be concluded that the trends of FE analyses SCF
curves agree well with the SCF curves obtained for the tests for all specimens. Note
that the differences of SCF values between FE analyses and tests results are 2.14%, -
4.00% and -2.67% for Specimens Sl, Sll and SllII, respectively.

It is observed that the SCFs obtained from the experimental tests and the finite element
results under the negative IPB load cases are much better compared to the AX load
cases. This could be due to the fact the SCFs under the AX load case, the responses of
the joint is much more sensitive to small misalignment and fabrication error while it is

not so sensitive for the case of IPB and OPB.

Comparison of SCF under OPB load case

The SCF distributions obtained from the tests and the FE analyses under OPB load
cases for Specimens Sl, SII and Sl are shown in Figures 3.14(b), 3.16(b) and 3.18(b),
respectively, and their maximum SCF values under OPB load case are also presented in
Table 3.4. From Figures 3.14(b), 3.16(b), 3.18(b) and Table 3.4, it can be concluded
that the trends of FE analyses SCF curves agree well with the SCF curves obtained for
the tests for all specimens. Note that the differences of FE analyses SCF results to the
tests SCF results of SCF values are 32.6%, -8.67.00% and 7.14% for Specimens S, SlI

and SllII, respectively.

In conclusion, a comparison between tests results with FE analyses shows that reliable
SCF and HSS values could be obtained. However, it appears that numerical and
measured SCFs do not agreed well, particularly when the overlapped K-joints were
subjected under axial (AX) and out-of plane bending (OPB) load cases. The maximum
difference can be as high as 23.3 % for AX and 32.6% for OPB. It could, probably, be
due to many factors. The test set up definitely could be not 100% identical with the
numerical model. The test section specimen might not the same thickness throughout
the length of specimen as in numerical model. Weld profile might not be exactly

reproduced in the numerical model.
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Nonetheless, the numerical results shown are always conservative when compared with
the measured one. In addition, please do note that in the current research the axial (AX)
and in plane bending (IPB) load cases have only been studied for new method
suggested as these two load cases are most likely happened in practice. Due to time

limitation, the OPB loading case has been recommended for future works.

Comparison of HSS under Combined load case of AX+IPB

The HSS distributions obtained from the tests and the FE analyses under combined AX
and IPB load cases for Specimens Sl and SlII are shown in Figures 3.19(a) and 3.19(b),
respectively. From Figures 3.19(a) and 3.19(b), it can be concluded that the trends of
FE analyses HSS distribution curves agree well with the HSS distribution curves
obtained for the tests for all specimens. The differences of HSS values between FE
analyses and tests results for Specimens Sl and SlII are 3.2% and 5.1%, respectively,

which are less than the limit of 10% recommended by Gibstein [30].

From Figures 3.13 to 3.19, it can be seen that the generated finite element models of
the partially overlapped CHS K-joints are not only validated against the experimental
tests data. While the FE results do not shown excellent agreement along all curves, the
results shown that good and conservative estimation of HSS (see Figure 3.19) is
possible. However, for the comparison of HSS under combined load case of AX+IPB,
which the current research concentrate on, the differences of HSS values between FE
analyses and tests results for Specimens Sl and SlII are 3.2% and 5.1%, respectively.
Hence, the model could certainly be used to develop the PIM and LIM as a new
method to predict the SCF and HSS of partially overlapped CHS K-joints (see Chapter
5 for details).
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3.3 FATIGUE TESTS OF PARTIALLY OVERLAPPED CHS K-
JOINTS

In practice, to carry out full-scale fatigue test on any joint is expensive and time
consuming. It is also difficult to actually monitor the crack initiation and propagation
accurately, since the behaviour of the crack initiation and propagation is influenced by
many factors such as loading cases, environmental effects, boundary conditions,
geometrical parameters, weld size, etc. However, recently tests by using the alternating
current potential drop (ACPD) technique on a series of tubular joints had been
completed successfully by [71-75]. According to those studies, the results showed that
the captured crack profile by the ACPD technique agreed well with the actual crack

shape.

3.3.1 Fatigue Test Preparation and Procedure

The alternating current potential drop (ACPD) technique [71, 72, 73, 74 and 75] was
used to monitor the growth of surface crack at expected crack growth location. 32
ACPD probes were placed at equal intervals of 10 mm along the weld toe accordingly
to the peak HSS locations detected during the static test. The plans of probes locations
and typical views of probes sitting are shown in Figures 3.20 and 3.21, respectively.
After all probes were spot-welded securely, special twisted cables were used to connect
the probes to the U10 Crack Microgauge [76] channels, which were then connected to a
personal computer where special software for monitoring, collecting and processing of
the testing data was installed. The special software Flair software [77] was able to
provide automated instrument control, data storage facilities and dedicated graphical
output under the WINDOWS environment. In addition, the Flair software was also
capable to record the growing fatigue crack information such as process of the crack

initiation and propagation.
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In the fatigue test, the combined AX and IPB were applied at the end of through brace.
All three specimens were tested in air under sinusoidal constant amplitude loading with
load frequency of 0.2 Hz through out the test, as shown in Figure 3.22. The mean
values of AX and IPB of the Specimen SI were 100 kN and 22.5 kN respectively, while
for the Specimen SlI, the mean values of AX and IPB were the same values but with
the IPB in negative direction as a part of comparison. Note that Specimens Sl and Sl
have almost the same dimensions and material properties. For the Specimen Sl the

mean values of AX and IPB were 50 kN and 6 kN, respectively.

The peak HSS of 382.3 MPa was located at the crown heel of through brace of
Specimen Sl subjected to combined loading of (AX200+1PB45). For the Specimen Sl
subjected to combined loading of (AX200-1PB45), the peak HSS of 285.92 MPa was in
the crown toe position of through brace. The peak HSS of 121.9 MPa was located at
the crown heel of the chord of Specimen SlII subjected to combined loading of
(AX100+1PB12). Those mentioned above peak HSSs were set for studying fatigue life
of partially overlapped CHS K-joints.

During the fatigue test, crack profiles were recorded using a scan interval equivalent to
180 cycles of the cyclic loading applied. For both specimens, the cyclic loading was

applied until the crack had well penetrated the through brace thickness.

3.3.2 Fatigue Test Results

Figures 3.23(a), 3.23(b) and 3.23(c) show the crack surfaces of Specimens Sl, SII and
SII, respectively. In order to check the actual crack shapes, the tested joints were spilt
into two parts along the crack surface. The typical ACPD crack development plots
obtained from the results recorded by Flair Software [77] are shown in Figure 3.24.
The surface crack of Specimen SI was initiated at the crown heel of the through brace

near the ACPD probe P-SI-0 and propagated symmetrically towards to saddle in the
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initiation stage. However, as the surface crack propagated, it no longer remained
symmetric, but the second surface crack of Specimen SlI was initiated at the crown toe
of the through brace near the ACPD probe P-SII-0 and propagated towards to saddle
symmetrically. It was observed that the peak HSS positions were corresponding to the
deepest position of the crack. The surface crack of Specimen SlII was, however, at the
crown heel of the chord, but the ACPD probes failed capture the surface crack. It was
observed that the peak HSS positions were corresponding to the deepest position of the

crack.

Fatigue life based on S-N curve for through braces of Specimen SI, Specimen Sl and
Specimen Sl is plotted in Figure 3.25a, while the fatigue life based on S-N curve for
chords of Specimen SI, Specimen SlII and Specimen SlII is plotted in Figure 3.25b.
Based on criteria of failure, the test results obtained in terms of cycles to through
thickness cracking are plotted together with the similar data from S-N curves [5, 10] in
Figure 3.25¢.The tested fatigue life for Specimen Sl, Specimen SlI and Specimen SllI
was 57000, 90000 and 4499238 cycles, respectively. It is important to note that since
the ACPD probes failed to capture the surface crack due to unforeseen difficulties, the
number of cycles was only any estimation obtained from the loading control unit. It is
observed from Figure 3.25c that the S-N curve is conservative when predicting the
fatigue life of the joint Specimens Sl and SlII, but for Specimen SlI the S-N curve is
marginally conservative, although the peak HSS in Specimen SII was much lower that

in Specimen SI.

3.4 CONCLUDING REMARKS

In this experimental investigation, a carefully planned experimental study was carried
out to investigate the SCF and the HSS distributions along the joint intersection of
three full-scale partially overlapped CHS K-joints. The experimental results show that,
depending on the geometrical parameters of the joint, the maximum SCF could locate

on either the brace side or the chord side of the joint. This is different from the previous

44



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Experimental Investigation

research findings on T-, Y and gapped K-joints in which the maximum SCF normally

locates on the chord side only.

In addition, the experimental results also show that Ethymiou’s formulae [29] are
conservative only when the joints were subjected to IPB loading, but not for the case of
AX loading. Hence, it is probably fair enough to say that the Efthymiou’s formulae,
which are currently the only formulae available in literature, may not be completely
suitable for the design of partially overlapped CHS K-joints. Therefore, there is a need
to develop a new design recommendation. A comparison of FE and tests results has
shown that reliable SCF values could be obtained from a carefully constructed FE
model. Hence, further research works on parametric numerical studies could be
conducted to obtain a more complete picture for the responses of this type of joints

under different loading conditions.

Finally, Fatigue tests were carried out to examine the fatigue life of three partially
overlapped CHS K-joints under combined AX and IPB loadings, the results of which
have given some thoughts over fatigue life of a partially overlapped CHS K-joint. They

are following:

1. The current S-N curve can be regarded as a save approach to predict the fatigue life
of partially overlapped CHS K-joints (see Figure 3.25).

2. From Figure 3.25 again, it can also conclude that the highest peak HSS does not
always be crucial, when it comes to the fatigue life of the partially overlapped CHS
K-joint. All loading cases possible to be occurred with the partially overlapped K-
joint. Therefore, both proposed parametric equations and the new method to predict
SCF and HSS for the partially overlapped CHS K-joint would be done for all load

cases possible to occur with this kind of joint.
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(a) Physical dimensions

Experimental Investigation

Specimens Chord Chord Brace Brace Eccentricity
diameter thickness diameter | thickness (mm), e
(mm), D (mm), T (mm), d (mm), t
Sl 273 25 244.5 19.1 0
Sl 273 26 244.5 20.0 0
Sl 355.6 16 323.9 16 0
(b) Non-dimension parameters
Specimens °) (%)
Sl 0.89 10.92 0.77 42.79 45 21
Sl 0.89 10.50 0.77 42.79 45 21
Sl 0.91 22.22 1.00 27.15 60 45
Table 3.2 Material properties of the specimens
Specimens Member Yield strength (MPa) Modulus of Elasticity (GPa)
Sl Chord 355 205
Brace 404 204
Sl Chord 404 207
Brace 427 201
Sl Chord 428 204
Brace 424 201
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Table 3.3 Peak HSS for the maximum basic and combined cases applied in the tests

_ HSS (MPa)
Specimen Load cases
Chord Brace
AX (200 kN) 35.6 40.7
IPB (+40 kN) 110.4 333.2
Sl IPB (-40 kN) 202.1 1111
OPB (30 kN) 89.9 125.7
AX (200 kN) +
144.9 382.3
+ IPB (+45 kN)
AX (200 kN) +
276.9 127.6
IPB (-45 kN)
AX (200 kN) 41.0 41.5
IPB (+45 kN) 110.6 345.1
Sl IPB (-45 kN) 253.6 111.2
OPB (30 kN) 89.9 127.0
AX (200 kN) +
178.9 364.7
+ IPB (+45kN)
AX (200kN) +
285.9 125.4
IPB (-45 kN)
AX (100 kN) 14.8 7.9
IPB (+12 kN) 113.5 71.5
St IPB (-12kN) 116.2 72.1
OPB (16 kN) 109.6 80.1
AX (100 kN) +
121.9 95.4
+IPB (+12 kN)
AX (100 kN) +
97.4 56.4
IPB (-12 kN)
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Table 3.4 Summary of SCF for basic loading cases obtained from tests, Efthymiou’s
Formulae and FE analyses

Specimens
Load Methods Sl Sl SHl
cases Chord Brace Chord Brace Chord Brace
Test 2.48 2.85 2.34 2.90 5.39 4.35
AX Efthymiou 1.60 211 1.47 2.30 5.75 3.94
FE 2.04 3.72 1.91 3.35 5.65 5.02
Test 1.19 2.57 0.68 2.13 2.87 2.22
+IPB | Efthymiou | 1.57 2.73 1.56 2.72 2.98 3.05
FE 1.76 3.07 1.49 2.55 2.93 2.13
Test 1.87 1.03 1.56 0.68 1.54 1.95
Efthymiou - - - - - -
-IPB
FE 1.83 1.29 1.50 1.09 1.50 1.47
Test 1.28 1.81 1.15 1.63 1.82 1.53
OPB | Efthymiou - - - - - -
FE 1.90 1.60 1.54 1.50 1.96 1.16
Table 3.5 Key data from the fatigue tests of Specimens Sl, SII and SlII.
Parameter Specimen SI Specimen SlI Specimen SHI
HSS Brace 382 285 122
(MPa)
Chord 146 125 95
Predicted 44467 108990 2485734
. . Brace
fatigue life
[5] 773217 126250 1938820
(Cycles) Chord
Tested fatigue results 57000 90000 4499238
(Cycles)
Failed members Through Through brace Chord
brace
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Figure 3.9 Comparison of HSS obtained from test and superposition method
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Figure 3.12 Finite element meshes used in the numerical modeling of the specimens
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Figure 3.14 Comparison of SCF variations obtained from test and FE analysis,

Specimen Sl (-ve IPB and —ve OPB)

61




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Experimental Investigation

—a— Chord (+ve AX), Test —e— Chord (+ve AX),FE
—a— Though brace (+ve AX), Test —A— Through brace (+ve AX), FE
4
zs\aﬁ_ﬂg—gﬂ-ﬂ'ﬂ‘ﬂﬁ-
3
T r
?
1
0 _
= 1 T T T T

0 50 100 150 200 250 300 350 400
Distance from SCTO (mm)

(a) Curve C, +ve AX loading

—a— Chord (+ve IPB), Test —=— Chord (+ve IPB), FE
—a— Through brace (+ve IPB), Test ~—a— Through brace (+ve IPB), FE

Distance from SCTO (mm)

(b) Curve C, +ve IPB loading

Figure 3.15 Comparison of SCF variations obtained from test and FE analysis,
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Figure 3.21 Typical views of probes sitting.
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CHAPTER 4
PARAMETRIC STUDY OF SCF FOR PARTIALLY
OVERLAPPED CHS K-JOINTS

41 INTRODUCTION

The stress distribution at the chord and the brace intersection of a partially overlapped
CHS K-joint is complex and non-uniform. Hence, it is almost impossible to obtain the
analytical solutions of the stress distribution at the joint intersection. To determine the
stress distribution at the tubular joint, two methods are usually used. They are the
experimental investigation and the FE method. The experimental investigation of a full-
scale specimen with practical size of weld is the most appropriate method to determine
the stress concentration of any type of tubular joint. However, experimental
investigation is too expensive due to the high cost of fabricating a large capacity test rig
and specimens, especially when it comes to studying the partially overlapped CHS K-
joints with various geometrical parameters and load conditions. As a result, the FE
method becomes the most widely used technique for modelling tubular joint to
determine the stress distribution. In the current study, three full-scale partially CHS K-
joints tested have been carried out for a purpose of verifying the FE model in predicting
the SCF results.

In this chapter, the influence of geometrical parameters on the SCF of partially
overlapped CHS K-joints is investigated. The partially overlapped CHS K-joints are
subjected to AX and IPB. All the FE models are generated by using a mesh generator
developed by Nguyen [65]. For all FE models, the boundaries, loading conditions and
material properties are assigned as the tested specimens as described in Chapter 3. The

analyses have been conducted by using the FE program ABAQUS [70].

In addition, in this chapter parametric SCF equations are also developed for fatigue
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design of partially overlapped CHS K-joints as a first attempt to achieve the time and
cost savings. Although the FE mesh generator developed by Nguyen [65] could
successfully be used as a reliable numerical tool for modelling and analyzing partially
overlapped CHS K-joints with various geometrical properties and load conditions, the
use of such method in normal day-to-day design office operation still seems to be
unfeasible as at least 90 minutes are needed for data preparation, running and post
processing to get a complete set of SCF values for one partially overlapped CHS K-
joint. In addition, the users are needed to be familiar with ABAQUS [70] and all those
procedures related to the FE mesh generator.

42 MESH GENERATION FOR PARTIALLY OVERLAPPED
CHS K-JOINTS

A mesh generator developed by Nguyen [65] has been used in the current research to
carry out a large scale parametric study. A detail about mesh generation procedure for
partially overlapped CHS K-joints can be found in [65]. Hence, in this study only a
short summary is given. In this mesh generation procedure, a surface mesh is firstly
created with different element size densities which are used in different parts of the
joint to accurately model the geometry for the connection. The whole structure is
divided into several zones. An adaptive surface mesh generator [78] was applied to
discretize these zones into surface meshes as shown in Figure 4.1. During the
discretization of all zones, triangular elements are mainly generated (Figure 4.1a),
while the quadrilateral elements are used at where the welding is applied the

corresponding CHS as to connect the respective zones (Figure 4.1b).

The surface mesh is converted into a solid mesh by connecting corresponding nodes on
respective boundary surfaces using an algorithm to relate the nodal connectivity [79].
The entire joint is divided into four sub-spaces: the outer space (Space 1) and the inner
space (Space 2) for the chord, the through brace (Space 3) and the overlapping brace
(Space 4) as shown in Figure 4.2b.
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Finally, the weld profile is added into the extruded solid mesh to form mesh with
welding as shown in Figure 4.2c. The common area of all the welds is filled up by
tetrahedron elements as shown in Figure 4.2d. As mentioned earlier in Chapter 3, the
FE modelling models created were verified to be accurate and reliable. As a result, a

parametric study using the proposed techniques can be carried out with confidence.

43 RANGE OF GEOMETRICAL PARAMETERS AND LOAD
CASES

4.3.1 Range of Geometrical Parameters

In this current study, the range of geometrical parameters has been taken within the
range of validity available for partially overlapped CHS K-joints subjected to static
loading [80] since so far there no range and no formula for partially overlapped CHS
K-joints subjected to cyclic loading is given in the CIDECT guides [5]. The ranges of
the current study are shown in Table 4.1. Note that due to time limitation of the current
study, only partially overlapped CHS K-joint having through brace and overlapping
brace with same diameters and the same intersecting angles between chord and brace

are considered.

The numbers of numerical cases analyzed in this study are also tabulated in Table 4.1.
Basically, five parameters (6, Ov,5, y and 7) are included in the parametric study.
Therefore, the total numbers of the numerical models are equal to 5 x5 x 7 x5 x 4 =
3500. From the last column of Table 4.1, it can be seen that the intervals of z for each y
are different. This is because they are selected to tidy to the CHS dimensions
commonly used in practice. These ranges of study are used for creating a set of new
regression equations and new method which is based on interpolation method and

would be described in Chapter 5.

76



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Parametric Study

It is important to note that the number is manageable for two reasons: (i) Automatic
mesh generation program were special created (by the PhD works of another student)
and (ii) Special management Marco program were also created to organize the results.
In fact, for interpolation method applied more databases are needed and welcome. The
more data be supplied, the high accurate results can be obtained. However, due to time

limitation 3500 models are the scope of the current research.

4.3.2 Load Cases

The load cases were selected to reflect all possible loads happened in reality. Due to the
geometry asymmetry of partially overlapped CHS K-joints, loads were applied in both
through brace and overlapping brace. Six different basic load cases were used in this
study, namely the AX11, IPB11 and the IPB12 load cases applied at the end of through
brace and the AX21, IPB21 and the IPB22 load cases applied at the end of overlapping

brace of each model, as shown in Figure 4.2.

4.4 VARIATION OF SCFWITH RESPECT TO B

4.4.1 Variation of SCFs with respect to fand y

In this section, the variation of the SCF for partially overlapped CHS K-joints is
studied by varying the parameters £ (from 0.4 to 1.0 in step of 0.1) and y (6.83, 8.53,
11.38 and 17.06). It is observed that the trends of the SCF curves of g versus y are
similar for the AX11 and the AX21 load cases. In addition, the trends of the SCF curves
of S versus y are similar for the IPB11, IPB12, IPB21 and the IPB22 load cases.
Therefore, in further descriptions for the SCF curves of S versus y, the AX11 and the
AX21 load cases are combined together and are represented by the AX11 load case
only. Similarly, the IPB11, IPB12, IPB21 and the IPB22 load cases are also combined
together and are represented by the IPB11 load case only. The SCF curves of S versus y
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for the AX11 and the IPB11 load cases are shown in Figures 4.4 and 4.5, respectively.
The following results from these figures are specifically noted.

AX load cases (AX11 and AX21)
e The maximum SCFs for the chord and the braces occur at the saddle of the

sections.
e \Values of SCF increase with the increase of 7.

e In general, values of SCF slightly decrease with the increase of £.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the
sections.
e Values of SCF increase with the increase of y.

e Ingeneral, values of SCF slightly decrease with the increase of £.

4.4.2 Variation of SCFs with respect to fand 7

In this section, the variation of the SCF for partially overlapped CHS K-joints is
studied by varying the parameters g (from 0.4 t01.0 with step of 0.1) and 7 (0.24, 0.32,
0.48, 0.64, 0.8 and 1.00). It is observed that the trends of the SCF curves of S versus ¢
are similar for the AX11 and the AX21 load cases. In addition, the trends of the SCF
curves of gversus rare similar for the IPB11, IPB12, IPB21 and the IPB22 load cases.
Therefore, in further descriptions for the SCF curves of £ versus z, the AX11 and the
AX21 load cases are combined together and are represented by the AX11 load case
only. Similarly, the IPB11, IPB12, IPB21 and the IPB22 load cases are also combined
together and are represented by the IPB11 load case only. The SCF curves of gversus ¢
for the AX11 and the IPB11 load cases are shown in Figures 4.6 and 4.7, respectively.
The following results from these figures are specifically noted.
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AX load cases (AX11 and AX21)
e The maximum SCFs for the chord and the braces occur at the saddle of the
sections.
e Values of SCF increase with the increase of z.

e In general, values of SCF slightly decrease with the increase of £.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the

sections.
e Values of SCF increase with the increase of z.

e In general, values of SCF slightly decrease with the increase of £.

45 VARIATION OF SCFWITH RESPECT TO 6

4.5.1 Variation of SCFs with respect to fand y

In this section, the variation of the SCF for partially overlapped tubular joints is studied
by varying the parameters &(30°, 40°, 45° 50°, 60° and y (5.46, 8.53, 11.38). It is
observed that the trends of the SCF curves of & versus y are similar for the AX11 and
the AX21 load cases. In addition, the trends of the SCF curves of 8 versus yare similar
for the IPB11, IPB12, IPB21 and the IPB22 load cases. Therefore, in further
descriptions for the SCF curves of @ versus y, the AX11 and the AX21 load cases are
combined together and are represented by the AX11 load case only. Similarly, the
IPB11, IPB12, IPB21 and the IPB22 load cases are also combined together and are
represented by the IPB11 load case only. The SCF curves of & versus y for the AX11
and the IPB11 load cases are shown in Figures 4.8 and 4.9, respectively. The following
results from these figures are specifically noted.
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AX load cases (AX11 and AX21)
e The maximum SCFs for the chord and the braces occur at the saddle of the
sections.
e Values of SCF increase with the increase of y.

e Values of SCF slightly increase with the increase of 6.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the
sections.
e Values of SCF increase with the increase of y.

e In general, values of SCF slightly increase with the increase of 6.

4.5.2 Variation of SCFs with respect to #and ¢

In this section, the variation of the SCF for partially overlapped CHS K-joints is
studied by varying the parameters 8 (40°, 45°, 50°, and 60°) and 7 (0.24, 0.32, 0.48, 0.64,
0.8 and 1.00). It is observed that the trends of the SCF curves of &versus rare similar
for the AX11 and the AX21 load cases. In addition, the trends of the SCF curves of &
versus zare similar for the IPB11, IPB12, IPB21 and the IPB22 load cases. Therefore,
in further descriptions for the SCF curves of 8 versus 7, the AX11 and the AX21 load
cases are combined together and are represented by the AX11 load case only. Similarly,
the IPB11, IPB12, IPB21 and the IPB22 load cases are also combined together and are
represented by the IPB11 load case only. The SCF curves of dand z for the AX11 and
the IPB11 load cases are shown in Figures 4.10 and 4.11, respectively. The following

results from these figures are specifically noted.
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AX load cases (AX11 and AX21)

e The maximum SCFs for the chord and the braces occur at the saddle of the

sections.
e Values of SCF increase with the increase of .

e Values of SCF slightly increase with the increase of 6.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the

sections.
e Values of SCF increase with the increase of .

e In general, values of SCF slightly increase with the increase of 6.

4.6 VARIATION OF SCFWITH RESPECT TO Ov

4.6.1 Variation of SCFs with respect to Ov and y

In this section, the variation of the SCF for partially overlapped tubular joints is studied
by varying the parameters Ov (25, 40, 50, 60 and 75%) and y (5.46, 8.53 and 11.38). It
is observed that the trends of the SCF curves of Ov versus y are similar for the AX11
and the AX21 load cases. In addition, the trends of the SCF curves of Ov versus y are
similar for the IPB11, IPB12, IPB21 and the IPB22 load cases. Therefore, in further
descriptions for the SCF curves of Ov versus y, the AX11 and the AX21 load cases are
combined together and are represented by the AX11 load case only. Similarly, the
IPB11, IPB12, IPB21 and the IPB22 load cases are also combined together and are
represented by the IPB11 load case only. The SCF curves of Ov versus y for the AX11
and the IPB11 load cases are shown in Figures 4.12 and 4.13, respectively. The

following results from these figures are specifically noted.
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AX load cases (AX11 and AX21)
e The maximum SCFs for the chord and the braces occur at the saddle of the
sections.
e Values of SCF increase with the increase of y.

e Ingeneral, values of SCF slightly decrease with the increase of Ov.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the
sections.
e Values of SCF increase with the increase of 7.

e Ingeneral, values of SCF slightly decrease with the increase of Ov.

4.6.2 Variation of SCFs with respect to Ov and ¢

In this section, the variation of the SCF for partially overlapped CHS K-joints is
studied by varying the parameters Ov (25, 40, 50, 60 and 75%) and 7 (0.24, 0.32, 0.64
and 1.00). It is observed that the trends of the SCF curves of Ov versus z are similar
for the AX11 and the AX21 load cases. In addition, the trends of the SCF curves of Ov
versus zare similar for the IPB11, IPB12, IPB21 and the IPB22 load cases. Therefore,
in further descriptions for the SCF curves of Ov versus z, the AX11 and the AX21 load
cases are combined together and are represented by the AX11 load case only. Similarly,
the IPB11, IPB12, IPB21 and the IPB22 load cases are also combined together and are
represented by the IPB11 load case only. The SCF curves of Ov and 7 under the AX11
and the IPB11 load cases are shown in Figures 4.14 and 4.15, respectively. The

following results from these figures are specifically noted.

AX load cases (AX11 and AX21)
e The maximum SCFs for the chord and the braces occur at the saddle of the

sections.
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e \alues of SCF increase with the increase of z.

e Ingeneral, values of SCF decrease with the increase of Ov.

IPB load cases (IPB11, IPB12, IPB21 and IPB22)
e The maximum SCFs for the chord and the braces occur at the crown heel of the
sections.
e Values of SCF increase with the increase of z.

e In general, values of SCF decrease with the increase of Ov.

From the all above-mentioned investigation of the geometrical parameters, it is found
that all parameters: g, 6, Ov, yand r have a large impact on the SCF values of partially
overlapped CHS K-joints subjected to the AX and the IPB load cases. It is observed
that the SCF values increase generally with the increase of », zand 6, but as Ov or S
increases, the SCF values decrease. Therefore, all these parameters have been taken

into account in formation of the SCF regression equations.

4.7 SCF DATABASE GENERATED FROM NUMERICAL
MODELS

The SCF results obtained from these 3500 models are employed to create a database.
The Figure 4.16 shows part of the database and its storage format. In this database, the
geometrical parameters (6, Ov, f, y and 7) are complied together with the maximum
SCF values occurred on the weld toe of the chord and the braces for all the 6 loading
cases: AX11, IPB11, IPB12, AX21, IPB21 and IPB22 (see Figures 4.3 and 4.17b). As
shown in Figure 4.17b, there are totally 16 peak SCFs from each partially overlapped
CHS K-joint model, 6 data from the through brace, 6 data from the overlapping brace
and 4 data from the chord. The total numbers of data are therefore 16 x 3500 = 56000
SCF values. By properly using this database, the four combined load cases, namely
AX11+IPB11, AX11+IPB12, AX21+IPB21 and AX21+IPB22, could be studied.
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The 16 peak SCF values listed in Table 4.2 and Figures 4.16 and 4.17, e.g. AX11tA,
AX110A, AX11tC, AX11cC and etc, were named following their load cases name,
member name and curves name. The locations of the Curves A, B and C are shown in
Figure 4.17. Curve A is along the weld toe between through brace and overlapping
brace, Curve B is along the weld toe between overlapping brace and chord, and finally
Curve C is along between through brace and chord. Members of partially overlapped
K-joint are chord “c”, through brace “t” and overlapping brace “0”. For example,
AX11cC is the maximum SCF under AX11 on the weld toe of chord along Curve C,
and AX11tC is the maximum SCF under AX11 on the weld toe of through brace along
Curve C (see more details in Table 4.2 and Figures 4.16 and 4.17). It can be seen from
Table 4.2 and these figures, for the AX11 load case four SCFs (AX11tA, AX110A,
AX11tA and AX11cC) are recorded, even though the AX11tA and the AX110A are not
the maximum SCF values for the AX11 load case. Similarly, from the AX21 load case
four SCFs (AX210A, AX21tA, AX220B and AX22cB) are recorded, even though the
AX210A and the AX21tA are also not the maximum SCF values for the AX21 load
case (see Figure 4.17). Their SCF values are recorded as their values will be useful to
improve the accuracy of the estimation for the HSS of some combined load cases (e.g.
AX11+IPB12 and AX21+IPB22).

4.8 PARAMETRIC REGRESSION ANALYSIS

A non-linear regression curve fitting program, DataFit [81], is adopted in the current
study for the development of SCF parametric equations. In each parametric equation,
five parameters, namely F1, F2, F3, F4 and F5, are involved. The parameter F1 takes
into account the influence of overlap ratio of CHS K joint. The parameter F2 considers
the influence of intersecting angle between the chord and the brace. F3 considers
influence of brace to chord diameter ratio. F4 considers the influence of chord radius to
wall thickness ratio and F5 considers the influence of brace to chord wall thickness

ratio. The regression models are expressed as:
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SCFprace = F1p + F2y + F3p + F4, + F5, + fj (4.1)
SCFchord = Flc + FZC + F3c + F4C + F5C (4-2)

where F1, = a, xOv, F2, = bb x 0, F3p = Cp X ﬂ, F4, = db Xy, F5, =6y XT, F1. = a; xOv,
F2. = be x6, F3. = ¢. x B, F4pc = dc xy and F5; = e; xz. Coefficients: ay, by, Cp, dp, €p, fo,

ac, b, €., dcand e are obtained from the Data Fit analysis results.

All these functions of the above parameters are included in the regression models. The
regression models and the SCF obtained from FE analysis are input as data into the
fitting program DataFit [81]. It should be noted that DataFit utilizes the Levenber-
Marquardt method with double precision to perform the non-linear regression analysis.
As the regression models are solved, they are automatically sorted according to the best
fit criteria of residual sum of squares and the results come out with full regression
information. In the present study, the parametric regression equations are derived to
predict the maximum SCF at the braces and chord. The equations for each load case are
listed in Table 4.4, where there are 16 proposed equations for predicting SCF values in
different load cases.

It should be noted that several attempts on adopting the regression models for the
parametric equations of partially overlapped CHS K-joint were applied. Firstly, the
regression models for the parametric equations of partially overlapped CHS K-joint
were adopted similar to the format of Efthymiou SCF parametric equations for partially
overlapped K-joint [29]. Secondly, the regression models for the parametric equations
of partially overlapped CHS K-joint were adopted similar to the format of DEn SCF
parametric equations for the CHS K-joint with gap [26]. Thirdly, the regression models
for the parametric equations of partially overlapped CHS K-joint were adopted similar
to the format of SCF parametric equations for the rectangular hollow section K-joint
with gap found in [82]. It was found that the last attempt provided better results than
the first two adopted formats. The SCF values from the first two attempts, however,
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turned out to be too conservative when compared with the SCF values from the FE
analyses. As a result, the last result was adopted for the parametric equations of

partially overlapped CHS K-joint in this chapter.

4.9 ASSESSMENT OF THE PROPOSED SCF EQUATIONS

49.1 P/R Ratio Assessment

The proposed parametric regression SCF equations of this study are assessed against
the SCF obtained from the FE analyses of the basic data tabulated in Table 4.1. For this
purpose, a program has firstly been developed for calculating the SCFs of partially
overlapped CHS K-joints by using the proposed equations based on the parametric
regression method (PRM). Then, the calculated SCF value obtained from the PRM
(referred as the “P” predictions) is compared to the original SCF obtained from the FE

analyses (referred as the “R” solutions).

According to the Fatigue Guidance Review Panel recommendation of acceptance
criteria for assessment of parametric equations found in [83], the P/R ratio of the joint
with different geometrical parameters is concluded, if P/R ratio is equal to unity. The
equations are commented to underestimate and overestimate the SCF of the joint if P/R

ratios were less and greater than 0.8 and 1.5 respectively.

Table 4.4 shows the detailed assessment information of SCF obtained from the PRM
for different loading cases against those obtained from the FE solutions. It is observed
that the highest and lowest percentages that fall in the range of 0.8 < P/R < 1.2 are
90.28 % and 64.69 %, respectively, with a mean of 74.7 %. However, if compared with
the range of acceptance criteria, the highest and lowest percentages that fall in the
range of 0.8 < P/R < 1.5 are 90.54% and 70.45%, respectively, with a mean of 81.92%.
Thus, it could be concluded that the SCFs obtained from the PRM and the SCFs
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obtained from the FE analyses results are reasonably accurate.

4.9.2 Additional Assessment using Mid-point Models

To evaluate the accuracy of the estimated SCF values obtained from the PRM, 192
numerical mid-point models listed in Table 4.5 are also analyzed. The estimated SCF
values obtained from the PRM are compared with the SCF values obtained from the FE
solutions with respect to the mid-point models. These mid-point models are created by
using geometrical parameters that are corresponding to the mid values of the 3500
models using in the regression analysis. They, to some extend, would able to lead to
maximum error for the PRM. For example, the g ratios for the mid-point models are
0.45, 0.55, 0.65, 0.75, 0.85 and 0.95, while the gratios for the basic models are 0.4, 0.5,
0.6, 0.7, 0.8, 0.9 and 1.0, and the same principle was applied to other parameters. The
relative error (Eprm-rem (SCF)) between estimated SCF values obtained from the PRM

and the FE analyses obtained for the mid-point data tabulated in Table 4.6 is defined as:

CFpgy — SCFeey
SCFeay

E,s e (SCF) =2 x100% (4.3)

where SCFpry is the SCF value obtained from the PRM, and SCFrgy is SCF value
obtained from the FE analyses.

Figures 4.18 to 4.23 and Table 4.6 show the statistics of the numbers of numerical
models in different relative error ranges for different loading cases. From these figures
and Table 4.6, it is found that the highest and lowest percentages, that fall in the range
of -20% < Eprm-rem (SCF) < 20%, are 94.08% and 44.74%, respectively, with mean of
79.45%. The PRM appears to be overestimate in the AX11 and the AX21 loading cases
with the percentage of errors of 54.61% and 26.32%, respectively.

It is observed that the SCFs for IPB are apparently the most accurate one, both from

finite element analyses and experimental tests results. However in Figure 4.20, between

87



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Parametric Study

the estimated SCF values obtained from PRM and FE analyses mid-point data. This
could be due to the interpolation nature of the PRM. The trend of the PRM seems to be
straight line which does not reflect the SCF nature of the partially overlapped CHS K-
joints. The PIM and LIM are going to develop to cover the weakness of the PRM.

410 CONCLUDING REMARKS

The assessment of current proposed parametric equations for partially overlapped CHS
K-joints with respect to the basic SCF database of FE models seems to satisfy the
criteria of Fatigue Guidance Review Panel. The assessment results seem to confirm the
reliability of these equations for predicting the SCF of partially overlapped CHS K-
joints under basic load cases. However, it is observed that the SCFs obtained from the
PRM do not fit well with the SCF obtained from the FE analyses when it comes to the
192 additional mid-point models which have no contribution in proposing the equations.
It seems to be an obvious disadvantage of parametric equations when predicting the

SCFs of partially overlapped CHS K-joint.
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Table 4.1 Range of geometrical parameters of basic data (3500 models)

Models 0 Ov B y T
17.06 0.65, 0.75, 0.85, 1.00
0.25, | 04,05, | 11.38 0.50, 0.60, 0.80, 1.00
Casel | 30° | 04,05, | 0.6,0.7, 8.53 0.38, 0.50, 0.75, 1.00
0.6,0.75 | 0.8, 0.9, 6.83 0.30, 0.60, 0.80,1.00
1.0 5.46 0.32, 0.64, 0.80, 1.00
17.06 0.65, 0.75, 0.85, 1.00
0.25, | 04,05, | 11.38 0.50, 0.60, 0.80, 1.00
Case2 | 40° | 04,05, | 0.6,0.7, 8.53 0.38, 0.50, 0.75, 1.00
0.6,0.75 | 0.8,0.9, 6.83 0.30, 0.60, 0.80,1.00
1.0 5.46 0.32, 0.64, 0.80, 1.00
17.06 0.65, 0.75, 0.85, 1.00
0.25, | 04,05, | 11.38 0.50, 0.60, 0.80, 1.00
Case3 | 45° | 04,05, | 0.6,0.7, 8.53 0.38, 0.50, 0.75, 1.00
0.6,0.75 | 0.8,0.9, 6.83 0.30, 0.60, 0.80,1.00
1.0 5.46 0.32, 0.64, 0.80, 1.00
17.06 0.65, 0.75, 0.85, 1.00
0.25, | 04,05, | 11.38 0.50, 0.60, 0.80, 1.00
Case4 | 50° | 04,05, | 0.6,0.7, 8.53 0.38, 0.50, 0.75, 1.00
0.6,0.75 | 0.8,0.9, 6.83 0.30, 0.60, 0.80,1.00
1.0 5.46 0.32, 0.64, 0.80, 1.00
17.06 0.65, 0.75, 0.85, 1.00
0.25, | 04,05, | 11.38 0.50, 0.60, 0.80, 1.00
Case5 | 60° | 04,05, | 0.6,0.7, 8.53 0.38, 0.50, 0.75, 1.00
0.6,0.75 | 0.8,0.9, 6.83 0.30, 0.60, 0.80,1.00
1.0 5.46 0.32, 0.64, 0.80, 1.00
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Table 4.2 Definition of database

SCF

ID | Names Maximum SCF values:

1 AX11tA | under AX11 load case on the weld toe of through brace along Curve A

2 | AX11oA | under AX11 load case on the weld toe of overlapping brace along
Curve A

3 AX11tC | under AX11 load case on the weld toe of through brace along Curve C

4 | AX11cC | under AX11 load case on the weld toe of chord along Curve C

5 | AX210A | under AX21 load case on the weld toe of overlapping brace along
Curve A

6 | AX21tA | under AX21 load case on the weld toe of through brace along Curve A

7 | AX21oB | under AX21 load case on the weld toe of overlapping brace along
Curve B

8 AX21cB | under AX21 load case on the weld toe of chord along Curve A

9 IPB11tC | under IPB11 load case on the weld toe of through brace along Curve C

10 | IPB11cC | under IPB11 load case on the weld toe of chord along Curve C

11 | IPB12tA | under IPB12 load case on the weld toe of through brace along Curve
A

12 | IPB120A | under IPB12 load case on the weld toe of overlapping brace along
Curve A

13 | IPB210oB | under IPB21 load case on the weld toe of overlapping brace along
Curve B

14 | IPB21cB | under IPB21 load case on the weld toe of chord along Curve B

15 | IPB220A | under AX11 load case on the weld toe of overlapping brace along
Curve C

16 | IPB22tA | under IPB22 load case on the weld toe of through brace along Curve
A
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Table 4.3 Parametric regression equations for overlapped CHS K-joints

SCF SCF parametric equations
names
Though brace SCF:
AX1ItA | -0.0205x Ov -3.5569 x sin (&) + 0.4793 x B+ 0.096 x y-0.9326 x 7+ 3.61
Overlapping SCF:
1.819x Ov-1.788 x sin ( #) +2.2778 x - 0.0735x y+ 1.76 x
AX11o0A
Through brace SCF:
AX11tC -2.089 x Ov + 6.036 x sin (6) - 1.883 x f+ 0.1608 x y+ 1.657 x 7- 0.267
AX11cC Chord SCF: _
-2.163 x Ov +5.836 x sin (6) - 1.959 x #+ 0.16 x y+ 1.622 x ¢
Through brace SCF:
IPB11tC -1.541 x Ov + 2.793 x sin (6) + 1.017 x S+ 0.181 x - 1.929 x 7+ 3.66
-2.491 x Ov - 0.458 x sin () - 0.703 x f+0.35 x y+ 3.625 x 7
Through brace SCF:
IPB12tA 0.255 x Ov + 5.179 x sin (€) + 2.002 x S+ 0.246 x y- 0.354 x 7- 4.56
IPB120A Overlapping brace SCF: _
0.65 x Ov - 0.152 x sin () +2.371 x f+0.16 x y+0.357 x 7
Overlapping brace SCF:
AX210A 3.167 x Ov - 4.099 x sin (6) + 2.581 x S+ 0.088 x y- 2.757 x 7+ 4.944
AX21tA Through brace SCF: _
3.025 x Ov - 2.252 x sin (6) +7.665 x f+0.333 x y-4.111 x 7
Overlapping brace SCF:
AX210B -3.847 x Ov + 2.615 x sin (6) - 2.454 x B+ 0.095 x y+ 1.718 x r+ 3.181
AX21cB Chord SCF: .
-2.143 x Ov + 0.859 x sin (6) - 2.162 x S+ 0.489 x y+ 1.614 x
Overlapping brace SCF:
IPB210B -0.482 x Ov - 2.042 x sin (6) + 2.846 x B+ 0.242 x y- 4.327 x r+ 7.602
-2.192 x Ov - 1.414 x sin (6) - 0.197 x f+0.391 x y+ 3.876 x
Overlapping brace SCF:
IPB220A 2.955 x Ov + 7.682 x sin (6) + 3.406 x S+ 0.271 x y- 1.683 x 7- 6.189
IPB22tA Through brace SCF:

0.884 x OV - 0.229 x sin (#) + 5.827 x A+ 0.398 x y- 3.871 x 7
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Table 4.4 Assessment of the proposed SCF regression equations against the SCF

obtained from the FE analyses based on ranges of P/R

Percentage of models in different ranges of P/R (%)

Load Cases Members Frequency of occurrence of SCF P/R
<0.8 0.81.2 >1.2

AX11 Though brace 4.17 73.88 21.94
Chord 4.97 64.19 30.83

AX21 Overlapping brace 3.29 65.00 31.71
Chord 3.40 69.90 26.80

IPB11 Though brace 2.57 79.77 17.66
Chord 4.20 70.98 24.77

IPB12 Though brace 3.48 78.76 17.75
Overlapping brace 1.29 73.13 25.58

IPB21 Overlapping brace 1.20 77.31 20.49
Chord 3.23 71.88 24.89

IPB22 Overlapping brace 3.97 81.36 14.66
Though brace 1.09 90.28 7.63

Table 4.5 Range of geometrical parameters of 192 mid-point models

Models 0 Ov yij y T

Casel | 35° |0.35,045055 | 0.45,0.55,0.66, 13.65 0.6, 0.63
0.65 0.75, 0.85, 0.95 9.75 0.71,0.86

Case2 | 55° |0.35,045055 | 0.45,0.55,0.66, 13.65 0.6, 0.63
0.65 0.75, 0.85, 0.95 9.75 0.71,0.86
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Table 4.6 Assessment of the proposed regression SCF equations against the SCF

obtained from the FE analyses results based on relative error (Eprm-rem (SCF))

Percentage of models in different ranges of relative error (%)

Load Cases | Members Frequency of occurrence of SCF relative error (%)
<-20.00 -20.00 <> 20.00 > 20.00
AX11 Through brace 1.97 92.11 7.24
Chord 0.66 44,74 54.61
AX21 Overlapping brace 5.26 68.42 26.32
Chord 9.21 85.53 5.92
IPB11 Through brace 7.89 87.50 5.26
Chord 23.68 69.08 10.53
IPB12 Through brace 5.92 88.16 5.92
Overlapping brace 6.58 88.16 5.26
IPB21 Overlapping brace 8.55 85.53 5.92
Chord 13.03 69.21 17.76
IPB22 Overlapping brace 3.95 80.92 15.13
Through brace 4.61 94.08 1.32
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Figure 4.1 Surface mesh of a partially overlapped CHS K-joint
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Figure 4.2 Solid mesh of a partially overlapped CHS K-joint
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Figure 4.4 Effects of fand yon SCF results for #=50°, 7= 1 and Ov = 50% for
partially overlapped CHS K-joint under the AX11 load case
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b) Chord of overlapped CHS K-joint under the IPB11 load case

Figure 4.5 Effects of gand yon SCF results for = 50°, =1 and Ov = 50% for

partially overlapped CHS K-joint under the IPB11 load case
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Figure 4.6 Effects of fand ron SCF results for 8= 50°, y = 5.46 and Ov = 50% for
partially overlapped CHS K-joint under the AX11 load case
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Figure 4.7 Effects of gand ron SCF results for 8= 50°, y=5.46 and Ov = 50% for
partially overlapped CHS K-joint under the IPB11 load case
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Figure 4.8 Effects of dand yon SCF results for £=0.9, 7= 0.5 and Ov = 50% for

partially overlapped CHS K-joint under the AX11 load case
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b) Chord of overlapped CHS K-joint under the IPB11 load case
Figure 4.9 Effects of dand yon SCF results for £=0.9, 7= 0.5 and Ov = 50% for
partially overlapped CHS K-joint under the IPB11 load case
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Figure 4.10 Effects of #and yon SCF results for #=0.9, y=5.46 and Ov = 50% for
partially overlapped CHS K-joint under the AX11 load case
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Figure 4.11 Effects of and yon SCF results for £=0.9, = 5.46 and Ov = 50% for
partially overlapped CHS K-joint under IPB11 load case
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b) Chord of overlapped CHS K-joint under the AX11 load case

Figure 4.12 Effects of Ov and yon SCF results for £=0.9, 7= 0.5 and &= 50° for
partially overlapped CHS K-joint under the AX11 load case
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b) Chord of overlapped CHS K-joint under the IPB11 load case
Figure 4.13 Effects of Ov and yon SCF results for £=0.9, 7= 0.5 and &= 50° for
partially overlapped CHS K-joint under the IPB11 load case
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b) Chord of overlapped CHS K-joint under the AX11 load case

Figure 4.14 Effects of Ov and zon SCF results for #=0.9, y=5.46 and = 50° for
partially overlapped CHS K-joint under the AX11 load case

109




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Parametric Study

—=— =024 ——1=032
—2—1=0.64 —*—1=1.00
6
5 —
4 -
L
3 3
2 7 \
1
O T T T T 1
25 35 45 55 65 75
OV (%)

a) Through brace of overlapped CHS K-joint under the IPB11 load case

—a—1=0.24 —=—1=032
——1=0.64 —2—1=1.00
3
2.5
2 \A\———A‘
LL \A\
1] ———— §—
0.5
0
25 35 45 55 65 75
Ov (%)

b) Chord of overlapped CHS K-joint under the IPB11 load case

Figure 4.15 Effects of Ov and zon SCF results for #=0.9, y=5.46 and &= 50° for
partially overlapped CHS K-joint under the IPB11 load case
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SCF Values
ID | Ov 2 e ¥ T AXI11tA AXoA AXI11tC | AX11eC | AX210A
1 0.25 | 60.00] 1.00 17.06 0.65 0.92 -1.00 5.37 6.65 2.33
2 0.25 | 60.00] 1.00 17.06 0.75 1.85 5.86 7.05 6.20 1.59
3 0.25 [60.00] 1.00 17.06 0.85 0.11 -1.20 6.64 8.78 3.06
4 0.25 | 60.00] 1.00 17.06 1.00 2.14 5.61 7.64 8.76 4.50
5 0.25 [ 60.00] 1.00 11.38 0.50 1.30 4.34 4.61 3.16 3.45
6 0.25 | 60.00] 1.00 11.38 0.67 1.38 4.09 532 4.41 2.00
7 0.25 | 60.00] 1.00 11.38 0.80 0.20 -0.74 5.64 5.68 3.14
8 0.25 | 60.00] 1.00 11.38 1.00 1.87 4.01 5.92 6.74 2.99
0 0.25 [ 60.00] 1.00 8.53 0.38 1.23 3.49 3.40 1.94 3.56
10 | 025 |60.00| 1.00 8.53 0.50 1.13 3.20 418 2.44 2.2
11 | 0.25 |60.00] 1.00 8.53 0.75 1.37 3.16 5.64 3.7 2.22
2 | 0.25 [ 60.00f 1.00 8.53 1.00 1.72 2.44 6.40 472 2.01
13 | 0.25 |60.00| 1.00 6.83 0.30 1.16 2.96 3.27 1.43 3.56
14 | 025 |60.00| 1.00 6.83 0.60 1.18 2.66 470 2.86 2.35
15 | 0.25 |60.00] 1.00 6.83 0.80 1.41 1.94 5.24 3.52 2.46
16 | 0.25 |60.00| 1.00 6.83 1.00 1.76 1.04 5.72 4.35 2.33
17 | 0.25 |60.00] 1.00 5.46 0.30 1.22 2.82 4.13 1.53 2.53
18 | 025 |60.00| 1.00 5.46 0.64 22 1.57 488 2.53 2.75
19 | 0.25 |60.00| 1.00 5.46 0.80 1.52 0.88 5.08 3.34 2.53
2 0.25 | 60.00] 1.00 5.46 1.00 1.91 1.02 4.95 3.90 2.52
SCF Values
A X21tAX210AX21cHIPB11tC| IPB11cC | IPB12tA | IPB21oA | IPB21oB | IPB21cB | IPB220A | IPB22tA
7.08| 506 | 6.94 | 7.20 6.25 6.33 4.34 8.08 5.57 7.51 10.01
6.04 | 6.80 | 6.39 | 8.75 5.81 5.90 4.19 10.57 5.54 6.88 9.65
6.50| 6.35 | 9.46 | 8.08 8.40 5.39 530 .88 7.25 6.75 9.68
552 843 [ 892 | 7.90 8.06 6.27 5.06 11.27 7.24 8.32 9.36
6.20] 4.16 | 3.10 | 6.33 3.05 4.28 3.12 8.55 3.57 5.01 8.30
545] 5.00 | 3.93 | 7.41 4.09 4.52 3.93 9.21 4.64 6.47 7.84
581 516 | 5.30 | 6.38 5.40 3.97 3.05 7.47 6.26 5.50 7.72
4.62 | 634 | 634 | 6.38 6.35 4.70 4.41 9.31 6.96 6.84 7.56
611 334 | 1.96 | 5.78 2.11 3.45 2.61 7.82 2.49 5.91 7.55
538 385 | 246 | 6.72 2.84 3.60 3.35 8.16 3.30 5.64 7.02
450 | 481 | 336 | 6.98 4.61 3.63 3.74 .08 474 5.70 6.62
326 6.28 | 442 | 6.77 5.59 4.33 3.80 6.00 6.33 6.46 5.38
508 205 | 142 561 1.48 2.84 2.33 7.39 1.71 4.05 7.06
456 | 393 [ 250 ] 6.63 3.40 2.99 3.34 7.17 3.52 5.04 6.02
321 500 | 3.37 | 6.99 4.18 3.57 437 8.00 4.83 5.50 4.86
222 577 | 412 ] 5.65 4.93 3.58 4.15 5.60 5.81 6.30 4.05
5200 203 [ 127 7.21 1.61 3.10 3.20 7.63 1.55 4.89 6.12
324 445 | 240 | 611 2.95 2.81 3.02 7.90 3.43 492 4.54
222 506 | 298| 546 3.83 3.04 3.71 7.57 4.33 5.64 3.19
1.2 527 | 301 471 428 2.68 2.85 4.58 5.41 5.41 2.54

Figure 4.16 Typical SCF values stored in a database
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SCF Values

ID | Ov &) B ¥ T AXI1tA AXoA AXINC | AX11eC | AX210A
3481 0.75 [ 30.00] 0.40 17.06 0.65 4.48 2.63 3.77 4.58 4.44
3482] 0.75 [ 30.00] 0.40 17.06 0.75 2.56 2.31 4.81 4.57 4.82
34831 0.75 [30.00] 0.40 17.06 0.85 2.07 2.77 4.50 5.91 4.31
3484 0.75 [ 30.00] 0.40 17.06 1.00 2.14 2.53 5.51 6.22 4.20
3485] 0.75 [ 30.00] 0.40 11.38 0.50 2.37 2.51 3.18 2.25 4.46
3486 | 0.75 [ 30.00] 0.40 11.38 0.67 1.85 2.79 3.87 2.97 4.16
34871 0.75 | 30.00] 0.40 11.38 0.80 2.80 3.20 4.52 4.04 3.78
3488 | 0.75 [ 30.00] 0.40 11.38 1.00 1.30 2.80 4.20 4.24 3.39
3489 | 0.75 [ 30.00] 0.40 8.53 0.38 2.18 2.58 2.67 1.30 4.11
3400] 0.75 [ 30.00] 0.40 8.53 0.50 1.56 2.85 3.12 1.67 4.00
3401] 0.75 | 30.00] 0.40 8.53 0.75 0.94 2.98 3.14 2.39 22
3402] 0.75 [ 30.00] 0.40 8.53 1.00 0.87 3.02 3.47 2.81 3.02
3493] 0.75 [ 30.00] 0.40 6.83 0.30 2.03 2.61 2.23 0.79 3.90
3404] 0.75 [ 30.00] 0.40 6.83 0.60 0.93 2.99 2.43 1.38 3.05
3495] 0.75 | 30.00] 0.40 6.83 0.80 0.91 3.05 2.84 1.63 2.90
3406 0.75 [ 30.00] 0.40 6.83 1.00 0.57 3.12 2.89 1.84 3.01
3497] 0.75 [ 30.00] 0.40 5.46 0.30 1.32 2.86 2.23 0.61 3.77
3408 ] 0.75 [ 30.00] 0.40 5.46 0.64 0.81 3.03 2.50 0.85 2.77
3400 0.75 [30.00] 0.40 5.46 0.80 0.74 3.14 2.67 1.41 3.48
3500] 0.75 [ 30.00] 0.40 5.46 1.00 0.41 3.21 2.68 1.26 2.84
SCF Values
b0 1t4AX210HX21cHIPB11tC| IPB11cC | IPB12tA | IPB210A | IPB210oB | IPB21cB | IPB220A | IPB22tA
6.92| 360 | 632 3.87 4.44 1.75 4.10 5.84 4.73 2.93 5.77
6.26] 3.02 | 672 3.78 4.90 2.28 3.77 7.74 5.09 3.31 5.22
633| 385 | 7.61 [ 4.04 5.64 1.81 430 6.95 6.66 2.88 5.42
550 105 | 828 | 3.80 6.15 2.22 3.06 6.18 6.65 3.80 4.80
502 232 | 325 | 3.49 2.00 1.73 3.07 8.53 2.19 2.87 4.39
540 376 | 412 3.31 3.18 1.55 3.12 5.47 3.21 3.23 3.93
531 3.02 ] 507 [ 5094 4.00 22 3.38 6.68 4.87 2.14 4.03
423] 333 | 557 3.01 4,00 1.11 3.05 6.34 5.38 1.03 3.17
563 | 433 | 2.11 | 3.38 1.18 1.46 2.74 8.74 1.45 2.69 3.96
5108 | 328 | 228 | 3.44 1.58 1.24 271 5.01 1.73 2.91 3.46
407] 2.85 [ 3.10] 3.76 2.80 0.86 2.57 6.24 2.52 1.68 2.63
348 | 273 | 354 | 531 3.66 1.04 237 5.83 3.65 1.97 2.22
540 376 | 149 | 3.40 0.77 1.32 2.56 8.74 0.97 2.60 3.70
300 268 | 195 ] 3.51 1.47 0.71 2.29 6.40 1.45 1.55 2.34
337| 260 | 238 | 528 2.18 0.83 2.08 6.01 1.08 1.66 1.02
2.58] 3.50 [ 201 ] 3.02 3.83 -0.21 2.48 3.50 3.63 0.78 1.38
481] 235 [ 084 | 3.42 0.50 0.94 231 4.60 0.71 2.59 2.96
3250 263 | 145 ] 3.13 0.81 0.67 1.86 6.12 0.96 1.80 1.68
336 341 | 221 ] 343 2.03 -0.27 253 442 2.79 0.81 1.86
220 344 [ 232] 2.79 3.39 -0.53 2.23 3.15 3.03 0.44 0.88

Figure 4.16 Typical SCF values stored in a database (Cont’d)
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Figure 4.17 Three welding Curves A, B and C together with the six load cases and the
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Figure 4.18 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the AX11 load case along Curve C
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Figure 4.19 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the AX21 load case along Curve B
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Figure 4.20 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the IPB11 load case along Curve C
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Figure 4.21 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the IPB12 load case along Curve A

115




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Parametric Study

——Chord (IPB21) ----- Overlapping brace (IPB21)

No of Models

-0 -40 -30 -20 -10 0 10 20 30 40 50

Percentage of Error (%)

Figure 4.22 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the IPB21 load case along Curve B
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Figure 4.23 Error percentage statistics of numerical models in Table 4.2 for partially
overlapped CHS K-joints under the IPB22 load case along Curve A
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Interpolation Method

CHAPTER 5
INTERPOLATION METHOD TO CALCULATE SCF
VALUES OF PARTIALLY OVERLAPPED CHS K-JOINTS

5.1 INTRODUCTION

In this Chapter, an interpolation method is proposed to estimate the SCF values of
partially overlapped CHS K-joints. The interpolation method is not a completely new
method as it has been applied to analyze SIFs of tubular gapped K-joints by Shao [53]
in his research works. However, it is the first time that this method is applied to

estimate SCFs and HSSs of partially overlapped CHS K-joints.

According to the results of the study done by Shao [53], the accuracy of the SIFs
obtained from interpolation method is higher than that of SIFs obtained from the
proposed parametric equations. The more data, the higher the accuracy of the results
can be obtained. Having compared the interpolation method with the proposed
equations for tubular T and Y-joints [54 and 55], the interpolation method appears to be
more accurate, feasible and practical. Therefore, in the present study the concept of
interpolation method has been adopted and extended to create a new tool for predicting
the SCF and HSS values for partially overlapped CHS K-joints.

5.2 INTERPOLATION METHOD

The main concept of this approach is to combine the results obtained from the
numerical parametric studies with the standard interpolation method which is
commonly used in FE method [84]. Since the responses of the joints for those
identified parameters over some selected ranges were pre-computed at some fixed
intervals during the parametric study, a logical way to approximate the variation of the

responses can be obtained by using the standard Lagrangian interpolation functions that
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are frequently used in the FE analysis. Figure 5.1 shows an example where the
variation of the response @ is a function of a certain parameter £ in the range [&;, &)
Note that @ could be the SCF of the joint or it could be other key responses such as the
stress intensity factor (SIF) at the crack tip for a cracked joint. The values of @ at the
nodes, &, i = 1,.., 8 are already computed during the parametric study and are denoted
as @. If the value of @at a given value of &= &, Is required, the third interval [&;, &/]

that contains &, is first identified. The approximated value @(&,,,;) is then computed

as

5(éeval ) = L] (&jeval )¢3 + L2 (zjeval )¢4 (51)

In Eqgn. (5.1),Lj (5) J=1, 2 are the first order Lagrangian interpolation function defined

as
L (5 ) - —§i+1 __5
L2(§)=T_’6,i:3

For the 2D case, the variation of @ is a function of two parameters & and & and the
desired point (&1 ;.&2,.,) is enclosed by 2°=4 nodal points as shown in Figure 5.2. The
ijth interval along the & axis and the i;th interval along the & axis that enclosing
(&l 1.2 1) can be easily identified. The approximated value 5(éelval,éjm,) at the

desired point can be obtained by extending Equations (5.1) and (5.2) as

Fl =1 2
¢(éeval ’ éeval ) =
a] +a2 <4 (53)
1 1 2 2
Z Lal (éeval )Locz (é:eval }pi1+a1—],z‘2+a2—]

0(],0(2:1,2
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where
k k
k(oK é,ik+1 —<
L =a
é:ik+1 N 5ik
(5.4)
eh-gk
L’;(gk):—’k* k=12

k ek’
éik+1 N éik

In general, in order to obtain approximation of @ with respected to the variation of M
selected parameters &, k=1,...., M, the above interpolation approach should be

extended to the M-dimensional space. In this case, the desired point of evaluation

=&l e &M ) is enclosed by a hyper-rectangle with 2" nodes and M

intervals [fzi’fii”] such that fli Sffvaz < 5121 for k=1,....,M. The expression of the

approximated value at the point&,, ,, 5(§M,), is given by

- Sa<2M oy
¢(‘§ eval ) = z ( H Ll;k (Qzekval )j¢ik +ay—1 (5.5)

o =1,2k=1,.M \ k=1

In Equation (5.5), @, denotes the pre-computed nodal value of @ at the node

+a, -1

(fém,—z’ 2 £k ). Note that in Equations (5.1) to (5.5), the number of

i2+0(2—], lM+aM—]

intervals may not be the same for all parameters and the interval may not be uniform.

5.3 DEVELOPMENT OF NEW METHODS

5.3.1 Introduction

From the extensive numerical study carried out to access the performance of the above

interpolation approach for the prediction of the SIF at the deepest point of surface
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cracks for gapped CHS K-joints [53], it was found that this approach has led to more
accurate and reliable response predictions with a lower relative error and a smaller
error range. As a rule, to implement the interpolation method, there is a need to create a

database, where the new method can refer to.

5.3.2 SCF Database for New Methods

The SCF results together with the corresponding parameters are stored in a database as
discussed earlier in Chapter 4. Two types of database were created and used in
conjunction with two slightly different approaches of the interpolation method: the first
one is called the point interpolation method (PIM), and the second one is called the line
interpolation method (LIM). The SCF database for the PIM stores only one maximum
SCF value from each load case, except for the AX11 and the AX21 load cases where
two maximum values are stored. An explanation why that is needed would be described
later. The SCF database for the PIM was shown in Figure 4.16 of Chapter 4.

The SCF database for the LIM, in general, stores a set of SCF values along each
intersection curve. The data are specially organized in the “Tree structure” format as
shown in Figure 5.3 so as to facilitate the searching of the SCF data for the SCF and
HSS estimations. There are five levels of sub-folders in the database, including seven g
sub-folders, five @ sub-folders, five Ov sub-folders, twenty p—z sub-folders and
eventually eight loading cases SCF data files for each y—z sub-folder as shown in
detailed in Figure 5.3. The eight loading cases SCF data files stored the SCF values
belong to different curves as shown in Figure 5.4. As can be seen from Figure 5.3, the
eight loading cases are following: AX11A, AX11C, AX21A, AX21B, IPB11C,
IPB12A, IPB21B and IPB22A. In addition, each loading case SCF data file stores the
information about the SCF values along the weld toe (curve) on both chord and braces
under different load cases. For example from Figure 5.4, the AX11C consists from
AX11cC and AX11tC which refer to maximum SCF values under AX11 load case on
the weld toe of chord and through brace along Curve C, respectively. All these SCF
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values were obtained from FE analyses.

In this study, based on the FE meshes used in the FE analyses there are 14 to 25 SCF
values recorded along each intersection curve at the weld toe. Each SCF value was
calculated based on quadratic extrapolation procedure at the mild point of FE meshes
along the intersection (see Figure 5.5).

5.3.3 The Point Interpolation Method “PIM”

The PIM has been developed based on the interpolation method using 5D shape
functions and the SCF database to estimate the maximum SCF for partially overlapped
CHS K-joint within the range of this study. The fact that the method is named Point
Interpolation Method (PIM) is because its database mainly stored only one maximum
SCF value obtained from the FE analysis from each load case. In this method, to
estimate the HSS for a partially overlapped K-joint, the SCF values corresponding to
the different loading cases are firstly computed based on the data inputted the
geometrical properties and load cases together with the interpolation method and SCF
database. Once the SCF values for different loading cases are estimated, the HSS is
computed based on superposition approach proposed by API RP-2A [33]. The peak hot

spot stress is expressed as the following:

1
Peak HSS = |SCF:4XfAX| + [(SCF}PBﬁPB)Z + (SCFOPBfOPB)ZF (5.6)

where SCF 4x, SCFpp, SCFopp are SCFs for the AX, the IPB and the OPB loading cases,

respectively. fix, fips and fopp are the corresponding nominal stresses provided.

However, since the OPB load case is not considered in this current study, the HSS

values for the basic and combined load cases are expressed as:
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1. HSS values for basic AX load cases (AX11, AX21)
Peak HSS,y,, :|SCE4X11fAX1| (5.7)

Peak HSS,,,, = |S CEiynf, AX2|

2. HSS values for basic IPB load cases (IPB11, IPB12, IPB21 and IPB22)
Peak HSS 5, = [SCEPBlLf[PBl] (5.8)

Peak HSS pp, = [SCEPBlzﬁpgzj
Pealk HSS 15y = [SCEPBZIJ(}PBB‘]

Peak HSS jp5,, = [SCEPBZZfIPB4]

3. HSS values for combined load case of AX11+IPB11
Peak HSS, 1, 1pp1 = |SCFAX11f AX1| + [SCEPBlLf[PBl] (5.9)

4., HSS values for combined load case of AX11+IPB12
Peak HSS, 1y, pp, = |SCE4Xllf AX1| + [SCF}PBlzflPBz] (5.10)

5. HSS values for combined load case of AX21+IPB21
Pealk HSS, ., jppn = |SCE4X2Lf AX2| + [SCEPlefIPBa] (5.11)

6. HSS values for combined load case of AX21+IPB22
Peak HSS, 1. 1p500 = |SCE4X21f AX2|+[SCF}PBZZ.fIPB4] (5.12)

where SCF4x;1, SCF4x21, SCFipgi1, SCFipgi2, SCFpps;, and SCFpg;; are the maximum
SCFs for the AX11, AX21, IPB11, IPB12, IPB21 and IPB22 loading cases, respectively.
fax1, faxa fiesis fipe2, fipes and fippsare the nominal stresses for the AX11, AX21, IPB11,
IPB12, IPB21 and IPB22 load cases, respectively.
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Figure 5.6 shows the basic concept of the PIM on how it calculates the HSS for a
partially overlapped CHS K-joint subjected to combined load case of AX+IPB. The
HSS value of the combined load case is determined by summing up of maximum HSS
value from each load case. From Figure 5.6, the 4 value is the maximum HSS value
under AX load case and the B value is the maximum HSS value under IPB load case.
Then, the 4+B value is considered as maximum HSS value under combined load case
AX+IPB.

Figure 5.7 shows the maximum HSS value obtained for a partially overlapped CHS K-
joint subjected to the combined load case of AX11 (100 kN) +IPB11 (12 kN.m). The
geometrical properties of the partially overlapped K-joint are following: 8 = 60°, Ov =
0.25, f=0.4, y=11.38 and = 0.8. Based on Equation 5.9, the HSS value of combined
load case is summing up the maximum HSS of the AX11 load case (Figure 5.7 (a))
with the maximum HSS of the IPB11 load case (Figure 5.7 (b)). It is observed that the
difference of the HSS value obtained from the PIM against the HSS value obtained
from the FE analyses is 5.3%. Such a high accuracy is due to (i) both in the AX and the
IPB load cases the maximum HSSs occur on the Curve C, (ii) the maximum positions
of them are not far from each other, (iii) the variation of the SCFs between these
locations are not big. Obviously, if these three conditions are not true, for example

under combined loading case of AX11+IPB12, the estimated SCF error could be high.

For the case when the HSS value from each basic load case occurs in different curves
(e.g. the combined load case of AX11+IPB12), in the current implementation of the
PIM there is an arrangement to avoid unreasonable overestimations by selecting the
most appropriate HSS value for summation. Now take the case of AX11+IPB12 as an
example, the maximum HSS value from the AX11 load case occurs on the Curve C,
while for the IPB12 load case it occurs on the Curve A. These two curves are in

opposite side to one another (see Figure 5.4).

Figure 5.8 shows how to avoid the overestimation of the HSS value when the joint is
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subjected to the combined load case of AX11 (100 kN) +IPB12 (12 kN.m). The
geometrical properties of the partially overlapped CHS K-joint are the following: € =
60°, Ov = 0.25, f= 0.4, y=11.38 and 7= 0.8. The HSS value of this case is obtained
by summing up the maximum HSS value of IPB12 load case along curve A (Figure 5.8)
with the corresponding HSS of AX11 load case along curve A (AX11A in Figure
5.9(a)), but not with the higher HSS value of AX11 load case along curve C (AX11C in
Figure 5.9(b)). However, if based on concept of Equation 5.6 the maximum HSS of
combined load case of AX11+IPB12 should have been summing up the maximum HSS
of IPB12 load case (along Curve A) with the maximum HSS of the AX11 load case
(AX11C in Figure 5.9(b) along Curve C). Obviously, this would have made the results
too conservative as shown in Figure 5.10. It is observed that the difference of HSS
value obtained from the Equation 5.6 with HSS value obtained from FE analysis is
25.03%. At the same time, the difference of HSS value obtained from the current PIM
with HSS value obtained from the same FE analysis is only 0.64%. This example

shows that the overestimation of HSS value can be solved in some degree.

However, as the HSS of each load case could be located at different positions in general,
this will undoubtedly lead to overestimation of the real peak stress value. This was
proven by Pang & Lee [34] in their study on tubular T-joints. Hence, a better method is
needed and this leads to the development of the PIM.

5.3.4 The Line Interpolation Method “LIM”

As mentioned earlier, Equation (5.6) is simply summing up the products of the nominal
stress due to each load type and the corresponding maximum SCFs which are obtained
either from the saddle or the crown, depends on where the maximum occurred. This
will make the results conservative because in general as the HSS caused by each basic
load could be located at different positions. Therefore, the sum of the HSS from
Equation (5.6) will overestimate the peak stress value. This had been proven by Pang
and Lee [34] in their study on tubular T-joints. To avoid this disadvantage, Gulati et al.
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[35] had suggested superimposing the stress distributions from each of basic load
modes to obtain the HSS. Subsequently, a new equation was proposed as follow:

0(9) = K, (0) [ 1y + Ks(9) fros + Ko@) fors (5.13)

where K4(@), Kgi(p), Kp.(@) specify the stress concentration factors (SCFs) around the
intersection of joint subjected to AX, IPB and OPB respectively. fix. fipg and fopp are

the corresponding nominal stresses.

The position and value of the HSS can be determined from Equation (5.13) if K4 (¢),
Kzi (), Kg, () can be explicitly provided. However, the explicit expressions were not
provided in the literature. Chang and Dover [1] suggested that K4 (@), Kz (@), Ko ()
can be obtained using equations of Hellier et al. [36] for tubular T and Y-joints. Yeoh et
al. [37] verified this method by conducting a test on a tubular T-joint and found that
stress distributions obtained by superposition method of Equation (5.13) compared well
with the results obtained directly from the full-scale test. Soh and Soh [38] also studied
the superposition method by conducting a test on tubular K-joint and found the results
from this method agreed well with experimental results. Although this method can
provide more accurate information of hot spot stress, it is still not easy to be applied in

practice because the accuracy of the HSS from Equation (5.13) depends on the accurate

expressions of K4(@), Ksi(@), Ks.(¢).

Therefore, in the present study a new tool is suggested to predict the HSS values which
base on Equation (5.13). The created database is able to provide all positions and K4 (¢),

Kzi (@), Ks, () along the intersection of partially overlapped K-joints.

Since in the current research, the OPB load case is not considered in this current study,

the HSS values for the basic and combined load cases are expressed as:
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1. HSS values for basic AX load cases (AX11, AX21)
01 9) =K1 (D) f 1 (5.14)

0 P) =K 15, (9) [ 1x2

2. HSS values for basic IPB load cases (IPB11, IPB12, IPB21, and IPB22)
Oppil(P) = Ky1 () S 1ps1 (5.15)

O O)= Ky ) frrs2
C1ppor( D) = Ky ®) frrps

sl P) = Kypuil( P) fipsa

3. HSS values for combined load case of AX11+IPB11
O'Axnupgll((p) = K1 (¢ @fol + Ky (D)fuvgl (5.16)

4. HSS values for combined load case of AX11+IPB12
0 r1ipnd D)= K d ) fixr + Ko d @) f1pso (5.17)

5. HSS values for combined load case of AX21+IPB21
O sx 21sipp ®)= KAzi((o)f a2 T KBzi(@f]PBs (5.18)

6. HSS values for combined load case of AX21+IPB22
JAX21+1P322(¢) = KAzi(@f a2 T KBZi(¢)ﬁPB4 (5.19)

where Kyii(@), Kioi(@), Kpii(p), Kpu(®), Kpsi(@) and Kpsu(p) specify the stress
concentration factors (SCFs) around the intersection of joint subjected to AX11, AX21,
IPB11, IPB12, IPB21 and IPB22, respectively; fixi, fixo, fipsi fipsa, firss, fipss @re the
corresponding nominal stresses, respectively.
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The LIM has been developed based on the interpolation method using the 5D shape
functions and the SCF database shown in Figure 5.3 to generate HSS value for partially
overlapped CHS K-joint within the range of this study. The fact that the method is
named as the “Line Interpolation Method (LIM)” is because the database stored a set of
SCF values along the intersection curves (lines) obtained from FE analyses for each
load case (Figures 5.4 and 5.5). The LIM has the same working principle as the PIM,
but the difference is that the HSS of combined load case obtained from the PIM is
based on Equations 5.7 — 5.12, meaning summing up the products of the HSS value due
to each load type, which are in general correspondingly to different locations. The HSS
of combined load case obtained from the LIM is based on Equations 5.14 to 5.19,

which are accurate based on the superposition principle.

The basic concept of LIM is that the maximum HSS of the combined load case is
computed from the summation of the variations between the two basic load cases along
the weld toe. As shown in Figure 5.11, the HSS values from points /, 2, 3,.., n under the
basic load case AX are denoted as a(1), a(2), a(3),..., a(n) and the HSS values from
points 7, 2, 3,..., n under the basic load case IPB are denoted as b(1), b(2), b(3),..., b(n).
The final HSS value for the combined load case at each point is computed by summing
up the HSS from these two basic load cases in the form of a(1)+b(1), a(2)+b(2),
a(3)+b(3),...,a(n)+b(n). Finally, the maximum HSS value of combined load case
AX+IPB is obtained from these series of HSS sums. As can be seen from Figure 5.11,
the maximum value of a(1)+b(1) is considered as the maximum HSS value for the
combined load case AX+IPB.

Figure 5.12 shows an example of the LIM on how to obtain the HSS value for a
partially overlapped CHS K-joint subjected to the combined load case AX11 (100
kN)+IPB11 (12 kN.m). The geometrical properties of the partially overlapped CHS K-
joint are the following: € = 60°, Ov = 0.25, f =04, y = 11.38 and 7 = 0.8. The
maximum HSS value of the combined load case of AX11+IPB11 is obtained from the
series of the HSS sums of the two basic load cases AX11 (100 kN) (Figure 5.12 (a))
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and IPB (12 kN.m) (Figure 5.12 (b)) at each point along the intersection curve C. It is
observed that the difference of HSS value obtained from the LIM against HSS obtained
from the FE analyses is 2.01%. It is worth to note that the LIM could predict the HSS

value well fit with the HSS value obtained from FE analyses.

54 VALIDATION OF SCF AND HSS USING THE NEW
METHODS

5.4.1 Validation of SCF obtained from the PIM

To validate the accuracy and reliability of the PIM, the SCF values obtained from the
PIM are compared with the SCF values obtained from the FE analyses based on the
192 additional mid-point models which are tabulated in Table 4.5. The relative error
between the estimated SCF values from the PIM and the FE analyses with respect to

the 192 additional mid-point data tabulated is defined as:

SCFp = SCF v 1000 (5.20)
SCFppy

EP[M—FEM (SCF) =

where SCFpy, is the SCF value estimated from the PIM, and SCFrx), is the SCF value
obtained from the 192 additional FE analyses.

Figures 5.13 to 5.18 and Table 5.1 show the distribution of numerical models in
different error percentage ranges under different load cases. From these figures and
Table 5.1, it is observed that most models are within the range of -20% < Error < 20%
with a maximum, a minimum percentages and a mean of 99.35%, 96.08% and 99.05 %,
respectively. Thus, it could be concluded that the SCF values obtained from the PIM fit
well with the SCF values obtained from the FE analyses.
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5.4.2 Error Comparison of SCF using the PIM and the PRM

The accuracy and reliability of SCFs obtained from the PIM can be also evaluated by
comparing the relative errors with the PRM as discussed earlier in Chapter 4. The
relative error distributions of the SCFs for the two methods against the SCFs obtained
from the FE analyses are plotted in Figures 5.19 to 5.24. These figures illustrate the
comparison between the two methods for partially overlapped CHS K-joints under
different basic loading cases. It could be seen in Table 5.1 that the PIM produced better
results than the PRM. Most models are within the error range of -20% to 20%. The
mean of models in the range when using the PIM is 99.05%, while the mean for the
same range when using the PRM is only 79.45%. Hence, it could be concluded that the

PIM is more accurate than the PRM.

5.4.3 Error Comparisons of HSS obtained from the LIM, the PIM and the PRM

Three methods for predicting the HSS for the 192 additional mid-point models, given
in Table 4.5, subjected to the combined load cases: AX11 (100 kN) +IPB11 (12 kN.m),
AX11 (100 kN) +IPB12 (12 kN.m), AX21 (100 kN) +IPB21 (12 kN.m) and AX21 (100
kN) +IPB22 (12 kN.m) loading employed to comparing the accuracies of the LIM, the
PIM and the PRM.

The relative errors of the estimated HSS values from the LIM, the PIM and the PRM
against the FE analyses are defined as:

H - H

E i ren (HSS) = SSLZS < SSro 1009 (5.21)
LIM
H - H

E i _ppy (HSS) = SSPZSS S5 x100% (5.22)
PIM

HSS oy — HSS 1y,
HSS s

E pss iy (HISS) = x100% (5.23)
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where HSS; s 1S the HSS value estimated from the LIM, HSSpp, IS the HSS value
estimated from the PIM, HSSprys is the HSS value estimated from the PRM and HSSrgis
is the HSS value obtained from the FE analyses.

Figures 5.25 to 5.28 together with Table 5.2 show the comparison of relative error
distributions of the HSS values obtained from the LIM, the PIM and the PRM against
the HSS values obtained from FE analyses. It is observed that the LIM produces better
HSS results in the context that more numerical models are in the error range of -20% to
20%. The means of models for the LIM, the PIM and the PRM in the error range are
96.56%, 95.00% and 88.88 %, respectively. It is observed that the LIM has an

advantage in terms of predicting HSS values over the PIM, let alone the PRM.

It is also important to note that the advantage of using the LIM to the PIM and the PRM
can be seen when the basic load cases have their peak HSS positions located at very
different positions. Figures 5.29 to 5.31 show how the FEM works with combined load
case AX21 (100 kN) +IPB21 (6 kN.m). The geometrical properties of the partially
overlapped CHS K-joint are following: 6= 35°, Ov =0.35, = 0.65, y=10.92 and 7=
0.504. The peak HSS under basic load case AX21 (100 kN) occurs at the point 103.89
mm from crown heel of the joint, while the peak HSS under basic load case IPB21 (6
kN.m) occurs at the point 6.06 mm from the crown heel of the joint. Then, the peak
HSS under combined load case AX21 (100 kN) +IPB21 (6 kN.m) occurs at the point
43.29 mm from the crown heel of the joint. From Figure 5.32 and Table 5.3, note that
the relative errors for the LIM, the PIM and the PRM under combined load case AX21
(100 kN) + IPB21 (6 KN.m) are 5.12%, 35.93% and 42.54%, respectively. With the
same geometrical properties of partially overlapped K-joint, Figure 5.33 shows the
combined load case AX21 (100 kN) +IPB21 (12 kN.m). From Figure 5.33 and Table
5.3, note that the relative errors for the LIM, the PIM and the PRM under the load case
are 1.35%, 25.33% and 34.24%, respectively. It is observed that the relative errors for
the LIM, the PIM and the PRM in different load cases are changed even though the

joint properties remain the same. However, it should be noted that the relative error for
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the LIM still remains the smallest one when compared to that for the PIM and the PRM.
Thus, it could be concluded that the LIM is the best one in predicting HSS value when
compared with the PIM and the PRM.

5.5 IMPLEMENTATION OF THE PIM AND THE LIM

The above interpolation procedure is applied for predicting the SCF and HSS values for
partially overlapped CHS K-joints in this study. In order to facilitate the user to
compute the predicted value using Equation 5.5, an interactive program which allows
user input the dimensional of the joint, as well as the loading applied to it, was
developed. As mentioned earlier in Chapter 4, the 5 parameters, namely 6, Ov, g, yand
7 have a major impact on determining SCF values for partially overlapped CHS K-
joint. Therefore, the interpolation approach with these 5 parameters was applied. Based
on interpolation approach the desired point of evaluation is enclosed by hyper-
quadrilateral with 2° = 32 nodes and used to interpolate the SCF values of the given
partially overlapped CHS K-joint model. The detailed format of the 5D shape functions

are showed in Appendix B.

A program has been developed based on the interpolation method. Figure 5.34 shows
the screen shot of the user input interface of the program. Input data include
geometrical parameters and loading components.
1) Geometrical parameters:

d; = diameter of chord,

t;= thickness of chord,

d, = diameter of brace,

t;= thickness of brace,

6 =intersecting angle between chord and brace and

Ov = overlap ratio.

2) Loading components:
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P; = tension axial load on the through brace,

M, = positive in-plane bending on the through brace,

M, = negative in-plane bending on the through brace,

P, = tension axial load on the through brace,

M; = positive in-plane bending on the overlapping brace and
M, = negative in-plane bending on the overlapping brace.

Once the input data are filled up, they are then saved in a text file names by the user.
Alternatively, the inputs can also be prepared in Microsoft Office Excel. This method
of creating the input file is useful especially when it comes to multiple analyses of
partially overlapped CHS K-joints.

After the input data are all defined, the interactive program allows the user to choose
method of calculation (the PIM or the LIM). The PIM can be used to estimate SCF and
then used the estimated SCF values to compute the HSS values of any partially
overlapped CHS K-joint, whereas the LIM can be used directly to predict the HSS
values of partially overlapped CHS K-joint. Once the program is executed, the results
of HSS values can be displayed through the user output interface of the program as
shown in Figure 5.35. In addition, if needed, the user could also save the results into an
output file for future reference. Note that this interactive program also allows the user
to specify multiple joints and loading configurations through an input file so that the
user would be able to conduct a fast what-if analysis conveniently. In the current
implementation, a maximum number of 65000 partially overlapped CHS K-joints cases

could be handle by this program at a time.

The total storage size needed to store all programs together with database for the PIM
and the LIM is approximately 900 KB and 30Mbytes, respectively. Therefore, the
program and the database needed could be easily stored and launched from a portable
flash drive. Furthermore, the speed of the program is also very fast such that a multiple
run involving 100 joint configurations could be completed within 2.30 and 2.15
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minutes for the PIM and the LIM, respectively, on a low end PC.

5.6 CONCLUDING REMARKS

From the above discussions on the interpolation and the regression methods, it is clear
that the interpolation method has some important advantages over the regression

method.

1. It is observed that the accuracy of SCFs obtained from the PIM is better than the
PRM.

2. The accuracy of HSSs obtained from the LIM is better than the PIM and the PRM.

3. In the PIM and the LIM, the SCF value or HSS value for each model is actually
determined by only several numerical models adjacent to the calculated model only,
unlike in the PRM where the SCF or HSS is determined by the whole set of data to
form the regression equations. This could be a reason that makes the interpolation
methods better than the regression method.

Given the efficiency of this new and workable approach based on interpolation method,
it is worth to put an effort and time to analyze as many models as possible. It is obvious
that these two new methods (the PIM and the LIM) have an advantage over the

conventional regression method.

4. The interactive program allows the users to choose PIM and LIM easily, and is

friendly to users.
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Table 5.1 Assessment of the SCF values obtained from the PIM and the PRM against

the SCF values obtained from the FE analyses based on relative error

Percentage of models in different ranges of relative error (%)

Frequency of occurrence of SCF error
Methods Load Members (%)
Cases <-20.00 | -20.00 «> 20.00 | >20.00
Through brace - 99.35 0.65
AX11 Chord - 99.35 0.65
Overlapping brace 1.96 96.08 1.96
AX21 Chord - 99.08 0.65
Through brace - 99.35 0.65
PIM IPB11 Chord 0.65 99.35 0.65
Through brace - 99.35 0.65
IPB12 Overlapping brace - 99.35 0.65
Overlapping brace - 99.35 0.65
IPB21 Chord - 99.35 0.65
Overlapping brace - 99.35 0.65
IPB22 Through brace - 99.35 0.65
Through brace 1.97 92.11 7.24
AX11 Chord 0.66 44.74 54.61
Overlapping brace 5.26 68.42 26.32
AX21 Chord 9.21 85.53 5.92
Through brace 7.89 87.50 5.26
PRM IPB11 Chord 23.68 69.08 10.53
Through brace 5.92 88.16 5.92
IPB12 Overlapping brace 6.58 88.16 5.26
Overlapping brace 8.55 85.53 5.92
IPB21 Chord 13.03 69.21 17.76
Overlapping brace 3.95 80.92 15.13
IPB22 Through brace 4.61 94.08 1.32
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Table 5.2 Assessment of the HSS results obtained from the LIM, the PIM and the PRM

against the HSS obtained from the FE analyses based on relative error

Percentage of models in different ranges of relative error (%)

Frequency of occurrence of HSS error

Methods Load Cases Members (%)
<-20.00 -20.0 <~ 20.0 | > 20.00
AX11(100 kN) Through brace - 96.05 3.95
+IPB11(12 kN.m) Chord 0.63 98.05 1.32
LIM AX11(100 kN) Overlap brace 0.66 96.71 2.63
+IPB12(12 kN.m) Chord 0.66 98.03 1.97
AX21(100 kN) Through brace 0.65 96.73 2.61
+IPB21(12 kN.m) Chord 0.61 97.08 2.31
AX21(100 kN) Through brace 0.65 95.42 3.92
+IPB22(12 kN.m) | Overlap brace 0.65 97.39 1.96
AX11(100 kN) Through brace 0.66 92.76 6.58
+IPB11(12 kN.m) Chord 1.32 96.71 1.97
AX11(100 kN) Overlap brace 0.66 96.05 3.29
PIM +IPB12(12 kN.m) Chord - 96.71 3.29
AX21(100 kN) Through brace 0.65 96.73 2.61
+IPB21(12 kN.m) Chord 0.65 88.24 11.11
AX21(100 kN) Through brace 0.65 95.42 3.92
+IPB22(12 kN.m) | Overlap brace 0.65 97.39 1.96
AX11(100 kN) Through brace 3.27 95.42 1.31
+IPB11(12 kN.m) Chord 10.46 79.74 9.80
AX11(100 kN) Overlap brace 3.27 89.54 7.19
PRM +IPB12(12 kN.m) Chord 7.19 87.58 5.23
AX21(100 kN) Through brace 3.27 95.42 1.31
+IPB21(12 kN.m) Chord 10.46 71.24 18.30
AX21(100 kN) Through brace 0.61 96.73 2.61
+IPB22(12 kN.m) | Overlap brace 3.92 95.42 0.65
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Table 5.3 Comparison of the HSS results obtained from the PRM, the PIM and the LIM
against the HSS obtained from the FE analyses

Load cases Methods Relative Error (%)
PRM 42.54
AX100+IPB6 PIM 35.93
LIM 5.12
PRM 34.24
AX100+IPB12 PIM 25.33
LIM 1.35
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7‘ 7 (v) 11.38 (0.50) \7
-| BETA04 7‘ 7 (r) 11.38 (0.60) ‘7
| BETAO05 || | ANGLE30|. | Ov25 —\ 7 (r) 11.38 (0.80) ‘7
—‘ v (v) 11.38 (1.00) ‘f

| BETA06 || || ANGLE40| ||| Ov40
—‘ » (r) 853 (0.38) |
DATABASE | | | BETA0.7 ANGLE 45| | || Ov50 f‘ 5 (0) 8.53 (050) M-
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(x) 5.46 (0.80)

(x) 5.46 (1.00)

Figure 5.3 SCF database for the LIM
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Figure 5.7 Maximum HSS under combined load case AX11 (100 kN) +IPB11 (12
kN.m) obtained from the FE analyses and the PIM

142



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Interpolation Method

100

80 -

€
S %07 | HSS e = 90.38@10.06 mm
@ 40 -
[9p]
I

20 -

0 T T T T
0 10 20 30 40 50

Distance from STOO (mm)

Figure 5.8 HSS result of partially overlapped CHS K-joint subjected to basic load case
IPB12 (12 kN.m) along Curve A
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Figure 5.9 HSS result of partially overlapped CHS K-joint subjected to basic load case
AX11 (AX=100 kN)
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Figure 5.10 HSS result of partially overlapped CHS K-joint subjected to combined load
case AX11 (100 kN) + IPB12 (12 kN.m) along Curve A
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Figure 5.12 Maximum HSS under combined load case AX11 (100 kN) and IPB11 (12
kN.m) obtained from the FE analyses and the LIM
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Figure 5.13 Percentage errors between the SCF values obtained from the PIM and the
FE analyses under basic load case AX11 (100 kN) along Curve C
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Figure 5.14 Percentage errors between the SCF values obtained from the PIM and the

FE analyses under basic load case IPB11 (12 kN.m) along Curve A

148



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Interpolation Method

Overlapping brace, Point Interpolation Method
- ——— Through brace, Point Interpolation Method
120 .
100 -
< 80
o
= 60 -
o
S 40
20 A
0 '
-40 -30 -20 -10 0 10 20 30 40
Percentage of Error (%)

Figure 5.15 Percentage errors between the SCF values obtained from the PIM and the
FE analyses under basic load case IPB12 (12 kN.m) along Curve A
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Figure 5.16 Percentage errors between the SCF values obtained from the PIM and the
FE analyses under basic load case AX21 (100 kN) along Curve B
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Figure 5.17 Percentage errors between the SCF values obtained from the PIM and the

FE analyses under basic load case IPB21 (12 kN.m) along Curve B
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Figure 5.18 Percentage errors between the SCF values obtained from the PIM and the

FE analyses under basic load case IPB22 (12 kN.m) along Curve A
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Figure 5.19 Percentage errors between the SCF values obtained from the PIM and the
PRM under basic load case AX11 (100 kN.m) along Curve C
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Figure 5.20 Percentage errors between the SCF values obtained from the PIM and the
PRM under basic load case IPB11 (12 kN.m) along Curve A
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Figure 5.21 Percentage errors between the SCF values obtained from the PIM and the

PRM under basic load case IPB12 (12 kN.m) along Curve A
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Figure 5.22 Percentage errors between the SCF values obtained from the PIM and the

PRM under basic load case AX21 (100 kN) along Curve B
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Figure 5.23 Percentage errors between the SCF values obtained from the PIM and the
PRM under basic load case IPB21 (12 kN.m) along Curve B
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Figure 5.24 Percentage errors between the SCF values obtained from the PIM and the
PRM under basic load case IPB22 (12 kN.m) along Curve A
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b) Chord
Figure 5.25 Percentage errors between the HSS values obtained from the LIM, the PIM
and the PRM under combined load of AX11 (100 kN) and IPB11 (12 kN.m) along
Curve C
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b) Overlapping brace
Figure 5.26 Percentage errors between the HSS values obtained from the LIM, the PIM
and the PRM under combined load of AX11 (100 kN) and IPB12 (12 kN.m) along
Curve A
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Figure 5.27 Percentage errors between the HSS values obtained from the LIM, the PIM
and the PRM under combined load of AX21 (100 kN) and IPB21 (12 kN.m) along

Curve B
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b) Through brace
Figure 5.28 Percentage errors between the HSS value obtained from the LIM, the PIM
and the PRM under combined load of AX21 (100 kN) and IPB22 (12 kN.m) along
Curve A

157



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Interpolation Method

| —— AX21

al
o

HSS =22.25@ 43.29 mm

W b
o o
[

HSS (N/mn?)

i HSSmax = 47.15@103.89 mm
0 T T : T T T
i 60 80 100 120

Distance from SCOO0 (mm)

Figure 5.29 HSS obtained from the FE analyses under basic load case AX21 (100 kN)
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Figure 5.30 HSS obtained from the FE analyses results under basic load case IPB21 (6
kN) along Curve B
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Figure 5.31 HSS obtained from the FE analyses under combined load case AX21 (100
kN) and IPB21 (6 kN.m) along Curve B
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Figure 5.32 Comparison of HSS obtained from the FE analyses with the HSS obtained
from the PRM, the PIM and the LIM under combined AX21 (100 kN) and IPB21 (6
kN.m) along Curve B
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Figure 5.33 Comparison of HSS obtained from the FE analyses with the HSS obtained
from the PRM, the PIM and the LIM under combined AX21 (100 kN) and IPB21 (12
kN.m) along Curve B
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TECHNOLOGICAL WELCOME TO CALCULATE HOT SPOT STRESSES
UNIVERSITY FOR PARTIALLY OVERLAPPED CHS K-JOINTS
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omerricel P
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In-Plane Bendir
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To Accept Data Data have been saved.

TECHNOLOGICAL WELCOME TO CALCULATE HOT SPOT STRESSES
UNIVERSITY FOR PARTIALLY OVERLAPPED CHS K-JOINTS

Results
Geometrical Parameters and Loads applied Hot Spor Stresses for each Combined Load Case
Geometrical Properties of K-joint CASE 1: COMBINED LOAD OF P1+ M1
Chord Diameter =273.00 mm Hot Spot Stress on Through Brace = 342,024 Nizqmm
Chord Thackness =25.00 ram Hot Spot Stress on the Chord =235.233 N/sqmm

Brace Diameter = 24450 mm
Brace Thickness = 20,00 mm CASE 2 COMBINED LOAD OF P1 - M2

Intersecting Angle  =45.00 degrees Hot Spot Stress on Through Brace = 146.063 Misqmm
Ratio of Overlap =10.25 Hot Spot Stress on Overlapping Brace = 248 363 Nisqmm

TLoads applisd on through brace CASE 3 COMBINED LOAD OF P2 + ki3
Asial Force  (+P1) = 200 000 kN Hot Spot Stress on Overlapping Brace = 506 178 Misqram
Positive Moment (+141) =45 000 KH-m Hot Spot Stress on the Chord =265 759 Hisgmm

Wegative Moment (-12) = 45.000 k}-m
CASE 4. COMBINED LOAD OF P2 - M4

Loads applied on overlapping brace Hot Spot Stress on Overlapping Brase = 216 655 Nisqmm
Asial Force  (4P2) = 200,000 kN Hot Spot Stress on Though Brace = 241259 N/sqmm
Positive Moment (+M3) =45 000 kN-m

egative Moment (-144) =45 000 kMT-m

CAUTION:

Point Interpolation Method:

Figure 5.35 Typical output screen for the interactive program
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CHAPTER 6

A BRIEF COMPARISON OF FATIGUE PERFORMANCE
BETWEEN GAPPED AND PARTIALLY OVERLAPPED CHS
K-JOINTS

6.1 INTRODUCTION

Due to the ease of fabrication and the existence of many direct calculation methods to
assess the joint capacity, simple gapped K-joint is one of the widely used connection
types for the construction of offshore steel jackets. However, when the brace to chord
diameters ratio is higher than 0.7, the gapped K-joint may not be able to be fabricated
due to the limited range of validity of many design codes [27] and then a partially
overlapped joint may be necessary instead. In general, a partially overlapped CHS K-
joint may have a higher fabrication cost due to the more complex intersection profile,
but having said that the partially overlapped CHS K-joint may have a higher residual
capacity due to its optimized load transfer pattern. Recently, in a case study comparing
the costs of three K-joints design options [4], it was found that after having considered
the material based on ultimate strength and fabrication costs, the partially overlapped
joint is the cheapest option, with the fabrication cost actually being significantly
cheaper than that of the alternative gapped joint. However, in the past, very few
research works were carried out to study and compare the fatigue behaviour between

the gapped and the partially overlapped CHS K-joints.

Bouwkamp [56 and 57] observed that the ultimate load of partially overlapped CHS K-
joints could be twice that of the gapped joints and the SCFs of overlapped CHS K-
joints could be decreased by 34.8% when compared with gapped CHS K-joints having
the same parameters and properties. Fessler et al. [62] also reported that the HSS along
the joint could be reduced as much as 40%-45% by adopting an overlapped joint design.
Moe [32] performed the stress analysis based on the fatigue tests of overlapped CHS K-
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joints and overlapped CHS K(N)-joint subjected to balanced axial load. According to
Moe [32], the stress analysis revealed that the hot spots were located on the brace side.
The subsequent fatigue tests showed that this caused a brace failure, which in its initial
stage started from the hot spots, but which developed significantly different from
previously observed chord failures in the gapped CHS K-joints.

It is important to note that the brace failure mode was also observed in the current study
as earlier mentioned in Chapter 3. It seems that the brace failure mode in the partially
overlapped CHS K-joints might be more critical than previously observed chord failure
due to the acceleration of the crack development from relatively short surface crack,
which to some extent may reduce the time in-service for possible crack detection.
Furthermore, it seems that this mode of failure may lead to somewhat shorter fatigue
life compared with the chord failure as usually happened in the gapped CHS K-joints

due to the usual thinner thickness of the brace.

In this chapter, the SCF and HSS values predicted by the new proposed method are
compared with SCF and HSS values predicted by parametric SCF equations for the
gapped CHS K-joints. In addition, fatigue life predictions of gapped and partially
overlapped CHS K-joints are compared to one another so as to investigate which type

of K-joints would gain better fatigue performance.

6.2 PARAMETRIC SCF EQUATIONS FOR SIMPLE CHS
JOINTS

Parametric SCF equations for simple CHS joints have been developed since long time
ago by many researchers. The Kuang equations [85] for T-, Y-, K- and KT-joints
configurations utilise a modified thin-shell FE program specifically designed to analyse
tubular connections. The tubular connections were modelled without a weld fillet, and

the stresses were measured at the mid-section of the member wall.
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The equations by Wordsworth and Smedley [86, 87] have been developed as part of the
UK Offshore Steels Research Project (UKOSRP). First, equations for T-, X- and Y-
joints have been presented by Wordsworth and Smedley [85] for axial load, in-plane
bending and out of-plane bending in terms of joint parameters S, 3 rand v. In a later
publication, parametric equations for unstiffened, gapped CHS K- and KT-joints have
been proposed by Wordsworth [87]. The equations were based on acrylic model tests,
and constituted the basis for various design guidelines and specifications such as the

International Institute of Welding [88] guidelines.

Efthymiou and Durkin [29] presented a complete set of SCF equations in terms of joint
parameters for the design of T-, Y- and K- tubular joints under axial load, in-plane
moment and out-of-plane moment. The equations were based on numerical results
obtained by program PMBSHELL developed by Liaw et al. [89]. Efthymiou [90]
introduced the ‘influence function’ concept, which takes into account the so-called
‘carry-over’ effect in multi-brace joints, i.e. the stress concentration in the

neighborhood of a brace weld, due to a load in another brace.

The latest SCF equations are the work of Smedley and Fisher [12]. The work,
sponsored by the UK Department of Energy, was aimed at developing SCF parametric
equations for uni-planar joints (T-, Y-, K-, X- and KT-joints), which later had been
named to DEn parametric SCF equations. The DEn parametric SCF equations were
based on extensive test data based on steel and acrylic specimens. This investigation
took into account the effects of weld profile, the additional stresses caused by chord
bending and the effects of chord length. Reference and carry-over loading conditions
were also considered. The DEn parametric SCF equations for gapped CHS K-joints are
shown in Table 6.1. The parametric SCF equations have been compared to the
parametric SCF equations derived by Kuang, Wordsworth/Smedley and
Efthymiou/Durkin by Smedley and Fisher. It is found that the Kuang equations
frequently gave poor estimates of the measures SCFs; the Wordsworth/Smedley

equations generally gave a good fit to the data on the chord side but could be
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excessively conservative on brace side; and the Efthymiou/Durkin equations gave the
best mean fit to the SCF database as a whole but consequently had more joint

underestimate.

In fact, there are some other equations were suggested on works done by Karamanos et
al. [91], and Zhao et al. [S]. However, these equations have been developed based on
just simplifying the previous SCF equations to shorten them and presented in the
graphic format. The short form equations with graphs are unsuitable for parametric
study. Therefore, in this study the DEn parametric SCF equations have been compared

to the new proposed tool for predicting SCFs of any partially overlapped CHS K-joints.

6.3 COMPARISON OF SCF BETWEEN GAPPED AND
PARTIALLY OVERLAPPED CHS K-JOINTS

In this study, the geometrical parameters of the gapped and the partially overlapped
CHS K-joints were specially selected in such a way that if the gapped CHS K-joints
were made from the sections, which produce high eccentricity, but still in the range of
validity [5]. However, if the corresponding overlapped CHS K-joints were made from
the sections, the eccentricity could be reduced to zero. The geometrical parameters of
762 partially overlapped CHS K-joints without eccentricity are summarized in Table
6.2. From Table 2, as can be seen that the S values range from 0.68 to 0.91. The Ov
values range from 0.25 to 0.45. Four @ values are included: 45°, 50°, 55° and 60°. The y
values range from 5.48 to 16.14. The 7 values range from 0.32 to 1.0. The geometrical
parameters of the gapped CHS K-joints are also taken from the same table, but they are
made with minimum gap distance. Both the gapped and the overlapped CHS K-joints
are applied with the same loads. Then, the calculated maximum SCFs of the gapped
CHS K-joints are compared to the maximum SCFs of the partially overlapped CHS K-

joints obtained from the PIM calculations.
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The relative difference between the maximum SCF values obtained from the proposed
the PIM for the partially overlapped CHS K-joints and the gapped CHS K-joints from

the DEn parametric SCF equations is defined as the following:

SCFo, ~SCFey 100% (6.1)

DOv—Gap (SCF ) =

Ov

where SCFoy is the SCF value estimated from the proposed the PIM and SCFggp is the
SCF value estimated from the DEn parametric SCF equations. Note that based on
Equation 6.1, the benefit of using one of these two types of CHS K-joints can be
recognized by the sign of the Dov.gap (SCF). A negative value of the Doy.gap (SCF)
indicates that the partially overlapped CHS K-joint is in favor, while a positive value of

Dov-cap (SCF) indicates that the gapped CHS K-joint is in favor.

Figures 6.1 to 6.4 illustrate the relative SCF difference between the gapped and
partially overlapped CHS K-joints subjected to the basic load cases of AX and IPB.
The AX11 and IPB11 load cases were applied at the end of the through brace and the
AX21 and IPB21 load cases were applied at the end of the overlapping brace for the
partially overlapped CHS K-joint. However, for the gapped CHS K-joint the AX11 and
IPB11 were applied at the end of in any of two braces. The boundary condition was set

up as in the parametric study as mentioned earlier in Chapter 4.

From Figures 6.1 to 6.4, it can be seen that in the AX11 and AX21 load cases the SCF
values for the partially overlapped CHS K-joints are higher than that for the gapped
CHS K-joints on the braces (through brace and overlapping brace), while on the chord
are mainly lower than that for the gapped CHS K-joints. The SCF values in the IPB11
and IPB21 load cases for the partially overlapped CHS K-joints are higher than that for
the gapped CHS K-joints on both chord and braces. From Figures 6.1 and 6.3, it can be
seen that the relative difference of the AX11 and AX21 load cases on the through brace
and overlapping brace ranges from 4.30 % to 75.07% with mean of 49.41%, while on
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the chord side is from -742.9% to 34.6 % with mean of -138.64%. From the Figures 6.2
and 6.4, it can be seen that the relative difference of IPB11 and IPB21 load case ranges
from 30.49% to 69.64% with mean of 56.83% on the through brace and the
overlapping brace, while on the chord side from -86.74% to 37.65% with mean of
14.49%.

It seems that the partially overlapped CHS K-joints are good in working in AX load
case, and the gapped CHS K-joints are good in working in IPB load case. However, if
based on SCF values alone it seems too early to conclude which type of K-joints is the
best, since chord and braces of CHS K-joints have different thicknesses. Therefore, to
have a clear figure of an advantage of these two types of CHS K-joints, their HSS

values are compared.

6.4 COMPARISON OF HSS BETWEEN GAPPED AND
PARTIALLY OVERLAPPED CHS K-JOINTS

A comparison between the gapped and the partially overlapped CHS K-joints in terms
of the maximum HSS value was made to investigate which type of K-joints would
perform better under the fatigue loadings. The dimensions of the CHS K-joints used in
the HSS study were also taken all from Table 6.2. Both gapped and partially overlapped
CHS K-joints are subjected to the basic load case of AX11 (200 kN), and the load case
of IPBI1 (45 kN.m). Note that these two load cases were used in the experimental
investigation in Chapter 3. The calculated HSSs of the gapped CHS K-joints were
compared with the HSSs of the partially overlapped CHS K-joints obtained from the
LIM.

The relative difference between the HSS values obtained from the proposed LIM for

the partially overlapped CHS K-joints and from the DEn parametric SCF equations for
the gapped CHS K-joints is defined as follow:
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HSS,, — HSS
HSS,,

Doy_cap(HSS) = % % 100% (6.2)

where HSSoy 1s the HSS values estimated from the proposed LIM and HSSgyp is the
HSS values estimated from the DEn parametric equations. Note that based on Equation
6.2, the benefit of using one of these two types of CHS K-joints can be recognized by
the sign of Dov-gap(HSS). A negative value of the Dov.gap (HSS) indicates that the
partially overlapped CHS K-joint is in favor, while a positive value of the Doy-gap (HSS)
indicates that the gapped CHS K-joint is in favor.

From the HSS comparison results between the gapped and the partially overlapped
CHS K-joints subjected to the basic load of AX11 = 200 kN, it is observed that all
maximum HSSs occur on the chord side for the gapped CHS K-joints, while 79.40% of
the partially overlapped CHS K-joints the maximum HSSs occur on the through brace
and overlapping brace side. From Figure 6.5, it is observed that the partially overlapped
CHS K-joints subjected to AX11 load case gain more benefit than the gapped CHS K-
joints. 88.65% gapped CHS K-joints failed earlier than the partially overlapped K-
joints. Only 11.35% of partially overlapped CHS K-joints having braces with yvalue
higher than 12, failed earlier than gapped CHS K-joints. It could be concluded that the
maximum HSSs mainly occur on the through brace or overlapping brace sides for the
partially overlapped CHS K-joints, while for the gapped CHS K-joints maximum HSSs

mainly occur on the chord sides.

From the maximum HSS comparison results between the gapped and the partially
overlapped CHS K-joints subjected to the basic load of IPB11 = 45 kN.m, note that the
maximum HSSs occur on the chord and brace sides with a proportion of 84.12% and
15.88%, respectively, for the gapped CHS K-joints, while for the partially overlapped
CHS K-joints, the maximum HSSs occur on chord and brace sides with a proportion of
23.36% and 76.64%, respectively. From Figure 6.6, it is observed that the gapped CHS
K-joints subjected to the IPBI11 load case gain more benefit than the partially
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overlapped CHS K-joints. All partially overlapped CHS K-joints involved in the range
of study failed earlier than the gapped CHS K-joints. It could be attributed to the fact
that the partially overlapped CHS K-joints are stiffer than the gapped CHS K-joints. As
a result, the maximum HSSs very often occur on the braces of partially overlapped

CHS K-joints which are usually thinner than the chords.

To have some idea what would happen with these two types CHS K-joints when it
comes to combined load case, the dimensions of the CHS K-joints from Table 6.2
subjected to combined load cases of (i) AX11 =200 kN and IPB11 = 10 kN.m; and (ii)
AX11 =200 kN and IPB11 = 25 kN.m; and eventually (iii)) AX11 =200 kN and IPB11
=45 kN.m are compared in terms of the maximum HSS values. It goes without saying
that if the load amounts were set different from the mentioned above, definitely the
percentage of the failed joints would be different from the results below. Nevertheless,
it is believed that these load amounts would give some trends on the failure for both

types of joints.

For the case that the gapped and partially overlapped CHS K-joints subjected to
combined load of AX11 = 200 kN and IPB11 = 10 kN.m, it was found that the
maximum HSSs for the gapped CHS K-joints mainly occur on the chords, while for the
partially overlapped CHS K-joints mainly occur on the through brace or overlapping
brace. From Figure 6.7, note that the percentages of the gapped and the partially
overlapped CHS K-joints failed earlier are 59.32% and 40.68%, respectively.

For the case that the gapped and partially overlapped CHS K-joints subjected to the
combined load case of AX11 = 200 kN and IPB11 = 25 kN.m, it was found that the
maximum HSSs for the gapped CHS K-joints mainly occur on the chords, while for the
partially overlapped CHS K-joints mainly occur on the through brace or overlapping
brace. From Figure 6.8, note that the percentages of gapped and partially overlapped
CHS K-joints failed earlier are 35.83% and 64.17%, respectively. It is observed that
with the increase of IPB, the benefit turned out in favor of the gapped CHS K-joints.
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For the case that the gapped and partially overlapped CHS K-joints subjected to
combined load of AX11 = 200 kN and IPB11 = 45 kN.m, it was found that the
maximum HSSs for the gapped CHS K-joints mainly occur on the chords, while for the
partially overlapped CHS K-joints mainly occur on the though brace or overlapping
brace. From Figure 6.9, note that the percentages of gapped and partially overlapped
CHS K-joints failed earlier are 18.11% and 81.89%, respectively. It is observed that
with the increase of IPB, the benefit turned out in favor of the gapped CHS K-joints.

From all above HSS comparisons, it was observed that the difference of HSSs between
the gapped and the partially overlapped CHS K-joints were small in some cases. It
seemed that it could be mistaken to judge which type of CHS K-joint is better in fatigue
performance, since the maximum HSSs occurred in different members with different
thicknesses. Therefore, the actual fatigue life prediction could be a better option to get a
clearer understanding about the fatigue performance of these two types of CHS K-

joints.

6.5 COMPARISON OF FATIGUE LIFE BETWEEN GAPPED
AND PARTIALLY OVERLAPPED CHS K-JOINTS

Some research works concerning overlapped K-joints have been done by Lalani and
Forsyth [31], and Moe [32]. Lalani and Forsyth [31] investigated a series of elastic and
fatigue tests on overlapping K(N)-joints. According to their studies, test results
indicated that S-N curves approaches would yield a conservative estimate of fatigue
life. Another researcher Moe [32] performed the stress analysis based on the fatigue
tests of two overlapped K-joints subjected to balanced axial load. It is also noted that

the S-N curves are found to be on the conservative side of the test results.

In addition, in this present study three specimens have been investigated on fatigue life

as mentioned earlier in Chapter 3. It is also observed that the S-N curves [5] have been
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found to be on the conservative side of the test results. Therefore, a comparison of
fatigue life prediction of these two types: gapped and overlapped CHS k-joints may

give a more accurate prediction in their actual fatigue performance.

The dimensions of the CHS K-joints used to compare the fatigue life are shown in
Table 6.3, which is in the same format with Table 6.2, but performs with the chord
thicknesses instead of yvalues. There 14 groups are considered. The chord thicknesses
range from 6 mm to 25 mm, and the braces thicknesses range in some groups from 6
mm to 20 mm. Both the gapped and the partially overlapped CHS K-joints are
subjected to AX11 and IPB11 load cases with 200 kN and 45 kN.m, respectively. Then,
the calculated HSSs of the gapped and the partially overlapped CHS K-joints are

considered as values of Ac to predict their fatigue life.

The relative difference between the numbers of cycles based on S-N curve [5] obtained
from the partially overlapped CHS K-joints and from the gapped CHS K-joints is
defined as the follow:

Fe., — F
Desp_on(FL) = —2—2x100% (6.3)

Gap

where Fgap is the number of cycles based on S-N curve [5] estimated from the HSS
value based on DEn parametric equations results, Foy is the number of cycles based on
S-N curve [5] estimated from HSS value obtained from the proposed LIM. Note that
based on Equation 6.3, the benefit of using one of these two types of CHS K-joints can
be recognized by the sign of the Dgap-ov (FL). A negative value of the Dgap-ov (FL)
indicates that the partially overlapped CHS K-joint is in favor, while a positive value of

the Dgap-ov (FL) indicates that the gapped CHS K-joint is in favor.

The fatigue life comparison of the gapped and the partially overlapped CHS K-joints
subjected to the basic load of AX11 =200 kN shows that the partially overlapped CHS
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K-joints gain more benefit than their gapped counterparts. From Figure 6.10, it is
observed that 92.91% of the gapped CHS K-joints failed earlier than the partially
overlapped CHS K-joint. Only 7.09% of partially overlapped CHS K-joints having

braces with the yvalue of more than 12 are failed earlier than the gapped CHS K-joints.

The fatigue life comparison of the gapped and the partially overlapped CHS K-joints
subjected to the basic load of IPB11 = 45 kN.m shows that the gapped CHS K-joints
gain more benefit than their overlapped counterparts. From Figure 6.11, note that all
partially overlapped CHS K-joints involved in this comparison failed earlier than

gapped CHS K-joints.

Figure 6.12 shows the fatigue life comparison of gapped and partially overlapped CHS
K-joints subjected to combined load of AX11 = 200 kN and IPB11 = 10 kN.m. It is
observed that the gapped CHS K-joints failed earlier than their counterparts are 79.92%.
Figure 6.13 shows the fatigue life comparison of the gapped and the partially
overlapped CHS K-joints subjected to combined load of AX11 =200 kN and IPBI11 =
25 kN.m. Note that the gapped CHS K-joints failed earlier than their counterparts are
43.04%. Figure 6.14 shows the fatigue life comparison of gapped and partially
overlapped CHS K-joints subjected to combined load of AX11 =200 kN and IPBI11 =
45 kN.m. Note that the gapped CHS K-joints failed earlier than their counterparts are
21%. It is observed that with the increase of IPB load, the benefit turned out in favor of

the gapped CHS K-joints.

From all above comparisons, it is observed that the percentages of failed CHS K-joints
in terms of fatigue life are slightly different from the percentage of the maximum HSS
comparison. It seems that the fatigue life comparison gives a more accurate prediction,

especially where the HSSs occurred in different members with different thicknesses.
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6.6 DISCUSSIONS AND CONCLUDING REMARKS

In this chapter, the proposed new tool based interpolation method and DEn parametric
SCF equations have been compared in terms of SCFs, HSSs and fatigue life between
the gapped and the partially overlapped CHS K-joints. The comparison results show
that the partially overlapped CHS K-joints are mainly good at working under AX load
case, especially where the joints having the braces with yof about 12 and lower. The
gapped CHS K-joints are good at working under IPB load case. It is observed that the
partially overlapped CHS K-joints subjected to combined load case gain more benefits
than their counterparts, especially in the load case of AX combined with IPB load case

of lesser than 25 kN.m.

In fact, in design of trusses it is usual practice to assume that the members are pin-
ended, although some bending moments will be introduced, mostly due to nodding
eccentricities between the centerlines of intersecting members at connections. These
moments are normally distributed only to the chord member at a joint, depending on
the relative chord stiftness on either side of the joint. In the case where one continuous
section is used for either the compression or tension chord, half of the moment is
distributed to either side of the joint provided that the joints are spaced at equal panel
widths [92]. However, Wardenier [24] and the IIW [10] recommended that these
moments can be neglected as far as the joint design is concerned provided the
eccentricity associated with them falls within the certain limits stipulated in CIDECT
guide [5]. In addition to these moments, secondary bending moments are also
introduced into the members due to the end fixities of the members and inherent
stiffness of the joints. Packer et al. [93] suggested that these moments can also
generally be ignored with respect to design of both members and joints, on the basis
that there is adequate deformation and rotation capacity in both the joints and members
which allow stresses to be redistributed at the ultimate limit state, or after local yielding

of the joints.
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Therefore, the partially overlapped K-joints could be regarded as a favorite choice
when compared to the gapped CHS K-joints provided that the partially overlapped
CHS K-joints have no or small nodding eccentricities within the limits stipulated by

CIDECT guide [5].
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Table 6.1 DEn parametric SCF equations for gapped CHS K-joints

Load type SCF equations

AX onone | SCF=1.18xT1,xSI,;x(F1,0rF2,)
braceonly | gCp  =1.13xT2,xS2,, + B0, x B,
SCE,, =1.20xT3, xS1,, x (F1,0rF2,)

SCF.. =1.23xT4,xS2,,

Balanced AX SCF. =1.22x(T1,xS1,5 —T13S1;,IF1,5)x(F1,0rF2,)
SCF.. =1.25x(T2,xS2,5 -T2, xS2,,1F2,;)+ B0, xBl,
SCFys =1.12x (T3, xS1,5 = T35 xS, IF3,5)x(F1,0rF2,)
SCF.. =1.26x(T4,xS2,; —T4;xS2,,1F4,;)

IPB on one SCF. =1.15xT7,

brace only SCF, =1.17xT8,

Balanced IPB | SCF. =1.15x(T7,+T7,1F7 )

SCF, =1.16x (T8, + T8, IF8,,)

NOMENCLATURE

SCFcs= SCF at the chord saddle

SCFcc = SCF at the chord crown heel
SCFc = Maximum SCF on the chord side
SCFgs = SCF at the brace saddle

SCFgc = SCF at the brace crown heel
SCFg = Maximum SCF on the brace side

VALIDITY RANGE

The above equations are generally valid for geometrical parameters within the
following limits:

0.13<4<1.00

10.0<y <35

0.25<7<1.00

30° <0 <908

40<a

0.00<¢£ <1.00
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Table 6.1 DEn parametric SCF equations for gapped CHS K-joints (cont’d)

T Factors

Tl=1y"p(2.12-2p)sin’*
T2=1"2B(3.5-2.48)sin>* 0
T3=1+1"%""5(0.76-0.75)sin** @
T4=2.68"y10%A gjn1- 5 g
T7=1.22¢" ﬂy“-%sxﬁ) sin®#) g
T8=1+1"y8(0.26-0.218)sin'’ @

S Factors

2
s1, =|1-0.4exp| —30x £t (Smg] ;
/Bj e

1
S2. =|1+0.4exp| —2X'| ————
ij [ XP{ ij (}/0‘5 sin’ 91_ J]]

IF Factors

p
: sind,

IFlij = ,Bi(2.13—2,6’i)7/0'2 sm@{—, ] exp(—0.3xij);
sin 6,

where P=1 if 6,> and P=5 if O,< 6; IF2, = (20— 8(f3, +1)*)exp(-3x,)

IF3; = £,(2.0— 18ﬂ)7°2sm9(§mmj(%] exp(-0.5%;)

smmdo;

where P=2 if 6> g and P=5 if ,< §; IF4; = (-1.55,)exp(-X;)
IF7, =1.52)exp(=3%,); IF8, = [40.0(3 —0.75)> 2.5 Jexp(-3x,)

where
X; =1+(&sin6,/ B); &; = Gap between weld toe of brace i and brace j

B Factors

B0 — Cr(B—-7/2y))Na/2— [/sin@)sinb . for single axial load

(1-3/2y))
BO=0; for balanced axial load

307'°(1.2— B)cos* @ +0.15

4
C = 0.5 fully fixed chord ends, C = 1. 0 pinned chord ends,
C = 0.7 normal assume for structural analysis

B1=1.05+

F Factors

FI,F2,F3=10 a>12
F1=1-(0.838-0.563> —0.02)7"” exp(-0.21y"'92**) a <12
F2=1-(1.438-0.978" -0.03)y"" exp(-0.71y" ¥ a**) a <12
F3=1-0.558"%""exp(-0.49y " a'*) a <12

175




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.2 Comparison ranges of geometrical parameters of CHS K-joints (762 K-joints)

Groups yij Ov 0 y T
14.82 1.00
14.22 0.8, 0.96, 1.00
0.45 60° | 12.70 0.86, 0.89, 1.00
12.52 0.85, 0.88, 0.99, 1.00
1111 0.63, 0.75, 0.78, 0.88, 0.89
8.89 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
7.11 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
_ 14.82 1.00
é 14.22 0.80, 0.96, 1.00
g 0.37 55° 12.7 0.86, 0.89, 1.00
z 0 12.52 0.85, 0.88, 0.99, 1.00
g | 091 1111 0.63, 0.75, 0.78, 0.88, 0.89
a 8.89 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
- 7.11 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
14.82 1.00
14.22 0.8, 0.96, 1.00
0.29 50° 12.7 0.86, 0.89, 1.00
12.52 0.85, 0.88, 0.99, 1.00
1111 0.63, 0.75, 0.78, 0.88, 0.89
8.89 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
7.11 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
17.06 0.75, 0.79, 1.00
13.65 0.80, 1.00
11.38 0.50, 0.53, 0.67, 0.83, 1.00
10.92 0.50, 0.64, 0.80, 0.96, 1.00
9.75 0.57,0.71, 0.86, 0.89, 1.00
9.61 0.56, 0.85, 0.88, 0.99, 1.00
8.53 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.88,
0.89, 1.00
= | 99 0.36 55° 6.83 0.30, 0.32, 0.40, 0.60, 0.63, 0.70, 0.71,
N E 0.80, 1.00
z 5 5.46 0.40, 0.48, 0.50, 0.56, 0.57, 0.64, 0.80
S 15.25 0.75, 0.79, 1.00
S} 12.23 0.80
10.19 0.50, 0.53, 0.67, 0.83, 1.00
9.78 0.50, 0.64, 0.8, 0.96, 1.00
8.73 0.57,0.71, 0.86, 0.89
8.61 0.56, 0.85, 0.88
7.64 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89,
1.00
6.11 | 0.30,0.32,0.40, 0.5, 0.6, 0.63, 0.71, 0.80,
1.00
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.2 Comparison ranges of geometrical parameters of CHS K-joints (cont’d)

Groups B Ov % ¥ T
— 14.82 1.00
n g 14.11 0.95, 1.00
e 095 | 025 | 45° | 11.11 0.63, 0.75, 0.79, 1.00
RN 8.89 0.60, 0.63, 0.80, 1.00
Chm 7.41 0.50, 0.53, 1.00
e 6.35 0.43,0.45,0.57, 0.71, 0.86, 0.89, 1.00
16.14 1.00
15.37 0.79
0.46 | 60° | 12.11 0.75,0.79, 1.00
9.69 0.50, 0.60, 0.63, 0.80, 1.00
8.07 0.53,0.67, 0.83, 1.00
775 0.50, 0.64, 0.80, 0.96, 1.00
6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
16.14 1.00
o) 15.37 0.79
< 55 | 12.11 0.75,0.79, 1.00
e 0.2 9.69 0.50, 0.60, 0.63, 0.80, 1.00
(g o : 0.38 8.07 0.53,0.67, 0.83, 1.00
g 7.75 0.50, 0.64, 0.80, 0.96, 1.00
=2 6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
16.14 1.00
15.37 0.79
030 | s 1211 0.75,0.79, 1.00
' 9.69 0.50, 0.6, 0.63, 0.80, 1.00
8.07 0.53,0.67, 0.83, 1.00
7.75 0.50, 0.64, 0.80, 0.96, 1.00
6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
13.69 0.75,0.79, 1.00
e 10.96 0.50, 0.60, 0.63, 0.80, 1.00
- E 9.13 0.50, 0.53, 0.67, 0.83, 1.00
o 088 | 043 | 60° [ 8.76 0.50, 0.64, 0.80, 0.96, 1.00
(g = 771 0.42, 0.44, 0.56, 0.70, 0.85, 0.88, 1.00
I 6.85 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89
S) 548 | 0.30,0.32,0.40, 0.50, 0.60, 0.63, 0.71,
0.80
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.2 Comparison ranges of geometrical parameters of CHS K-joints (cont’d)

Groups B Ov % 1% T
13.69 0.75,0.79, 1.00
10.96 0.50, 0.60, 0.63, 0.80, 1.00
035 | 55°| 9.13 0.50, 0.53, 0.67, 0.83, 1.00
8.76 0.50, 0.64, 0.80, 0.96, 1.00
2 7.71 0.42, 0.4, 0.56, 0.70, 0.85, 0.88, 1.00
- E 6.85 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89
S 0.88 5.48 | 0.30,0.32, 0.40, 0.50, 0.60, 0.63, 0.71, 0.80
g5 13.69 0.75,0.79, 1.00
© 10.96 0.50, 0.60, 0.63, 0.80, 1.00
S 027 | sg0 1213 0.50, 0.53, 0.67, 0.83, 1.00
' 8.76 0.50, 0.64, 0.80, 0.96, 1.00

7.71 0.42, 0.44, 0.56, 0.70, 0.85, 0.88, 1.00

6.85 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89

548 | 0.30,0.32, 0.40, 0.50, 0.60, 0.63, 0.71, 0.80

16.14 1.00
15.37 0.79
12.11 0.75,0.79, 1.00
0.42 | 60° | 9.69 0.50, 0.60, 0.63, 0.8, 1.00
8.07 0.53,0.67, 0.83, 1.00
7.75 0.50, 0.64, 0.80, 0.96, 1.00
0.87 6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
16.14 1.00
2 15.37 0.79
o E 12.11 0.75,0.79, 1.00
55 0.34 | 55° | 9.69 0.50, 0.60, 0.63, 0.80, 1.00
S 8.07 0.53,0.67, 0.83, 1.00
] 7.75 0.50, 0.64, 0.80, 0.96, 1.00
S) 6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
16.14 1.00
15.37 0.79
12.11 0.75,0.79, 1.00
0.26 | 50° | 9.69 0.50, 0.60, 0.63, 0.80, 1.00
8.07 0.53, 0.67, 0.83, 1.00
7.75 0.50, 0.64, 0.80, 0.96, 1.00
6.82 0.56, 0.70, 0.85, 0.88, 1.00
6.05 0.50, 0.63, 0.75, 0.78, 0.89
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.2 Comparison ranges of geometrical parameters of CHS K-joints (cont’d)

Groups Yij Ov 0 1% T
16.2 1.00
2 13.5 0.83, 1.00
~ £ 12.96 0.80, 0.96, 1.00
g 0.84 | 035 | 60° 11.57 0.86, 0.89, 1.00
P~ 11.40 0.85, 0.88, 0.99, 1.00
O 10.12 0.50, 0.63, 0.75, 0.78, 0.88, 0.89
S) 8.10 0.40, 0.50, 0.60
6.48 0.32, 0.40, 0.48, 0.50
14.30 1.00
13.36 0.95, 1.00
10.52 0.75, 0.79, 1.00
= 0.40 | 60° 8.42 0.60, 0.63, 0.80
w E 7.01 0.53, 0.67, 0.83, 1.00
= 0.83 6.01 0.71,0.86, 0.89, 1.00
22 14.30 1.00
] 1336 0.95. 1.00
S) 10.52 0.75, 0.79, 1.00
031 | 55° 8.42 0.60, 0.63, 0.80
7.01 0.53, 0.67, 0.83, 1.00
6.01 0.71,0.86, 0.89, 1.00
11.09 0.95, 1.00
2 039 | 60° 8.73 0.75, 0.79, 1.00
- E 6.99 0.60, 0.63, 0.80, 1.00
e 0.82 5.82 0.53, 0.67, 0.83, 1.00
(_% @ 11.09 0.95, 1.00
I 0.30 | 55° 8.73 0.75, 0.79, 1.00
S} 6.99 0.60, 0.63, 0.80, 1.00
5.82 0.53, 0.67, 0.83, 1.00
_ 14.82 1.00
- g 14.22 0.80, 0.96, 1.00
= o 12.7 0.86, 0.89, 1.00
%ﬁ;’ 0.77 | 0.25 | 55° 12.52 0.85, 0.88, 0.99, 1.00
N 11.11 0.63, 0.75, 0.78, 0.88, 0.89
o 8.89 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
~ 7.11 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
o« 11.09 0.95, 1.00
- s | 073 | 031 | 60° 8.73 0.75,0.79, 1.00
z g 6.99 0.60, 0.63, 0.8, 1.00
Sa 5.82 0.53, 0.67, 0.83, 1.00
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.2 Comparison ranges of geometrical parameters of CHS K-joints (cont’d)

Groups B Ov % y T
16.2 0.8,1.00
T 13.5 0.83, 1.00
o 8 12.96 0.80, 1.00
=5 0.75 | 034 | 60° 11.57 0.86, 0.89
59 11.40 0.85, 0.88
o é 10.12 0.50, 0.63, 0.75, 0.78
= 8.10 0.40, 0.50, 0.60, 0.63, 1.00
6.48 0.32, 0.40, 0.50, 0.64, 0.80
16.14 1.00
2 15.37 1.00
o E 12.11 0.75, 0.79, 1.00
o ™ 0.72 | 031 | 60° 9.69 0.60, 0.63, 0.8, 1.00
& 8.07 0.50, 0.53, 0.67, 0.83
Ol 7.75 0.48, 0.50, 0.64
S) 6.82 0.42, 0.44, 0.56, 0.70
6.05 0.50, 0.63
— 13.36 0.95, 1.00
- 10.52 075, 0.79, 1.00
= 068 | 0.26 | 60° 8.42 0.60, 0.63, 0.80
e 7.01 0.53, 0.67, 0.83, 1.00
O 6.01 0.71,0.86, 0.89, 1.00
Q
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.3 Geometrical parameters of K-joints for fatigue life comparison (762 K-joints)

Groups Yi; Ov Iz T =t/T
(mm)
12 1.00
12.5 0.80, 0.96, 1.00
0.45 | 60° 14 0.86, 0.89, 1.00
14.2 0.85, 0.88, 0.99, 1.00
16 0.63, 0.75, 0.78, 0.88, 0.89
20 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
25 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
= 12 1.00
§ 12.5 0.8, 0.96, 1.00
g 037 | 55° 14 0.86, 0.89, 1.00
20 14.2 0.85, 0.88, 0.99, 1.00
g |09 16 0.63,0.75,0.78, 0.88, 0.89
o 20 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
= 25 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
12 1.00
12.5 0.8, 0.96, 1.00
029 | 50° 14 0.86, 0.89, 1.00
14.2 0.85, 0.88, 0.99, 1.00
16 0.63, 0.75, 0.78, 0.88, 0.89
20 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
25 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
8 0.75, 0.79, 1.00
10 0.80, 1.00
12 0.50, 0.53, 0.67, 0.83, 1.00
) 12.5 0.50, 0.64, 0.80, 0.96, 1.00
3 § 09 | 036 | 55° 14 0.57,0.71, 0.86, 0.89, 1.00
25 14.2 0.56, 0.85, 0.88, 0.99, 1.00
S 16 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.88,
a 0.89, 1.00
20 0.30, 0.32, 0.40, 0.60, 0.63, 0.70, 0.71,
0.80, 1.00
25 0.40, 0.48, 0.50, 0.56, 0.57, 0.64, 0.80
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.3 Geometrical parameters of K-joints for fatigue life comparison (cont’d)

Groups Yii Ov 0 T =t/T
(mm)
— 6 1.00
i g 6.5 0.95, 1.00
e 095 | 025 | 45° 8 0.63, 0.75, 0.79, 1.00
RN 10 0.60, 0.63, 0.80, 1.00
Chn 12 0.50, 0.53, 1.00
e 14 0.43, 0.45, 0.57, 0.71, 0.86, 0.89, 1.00
6 1.00
6.3 0.79
0.46 | 60° 8 0.75, 0.79, 1.00
10 0.50, 0.60, 0.63, 0.8, 1.00
12 0.53, 0.67, 0.83, 1.00
12.5 0.50, 0.64, 0.80, 0.96, 1.00
14.5 0.56, 0.70, 0.85, 0.88, 1.00
16 0.50, 0.63, 0.75, 0.78, 0.89
6 1.00
T 6.3 0.79
< E 55° 8 0.75, 0.79, 1.00
g 0.92 10 0.50, 0.60, 0.63, 0.80, 1.00
g o : 0.38 12 0.53, 0.67, 0.83, 1.00
g 12.5 0.50, 0.64, 0.80, 0.96, 1.00
=2 14.5 0.56, 0.70, 0.85, 0.88, 1.00
16 0.50, 0.63, 0.75, 0.78, 0.89
6 1.00
6.3 0.79
030 | so0 8 0.75, 0.79, 1.00
: 10 0.50, 0.60, 0.63, 0.80, 1.00
12 0.53, 0.67, 0.83, 1.00
12.5 0.50, 0.64, 0.80, 0.96, 1.00
14.5 0.56, 0.70, 0.85, 0.88, 1.00
16 0.50, 0.63, 0.75, 0.78, 0.89
8 0.75, 0.79, 1.00
2 10 0.50, 0.60, 0.63, 0.80, 1.00
- E 12 0.50, 0.53, 0.67, 0.83, 1.00
o 088 | 043 | 60° | 125 0.50, 0.64, 0.80, 0.96, 1.00
(g S 142 | 0.42,0.44,0.56, 0.70, 0.85, 0.88, 1.00
I 16 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89
S 20 0.30, 0.32, 0.40, 0.50, 0.60, 0.63, 0.71,
0.80
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.3 Geometrical parameters of K-joints for fatigue life comparison (cont’d)

Groups Yij Ov 0 T T=t/T
(mm)
8 0.75, 0.79, 1.00
10 0.50, 0.60, 0.63, 0.80, 1.00
035 | 55° | 12 0.50, 0.53, 0.67, 0.83, 1.00
12.5 0.50, 0.64, 0.80, 0.96, 1.00
e 14.2 0.42, 0.44, 0.56, 0.70, 0.85, 0.88, 1.00
- E 16 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89
e | 088 20 | 0.30,0.32, 0.40, 0.50, 0.60, 0.63, 0.71, 0.80
S5 8 0.75, 0.79, 1.00
© 10 0.50, 0.60, 0.63, 0.80, 1.00
S 027 | sg0 12 0.50, 0.53, 0.67, 0.83, 1.00
' 12.5 0.50, 0.64, 0.80, 0.96, 1.00
14.2 0.42, 0.44, 0.56, 0.70, 0.85, 0.88, 1.00
16 0.38, 0.39, 0.50, 0.63, 0.75, 0.78, 0.89
20 | 0.30,0.32, 0.40, 0.50, 0.60, 0.63, 0.71, 0.80
6 1.00
8 0.79
10 0.75, 0.79, 1.00
042 | 60° [ 12 0.50, 0.60, 0.63, 0.80, 1.00
12.5 0.53, 0.67, 0.83, 1.00
14.2 0.50, 0.64, 0.80, 0.96, 1.00
0.87 16 0.56, 0.70, 0.85, 0.88, 1.00
20 0.50, 0.63, 0.75, 0.78, 0.89
6.3 1.00
2 8 0.79
< E 10 0.75, 0.79, 1.00
2 034 | 55| 12 0.50, 0.60, 0.63, 0.80, 1.00
g2 12.5 0.53, 0.67, 0.83, 1.00
I 14 0.50, 0.64, 0.80, 0.96, 1.00
Sk 14.2 0.56, 0.70, 0.85, 0.88, 1.00
16 0.50, 0.63, 0.75, 0.78, 0.89
6.3 1.00
8 0.79
10 0.75, 0.79, 1.00
026 |50° | 12 0.50, 0.60, 0.63, 0.80, 1.00
12.5 0.53, 0.67, 0.83, 1.00
14 0.50, 0.64, 0.80, 0.96, 1.00
14.2 0.56, 0.70, 0.85, 0.88, 1.00
16 0.50, 0.63, 0.75, 0.78, 0.89
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.3 Geometrical parameters of K-joints for fatigue life comparison (cont’d)

Groups Yij Ov 2] T (mm) =t/T
8 1.00
e 10 0.83, 1.00
w E 12 0.80, 0.96, 1.00
& 0.84 | 035 | 60° | 125 0.86, 0.89, 1.00
23 14 0.85, 0.88, 0.99, 1.00
O 142 0.5, 0.63, 0.75, 0.78, 0.88, 0.89
S) 16 0.40, 0.50, 0.60
20 0.32, 0.40, 0.48, 0.50
6 1.00
6.3 0.95, 1.00
8 0.75,0.79, 1.00
2 0.40 | 60° 10 0.60, 0.63, 0.80
w E 12 0.53, 0.67, 0.83, 1.00
= 0.83 14 0.71,0.86, 0.89, 1.00
© 6 1.00
] 6.3 0.95, 1.00
S) 8 0.75.0.79, 1.00
0.31 | 55° 10 0.60, 0.63, 0.80
12 0.53, 0.67, 0.83, 1.00
14 0.71,0.86, 0.89, 1.00
6.3 0.95, 1.00
e 0.39 | 60° 8 0.75,0.79, 1.00
o E 10 0.60, 0.63, 0.80, 1.00
2 O 0.82 12 0.53, 0.67, 0.83, 1.00
e« 6.3 0.95, 1.00
O 030 | 55° 8 0.75,0.79, 1.00
e 10 0.60, 0.63, 0.80, 1.00
12 0.53, 0.67, 0.83, 1.00
_ 12 1.00
g 12.5 0.80, 0.96, 1.00
= 14 0.86, 0.89, 1.00
S 0.77 | 025 | 55° | 142 0.85, 0.88, 0.99, 1.00
5T 16 0.63, 0.75, 0.78, 0.88, 0.89
A 20 0.50, 0.60, 0.63, 0.70, 0.80, 1.00
~ 25 0.48, 0.50, 0.56, 0.57, 0.64, 0.8, 1.00
B 6.3 0.95, 1.00
ol o 073031 600 8 0.75,0.79, 1.00
208 ¢ 10 0.60, 0.63, 0.80, 1.00
S 12 0.53, 0.67, 0.83, 1.00
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Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

Table 6.3 Geometrical parameters of K-joints for fatigue life comparison (cont’d)

Groups Yij Ov 0 T (mm) r=t/T
10 0.80,1.00
2 12 0.83, 1.00
o E 12.5 0.80, 1.00
2 = 0.75 | 034 | 60° 14 0.86, 0.89
& 14.2 0.85, 0.88
O g 16 0.50, 0.63, 0.75, 0.78
- 20 0.40, 0.50, 0.60, 0.63, 1.00
25 0.32, 0.40, 0.50, 0.64, 0.80
6 1.00
2 6.3 1.00
o E 8 0.75, 0.79, 1.00
= ™ 0.72 | 031 | 60° 10 0.60, 0.63, 0.80, 1.00
& 12 0.50, 0.53, 0.67, 0.83
Ol 12.5 0.48, 0.50, 0.64
S5 142 0.42, 0.44, 0.56, 0.70
16 0.50, 0.63
R 6.3 0.95, 1.00
§ 8 0.75, 0.79, 1.00
+ & 068 | 026 | 60° 10 0.60, 0.63, 0.80
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a
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Figure 6.1 SCFs comparison between gapped and partially overlapped CHS K-joints

with through brace subjected to AX11 load case
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Figure 6.2 SCFs comparison between gapped and partially overlapped CHS K-joints
with through brace subjected to IPB11 load case

186



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Comparison of SCF and HSS between gap and partially overlapped CHS K-joints

—— AX, Chord —=— AX, Overlapping brace
250
2 200 A
)
o)
o
S 150
kS
§ 100
50
0 T T T T T T T T
-500 -400 -300 -200 -100 0 100 200 300 400 500
Do cep (SCF) (%)

Figure 6.3 SCFs comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to AX21 load case
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Figure 6.4 SCFs comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to IPB21 load case
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Figure 6.5 HSS comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to basic load case AX11 (200 kN)
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Figure 6.6 HSS comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to load case IPB11 (45 kN.m)
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Figure 6.7 HSS comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to combined load case AX11 (200 kN) +IPB11 (10

kN.m)
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Figure 6.8 HSS comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to combined load case AX11 (200 kN) +IPB11 (25

kN.m)
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Figure 6.9 HSS comparison between gapped and partially overlapped CHS K-joints
with overlapping brace subjected to combined load case AX11 (200 kN) +IPB11 (45
kN.m)
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Figure 6.10 Fatigue life comparison between gapped and partially overlapped CHS K-
joints with overlapping brace subjected to basic load case AX11 (200 kN)
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Figure 6.11 Fatigue life comparison between gapped and partially overlapped CHS K-
joints with overlapping brace subjected to basic load case IPB11 (45 kN.m)

—+— AX (200 KN) + IPB (10 KN.m)
100
K]
T 80
o
2 60 -
o
T 40 -
£
3 20
0 boae
220 -170  -120  -70 20 30 80 130 180
Dov-cap (FL) (%0)

Figure 6.12 Fatigue life comparison between gapped and partially overlapped CHS K-
joints with overlapping brace subjected to combined load case AX11 (200 kN) + IPB11

(10 kN.m)
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Figure 6.13 Fatigue life comparison between gapped and partially overlapped CHS K-
joints with overlapping brace subjected to combined load case AX11 (200 kN) + IPB11

(25 kN.m)
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Figure 6.14 Fatigue life comparison between gapped and partially overlapped CHS K-
joints with overlapping brace subjected to combined load case AX11 (200 kN) + IPB11

(45 kN.m)
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Experimental Investigation

In the experimental investigation, a carefully planned experimental study was carried
out to investigate the SCF and the HSS distributions along the joint intersection of
three full-scale partially overlapped CHS K-joints. The experimental results shown that
depending on the geometrical parameters of the partially overlapped K-joints, the

maximum SCF could locate on either the brace side or the chord side of the joint.

In addition, the experimental results shown that the Efthymiou formulae [29] were
conservative only when the partially overlapped K-joints were subjected to IPB loading,
but not for the case of AX loading. Having compared the tests results with the FE
modeling based on the mesh generator developed by Nguyen [65], it was found that the
mesh generator is reliable. Finally, it was observed that the S-N curves [5] were mainly
found to be on the conservative side of the test results.

Parametric Study

A parametric study was carried out to investigate the SCF of partially overlapped CHS
K-joints. From the parametric study, it was observed that under AX load case the
maximum SCF occurred at saddle of chord and braces, while under IPB load case the
maximum SCF occurred at crown heel of chord, and at saddle near crown heel of
braces. In addition, it was seen that the SCF values increased generally as y, r and
6 increased, but as Ov or g increased the SCF values decreased. Overall, all these

parameters had a big impact on SCFs for the partially overlapped CHS K-joints. A
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series of parametric equations were proposed for predicting the SCF of partially
overlapped CHS K-joints under basic load cases. The equations were developed based
on the FE analyses data of 3500 models. The reliability of the proposed SCF parametric
equations was verified against the acceptance criteria of Fatigue Guidance Review
Panel [83]. The assessment of current proposed parametric equations for partially
overlapped CHS K-joints with respect to the basic SCF database of FE models seems to
satisfy the criteria of Fatigue Guidance Review Panel. The assessment results seem to
confirm the reliability of these equations is reasonable but improvement is certainly

needed in order to come up with better SCF/HSS estimation for optional fatigue design.

Interpolation Method

The SCF database has been built up based on the 3500 numerical models of partially
overlapped CHS K-joints subjected to six basic load cases, namely AX11, IPB11 and
IPB12 on the through brace, and AX21, IPB21 and IPB22 on the overlapping brace.
The interpolation method has been implemented by developing two new methods,
namely the PIM and the LIM, for estimating the SCF and HSS values of any partially
overlapped CHS K-joint. For these two methods, there are two types of SCF database
stored: the first one for the PIM, and the other one for the LIM. The database for the
PIM are stored mainly one maximum SCF value in the table format, while the database
for the LIM stores a set of SCF values along the weld toe in a specially design “Tree
structure” format. The assessment of these PIM and LIM for partially overlapped CHS
K-joints with respect to the additional 192 mid-point FE models shown that these two
methods can be used to produce much more reliable and accurate SCF and HSS values

than the regression equations.

Comparison between gapped and partially overlapped CHS K-joints

A comparison between gapped and partially overlapped CHS K-joints has been done in

terms of SCFs, HSSs and fatigue life prediction. The SCF and HSS values for gapped
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CHS K-joints based on DEn parametric SCF equations [12] are compared with the SCF
and the HSS values for partially overlapped CHS K-joints obtained from the PIM and

the LIM. Fatigue life predictions are based on S-N curves [5].

The CHS K-joints have been specially selected in such a way that on the one hand, if
gapped CHS K-joints were made from the sections, they would produce high
eccentricity, but still in the range of validity [5], and on the other hand, if the
overlapped CHS K-joints are made from the sections, the eccentricity can be reduced to
zero. 762 gapped and partially overlapped CHS K- joints were subjected to AX, IPB
and combined loads of AX and IPB. The gapped CHS K-joints were made with

minimum gap distance.

It was observed from the comparison results that the partially overlapped CHS K-joints
were mainly in favor on working under the AX load case, especially where the joints
having braces with yof 12 and lower. It was also observed that the partially overlapped
CHS K-joints subjected to combined load case of the AX with the small IPB, notably
less than 25 kN.m, gained more benefits than their counterparts. The gapped CHS K-
joints were in favor on working under the IPB load case. However, it should be noted
that some researchers [10, 24 and 92] suggested that in the design of trusses it is
usually in practice to assume that the members are pin-ended, meaning that bending
moment can be ignored. Wardenier [24] and the 1IW [10] recommended that bending
moment can be neglected as far as the joint design is concerned provided the
eccentricity associated with them falls within the certain limits stipulated in CIDECT
guide [5]. Packer et al. [92] suggested that these moments can also generally be ignored
with respect to design of both members and joints. In this regard, the partially
overlapped K-joints could be regarded as a favorite choice when compared to gapped

CHS K-joints in terms of fatigue performance.
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7.2 RECOMMENDATIONS FOR FURTHER RESEARCH
WORKS

In order to obtain more complete understanding for the more efficient design of
partially overlapped CHS K-joint, the following areas are recommended for future

research works.

1. Further fatigue tests on partially overlapped CHS K-joints with other geometries and
other loading cases, namely combined load case of AX and OPB are highly

recommended.

2. Attentions should be focused on the OPB load case in future parametric study. The
OPB load case could also be happened in practice with partially overlapped CHS K-

joints, especially in offshore structures.

3. In the parametric study, the cases of different values of the intersecting angles & and
6, should be considered. As in practice, it is possible that the intersecting angles ¢ and

6, are different due to some unexpected limitations in the selection of CHS sizes.
4. Further parametric study on partially overlapped CHS K-joints with other geometries,
such as considering the through brace and the overlapping brace having different

diameters, is recommended.

5. Extend the current PIM, LIM and their implementation to include more joint types

and loading conditions.
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APPENDIX A
API (1993) AND AWS (2000) WELDING SPECIFICATIONS

JOINT: LINE

[GROOVE ANGLE] —_ RODT OPENING, G
b IN my
OVER 90° ] O TO 3/16 | O TO 4.8
45° 70 90° li/16 TO 3/16] 16 TO 4.8
UNDER 45° | /8 TO 174 | 3.2 TO 6.4
NOTE: INCLUDES TOLERANCE

.
SMOOTH TRANSITION a MIN'T"
BETWEEN DETAILS 50° TO 135° R k)
TYPICAL CONNECTION -
———lr O e 35° 70 50° L.501
ANGLE 0 15 THE ANGLE FORMED BY :
THE EXTERIOR SURFACES OF THE UNDER 35° 1,751
BRACE AND CHORD. AT ANY. POINT ON OVER 135° |SEE SEC 5.8

THEIR JOINT LINE {LOCAL DIHEDRAL ANGLE)
,
\ 282
ey
[ )
),

N
T

BUILD O\JT TO FYLL THICKNESS
ExgEtPT NEED NOT EXCEED

SECTION “B™"8"

MAX. 1/4-IN (6.4 mm
BACK-UP WELD NOT
SUBJECT TO
INSPECTION

~ SECTION "C'-"C" (ALTERNATE)

SECTION"C-"C"

Figure A.1:  API welding details for tubular connections [35]

Notes:

1. The dihedral angle is defined as a.
2. “T”is the minimum weld thickness.

3. “t” s the thickness of brace.
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Appendix A API (1993) and AWS (2000) Welding Specifications

MIN RADIUS

QAET

0- 1/16h

¥ = 180° - 135° " - 90° ¥ 90" - 80°

DETAIL A" ' DETAIL *B*

ty tw 1
w
L THEORETICAL L THEORETICAL L THEORETICAL
WgLD WELD WELD
Yu?75 .30 : =45 -30° W40 -18"
DETAIL "C” TF'AN.g!‘!’rlgN-D DETAIL "D

Figure A.2:  AWS welding details for complete joint penetration in tubular T-, Y-, K-
connections [9]
Notes:
1. The dihedral angle is defined as .
“t,” is the thickness of the brace.

¢ is the joint included angle.

L is the size of fillet.

2

3

4. o is end preparation angle.

5

6. R is the root opening (joint fit-up).
;

W is the backup weld width.
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Appendix B Shape Functions of Lagrange Linear Interpolation Method

APPENDIX B
SHAPE FUNCTIONS OF LAGRANGE LINEAR
INTERPOLATION METHOD

N a'—ay a*-a d*-a; at-a, a°-a]
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(e ek o
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P a-a di-al 4-a of-a) o -a]
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