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Abstract

Mostly offshore platform installed in shallow water, less than 300 meters for drilling and production
of oil and/or gas are normally fixed to seabed and constructed as truss framework with tubular
members as structure elements. The surrounding environment around offshore platform is affected
by various environmental loads that comprise of wind, waves, currents and earthquake. The common
in these entire loads is the existence of load cycle or repetitive load, which is causing time varying
stresses that results too globally and/or locally fatigue damage on the offshore steel structure. This
topic has taken great importance for previous and recent design of platform installed offshore.
Especially, the area around tubular joint has been highly considered among engineers in their fatigue
design. Because several tubular members in fixed platform are usually constructed by weld
connection, which give rise to very high stress concentration in the intersection area due to
structural discontinuities. A proper design of tubular joints against fatigue failure must therefore be
based upon detailed knowledge of the magnitudes of the stress concentration factors (SCF) and the
corresponding values of peak stresses (i.e. HSS) at the weld toes of the connections. For such case
there are many guideline which covering these topic and suited as guidance to engineers in world
offshore industries. DNV-RP-C203 is one typical guideline, which is well used among engineers in oil
and gas sector in Norway.

The guideline describes the overall and detail design methodology of fatigue design of offshore steel
structure. For fatigue analysis of tubular joints, the guideline covers methodology to determine stress
concentration factors, hot spot stresses and finally the fatigue life. The drawback become fact for
complex joint and geometry, where joint classification isn’t available and limitation on validity range
of non-dimensional geometrical parameter. This is usually solved by finite element software,
Abaqus/CAE or similar. For simple uniplanar joint and geometry, where joint classification is available
and the limited non-dimensional geometrical parameter in range, the finite element analysis is
unpopular to utilize due to the unnecessary time consumption and cost, which is not favourable
according to the aspect of business. But still the reliability on the fatigue analysis worked through
guidelines equation is still awakening some questions around the accuracy of fatigue analysis of
tubular joints.

The purpose of this thesis is to compare the fatigue life of tubular joint in offshore jacket according to
the SCFs in DNV-RP-C203 and Abaqus/CAE, with basis on time history analysis carried out in previous
master thesis [1] of defined jacket structure in case study [2]. The results reveal that SCFs for
particular verified uniplanar tubular joints of proposed FE model and analysis procedure in
Abaqus/CAE is close to experimental test results in HSE OTH 354 report [3] under load condition:
axial and moment in-plane. While load condition; moment out-of-plane reveal the opposite, but still
far away from experimental test results at position saddle and crown on the chord and brace side in
the same way as finite element analysis. The same approach was used to analyse tubular joint 9 and
13 (i.e. KT-joint), and the results revealed significant increase in load condition moment out-of-plane
and axial, and decrease in load condition moment in-plane compared to parametric equation in DNV-
RP-C203 [4]. This has finally brought up remarkable deviation in fatigue life of both tubular joints
under comparison of both methods. The conclusion is that more finite element study in Abaqus/CAE
[5] is needed to give a definite conclusion between SCFs in DNV-RP-C203 [4] and Abaqus/CAE [5].
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1 Introduction

1.1 Background

Fixed offshore platform are existing in various configurations types, and are mostly constructed as
truss framework with tubular member as structure elements. A structure constructed in this manner
is known as Jacket Structure. Jacket structures are the most common structure used for drilling and
production. The huge number of such structures has been installed in shallow water, less than 300
meters. However, there are few examples where these are used in even deeper waters. The
Bullwinkle platform is one example. This platform was installed in 1988 with a water depth of 412
meters in the Gulf of Mexico, and is considered as a world record for this type of concept [6, 7].
Another configuration type related to traditional fixed platform is the Compliant Tower. Compliant
Tower is a well-known alternative of fixed platform. This platform is compared to traditional platform
installed in water depth above 300 meters. But still there is very few platform of such kind installed
offshore.

In fixed offshore platform, environmental loads as wind, waves, currents and earthquakes are typical
loads, which are highly considered in fatigue design. The common consideration under this design of
these entire loads is the existence of load cycles or repetitive load. These cyclic loads are causing
time varying stresses which end up with fatigue damage on offshore structure, which is a challenge
engineers are facing in their design. Fatigue is known as the key for developing crack in any
structures. Since structure of fixed platform consist of several tubular member connected in a
sustainable way to raise the structure itself. The problem of fatigue occurs mainly in connections
point of area of tubular member, described as tubular node or joint. Thus, fatigue analysis is highly
considered in offshore structures. For such case there are many guidelines which are covering this
topic and suited as guidance to engineers in world offshore industries. DNV-RP-C203 is an example of
typical guideline, which is well used among engineers. The guideline describes the overall and detail
design methodology of fatigue design of offshore steel structures.

In fatigue analysis, the structural detail of tubular joint has taken great attention among engineers.
The DNV-RP-C203 is covering this topic quite well for simple and clear joint cases. For complex joint
and geometry, where joint classification isn’t available and limitation on validity range of non-
dimensional geometric parameters, the challenges become a fact among engineers. The classification
of joint is important to carry out through the fatigue analysis. These joint configurations are
identified by the connectivity and the load distribution of tubular joints. When this is known, further
methodologies described in guidelines are available for analysis of fatigue. Example: Determination
of stress concentration factors, hot-spot stresses and fatigue life of tubular joints. Complex joint and
geometry are for such case solved by finite element software as Abaqus/CAE or similar. This enables
engineer to solve the problem in more sufficient manner with the benefit of a visual modelling in
combination with numerical analysis. For simple cases, this method is unpopular to utilize due to the
unnecessary time consumption and cost, which is not favourable method according to the aspect of
business. Even though, this isn’t demanded method for fatigue analysis for simple tubular joint cases,
the reliability on the analysis of fatigue worked through guidelines equations is awakening some
qguestions around the accuracy of fatigue analysis of tubular joints.



1.2 Objective

The objective of this master thesis is to investigate the fatigue life of tubular joint of offshore jacket
in more detail manner compared to case study [2] considered in previous master thesis [1]. The
previous master thesis [1] covers this topic to some extent by using approach given in DNV-RP-C203
[4]. This approach is simple, less time consuming and cost effective when it comes to estimation of
fatigue life of offshore steel structure, and is widely been practiced by engineers in oil and gas sector.
The drawback of this approach appears to be during the determination of stress concentration
factors (SCFs) in tubular joints. These factors are based on parametric equations, which are only valid
for limited range of non-dimensional geometric parameters. Thus, a detail investigation toward
stress concentration factor in this thesis is carried out. This investigation covers a comparison of
stress concentration factor obtained from finite element software with stress concentration factor
from parametric equations given in DNV-RP-C203 [4]. Additionally, a small amount of other proposed
parametric equations disregarded parametric equations given in DNV-RP-C203 [4] is also
investigated, especially the validity range of non-dimensional geometric parameters for defined
tubular joint geometry. Finally, the fatigue life of both SCFs methods of tubular joint of offshore
jacket is concluded.

For this particular investigation it have been used Abaqus/CAE for determination of stress
concentration factor, and for computational of fatigue life of tubular joint it has been used Palmgren-
Miner rule.

1.3 Geometry of tubular joint

The geometry we are going to investigate through this thesis is in reference with previous case study
[2] and master thesis [1]. This will be sufficient to utilize due the load history in Chapter 1.5 and
satisfactory when it comes to comparison of both methods mentioned above.

Previous master thesis [1] is considering geometry from a case study [2], which have been carried out
by Institute of Building Technology and Structural Engineering at University of Aalborg, Denmark. The
geometrical parameter is mostly the same with some minor changes. The overall geometry is
representing an offshore fixed steel platform in water depth of 50 m, and two uniplanar tubular
joints, which according to case study [2] investigated by University of Aalborg and previous master
thesis [1] is confirmed as heavy loaded joints due to uniaxial wave load.
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Figure 1-1: Offshore fixed steel platform ref.[2]

1.3.1 Tubular Joint9

The geometry of tubular joint 9 comprises of 6 braces joined in one chord. For this study we may only
utilize chord and braces in ZX-plane.

|
4_,5:'_.—@1*-.
l\ ’ \,
VAR
1/ N/ N
/, g AR, - ZX - Plane
- ——
9 > fes 50 -7
7 s
A AN
J N s N
3 ,/ A
/ e
/,,/,l_\ TiE==
_—-"I N
/
3 : i
/I NGV
/ gk
/ 7N Y
/ N oy
~ ®
F L= %

Figure 1-2: Location of tubular joint 9 in offshore steel platform ref.[2]



Figure 1-3: Detail view of tubular joint 9 in ZX-plane ref.[2]

Table 1 - Geometrical parameter of tubular joint 9 in ZX-plane

Frame no. Descriptions Values in mm

Outer diameter D 1248

32 Chord Wall thickness T 40
Outer diameter da 1200

63 Brace A Wall thickness ta 16
Outer diameter dg 1200

13 Brace B Wall thickness tg 14
Outer diameter dc 1200

56 Brace C Wall thickness te 16

1.3.2 Tubular Joint 13

The geometry of tubular joint 13 comprises of 6 braces joined in one chord. For this study we may

only utilize chord and braces in ZX-plane.
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Figure 1-4: Location of tubular joint 13 in offshore steel platform ref.[2]
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Figure 1-5: Detail view of tubular joint 13 in ZX-plane ref.[2]

Table 2 - Geometrical parameter of tubular joint 13 in ZX-plane

Frame no. Descriptions Values in mm

Outer diameter D 1248

31 Chord Wall thickness T 40
Outer diameter da 1200

55 Brace A Wall thickness ta 16
Outer diameter dp 1200

19 Brace B Wall thickness tg 14
Outer diameter dc 1200

48 Brace C Wall thickness te 16

1.4 Material Properties

The material property of offshore steel jacket platform is in reference with previous case study [2]
and master thesis [1], especially from previous master thesis [1]. Since there have been done some
minor changes compared to case study [2] developed by University of Aalborg, Denmark. This will be

further applied for local analysis of tubular joints in Abaqus/CAE.

Table 3 - Material Properties ref. [1]

Density Psteer | 7,850E-6 | kg/mm3
Modulus of Elasticity E 210000 | N/mm?
Shear Modulus G 80770 | N/mm?
Minimum Yield Stress oy 355 | N/mm?
Minimum Tensile Stress | oy, 510 | N/mm?
Poisson’s Ratio v 0,3




1.5 Load History

The load history for this offshore structure has been evaluated based on three fundamentals theory,
which is the core theory of ocean surface waves practiced in ocean and coastal engineering. They
are: Hydrostatics, hydrodynamics and wave loads on slender members. In this thesis, the results of
implementing these theories are taken into consideration. Thus the method utilized in finite element
modelling (FEM) software named SAP2000 and results are described in Section 1.5.1. For closer detail
on fundamentals theories and outcome before implementing in FEM-software, reference is made to
a new approach for estimating fatigue life in offshore steel structures [1].

1.5.1 Review of Global Analysis and Results

For the global analysis, FEM software named SAP2000 is utilized to carry out the load history. The
design and load assign are in reference with previous master thesis [1]. During load assignment, wave
loading has particular been emphasized in global analysis. To obtain a dynamic subjected wave
loading on geometry described in Section 1.3, there have been performed a comprehensive time-
history analysis. In SAP200, the time-history analysis is an inbuilt function which allows designer to
create time dependent load function for various wave cases. According to the hydrodynamic
calculation accomplished in previous master thesis [1], there have been confirmed to consider both
dynamic loads: inertia and drag load. These loads are calculated for each wave cases, which later are
combined and imported as time history function for one single day. Wave cases imported in FEM-
software for global analysis comprises three significant wave heights and periods in reference with
Table A.1 Scatter diagram for the Northern North Sea, 1973 — 2001, see Appendix A.

Table 4 - Particular wave cases analysed in SAP2000 ref.[1]

Wave case (Stress block, i) | Significant wave height, H; | Peak wave period, Tp
[# [m] [s]
1 1,5 9
2 2,0 9
3 2,5 9

From the global analysis, critical joints were identified. Identified joints contain chord and brace in
ZX-plane, which obtains heavy loading due to wave loads acting in one direction. During execution of
time-history analysis of offshore jacket, an enormous set of data was obtained. To minimize this data
set, we are only considering the maximum loads in tubular joint 9 and 13. Table 5-10 presents the
maximum and minimum loads with corresponding time in both tubular joints respectively, which
later is applied in fatigue analysis of tubular joint 9 and 13.



1.5.1.1 Tubular Joint 9

Table 5 - Maximum and minimum wave loads for Hs=1,5 m in tubular Joint 9

WAVE CASE Axial | Moment in-plane | Moment out-of-plane
Frame no | Member No. 1 [N] [Nmm] [Nmm]
Load Max 19399,65 427631,08 27814963,20
32 Chord Time Mf':\x [s] 6 6 38
Load Min -20152,01 -436880,08 -26307270,00
Time Min [s] 3 38 6
Load Max 24702,71 46942,12 519051,34
63 Brace A Time M?x [s] 6 2 3
Load Min -24386,96 -34826,14 -480829,17
Time Min [s] 38 7 6
Load Max - 349537,67 1838633,68
13 Brace B Time M.ax [s] - 38 6
Load Min - -341068,33 -1849966,30
Time Min [s] - 6 38
Load Max 20166,94 21295,53 316269,97
56 Brace C Time M?x [s] 38 2 2
Load Min -20058,30 -12876,84 -292152,20
Time Min [s] 6 6 69




Table 6 - Maximum and minimum wave loads for Hs=2,0 m in tubular joint 9

WAVE CASE Axial | Moment in-plane | Moment out-of-plane
Frame no | Member No. 2 [N] [Nmm] [Nmm]
Load Max 23767,65 563147,84 36106693,00
32 Chord Time M?x [s] 10851 10851 10802
Load Min -25518,10 -578679,06 -35947880,00
Time Min [s] 10802 10802 10851
Load Max 31356,59 45652,58 627436,56
63 Brace A Time M?x [s] 10851 10829 10802
Load Min -32952,59 -47852,27 -576946,84
Time Min [s] 10802 10806 10851
Load Max - -287,48112 2381801,37
13 Brace B Time M.ax [s] - 10802 10851
Load Min - -450584,82 -2472724,60
Time Min [s] - 10851 10802
Load Max 26967,19 12346,91 401020,06
56 Brace C Time M?x [s] 10802 10801 10829
Load Min -25963,29 -12796,42 -401584,67
Time Min [s] 10851 10806 10806

Table 7 - Maximum and minimum wave loads for Hs=2,5 m in tubular joint 9

WAVE CASE Axial Moment in-plane | Moment out-of-plane
Frame no | Member No. 3 [N] [Nmm] [Nmm]
Load Max 31339,55 739233,41 44322684,00
32 Chord Time M'ax [s] 21651 21651 21619
Load Min -32535,17 -718961,40 -47073550,00
Time Min [s] 21602 21602 21651
Load Max 41257,09 60803,89 805776,60
63 Brace A Time M?x [s] 21651 21601 21602
Load Min -41497,15 -63938,62 -761766,25
Time Min [s] 21602 21606 21651
Load Max - -450,36045 3130019,96
13 Brace g |Time Max [s] - 21602 21651
Load Min - -591449,24 -3091449,80
Time Min [s] - 21651 21602
Load Max 33724,51 17893,64 495761,10
56 Brace C Time M.ax [s] 21602 21601 21601
Load Min -34120,99 -18158,03 -527167,13
Time Min [s] 21651 21606 21606




1.5.1.2 Tubular Joint 13

Table 8 - Maximum and minimum wave loads for Hs=1,5 m in tubular joint 13

WAVE CASE Axial | Moment in-plane | Moment out-of-plane
Frame no | Member No. 1 [N] [Nmm] [Nmm]
Load Max 19399,65 427631,08 27814963,20
32 Chord Time Max [s] 6 6 38
Load Min -20152,01 -436880,08 -26307270,00
Time Min [s] 3 38 6
Load Max 20058,30 21295,53 292152,20
55 Brace A Time M?x [s] 6 2 69
Load Min -20166,94 -12876,84 -316269,97
Time Min [s] 38 5 2
Load Max - 287973,84 1071193,23
19 Brace B Time M.ax [s] - 6 6
Load Min - -287872,58 -1094943,30
Time Min [s] - 38 38
Load Max 27419,77 171426,57 865417,86
48 Brace C Time M?x [s] 38 6 6
Load Min -26686,45 -169791,40 -862561,17
Time Min [s] 6 38 38




Table 9 - Maximum and minimum wave loads for Hs=2,0 m in tubular joint 13

WAVE CASE Axial | Moment in-plane | Moment out-of-plane
Frame no | Member No. 2 [N] [Nmm] [Nmm]
Load Max 23767,65 563147,84 36106693,00
32 Chord Time M?x [s] 10851 10851 10802
Load Min -25518,10 -578679,06 -35947880,00
Time Min [s] 10802 10802 10851
Load Max 25963,28 12346,91 401584,67
55 Brace A Time M?x [s] 10851 10801 10806
Load Min -26967,19 -12796,42 -401020,06
Time Min [s] 10802 10806 10829
Load Max - 370465,99 1411231,85
19 Brace B Time M.ax [s] - 10851 10851
Load Min - -386207,76 -1450485,50
Time Min [s] - 10802 10802
Load Max 36217,21 218366,57 1109811,99
48 Brace C Time M?x [s] 10802 10851 10851
Load Min -35352,61 -228997,36 -1159161,10
Time Min [s] 10851 10802 10802

Table 10 - Maximum and minimum wave loads for Hs=2,5 m in tubular joint 13

WAVE CASE Axial Moment in-plane | Moment out-of-plane
Frame no | Member No. 3 [N] [Nmm] [Nmm]
Load Max 31339,55 739233,41 44322684,00
32 Chord Time M'ax [s] 21651 21651 21619
Load Min -32535,17 -718961,40 -47073550,00
Time Min [s] 21602 21602 21651
Load Max 34120,99 17893,64 527167,13
55 Brace A Time Max [s] 21651 21601 21606
Load Min -33724,51 -18158,03 -495761,10
Time Min [s] 21602 21606 21601
Load Max - 487045,13 1852718,66
19 Brace g |Time Max [s] - 21651 21651
Load Min - -484043,98 -1802464,90
Time Min [s] - 21602 21602
Load Max 44915,87 287252,61 1459325,70
48 Brace C Time M.ax [s] 21602 21651 21651
Load Min -46397,32 -288017,72 -1454442,10
Time Min [s] 21651 21602 21602
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2 Fundamental Concepts in Fatigue Analysis of
Tubular Joints

2.1 Introduction

This chapter covers fundamental concepts in fatigue analysis of tubular joints, which comprise of
joint classification methodology of common tubular joint configuration, definitions of distributed
stress along brace and chord wall, existence of parametric equations and their recommended validity
range for simple tubular joints, well-known approaches of fatigue life estimation of tubular joint and
finally the cumulative damage rule called Palmgren-Miner rule.

2.2 Joint Classification of Tubular Joints

Joint classification of tubular joints distinguishes joint types in a dominated structure consisting of
several joint configurations. These joints are classified based on their axial load transfer mode within
a plane formed by the brace and the chord tubulars. Typical common joint configurations of tubular
joints are classified into balanced K, unbalanced T/Y and balanced cross double T/X [6].

In “Balanced K” joint, axial load is transferred from one brace to another brace(s) within the plane
without any residual shear force transferred to the chord member.

F1 Fs Fs

VA Ve

—— 1 {—F. —————)Fs

| N |>f

F1 Fs
F. Fe
(a) (b) (c)
Figure 2-1: Examples to balanced K joint loading (diagonal brace angle, 6=45°)
Example (a):
Assume:
F, #F,
F2 = 2F1 Sln 9
ZFX=O=> —F;cos6 + Fycos0 =0 (2.1)
-+
TZFy=O=> F, —2F;sinf =0 (2.2)
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Example (b):

Assume:
F; +F,
F, = 2F;cos @
ZFX:0=> 2F3c0s80—-F, =0 (2.3)
>+
TZFy=O=> —F3sinf + F3sinf =0 (2.4)
Example (c):
Assume:
Fs # Fg
Fg = F5 cos @ = F5sin6
EFx=0=> Fg—Fscos8 =0 (2.5)
-+
TZFy:0:> F, — Fsinf = 0 (2.6)

In “Unbalance T or Y” joints, axial load is directly transferred into the chord member as shear and
axial loads.

F13
l:9 Flfl
Fz —)—/K Fio — P Fi2 —)T//
———{—Fu —
Fr—> Fio —pt Fi2—p4
! {

(d) (e) (f)

Figure 2-2: Examples to unbalanced T or Y joint loading (diagonal brace angle, 8=45°)

12



Example (d):
Assume:
F, # Fg # Fy
Fycos @
7 =
2
F8 = Fg Sin9

ZFx=0:> 2F, — Fycos8 =0
-+

Tsz:0=> FS—ngin9=0

Example (e):

Assume:

ZFx=O=> 2F10—F11=0

S+
1Y B =0

Example (f):

Assume:
Fip # Fi3 # Fig

_ Fiycos6

Fi4sin@
13 = T

ZFx:0:> 2F12_F14C059 =O
-+

Tsz=0=> 2F13—F14Sil’19=0

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
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In “Balanced Double T (DT) or Cross X” Joints, axial load of brace is balanced by brace loads of equal
and opposite magnitude located in the opposite side of the chord member. No residual shear or axial
force is transferred into the chord member. Shear force is only transferred from one brace to the
other(s) across the chord circumference.

Fio o Fur Fis
¥ o ¥ By N
X
! " " —> <« < F
FlS I I FlS Fr_—l ?
¢ X X DT DT X
A A A
Fis Fi7 16 Fis
(g) (h) (i) (i)

Figure 2-3: Examples to balanced double T or cross-X joint loading (diagonal brace angle, 6=45°)

Example (g):

ZFX =0=>F;5cos0 —F;5cosf =0 (2.13)
—+
) ZFy =0=> Fi5sinf — F;5sinf =0 (2.14)
Example (h):
Assume:
Fie # Fi7
ZF" =0=>Fjgcos0 — Fjscos0 + F;;cos0 —F;;cos0 =0 (2.15)
—+
T ZFy - 0 => F16 Sin9 - F16 Sin9 + F17 Sirl@ - F17 Sin9 = O (216)
Example (i):
D B =0=>Fs—Fg=0 (217)
-+

1 Z Fy = (2.18)
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Example (j):

Assume:
Fi9 # Fy
Fyo = 2F;9cos 0

ZFx=O=> 2F19C059_F20 =0

-+
Tsz =0=> Flgsing_Flgsine =0

2.2.1 Tubular Joint 9

Ny
T NCI
Nvl

Full Joint Loading = Balanced K +

(2.19)

(2.20)

T,

Unbalanced T/Y

Figure 2-4: Decomposing brace load into its K and T/Y loading components in tubular joint 9

2.2.2 Tubular Joint 13

) — 5 Ns -

\I
T Ne
Ny1

Full Joint Loading = Balanced K +

TN y2

Unbalanced T/Y

Figure 2-5: Decomposing brace load into its K and T/Y loading components in tubular joint 13
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2.3 Stress Analysis of Tubular Joints

Stress analysis of tubular joints is a common procedure utilized in fatigue design of offshore structure
made from welded tubular joints e.g. jacket structure. Stresses observed around these joints is a
transition of forces subjected to the structure itself. The variation of force transition is related to
section property of arbitrary joined member and load combination of three basic load modes,
illustrated in Figure 2-6. The result of load response governed by shell behaviour of welded tubular
joints and the complexity of joint geometry is a non-uniform stress distribution. The non-uniform
distribution of stress has been proven via experimental tests to occur both on the tubular joint
surface and also through the joint thickness. This leads to existence of stress gradients and sites of
stress concentrations which mostly occur along the chord and brace weld toes. Especially, the stress
concentration sites represent the region where initiation and propagation of fatigue crack occur
before structure fails. The stress analysis is therefore an important fundamental step in fatigue
analysis to determine both the location and magnitude of critical stresses. Section 2.3.1-2.3.4 gives
definitions of three main sources of stress identified in tubular welded joint with additional definition
of modified stress component, which is considered to control the fatigue life in tubular welded joint.

(1) (2) (3)

Figure 2-6: Three basic load mode: (1) Axial, (2) IPB and (3) OPB

2.3.1 Nominal Stress

Nominal stress or engineering stress arises by the tubes of the welded joint behaving as beams and
columns. The stress is normally calculated by use of frame analysis method e.g. SAP2000 or beam
theory. The Equation (2.21) of beam theory shows that the stress can either be obtained by axial
force or moment force only or combination of both subjected on arbitrary section property. The
investigation of tubular joint in this thesis considers both load effects. Since both loads occur
simultaneously and accurate estimation of fatigue life may be obtained. The nominal stresses are
calculated based load history presented in Table 5-10 for each wave cases subjected on tubular joint
9 and 13.

(2.21)

16



Brace wall Brace wall Nominal stress
— 1o ——1-—
Nominal stress
Weld._ \ Notch zone
| | | Weld toe |
Weld toe N Weld
Notch zone Chord wall Chord wall
Stress distribution in chord Stress distribution in brace

Figure 2-7: Definition of nominal stress distribution in chord and brace side

2.3.2 Geometric Stress

Geometric stress arise as a result of differences in the load response of brace and chord under
particular load configuration [8]. This stress is known to cause the tube wall to bend in order to
ensure compatibility in the deformation of the chord and brace around the intersection depending
on the mode of loading, illustrated in Figure 2-6. Figure 2-8 illustrate an example of geometric stress
curve distributed along brace- and chord wall.

N o— N7
Brace wall | | Brace wall | |
Weld-| \_ Notch zone f
| ‘ \ Weld toe |
Weld toe g Weld
Notch zone Chord wall Chord wall
Stress distribution in chord Stress distribution in brace

Figure 2-8: Definition of geometric stress distribution in chord and brace side

2.3.3 Notch Stress

Notch stress is commonly referred as local- or peak stress, which occurs at the weld toe. Compared
to other two mentioned stresses, this stress includes the notch effect which occurs along the notch
zone. The additional stress part gives even higher stress value compared to geometric stress and is a
function of weld size and geometry, which can be illustrated as a non-linear stress curve. The effect is
normally included S-N curve, which is based on several weld specimen tests. The investigation of
tubular joint in this thesis will not consider this stress, since most fatigue evaluation of tubular joint is

17



based on hot spot stress described in Section 2.3.4. Figure 2-9 illustrate an example of notch stress
curve distributed along brace- and chord wall.

Brace wall Brace wall

Notch stress

Notch stress
Weld._ k Notch zone
| | | Weld toe |
Weld toe N Weld
Notch zone Chord wall Chord wall
Stress distribution in chord Stress distribution in brace

Figure 2-9: Definition of notch stress distribution in chord and brace side

2.3.4 Hot Spot Stress (HSS)

Hot spot stress occurs at the weld toe in relation with geometric stress. This stress is considered to
control the complete fatigue life of a tubular welded joint [8], and can be calculated by linear
extrapolation of the geometric stress or by finite element software. Compared to notch stress, the
hot-spot stress excludes the contribution of stress concentration caused by notch effect of the weld
geometry. In design code, DNV RP-C203 [4], the HSS is based on nominal stresses and stress
concentration factors achieved from parametric equations, while in finite element analysis (FEA) the
HSS is based on the finite element method (FEA). The determination of hot spot stress in this thesis
of tubular joint 9 and 13 presented in Section 3.3 is in reference with DNV-RP-C203 [4], while
evaluation of stress concentration factors may differ between given approach mentioned in design
code and FEM-analysis, which is the objective of this thesis. Figure 2-10 illustrate an example of hot
spot stress curve distributed along brace- and chord wall.

T Linear extrapolation of TT
geometric stress to weld toe
Brace wall | > Brace wall |,

Hot spot stress

Hot spot stress \ Linear extrapolation of
Weld < Notch zone i geometric stress to weld toe

| | | “Weld toe |

<>
Weld toe/ ) Weld

Notch zone Chord wall Chord wall

Stress distribution in chord Stress distribution in brace

Figure 2-10: Definition of hot spot stress distribution in chord and brace side
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2.4 Stress Concentration Factor of Tubular Joints

Stress concentration factor (SCF) are the most sensitive component in estimation of fatigue life of
tubular joint. The component is applied to determine the hot-spot stresses about the intersection
region between the chord and brace. The factor can be calculated from finite element analysis,
physical experiments or parametric equations derived from these. The last computational way is
developed by researchers, which is widely utilized by the engineer, to estimate hot-spot stresses in
simple tubular joint cases. Each derived sets of parametric equations have their own recommended
range of validity, which limits their application. Section 2.4.1-2.4.5 gives a short presentation of
background and the validity range for some developed parametric equations in reference with HSE
OTH 354 Report [3] and User Manual of Mechanical Fatigue Calculations for Offshore Jacket [9].

2.4.1 Kuang Equations

The Kuang equations were published in 1975-77 for T/Y, K and KT joint configurations. These
equations were derived from a modified thin-shell finite element program, which specifically was
designed to analyse tubular connections. The tubular connection were analysed without a weld fillet,
and the stresses were measured at the mid-section of the member wall. The validity ranges of Kuang
Equations for T/Y, K and KT joint configurations are given in Table 11.

Table 11 - Validity range of Kuang Equation

Lower Limit Parameter Upper Limit
6.66 a 40.0
0.30 B 0.80
8.33 y 33.3
0.20 T 0.80
0.00° 0 90.0°
0.01 C 1.0

For defined geometrical parameter of tubular joint 9 and 13 in Section 1.3, the Kuang Equations are

not valid for determination of stress concentration factors these joints. Table 12 and 13 shows the

result of validity check achieved in Appendix B.

Table 12 - Validity check of Kuang Equation in tubular joint 9

Tubular Joint 9

Non-dimensional geometrical parameter

a

B

14

T 0 c

Validity check

N

X

N

VAV A

Table 13 - Validity check of Kuang Equation in tubular joint 13

Tubular Joint 13

Non-dimensional geometrical parameter

Validity check

v
v
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2.4.2 Wordsworth and Smedley Equations

The Wordsworth and Smedley equations were published in 1978 for T/Y and X joint configurations,
while the K and KT joint configuration were covered by Wordsworth in 1981. These equations were
derived from an amount of result obtained by physical experiment, which considered an acrylic
model test with strain gauges around the brace and chord intersection. The validity ranges of
Wordsworth Equations for T/Y, X, K and KT joint configurations are given in Table 14.

Table 14 - Validity range of Wordsworth and Smedley Equation

Lower Limit Parameter Upper Limit
8.00 a 40.0
0.13 B 1.0
12.0 4 32.0
0.25 T 1.0
30.0° 0 90.0°
N.A. c N.A.

For defined geometrical parameter of tubular joint 9 and 13 in Section 1.3, the Wordsworth and
Smedley Equations are not valid for determination of stress concentration factor in tubular joint 9,
but valid for tubular joint 13. Table 15 and 16 shows the result of validity check achieved in Appendix
B.

Table 15 - Validity check of Wordsworth and Smedley Equation in tubular joint 9

Tubular Joint 9

Non-dimensional geometrical parameter a B y T 0

Validity check 7 v v v X

Table 16 - Validity check of Wordsworth and Smedley Equation in tubular joint 13

Tubular Joint 13

Non-dimensional geometrical parameter a T 0

B 14
Validity check J J J J J

2.4.3 Efthymiou and Durkin Equations

The Efthymiou and Durkin equations were published in 1985 for T/Y and gap/overlap K joint
configurations, while an update of T/Y and K with new joint configuration of X and KT were published
in 1988, which can be found in design codes: DNV RP-C203, API RP-2A WSD and NS-EN ISO 19902.
The first sets of parametric equations were derived by analysing over 150 joint configurations via the
PMBSHELL finite element program by use of three-dimensional curved shell elements. Results of
studied joint configurations were checked against the SATE finite element program for one T joint
and two K joint configuration. The latest (second) sets of parametric equations were designed using
influence functions especially for joint configuration K, KT and multi-planar joints in terms of simple
T braces with carry-over effects from the additional loaded braces. The validity ranges of Efthymiou
Equations for T/Y, X, K and KT joint configurations are given in Table 17.
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Table 17 - Validity range of Efthymiou (and Durkin) Equation

Lower Limit Parameter Upper Limit
4.00 a 40.0
0.20 B 1.0
8.00 y 32.0
0.20 T 1.0
20.0° 0 90.0°

0.64 ¢ 1.0
sinf

For defined geometrical parameter of tubular joint 9 and 13 in Section 1.3, the Efthymiou and Durkin
Equations are valid for determination of stress concentration factors in this case. Table 18 and 19
shows the result of validity check achieved in Appendix B.

Table 18 - Validity check of Efthymiou (and Durking) Equation in tubular joint 9

Tubular Joint 9

Non-dimensional geometrical parameter a B y T 0 c

Validity check J J J J J J

Table 19 - Validity check of Efthymiou (and Durkin) Equation in tubular joint 13

Tubular Joint 13

Non-dimensional geometrical parameter a T 0 c

B 14
Validity check J J J J J J

2.4.4 Lloyd’s Register Equations

The Lloyd’s Register equations were developed in 1991 for T/Y, X, K and KT joint configurations.
These equations were based on an existing database of stress concentrations factors previously
derived from steel and acrylic models. The proposed equations include design safety factors and
influence factors for different loading configurations. The validity ranges of Lloyd’s Register
equations for T/Y, X, K and KT joint configurations are given in Table 20.

Table 20 - Validity range of Lloyd's Register Equation

Lower Limit Parameter Upper Limit
4.00 a N.A.
0.13 B 35

10 y 32.0
0.25 T 1.0
30° 0 90.0°
0 c 1.0

For defined geometrical parameter of tubular joint 9 and 13 in Section 1.3the Lloyd’s Register
Equations are not valid for determination of stress concentration factors in tubular joint 9, but valid

for tubular joint 13. Table 21 and 22 shows the result of validity check achieved in Appendix B.
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Table 21 - Validity check of Lloyd's Register Equation in tubular joint 9

Tubular Joint 9

Non-dimensional geometrical parameter a B y T 6 c

Validity check J J J J X J

Table 22 - Validity check of Lloyd's Register Equation in tubular joint 13

Tubular Joint 13

Non-dimensional geometrical parameter a T 0 c

B 14
Validity check J J J J J J

2.4.5 Summary

The validity check performed in Section 2.4.1-2.4.4 for tubular joint 9 and 13, shows that only one
validity range among four validity ranges are satisfied for both tubular joints. However, compared
with tubular joint 9, the geometrical parameters of tubular joint 13 is valid for all recommended
validity range disregarded validity range of Kuang equation due to large brace diameter to chord
diameter ratio, which also didn’t satisfy for tubular joint 9. In tubular joint 9, the geometrical
parameter of angle is the main reason for not satisfying two other recommended validity ranges,
which are satisfied for tubular joint 13. In that case, we are only considering parametric equations,
where geometrical parameters of tubular joint 9 and 13 are both satisfied for particular
recommended range of validity. From result illustrated in Table 23, it shows that Efthymiou (and
Durkin) recommended validity range is only the one, which is satisfied for both tubular joints. The
parametric sets of equation of Efthymiou are given in fatigue design code as: DNV RP-C203, API RP-
2A WSD and NS-EN 1SO019902.

Table 23 - Summary of validity checks for parametric equations in tubular joint 9 and 13

Parametric Kuang Wordsworth and Efthymiou (and Lloyd’s
Equations: Equation Smedley Durkin) Register
Tubular Joint 9 x x J x
Tubular Joint 13 X 7 J 7
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2.5 Fatigue Life Estimation of Tubular Joints

This section covers two well-known approaches practiced under evaluation of fatigue life of arbitrary
tubular joints. The first approach is based on an experimentally accomplished S-N curve presented in
design code. The second approach is based on Paris law derived by Paris and Erdogan in fracture
mechanics. Finally, the well mentioned failure criterion in design codes as DNV.RP-C203[4], API RP-2A
WSD[10] and NS-EN 1SO19902[11] of Palmgren-Miner rule also covered.

2.5.1 S-N Curves

The S-N curve is mostly obtained by experimental tests in laboratories. The curve presents fatigue
strength or fatigue life of tested specimen. Tested specimen is either welded or non-welded object,
which is subjected to various load sequences with constant amplitudes. From the sequence of
variable loads, a particular load is selected with constant amplitude and tested in simulation
machine. The simulation machines use a simple load and unload technique. The outcome of such test
occurs at the point where the specimen cannot sustain against cyclic stresses anymore, and reaches
the point where crack initiate and propagate until specimen fails. When failure becomes a fact, the
number of load cycles (N) for the particular test load is captured and presented as the number of
stress cycles sustainable before failure. Furthermore, a similar number of tests are carried out for
remaining load amplitudes from variable sequence of load with equivalent test specimen. After
running a number of tests, a huge number of data is sorted out and plotted as stress (o) versus the
logarithm of the number N of cycles to failure for each similar specimen. The value of o are normally
taken as stress amplitudes of either 6,,,x OF Oin-

In fatigue test of different material, two types of S-N curve are observed, which are illustrated in
Figure 2-11 and 2-12. For some ferrous and titanium alloys, the S-N curve becomes horizontal higher
N values for a particular stress, which are called the fatigue limit also known as the endurance limit.
This fatigue limit represents the largest value of fluctuating stress that will not cause failure for
essentially an infinite number of cycles. For many steels, fatigue limits range between 35% and 60%
of the tensile strength [12]. But for nonferrous alloys do not have a fatigue limit, in that the S-N curve
continues its downward trend at increasingly greater N values. Thus, fatigue will ultimately occur
regardless of the magnitude the stress. For these materials, the fatigue response is specified as
fatigue strength, which is defined as the stress level at which failure will occur for some specified
number of cycles. Another important parameter that characterizes a material’s fatigue behaviour is
fatigue life. It is the number of cycles to cause failure at a specified stress level, as taken from the S-N
curve.
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Figure 2-11: A material that displays a fatigue limit
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Figure 2-12: A material that does not display a fatigue limit

In fatigue analysis of tubular joint, S-N curve of considered welded detail and the linear damage
hypothesis is commonly recommended practice to estimate fatigue life of tubular joints in design
code. This approach, however, has its limitations. One of the most significant shortcomings of the
method is that it cannot be used in assessing the structural integrity of cracked tubular joints in
service, which usually is solved by the fracture mechanics approach described in Section 2.5.2. For
closer detail on application of particular S-N curve utilized for fatigue estimation of tubular joints, see
Chapter 3.

2.5.2 Fracture Mechanics

Fracture mechanics is the most powerful and useful technological tool available for describing and
solving cracked tubular joints in service [8]. This approach is normally utilized if predicted fatigue life
based on S-N data is short for a component where a failure may lead to severe consequences. In that
case, the Paris law is used to predict the crack propagation or the fatigue life of considered welded
detail. The law was introduced by Paris and Erdogan, which were first investigators who found that
the rate of fatigue crack propagation was related to AK. The relationship between the crack
propagation and the range of stress intensity factor AK is expressed as:
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da
-y = €@K (2.22)

Where

da
N =Rate of crack growth

C, m = Material parameters

AK = Range of stress intensity factor

Equivalent relationship of stable crack growth is also expressed by a straight line curve i.e. region 2
illustrated in Figure 2-13. Figure 2-13 shows the characteristic sigmoid shape of the da/dN versus
AK curve in logarithmic scale. This is typical shape of curve exhibited by crack growth in air. Unlike
corrosion fatigue crack growth where the environment influences crack propagation mechanism,
crack growth in air is mainly governed by deformation-controlled mechanism. The curve is
characterized by three distinctive regions within which the crack growth rate exhibits distinctively
different dependencies on the stress intensity factor range, AK. Region 1 covers the lower value of
AK and represents threshold value AK;; that must be exceeded before propagation can occur at all.
The existence of this threshold value explains why some cracks do not propagate under fatigue
loading. Region 3 covers upper value of AK and contain maximum stress intensity factor, K,,,,, that
converge towards critical value, K., which trigger to fast failure.

Region 2

log &2 ‘
S N 1 ' Region 3
Region 1/
| iKmax%KIc

AKip |

og AK
Figure 2-13: Characteristic da/dN versus AK curve

In fatigue analysis of tubular joint, fracture mechanics is an alternative approach utilized for fatigue
life estimation of tubular joint. This approach compared with previous approach is complex and will
require: the selection of crack growth law; the use of suitable crack growth material constants (C and
m); determination of the appropriate stress ranges; considerations for environmental effects;
determination of stress intensity factors; and subsequent integration of the selected crack growth
law for the applied loads to finally predict the fatigue life. By basis of Paris Eq. (2.22), fatigue life can
be calculated by the number of fatigue life cycles for a given increase in crack size expressed as:

25



N = faaf (m) da (2.23)

The range of stress intensity factor in Eq. (2.23) is given as:

AK = K, gy — Kipin = Y - Aovma (2.24)

Where AK expresses the effect of load range on the crack, which describes the stress field with
cracked body at the crack tip. While Y is the modifying shape parameter that depends on the crack
geometry and the geometry of the specimen.

2.5.3 Palmgren-Miner rule
The fatigue life estimation of considered weld detail experienced by loads of variable amplitude is
normally obtained by cumulative damage rule, D, known as Palmgren-Miner’s rule given as:

k

D= Z—+—+ +— Z;— (2.25)

i=1

The rule is characterized by a summation of ratio between registered cycle, n;, and predicted cycle,
N;. Registered cycle represents number of stress cycles of stress ranges, while predicted cycle
represents number of cycles to failure under constant amplitude loading at those stress ranges,
illustrated in Figure 2-14.

Stress
Ady

ﬂUZ

A 3

1
Cycles

Figure 2-14: lllustration to utilize Palmgren-Miner rule

The application of Palmgren-Miner’s rule [4] is depend on long-term stress range distribution of
considered weld detail. In fatigue design this may be specified in the relevant application standard or
design basis. If such information is not available the designer has to make reasonable assumption on
the stress range history. The assumptions may be based on information from similar structures, or
from loading readings obtained from continuous monitoring. When the histories of long-term stress
range are known, corresponding long-term history of stress range is established by an appropriate
cycle counting technique e.g. Rainflow counting.
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3 Fatigue Analysis of Tubular Joints by Design Code

3.1 Introduction

This chapter covers the methodology and computational work of stress concentration factor, hot-
spot stress range and fatigue life of tubular joint 9 and 13 presented in Section 3-2-3.4. These topics
are major parts in fatigue analysis of tubular joints described in design code of fatigue. In this thesis,
the fatigue analyses of both tubular joints are accomplished in reference with design code, DNV-RP-
C203 [4]. Additionally, different approach of stress concentration factor in other well —known design
codes as APl RP-2A WSD [10] and NS-EN ISO 19902 [11] are investigated and highlighted in Section
3.2. The purpose with this investigation is not to mix any codes together under evaluation of fatigue
life, but to view the differences of their approach of solving stress concentration factors of tubular
joint.

3.2 Stress Concentration Factor (SCF)

Stress concentration factors (SCF) in tubular joints 9 and 13 are calculated by parametric equation
given in design code, DNV-RP-C203. The parametric equation utilized to evaluate stress
concentration factor is named Efthymiou equation, which equally are mentioned in all three design
code. Before application of any sets of the Efthymiou equations, a joint classification and validity
check must be performed. The execution of these two are necessary, since each parametric
equations given in design code are derived for a specific joint configuration type; T/Y, X, K and KT,
and are valid for limited range of non-dimensional geometric parameters. The stress concentration
factor achieved through given equation in design code, gives only values at crown and saddle point
on the brace and chord side illustrated in Figure 3-1. Compared with DNV-RP-C203 [4], design codes:
APl RP-2A WSD [10] and NS-EN 1SO19902 [11] require to use a minimum stress concentration factor
of 1,5 for all welded tubular joints under all three types of loading: axial, moment in-plane and
moment out-of-plane, while such requirement is not mentioned or recommended in DNV-RP-C203
[4]. This is highlighted with a “star” sign at upper right of each value of stress concentration factors
below minimum requirement given in APl RP-2A WSD [10] and NS-EN 1S019902 [11] in SCFs tables
for tubular joint 9 and 13 in Section 3.2.1 and Section 3.2.2 respectively. The value is known as
amplification factor of nominal stress, and varies based on the load configuration. Thus, different SCF
may apply to different nominal stress components. The value is most common to encounter SCF
larger than 1,0, but there are situations where a value of less than 1 can validly exist [13].

Brace

-

O ~ Saddle

\__Chord

Figure 3-1: lllustration of arbitrary KT-Joint with definition of saddle and crown point
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3.2.1 Tubular Joint 9

Tubular joint 9 has a joint configuration type KT, and the validity range for utilizing the parametric
equation for the designed joint geometry [2] is satisfied. The parametric equation of Efthymiou is
applied and the result is presented in Table 24 and 25. The Table 24 shows the stress concentration
factor at crown and saddle point in chord member at joint location of brace A, B and C, while Table
25 show the stress concentration factor at crown and saddle point in brace member A, B and C. For
closer detail of calculation of stress concentration factor of tubular joint 9, reference is made to
Appendix C enclosed with this thesis.

Table 24 - SCFs in chord member at location A, B and C of tubular joint 9

CHORD Maximum value of SCF
Location: SCFac/as SCFyup SCFmop
A 1,750 0,975* 3,189
B 3,304 1,478* 4,508
C 2,681 1,315* 2,874

Table 25 - SCFs in brace member at location A, B and C of tubular joint 9

BRACE Maximum value of SCF
Location: SCFac/as SCFmip SCFmop
A 1,487* 2,341 2,765
B 2,589 2,073 4,201
C 2,005 2,219 2,492

3.2.2 Tubular Joint 13

Tubular joint 13 has a joint configuration equivalent to tubular joint 9 (i.e. KT), and the validity range
for utilizing the parametric equation for the designed joint geometry [2] is satisfied. The parametric
equation of Efthymiou is applied and the result is presented in Table 26 and 27. The Table 26 shows
the stress concentration factor at crown and saddle point in chord member at joint location of brace
A, B and C, while Table 27 show the stress concentration factor at crown and saddle point in brace A,
B and C. For closer detail of calculation of stress concentration factor of tubular joint 13, reference is
made to Appendix C enclosed with this thesis.

Table 26 - SCFs in chord member at location A, B and C of tubular joint 13

CHORD Maximum value of SCF
Location: SCFac/as SCFuip SCFumop
A 2,359 1,315% 4,000
B 2,907 1,478* 4,934
C 2,359 1,315* 4,000
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Table 27 - SCFs in brace member at location A, B and C of tubular joint 13

BRACE Maximum value of SCF
Location: SCFac/as SCFyp SCFymop
A 1,884 2,219 3,468
B 2,398 2,073 4,598
C 1,884 2,219 3,468

3.3 Hot-Spot Stress Range (HSSR)

Hot-spot stress range in tubular joint 9 and 13 are calculated based on stress concentration factors
and nominal stresses achieved by parametric equations and time history analysis respectively. The
evaluation of hot-spot stress ranges are considered at 8 spots around the circumference of the
intersection between the braces and the chord. Hot spot stress range at crown points: 1 and 5 takes
account to maximum nominal stress of axial load and moment in-plane. While hot spot stress range
at saddle points: 3 and 7 takes account to maximum nominal stress of axial load and moment out-of
plane. Points in-between saddle and crown points takes account to all three maximum nominal
stresses: axial load, moment in-plane and moment out-of-plane. The hot spot stress ranges at these
points is derived by a linear interpolation of the stress range due to the axial action at the crown and
saddle and a sinusoidal variation of the bending stress range resulting from in-plane and out of plane
bending. Thus the derived superposition stress equation for tubular joints in DNV-RP-C203 [4] is
applied for evaluation of hot spot stress range around at 8 spots.

7
|
-K____}.'
C O
S e wa 5ol B
My
O -
Axial load In-plane Out-of-plane

bending moment bending moment

Figure 3-2: Definition of superposition of stresses, ref.[4]

29




3.3.1 Tubular Joint 9

Hot-spot stress range is evaluated as mentioned earlier at 8 spots around the circumference of the
intersection between the chord and brace. For fatigue life estimation of tubular joint 9, only
maximum of eight evaluated hot-spot stress range is presented in Table 28-29. The evaluation of hot-
spot stress range is obtained for three different wave cases discussed in Section 1.5. Table 28 show
maximum hot-spot stress range of brace member at location A, B and C, while Table 29 show
maximum hot stress range of chord member at location A, B and C. For closer detail of calculation of
hot spot stress range of tubular joint 9, reference is made to Appendix E enclosed with this thesis.

Table 28 - Maximum HSSR in chord member at location A, B and C of tubular joint 9

CHORD Maximum value of HSSR
Stress block, i
Location: ! 2 3
A 4,217 5,575 7,087
B 6,177 8,15 10,368
C 4,088 5,383 6,852

Table 29 - Maximum HSSR in brace member at location A, B and C of tubular joint 9

BRACE Maximum value of HSSR
Stress block, i 1 5 3
Location:
A 1,383 1,796 2,314
B 1,002 1,318 1,69
C 1,441 1,897 2,43
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3.3.2 Tubular Joint 13

Hot-spot stress range in tubular joint 13 is equivalent evaluated as for tubular joint 9, and only
maximum of eight evaluated hot spot stress range is presented in Table 30-31. The evaluation of hot-
spot stress range is obtained for three different wave cases discussed in Section 1.5. Table 30 show
maximum hot spot stress range of brace member at location A, B and C, while Table 31 show
maximum hot stress range of chord member at location A, B and C. For closer detail of calculation of
hot-spot stress range of tubular joint 13, reference is made to Appendix E enclosed with this thesis.

Table 30 - Maximum HSSR in chord member at location A, B and C of tubular joint 13

CHORD Maximum value of HSSR
Stress block, i 1 5 3
Location:
A 5,332 7,046 8,958
B 6,576 8,69 11,049
C 5,332 7,046 8,958

Table 31 - Maximum HSSR in brace member at location A, B and C of tubular joint 13

BRACE Maximum value of HSSR
' Stress block, i 1 5 3
Location:
A 1,393 1,834 2,349
B 0,63 0,832 1,063
C 2,053 2,712 3,464

3.4 Fatigue Life of Tubular Joints

Fatigue life estimation of tubular joint 9 and 13 are based on S-N data, which is standard practice for
simple tubular joints [4]. Before reading any values from relevant S-N curve for tubular joint 9 and 13
discussed in Section 3.4.1, a comprehensive calculation of stress concentration factors and hot spot
stress range have been evaluated by Section 3.2 and Section 3.3 respectively. Predicted fatigue life
cycle is then obtained by entering considered hot spot stress range into relevant S-N curve for
tubular joint 9 and 13 in Section 3.4.1, and finally fatigue life of both tubular joints are estimated by
cumulative damage rule described in Section 3.4.2.

3.4.1 S-N Curves

S-N curve for tubular joint is defined as T-Curve in DNV-RP-C203 [4]. T-Curve is representing two
types of S-N curve: solid curve and dashed curve. Solid curve is considered for tubular joints in air
environment, while dashed curve is considered for tubular joints in seawater with cathodic
protection. These two curves are illustrated in Figure 3-3, and shows that tubular joints in air
environment have greater fatigue life cycle compared with tubular joints in seawater with cathodic
protection for stress ranges in region N < 107. While stress ranges in region N > 107, the solid and
dashed curve are almost merged together and almost give equivalent fatigue life cycles independent
of tubular joints placement. For tubular joints 9 and 13 described in Section 1.3, both joints exist
below water line, and S-N curve of dashed line is therefore assumed for fatigue life estimation in this
case.
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Figure 3-3: S-N curves for tubular joints in air and in seawater with cathodic protection

Table 32 - S-N curve in seawater with cathodic protection

S-N curve N < 107 N > 107 Thickness exponent k
T log a, my log a, m, 0,25 for SCF < 10
11,764 3 15,606 5 0,30 for SCF > 10

Fatigue life cycles are obtained by entering calculated maximum hot spot stress range into the
assumed S-N curve, and read the associated value of it. This is difficult to accomplish in this case.
Since values of maximum hot spot stress range is very small and associated life cycle is too large
which cause difficulties for accurate reading in Figure 3-3. Therefore Equation (3.1) and associated
Table 32 of assumed S-N curve is utilized to obtain fatigue life cycles of maximum hot spot stress
range for each wave cases and respective location. The Equation (3.1) is representing a basic design
S-N curve with a modified stress range term that takes account of the thickness effect. The wall-
thickness of considered welded detail will affect fatigue strength. The fatigue strength in practical
implication is lower for thick wall than thin wall. In that case thickness effect of brace member of
tubular joint 9 and 13 is negligible compared with reference thickness defined in DNV-RP-C203, while
for chord member effect of thickness is considered due to a greater wall thickness than reference
thickness. Section 3.4.1.1 and Section 3.4.1.2 presents predicted cycles to failure at constant stress
range for brace and chord member of tubular joint 9 and 13 respectively.
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The basic design S-N curve with thickness effect is given by:

t k
logN = loga — mlog (AO‘ (—) )

ref’

Where:
N = Predicted number of cycles to failure for stress range Ao
loga = Intercept of log N — axis by S-N curve
m = Negative inverse slope of S-N curve
t = Thickness through which a crack will most likely grow.
trer = Reference thickness for tubular joint is 32 mm
k = Thickness exponent on fatigue strength

3.4.1.1 Tubular Joint 9

(3.1)

Table 33 - Predicted fatigue life cycles in chord member at location A, B and C of tubular joint 9

CHORD Number of cycles to failure at constant stress range Aa . ;
Stress block, i 1 5 3
Location:
A 2,29E+12 5,67E+11 1,71E+11
B 3,40E+11 8,49E+10 2,55E+10
C 7,19E+09 3,15E+09 1,53E+09

Table 34 - Predicted fatigue life cycles in brace member at location A, B and C of tubular joint 9

BRACE Number of cycles to failure at constant stress range Agy, ;
Stress block, i 1 5 3
Location:
A 7,98E+14 2,16E+14 6,08E+13
B 4,00E+15 1,01E+15 2,93E+14
C 1,94E+11 8,51E+10 4,05E+10
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3.4.1.2 Tubular Joint 13

Table 35 - Predicted fatigue life cycles in chord member at location A, B and C of tubular joint 13

CHORD Number of cycles to failure at constant stress range Aa . ;
Stress block, i 1 5 3
Location:
A 7,09E+11 1,76E+11 5,29E+10
B 2,48E+11 6,16E+10 1,85E+10
C 3,24E+09 1,40E+09 6,83E+08

Table 36 - Predicted fatigue life cycles in brace member at location A, B and C of tubular joint 13

BRACE Number of cycles to failure at constant stress range Agy, ;
Stress block, i 1 5 3
Location:
A 7,70E+14 1,95E+14 5,64E+13
B 4,07E+16 1,01E+16 2,97E+15
C 6,71E+10 2,91E+10 1,40E+10

3.4.2 Fatigue Life

Palmgren-Miner rule is utilized to estimate fatigue life of tubular joint 9 and 13 in this case. The rule
as described in Section 2.5.3 is commonly practiced in fatigue analysis of considered welded detail.
Equation (3.2) is representing the fatigue criterion where mentioned rule is included. The criterion
consists a design fatigue factor, which is determined according to Table 8-1 in NORSOK standard N-
004 [14]. The factor is applied to reduce the probability of fatigue failures, and the selection is
dependent on the significance of the structural components with respect to structural integrity and
availability for inspection and repair. Thus the design fatigue factor for tubular joint 9 and 13 is
assumed to be 3. Section 3.4.2.1 and 3.4.2.2 show results of fatigue damage accumulation and
fatigue life of chord and brace member in tubular joints 9 and 13 respectively.

Zk:;_ (3.2)
i=1

Where:
D = accumulated fatigue damage
k = number of stress blocks
n;= number of stress cycles in stress block i
N;=number of cycles to failure at constant stress range Ag;
DFF = Design fatigue factor
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3.4.2.1 Tubular Joint 9

Table 37 - FDA in chord member at loc. A, B and C for each wave cases of tubular joint 9

CHORD Fatigue damage accumulation (FDA) per year
Stress block, i
Location: ! 2 3
A 5,74E-07 2,32E-06 7,69E-06
B 3,87E-06 1,55E-05 5,15E-05
C 1,22E-04 2,78E-04 5,74E-04

Table 38 - FDA in brace member at loc. A, B and C for each wave cases of tubular joint 9

BRACE Fatigue damage accumulation (FDA) per year
Stress block, i 1 5 3
Location:
A 1,65E-09 6,08E-09 2,16E-08
B 3,29E-10 1,29E-09 4,49E-09
C 4,51E-06 1,03E-05 2,16E-05
Table 39 - Fatigue life in chord- and brace member of tubular joint 9
Tubular Joint 9 Fatigue life [years]
Member DFF=1 DFF =3
CHORD 1026 342
BRACE A 0 00
BRACE B 0 (o)
BRACE C o 00
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3.4.2.2 Tubular Joint 13

Table 40 - FDA in chord member at loc. A, B and C for each wave cases of tubular joint 13

CHORD Fatigue damage accumulation (FDA) per year
Stress block, i 1 5 3
Location:
A 1,85E-06 7,47E-06 2,48E-05
B 5,29E-06 2,13E-05 7,09E-05
C 2,70E-04 6,24E-04 1,28E-03

Table 41 - FDA in brace member at loc. A, B and C for each wave cases of tubular joint 13

BRACE Fatigue damage accumulation (FDA) per year
Stress block, i 1 ) 3
Location:
A 1,71E-09 6,75E-09 2,33E-08
B 3,23E-11 1,30E-10 4,42E-10
C 1,31E-05 3,01E-05 6,27E-05
Table 42 - Fatigue life in chord- and brace member of tubular joint 13
Tubular Joint 13 Fatigue life [years]
Member DFF=1 DFF=3
CHORD 460 153
BRACE A o I
BRACE B oo %)
BRACE C oo (%)
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4 Fatigue Analysis of Tubular Joints by Abaqus/CAE

4.1 Introduction

This chapter covers main procedure executed under determination of stress concentration factors at
chord and brace side of defined tubular joint described in Section 1.3. The determination of stress
concentration factors are compared to Chapter 3 carried out by finite element analysis (FEA)
software named Abaqus/CAE. Abaqus or complete Abaqus environment (CAE) provides pre-
processing (modelling), processing (evaluation and simulation) and post-processing (visualization) by
analysis product Abaqus/Standard or Abaqus/Explicit, where Abaqus/Standard employs implicit
integration scheme to solve simple finite element model, while Abaqus/Explicit employs explicit
integration scheme to solve complex finite element model. All three mentioned process in
Abaqus/CAE is divided into modules, where each module defines a logical aspect of the modelling
process; part, property, assembly, step, interaction, load, mesh, optimization, job, visualization and
sketch. When wished finite element model is carried out from module to module, designer build the
model which Abaqus/CAE generates an input file that designer submits to the Abaqus/Standard or
Abaqus/Explicit analysis product. Finally, the analysis product performs the analysis of submitted job
with monitored progress that generates result to output database which is viewed in Visualization
module of Abaqus/CAE at the end. All action considered through each module in Abaqus/CAE to
determine stress concentration factors are taken care with reasonable assumptions and discussion.

4.2 Module Part - FE modelling of KT-joints part 1

Geometry of tubular joint 9 and 13 are illustrated in Figure 4-1 and 4-2 respectively. Each tubular
joint comprise of one chord and three braces, which are modelled in module window called Part in
Abaqus/CAE. Too design each part it has been utilized modelling space: 3D, type: Deformable and
base feature: Shell and extrusion. After designing each part of tubular joint in the Part module,
material- and section property is assigned to each part in module window called “Property”.
Material- and section property are added according to Table 3 and Table 1-2 in Section 1.3
respectively.
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Figure 4-1: Geometry of tubular joint 9 (all lengths: mm)

37



ds=1200

. *—’_ Y
N da = 1200 :
Fal 3
// p \\\
/ ta=16 o tc=16 . N
o . 2 5 Ny
2 S RREEA o B “ ®  *dc=1200
. e ~ 0 =89 _ oS
RRATAN L 8o =46
I N i . 1
| ) : |
' D=1248
1\ X T=40
|
3000 400 600 600 400 3000
L} 4
8000

Figure 4-2: Geometry of tubular joint 13 (all lengths: mm)

4.3 Module Assembly - FE modelling of KT-joints part 2

In the Assembly module toolsets: instance part, translate instance, rotate instance and merge/cut
instance have been utilized to assemble tubular joint into one piece. Toolset instance part was
utilized for locally import of each modelled part from Part module to Assembly module, while
toolsets translate instance and rotate instances were utilized to obtain wished distance and angle
between braces and brace-chord respectively. Finally, toolset merge/cut instance was utilized to
assemble four parts in tubular joint into one piece. This was performed to avoid mesh and
connection conflict between the chord and braces.

Tubular Joint 9 Tubular Joint 13

wm
2
O
m
W

Figure 4-3: Geometry of analysis model: tubular joint 9 and tubular joint 13
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4.4 Module Step - Procedure of analysis step

Step module enables designer to define a sequence of one or more analysis steps within a model.
During the course of the analysis in the model, the step sequence is a convenient way to differentiate
several of loads and boundary conditions (BC) of the model. In addition, step allows designer to also
change the field and history output [5].

In this analysis process of tubular joint, only one step has been created. The procedure step is
selected to be “Static, General” showed in Figure 4-4a, and the incrementation is set to default
setting showed in Figure 4-4b. The creation of single step consists of nine loads and four boundary
conditions with unchanged setting on field and history output in the step. To run wished combination
of nine loads and four boundary conditions, the action called suppress is utilized on particular set of
loads and boundary conditions one request to exclude in the process of analysis. This was performed
to simplify creation of many steps with various combination of defined set of loads and boundary
condition and minimize run time process of the analysis.

Mame: LOAD MName: LOAD

Type: Static, Genera|
Basic ‘ Incrementation | Other ‘ Incrementation || Gther
Description: | This is the load step where we apply specified loads in load module. Type: @ Automatic () Fixed
Time period: 1 Maximum number of increments: | 100
_ Initial Minimum  Maximum
Migeom: @ Off (This setting controls the inclusion of nonlinear effects .
geem on  of large displacements and affects subsequent steps.) Increment size: |1 1E-005 1
Automatic stabilization: | None E|
[ Include adiabatic heating effects

(a) (b)

Figure 4-4: Window for step setup: (a) Basic, (b) Incrementation
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4.5 Module Interaction - Procedure of interaction: KT-joints

Interaction module enables designer to define interaction type and property between two or more
parts in the model. During the course of the analysis in the model, the definition of interaction is an
advantage to investigate local behaviour of joined parts in the model. In this analysis process of
tubular joint, the definition of interaction type and property gives no effects, since the tubular joints
described in Section 4.3 are assembled into one piece due to mesh and connection conflicts. To
further capture the interaction effect between the chords and brace region under different loading,
the toolset Constraint in the interaction module is utilized. The Constraint toolset is in general
defined to constraints the analysis degrees of freedom [5]. Figure 4-5 show a summary of constraints
utilized for determination of stress concentration factors on brace and chord side. The type of
constraint applied in this analysis is “Rigid Body” with region type “Tie”. The rigid body constraint
allows one to constrain the motion of region of the assembly part to the motion of a reference point
where particular load is added, which means the relative position of the region that are the part of
the rigid body remain constant throughout the analysis [5]. To constraint against both translational
and rotational degrees of freedom region type “Tie” (i.e. fully fixed) has been selected for the brace
member only. This constraint will be functioning as boundary condition at brace end and successfully
enforce pure loading of three basic modes described in Section 2.3 and eliminate the brace length
dependency according to Lee and Dexter [15]. Compared to region type “Pin” (i.e. “pinned-roller”)
that only include constraint of translational displace along the brace axis and exclude rotational
degrees freedom have proven to cause a significant amount of in-plane bending with the effect of
reducing joint capacity up to 8% and dependent on the brace length. The selection procedure in
constraint type “Rigid Body” is highlighted in Figure 4-6, while places the rigid body constrain is
applied on the assembly part of tubular joints are illustrated in Figure 4-7 and 4-8.

¥ | Constraint Managel

Name Type

Constraint-BRACE_A Rigid body
Constraint-BRACE_B Rigid body
Constraint-BRACE_C Rigid body
Constraint-CHORD_LOC_A Rigid body
Constraint-CHORD_LOC_B Rigid body
Constraint-CHORD_LOC_C Rigid body

g
4
4
s
v
4

I Create... I I Edit... I I Copy... I IRename...] I Delete... I I Dismiss I

Figure 4-5: Summary of constraints for tubular joint 9 and 13
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Mame: Constraint-BRACE_AB,C & CHORD_LOC_ A4 B,C

|Type: Rigid Body I

Region type Region
Body (elements) (Mone)
Pin (nodes) (Mone)
| Tie (nodes) (Picked)|
Analytical Surface (Mone)

Reference Point

Point: (Picked)

[T] Adjust point to center of mass at start of analysis.

& Constrain selected regions to be isothermal
(coupled thermal-stress analysis only)

Figure 4-6: Window for constraint setup

Tubular Joint 9 Tubular Joint 13
Tie constraint at
brace end

9 3Dvda

BRACE A

SCFs on brace side

Figure 4-7: lllustration of tie constraint at brace ends

: ’ Tubular Joint 9 Tubular Joint 13
Tie constraint at

brace member

SCFs on chord side

Figure 4-8: lllustration of tie constraint at brace members
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4.6 Module Load - Load and boundary condition

Load module enables designer to define various types of load and boundary condition for an
assembled model. In this analysis process of tubular joints, nine loads and four boundary conditions
have been created in only one step as described in Section 4.4. This was obtained to have more
control during combination analyse of loads and boundary condition and minimize the run time of
the analysis process. Section 4.6.1 covers a summary of loads applied for determination stress
concentration factors and application to some extent, while Section 4.6.2 covers a summary of
boundary condition considered throughout the analysis of particular load cases defined in Section
4.6.1.

4.6.1 Load

Figure 4-9 shows a summary of load utilized for determination of stress concentration factors on
chord and brace side. For objective purpose in this thesis, no load combination of axial, moment in-
plane and moment out-of-plane has been considered. Load cases investigated in this thesis are in
reference with design code, DNV-RP-C203 [4]. The investigated cases are; balanced axial load, In-
plane bending and unbalanced out-of-plane bending. Since stress concentration factor is a
multiplication factor in estimation of hot-spot stress. There have been performed an investigation of
pressure equal to 1 MPa. This was decided to get a direct capture of stress concentration factor.
During definition of pressure on shell body, the results were found to be inaccurate. To get more
accurate results of stress concentration factor at chord and brace side, the pressure was converted
into axial force and moment force depend on the particular section property of the assembled part
of tubular joint. For closer detail of conversion calculation of pressure into axial force and moment
force, see Appendix D.

' | Load Manager e

Name LOAD

Load-AXIAL-BRACE-A Created
Load-AXIAL-BRACE-B Created
Load-AXIAL-BRACE-C Created
Load-MOMENT-IP-BRACE-A Created
Load-MOMENT-IP-BRACE-B Created
Load-MOMENT-IP-BRACE-C Created
Load-MOMEMNT-OP-BRACE-A Created
Load-MOMENT-OP-BRACE-B Created
Load-MOMENT-0P-BRACE-C Created

v
v
v
v
v
v
v
4
v

Step procedure: Static, General
Load type: Concentrated force & Moment
Load status: Created in this step

I Create... I I Copy... I lRename...] I Delete... I I Dismiss I

Figure 4-9: Summary of load cases in determination of SCFs on chord and brace side
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4.6.1.1 Axial load

MName: Load-AXIAL-BRACE-A,B,C
Type:  Concentrated force
Step:  LOAD (Static, General)

Region: (Picked) |Edit ch'pn...]

CSYS: (Global) [Edite

Distribution: Uniform :| |Create...

ICF1:
ICF2:
ICF3:

Amplitude: | (Ramp) E| | Create...
[”] Follow nodal rotation
Note: Force will be applied per node,

[ ok | ( Concel |

Figure 4-10: Window for load setup: Axial

Table 43 - Summary of relevant pressure conversion (1 MPa) into axial load

Concentrated Force X-direction Y-direction Z-direction
(CF) (CF1) (CF2) (CF3)
BRACE A - +42811 +41342
BRACE B - +52160 -
BRACE C - +42811 +41342

4.6.1.2 Moment in-plane

Name: Load-MOMENT-IP-BRACE-A,B,C
Type:  Moment
Step:  LOAD (Static, General)

Region: (Picked) [Edit Region...
CSvS: (Global) 1. Create...

1 (-
Distribution: | Uniform |—: :Cr:atz...]

CM1:
CM2:
(CM3:

Amplitude: | (Ramp) F Lc,mid
["] Follow nodal rotation

Note: Moment will be applied per node.

Figure 4-11: Window for load setup: Moment in-plane

Table 44 - Summary of relevant pressure conversion (1 MPa) into moment in-plane

Moment in-plane X-direction Y-direction Z-direction
(CMm) (CM1) (CMm2) (CMm3)
BRACE A +1.76195E+07 - -
BRACE B +1.54685E+07 - -
BRACE C +1.76195E+07 - -




4.6.1.3 Moment out-of-plane

Figure 4-12: Window for load setup: Moment out-of-plane

Load-MOMENT-OP-BRACE-A,B,C

Moment
LOAD (Static, General)

(Picked) [Edit Region...

CSYS: (Global) L Create..)

Distribution:  Uniferm H D

Amplitude: | (Ramp)
[7] Fellow nodal rotation

Note: Moment will be applied per node.

BRACE B

Table 45 - Summary of pressure conversion (1 MPa) into moment out-of-plane

Moment out-of-plane X-direction Y-direction Z-direction
(CMm) (CM1) (CMm2) (CMm3)
BRACE A - - +1.76195E+07
BRACE B - - +1.54685E+07
BRACE C - - +1.76195E+07
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4.6.2 Boundary Condition

Boundary conditions (BC) in this analysis process of tubular joints are applied on brace and chord
end. BC at brace end is defined with “Tie” constraint described in Section 4.5, while BC at chord end
may vary from fixed to pinned. Boundary condition fixed presents zero translational and rotational
motion in all directions, while pinned presents zero translation motion in axial direction of the chord.
For determination of stress concentration factors, a combination of both boundary conditions on
chord end is investigated to check the influence of BC in stress concentration factor at brace and
chord side (i.e. fixity study). Combinations of boundary condition investigated at chord end are:
fixed-fixed, fixed-pinned, pinned-fixed and pinned-pinned. The last boundary condition was hard to
utilize due to increment error in finite element method (FEM) analysis. The solution of this was to
increase or decrease number of increment without success, and resulted with change in BC from
pinned to fixed supports for load condition balanced axial and moment out-of-plane. According to
Gibstein and Moe [16], the FEM-analysis or experiments may cause difficulties to simulate actual
behaviour of the joint in an offshore structure with the true boundary conditions. The real life BC for
the chord in arbitrary joint is neither fixed nor free to move. In FEM-analysis in this case it has been
therefore attempted to use pinned supports at chord end if possible. This is somewhat more
conservative than using fixed supports. Figure 4-13 and Figure 4-14 highlights windows of fixed and
pinned boundary condition of chord end respectively.

» | Edit Boundary Condition
Name: |BC-CHORD-LEFT-PINNED/RIGHT-PINNED!

Type:  Displacement/Rotation

Step: LOAD (Static, General)

Region: (Picked) Ed.gﬂegu;...‘

CsVS: (Global) [Edit.] [L, Create..]
Distribution: | Uniform v [Create.
ui:
u2:

URL: radians
UR2: radians
UR3: radians

Amplitude: | (Ramp) v (reale...‘

Note: The displacement value will be
maintained in subsequent steps.

oK | Cancel |

Figure 4-13: lllustration of pinned BC at chord ends
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Name: I8C~CHORD-LEFT~FD(ED/RIGHT-FIXED I 2§

Type:  Symmetry/Antisymmetry/Encastre
| Step:  LOAD (Static, General) - -
Region: (Picked)
XSYMM (U1 = UR2 = UR3 = 0)
YSYMM (U2 = URL = UR3 = 0)
ZSYMM (U3 = UR1 = UR2 = 0)
XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only) '
PINNED (U1 = U2=U3=0) R

@ ENCASTRE (U1=U2=U3=UR1=UR2=UR3=0) l

Cancel v

Figure 4-14: lllustration of fixed BC at chord ends

—

4.7 Module Mesh - Procedure of mesh generation

Mesh module enables designer to generate meshes on whole model or parts of the model assembled
in the assembly module. The process of mesh may vary depend on the model one wish to generate
mesh on. The module has various tools and specification designer can utilize and control to obtain an
adequate mesh that meets the needs of the analysis. Mesh tool utilized during the analysis of tubular
joints in this thesis are: Element type, global seeds, mesh controls and mesh verification. Each
utilized tool are described and discussed in Section 4.7.1-4.7.3.

4.7.1 Mesh Density

Mesh density is one of major tool in Abaqus/CAE, which enables to adjust the level of mesh
generation in the model. The range of mesh density varies from coarse to very fine density, and is
adjustable by use of tool called “Seed Part Instance/Edges”. Figure 4-15a highlights the field where
input value of mesh density may varies from coarse mesh to very fine mesh. In this thesis the value
of mesh density of mesh elements is measured in millimetre. In addition, the assembled model of
tubular joint has been partitioned into several faces to apply local mesh density near the intersection
region between chord and brace, see Figure 4-15b. Hence, to obtain fine mesh density in area where
stress concentration factors are highly occurred.

Sizing Controls

Approximate global size:

[¥] Curvature control

Maximum deviation factor (0.0 < h/L <1.0): |01
(Approximate number of elements per circle: 8)

Minimum size factor (as a fraction of global size):

@ Use default (01) © Specify (0.0 < min < 1.0) |01

[ Apply ] [Defaults] [ Cancel ]

(a) (b)

Figure 4-15: (a) Window for mesh density setup (b) lllustration of global and local mesh density
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Table 46 - Summary of utilized global and local mesh density

Mesh density

Global seed (black)

Local seed (purple)

[mm] [mm]

Coarse N.A. N.A.
Medium 60 60
Fine 60 30
Very Fine 60 15
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4.7.2 Mesh Elements

Mesh elements in Abaqus/CAE have predefined elements in two- and three-dimensional shapes.

Each predefined elements in these two groups become available depend on the base feature of the

created part in the part module [5]. In this thesis, tubular joint as described in Section 4.2 has base

feature of shell, and only two-dimensional elements shape become available. For determination of

stress concentration factors, mesh elements in Quad and Tri tabs are defined to be S8R and STRI65

illustrated in Figure 4-16 and Figure 4-17 respectively. The background of choosing 8-noded shell

elements was taken according to guidance of FE-modelling in DNV-RP-C203 [4], and thick 8-noded

shell element (i.e. S8R) was taken into account due to inclusiveness of shear behaviour that

represent more flexible mesh element than 8-noded thin shell element (i.e. S8R5), which results to

precise capture of stresses under load condition where bending is involved.

Element Library
@ Standard ) Explicit

Geormetric Order

) Linear @ Quadratic

Family

Heat Transfer
Membrane |
Surface |E|

Element Controls

DOF per node:

Viscosity:
Element deletion:

Max Degradation:

Drilling hourglass scaling factor: @ Use default (7) Specify

©5 @6

@ Use default () Specify
@ Use default () Yes ) No
@ Use default () Specify

S8R: An &-node doubly curved thick shell, reduced integration.

Figure 4-16: Window for mesh element setup: Quad; 8-noded shell element

Element Library

@ Standard (7 Explicit

Geometric Order

) Linear @ Quadratic

Note: To select an element shape for meshing,
select "Mesh-= Controls” from the main menu bar.

Family

Heat Transfer
Membrane |
Surface ‘El

Element Controls

Viscosity:
Element deletion:

Max Degradation:

Drilling hourglass scaling factor: @ Use default (7 Specify

@ Use default () Specify
@ Use default () Yes ) No
@ Use default () Specify x

STRIGS: A6-node triangular thin shell, using five degrees of freedom per nodE.I

Note: To select an element shape for meshing,
select "Mesh->Controls” from the main menu bar.

Figure 4-17: Window for mesh element setup: Tri; 6-noded triangular shell element
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4.7.3 Mesh Control

Mesh control is another mesh tool in Abaqus CAE, which provides variety of mesh controls, such as:
Element shape (4.7.3.1), meshing technique (4.7.3.2) and meshing algorithm (4.7.3.3). In Figure 4-
18a, each mesh controls contain different option, which need to be taken into consideration during
mesh generation of the model. In Abaqus CAE there are two meshing methodologies available: top-
down and bottom-up. Top-down meshing generates a mesh by working down from the geometry of a
part or region to the individual mesh nodes and elements [5]. This mesh generation is default and
automated process in Abaqus/CAE, and may provide difficulties to produce a high quality mesh on
regions with complex shapes. Bottom-up meshing generates a mesh by working up from two-
dimensional entities (geometric face, element faces or two-dimensional elements) to create a three-
dimensional mesh [5]. This mesh generation is only available for solid three-dimensional geometry
and is generated by manual process, which may produce a high quality mesh on region with complex
shapes. In this thesis a top-down mesh generation is conducted for analysis of tubular joint 9 and 13.

Element Shape
@ Quad Quad-dominated Tn

Technique Algorithm

® Medial axs

9 Free D ¥| Minimize the mesh transition T'P_J

[] Advancing front

O

[ Defaults | Cancel J
(a) (b)

Figure 4-18: (a) Window for mesh control setup (b) Colour indication of mesh technique

4.7.3.1 Element Shape

Element shape illustrated in Figure 4-18a comprises of three options of element shape. First option
and second option generates mesh of element type S8R as described in Section 4.7.2. Third option
generates mesh of element type STRI65 as described in Section 4.7.2. The last element shape is also
included during mesh generation of algorithm called “Advancing front”.

4.7.3.2 Meshing Technique

Meshing technique illustrated in Figure 4-18a have three major options of mesh techniques, which
Abaqus utilize through mesh generation of the model. They are: Free meshing, structured meshing
and sweep meshing. Free meshing is the most flexible top-down mesh technique, which do not use
pre-established mesh patterns and is applicable to almost any model shape. But, since the mesh
technique doesn’t predict the mesh pattern, it provides the least control over the mesh. Structured
meshing is the second top-down mesh technique that provide compared to free meshing technique
more control over the mesh, because it applies pre-established mesh patterns to particular model
topologies. Sweep meshing is the third top-down mesh technique, which generate mesh in a sweep
path that begins either on an edge result to two-dimensional mesh or face result to three-
dimensional mesh. Like structured meshing, sweep meshing is limited to models with particular
topologies and geometries.
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The decision behind which mesh technique is adequate for the created model is auto generated by
Abaqus/CAE, and indicates by colour coding illustrated in Figure 4-18b. In this thesis the model of
tubular joint 9 and 13 have a colour coding of pink and indicates to utilize free mesh technique
during the mesh generation of the model.

4.7.3.3 Meshing Algorithm

Meshing algorithm illustrated in Figure 4-18a have presented two options of mesh algorithms. These
two algorithms are meshing schemes, which Abaqus/CAE utilizes during mesh generation of the
model. The first meshing algorithm is called “Medial Axis” and the second is called “Advancing front”.
By selecting the first algorithm, the mesh generation begin with decomposing the region to be
meshed into a group of simpler regions, and then uses structure meshing technique to fill each simple
region with elements [5]. This algorithm generates mesh much faster and quality of mesh may
remain poor compared with advancing front algorithm. To improve the mesh quality Abaqus/CAE
provides an additional option called “Minimize the mesh transition”, which improve the mesh quality
to some extent by reducing mesh distortion, but isn’t effective enough on the whole model. By
selecting the second algorithm, the mesh generation begin with generating quadrilateral elements at
the boundary of the region and continues to generate quadrilateral elements as it moves
systematically to the interior of the region [5]. This algorithm generates mesh much slower than the
medial axis algorithm, but will always follow the mesh density more closely and give good mesh
quality most of the time, especially if additional option of mapped meshing is preselected. In this
thesis an experiment between these two algorithms was conducted to achieve the optimal mesh for
the model of tubular joint 9 and 13.
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4.7.4 Mesh Verification

Mesh verification in Abaqus/CAE enable one to check the quality of mesh conducted in mesh
module. The tool Abaqus/CAE utilize for mesh verification is called “Verify Mesh”. This mesh
verification tool provides designer two ways to perform mesh verification of assembled model in
assembly module. The first one considers objective mesh verification by checking defined mesh
elements with default quality checks in analysis products: Abaqus Standard or Abaqus Explicit in
Abaqus/CAE. While second consider mesh verification by detail checks of defined mesh elements
with individual default or user specified quality checks in similar analysis products. The outcome of
these two mesh verification are normally indicated by colour code and message illustrated in Figure
4-19. The colour codes are either displayed in yellow for warnings or purple for errors. Mesh
elements colour coded yellow display mesh elements inappropriately distorted, while colour coded
purple display mesh elements severe distorted. In this thesis, the first mentioned mesh verification is
utilized to check the quality of mesh elements in tubular joint 9 and 13. The refinement results of
mesh is illustrated in Figure 4-21 and Figure 4-22 in Section 4.7.4.1 and Section 4.7.4.2 respectively
with close-up at position saddle and crown on brace and chord side.

Shape | size | Analysis |
Metrics | Metrics | Checks

Color Key

[¥] Errors -

[¥] Warnings

| Create set  PoorElements-1 | cont elements -

 Highlight | | Reselect |

(a) (b)

Figure 4-19: (a) Window for verify mesh setup (b) lllustration of colour warnings
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4.7.4.1 Tubular Joint 9

A

Crown Toe

Crown Heel

BRACE A BRACE B - BRACEC

(a) Close-up of region: (b) Close-up of region: (c) Close-up of region:
Saddle Saddle Saddle

(d) Close up of region: (e) Close-up of region: (f) Close-up of region:
own Heel Crown 1 Crown Heel

(h) Close-up of region: (i) Close up of region:

. Iose up of region:
(€) P & Crown 2 Crown Toe

Crown Toe
Figure 4-20: Result of mesh refinement of tubular joint 9

52



4.7.4.2 Tubular Joint 13

A

Saddle

BRACE A BRACE B _ - BRACE C

Ie-up of regi: . (c) Close-up of region:
Saddle

( Io-u of rion:
Saddle

(d) Close up of region: | () CIose—up of region: (f) Close-up of region:
Crown 1 Crown Heel

(g) Close p of region: (h) Close-up of region: (i) Close up of region:
Crown Toe Crown 2 Crown Toe
Figure 4-21: Result of mesh refinement of tubular joint 13
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4.8 Verification of the FE model and analysis procedure

The finite element (FE) model and analysis procedure in Section 4.2-4.7 have been considered in this
thesis on the basis of the FE model and analysis procedure of uniplanar T and K-joint. The accuracy of
SCF results in FEA for tubular joint 9 and 13 (i.e. KT-joint) is preferred to be verified against
experimental test results. In this study, there are no such results available for studied KT-joints in the
literature. Therefore, the validation of the FE model and analysis procedure was verified for an
arbitrary T and K-joint found in HSE OTH 354 report [3]. The selected joints of T and K were modelled
in Abaqus/CAE and obtained results of SCF were validated against the Efthymiou equation [4] and
tests results published in HSE OTH 354 report [3]. The verification of these models may still contain
some deviation from experimental test results. Because verified FE model of T and K joints are
modelled without weld profile, which is a comprehensive study itself. Table 47 and 48 summarize
verification results for three basic loadings: Axial, in-plane bending (IPB) and out-of-plane bending
(OPB) with SCF values at saddle and crown positions on the brace- and chord side. In this Table 47
and 48, x; denotes the percentage of Efthymiou equations and test results, and x, denotes the
percentage of relative difference between the test results of the FE model and experimental data.
Hence, |X;| — |X,| indicates the differences between the accuracy of Efthymiou equations and FE
model, where the positive sign indicates that FE model presented in this study is more accurate for
predicting the SCF values in comparison with Efthymiou equation. Based on the comparison of the FE
results with experimental data and the values predicted by Efthymiou equation, it can be concluded
that the FE model and analysis procedure considered in this study for tubular joint 9 and 13 is to
some extent adequate to produce valid results without including weld profile.

Table 47: Verification of the FEA results against the experimental data and prediction of Efthymiou
equations: T-joint

Joint Type: T?

Joint Geometry: D (mm)=508, Tt = 0,99, 3 = 0,80,y = 20,3, a = 6,2, 6 = 90°

Load Type Position Test[3] | Eft.Eqs? | FEA® | x¢(%) | x%(%) Ix{| — |x4] (%)
Chord saddle 11,400 12,122 12,611 -6,3 -10,6 -4,3
AXIAL Chord crown 5,400 3,844 5,367 29,8 0,6 28,2
Brace saddle 8,200 9,624 9,199 -17,4 -12,2 5,2
Brace crown - 3,664 2,435 - - -
Chord saddle - - - - - -
PB Chord crown 4,600 4,538 4,522 1,3 1,7 -0,4
Brace saddle - - - - - -
Brace crown 2,400 3,158 2,627 -31,6 -9,4 22,1
Chord saddle - 14,145 14,051 - - -
OPB Chord crown - - - - - -
Brace saddle 7,300 7,915 9,996 -8,4 -36,9 -28,5
Brace crown - - - - - -

@ Project reference: JISSP
b SCF calculation: Efthymiou equation (DNV-RP-C203), reference is made to Appendix F
¢ SCF calculation: FEA, reference is made to Appendix F

4 x, = [(Test — DNV)/Test]%; x, = [(Test — FEA)/Test%]
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Table 48: Verification of the FEA results against the experimental data and predictions of
Efthymiou equation: K-joint

Joint Type: K%

Joint Geometry: D (mm)=508, T = 1,00, = 0,50,y = 20,3, a = 12,6, 6 = 45°, { = 0,15

Load Type Position Test[3] | Eft.Eqs.” | FEA® | x{(%) | x§(%) | [|x4| - |x§| (%)
Chord saddle 6,800 6,279 6,154 7,7 9,5 -1,8
BALANCED Chord crown 4,600 - 5,695 - -23,8 -
AXIAL Brace saddle 4,700 4,201 3,353 10,6 28,7 -18,0
Brace crown 5,800 - 4,100 - 29,3 -
Chord saddle - - - - - -
BALANCED Chord crown - - - - - -
IPB Brace saddle - - - - - -
Brace crown - - - - - -
Chord saddle 7,300 10,740 10,958 -47,1 -50,1 -3,0
UNBALANCED | Chord crown - - - - - -
OPB Brace saddle 3,600 7,022 7,516 -95,1 -108,8 -13,7

Brace crown

@ Project reference: JISSP
b SCF calculation: Efthymiou equations (DNV-RP-C203), reference is made to Appendix F
¢ SCF calculation: FEA, reference is made to Appendix F

@ x, = [(Test — DNV)/Test]%; x, = [(Test — FEA) /Test%]
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4.9 Area of Interests

To compare with DNVs approach on stress concentration factors, the stress concentration factors in
Abaqus/CAE are investigated at particular indicated red points illustrated in Figure 4-22 and Figure 4-
23 of tubular joint 9 and 13 respectively. These points are normally in reference with DNV-RP-
C203[4], and known as crown and saddle points. Points in-between crown and saddle points have
also been investigated too some extent, but the major results shows that indicated points cover
much higher stress concentration factors than points in-between. These results are described in
Section 4.10, while Section 4.11 and Section 4.12 are evaluated in reference with DNV-RP-C203[4].
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Figure 4-23: Area of interests in tubular joint 13
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4.10 Stress Concentration Factor (SCF)

Stress concentration factors in tubular joint 9 and 13 are evaluated based on described procedure in
Section 4.2-4.7. The basis of procedure is in reference with guidance on finite element (FE) modelling
given in DNV-RP-C203 [4]. This guidance is mainly covered for derivation of hot spot stress, which
represents an increased value of nominal stress by a factor of stress concentration on the brace- and
chord side of arbitrary tubular joint. In that case, a modified guidance on FE-modelling is developed
to determine stress concentration factors (SCFs) in tubular joint 9 and 13. Table 49 shows a modified
guidance in reference with DNV-RP-C203 [4], while results of stress concentration factors in tubular
joint 9 and 13 are presented in Section 4.10.1 and Section 4.10.2 respectively.

Table 49 - Modified guidance on FE modelling with respect to derivation of SCFs

Calculation of SCF by finite element analysis (FEA)

Linear material behaviour Elastic

Model body Shell

Element type 8-noded thick shell element

Weld Excluded

Mesh refinement/quality Fine mesh at region of large SCFs

Hot-spot SCFs Maximum absolute von Mises stress at brace-to-
chord intersection of tubular joint
(Nodal read at 0,5t away from intersection line)

4.10.1 Tubular Joint 9

Tubular joint 9 is assembled as described in Section 4.3 and doesn’t consider any weld around the
circumference at the intersection between the braces and the chord. This is mainly required in
determination of notch stress which is dependent on weld geometry as described in Section 2.3.3. In
fatigue analysis, the hot spot stress is only taken into consideration under fatigue life estimation. In
that case, maximum stress concentration factor at brace and chord side are highly demanded to be
evaluated for hot spot stress calculation. Table 50 and 51 shows the result of stress concentration
factor in chord and brace side at location A, B and C obtained by pressure load of 1 MPa. For closer
detail of SCFs calculation with stress contours for each load case and close up view at position saddle
and crown on the brace and chord side at location A, B and C of SCFs presented in Table 50 and 51,
reference is made to Appendix D enclosed with this thesis.

Table 50 - SCFs in chord member at location A, B and C of tubular joint 9

CHORD Maximum value of SCFs
Location: SCFas/ac SCFvip SCFymop
A 2,065 0,885 5,281
B 4,749 1,335 9,034
C 3,363 1,379 7,354
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Table 51 - SCFs in brace member at location A, B and C of tubular joint 9

BRACE Maximum value of SCFs
Location: SCFas/ac SCFymp SCFumop
A 2,255 1,693 3,464
B 2,670 2,253 5,608
C 2,372 1,952 4,190
4.10.2 Tubular Joint 13

Tubular joint 13 is assembled in similar way as tubular joint 9, and the maximum stress concentration
factor is also similar registered. The only effect that cause differences in stress concentration factors
in these two joints, are the angle between chord and brace A, and the chord length. The angle of
brace A in tubular joint 13 is 18 degree larger, while the chord length is 1 metre short compared to
tubular joint 9. Table 52 and 53 shows the result of stress concentration factors in chord and brace
side at location A, B and C obtained by pressure load of 1 MPa. For closer detail of SCFs calculation
with stress contours for each load case and close up view at position saddle and crown on brace and
chord side at location A, B and C of SCFs presented in Table 52-53, reference is made to Appendix D
enclosed with this thesis.

Table 52 - SCFs in chord member at location A, B and C of tubular joint 13

CHORD Maximum value of SCFs
Location: SCFas/ac SCFypip SCFumop
A 3,376 1,362 7,446
B 4,760 1,334 9,397
C 3,411 1,375 7,437

Table 53 - SCFs in brace member at location A, B and C of tubular joint 13

BRACE Maximum value of SCFs
Location: SCFas/ac SCFuip SCFymop
A 2,183 1,913 4,240
B 2,637 2,251 5,604
Cc 2,183 1,913 4,213
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4.11 Hot Spot Stress Range (HSSR)

Hot spot stress range in tubular joint 9 and 13 are evaluated in reference with DNV-RP-C203 [4]. This
was accomplished to simplify and obtain reasonable comparison between SCFs in DNV-RP-C203 [4]
and Abaqus/CAE. The application of approach is described in Section 3.3, and results of HSSR
evaluation of tubular joint 9 and 13 for three different wave cases are presented in Table 54 and
Table 55 respectively. For closer detail of HSSR calculation of tubular joint 9 and 13, reference is
made to Appendix E enclosed with this thesis.

Table 54 - Maximum HSSR in brace member at location A, B and C of tubular joint 9

Tubular Joint 9 Maximum value of HSSR
Stress block, i

Chord Location: ! 2 3
A 6,766 8,962 11,386
B 11,891 15,725 19,989
C 9,549 12,638 16,060

Brace Location:
A 2,057 2,673 3,444
B 1,337 1,760 2,256
C 1,748 2,300 2,947

Table 55 - Maximum HSSR in chord member at location A, B and C of tubular joint 9

Tubular Joint 13 Maximum value of HSSR
Stress block, i

Chord Location: ! 2 3
A 9,661 12,786 16,249
B 12,322 13,222 20,717
C 9,659 12,784 16,246

Brace Location:
A 1,622 2,135 2,735
B 0,785 1,037 1,324
C 2,398 3,168 4,046
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4.12 Fatigue Life Estimation

Fatigue life estimation in tubular joint 9 and 13 are evaluated in reference with DNV-RP-C203 [4].
This was accomplished to simplify and obtain reasonable comparison between SCFs in DNV-RP-C203
[4] and Abaqus/CAE. The application of approach is described in Section 3.4, and the results of
fatigue life of tubular joint 9 and 13 for chord- and brace members are presented in Table 56 and 57
respectively. For closer detail of fatigue life calculation of tubular joint 9 and 13, reference is made to
Appendix E enclosed with this thesis.

Table 56 - Fatigue life in chord- and brace member of tubular joint 9

Tubular Joint 9 Fatigue life [years]
Member DFF=1 DFF=3
CHORD 80 27
BRACE A o0 0
BRACE B o0 0
BRACE C o 00

Table 57 - Fatigue life in chord- and brace member of tubular joint 13

Tubular Joint 13 Fatigue life [years]
Member DFF=1 DFF =3
CHORD 77 26
BRACE A o 00
BRACE B 0 o0
BRACE C 0 oo
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5 Comparison

5.1 Introduction

This chapter covers a comparison between fatigue life estimation of tubular joints according to the
SCFs in DNV-RP-C203 and Abaqus/CAE. For this purpose, a comprehensive investigation towards
stress concentration factors in Abaqus/CAE is accomplished and differences is highlighted, with
additional comparison of hot spot stress ranges in Section 5.3 and fatigue life of tubular joints in
Section 5.4 by obtained results of SCFs in DNV-RP-C203 and Abaqus/CAE. The discussions of
deviation obtained in Section 5.2-5.4 are taken care in Chapter 6.

5.2 Comparison of Stress Concentration Factor

Comparison of stress concentration factors for investigated tubular joint 9 and 13 are summarized in
two tables each. First table presents a summary between maximum value of stress concentration
factors obtained by parametric equations and finite element analysis, while second table presents
deviation in-between them. The deviation is calculated in percentage, where positive magnitude
denotes increase in SCF and negative magnitude denotes decrease in SCF compared to SCFs obtained
in DNV-RP-C203 [4]. For reasonable comparison between both approaches as mentioned earlier, the
finite element analysis (FEA) of both tubular joints considers load configuration in reference with
DNV-RP-C203 [4] with defined load assignment and boundary condition described in Section 4.6.1
and Section 4.6.2 respectively. Section 5.2.1 and Section 5.2.2 describes the comparison of stress
concentration factors in detail for tubular joints 9 and 13 respectively.

5.2.1 Tubular Joint 9

Stress concentration factors in tubular joint 9 are obtained in two distinctive methods. The first
method considers derived parametric equation by Efthymiou of KT-joint with defined load
configuration of axial, moment in-plane and moment out-of-plane in reference with DNV-RP-C203
[4]. The second method considers stress analysis in Abaqus/CAE by finite element method of KT-joint
with equivalent load configuration as first method. In additional to similar load configuration, both
methods utilize equivalent non-dimensional geometric parameter of tubular joint 9. The end results
of these two distinctive methods have concluded different stress concentration factors in brace and
chord side at location A, B and C.

In Table 59 shows that majority of stress concentration factors obtained in finite element analysis
present an increase in brace and chord side at location A, B and C for load assignment axial, moment
in-plane and moment out-of-plane. SCF on chord side at location A, B and C for mentioned load
assignments, the increased percentage varies from 5% to 156%, where 5% represent lowest increase
in SCF at load assignment; moment in-plane, and 156% represent highest increase in SCF at load
assignment; moment out-of-plane. SCF on brace side at location A, B and C for mentioned load
assignments, the increased percentage varies from 3% to 68%, where 3% represent lowest increase
in SCF at load assignment; axial, and 68% represent highest increase in SCF at load assignment;
moment out-of-plane. In the other hand, the minority of stress concentration factors obtained in
finite element analysis presents reduction in chord and brace side at location A, B and C. This was
especially observed for load assignment; moment in-plane. SCF on chord side at location A, B and C
for mentioned load assignment, the decreased percentage vary from 9% to 10%, where 9% represent
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lowest reduction, while 10% represent highest reduction. SCF on brace side at location A, B and C for

mentioned load assignment the decreased percentage varies from 12% to 28%, where 12% represent

lowest reduction, while 28% represent highest reduction. The results of large differences between

both methods of SCF is dependent the FE model and analyse procedure utilized in finite element

analysis, Chapter 6.

Table 58 - Comparison of maximum value of SCFs between DNV and FEA in tubular joint 9

Maximum value of SCFs

COMPARISON SCFas/ac SCRyp SCFyop

Chord Location: DNV FEA DNV FEA DNV FEA
A 1,750 2,065 0,975 0,885 3,189 5,281
B 3,304 4,749 1,478 1,335 4,508 9,034
C 2,681 3,363 1,315 1,379 2,874 7,354

Brace Location:
A 1,487 2,255 2,341 1,693 2,765 3,464
B 2,589 2,670 2,073 2,253 4,201 5,608
C 2,005 2,372 2,219 1,952 2,492 4,190

Table 59 - Deviation of maximum value of SCFs between DNV and FEA in tubular joint 9

DEVIATION Maximum value of SCFs
Chord Location: SCFas/ac SCFwmip SCFumop
A 18 % 9% 66 %
B 44 % -10% 100 %
C 25% 5% 156 %
Brace Location:
A 52 % -28% 25%
B 3% 9% 33%
C 18 % -12% 68 %
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5.2.2 Tubular Joint 13

Stress concentration factor in tubular joint 13 is obtained in similar way as for tubular joint 9 with
two distinctive methods, see Section 5.2.1.The end results of these two distinctive methods have
concluded different stress concentration factors on brace and chord side at location A, B and C.

In Table 61 shows that majority of stress concentration factors obtained in finite element analysis
present an increase on brace and chord side at location A, B and C for load assignment axial, moment
in-plane and moment out-of-plane. SCF on chord side at location A, B and C for mentioned load
assignments, the increased percentage varies from 4% to 90%, where 4% represent lowest increase
in SCF at load assignment; moment in-plane, and 90% represent highest increase in SCF at load
assignment; moment out-of-plane. SCF on brace side at location A, B and C for mentioned load
assignments, the increased percentage varies from 9% to 22%, where 9% represent lowest increase
in SCF at load assignment; moment in-plane, and 22% represent highest increase in SCF at load
assignment; moment out-of-plane.

In the other hand, the minority of stress concentration factors obtained in finite element analysis
presents also reduction on chord and brace side at location A, B and C. This was especially observed
for load assignment; moment in-plane. SCF on chord side at location A, B and C for mentioned load
assighment, the decreased percentage are only observed at location B with a reduction of 10%. SCF
on brace side at location A, B and C for mentioned load assignment, the decreased percentage are
only observed at location A and C with a reduction of 14% each. The results of large differences
between both methods of SCF are dependent on the FE model and analyse procedure utilized in
finite element analysis, see Chapter 6.
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Table 60 - Comparison of maximum value of SCFs between DNV and FEA in tubular joint 13

Maximum value of SCFs

COMPARISON
SCFas/ac SCFwip SCFuvop
Chord Location: DNV FEA DNV FEA DNV FEA
A 2,359 3,376 1,315 1,362 4,000 7,446
B 2,907 4,760 1,478 1,334 4,934 9,397
C 2,359 3,411 1,315 1,375 4,000 7,437
Brace Location:
A 1,884 2,183 2,219 1,913 3,468 4,240
B 2,398 2,637 2,073 2,251 4,598 5,604
C 1,884 2,183 2,219 1,913 3,468 4,213

Table 61 - Deviation of maximum value of SCFs between DNV and FEA in tubular joint 13

DEVIATION Maximum value of SCFs
Chord Location: SCFas/ac SCFwmip SCFumop
A 43 % 4% 86 %
B 64 % -10 % 90 %
C 45 % 5% 86 %
Brace Location:
A 16 % -14 % 22%
B 10 % 9% 22%
C 16 % -14 % 21%
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5.3 Comparison of Hot Spot Stress Range

Comparison of hot spot stress range for investigated tubular joint 9 and 13 are summarized in two
tables each. First table presents a summary between maximum values of hot stress ranges obtained
by superposition stress equation for tubular joints with SCF from parametric equation and finite
element analysis respectively, while second table presents deviation in-between them. The deviation
is calculated in percentage, where positive magnitudes denote increase in HSSR. Section 5.3.1 and
Section 5.3.2 describes comparison of hot spot stress range in detail for tubular joints 9 and 13
respectively.

5.3.1 Tubular Joint 9

Hot spot stress range in tubular joint 9 is evaluated at 8 spots around the circumference of the
intersection between the braces and the chord. For the evaluation of these spots for each wave
cases in Section 1.5, the superposition stress equations of tubular joint given in DNV-RP-C203 [4] is
utilized, see Section 3.3. In Table 63, the majority of maximum hot spot stress range is obtained at
saddle point of brace-to-chord intersection for particular SCF obtained by parametric equation and
finite element analysis (FEA). HSSR on brace and chord member shows an equivalent increase for
each wave cases at location A, B and C. HSSR on brace member has 49% increase at location A, 33-
34% increase at location B and 21% increase at location C. HSSR on chord member has 60-61%
increase at location A, 93% increase at location B and 134-135% increase at location C. Compared to
SCF achieved by parametric equation in combination with maximum nominal stress for each wave
cases at location A, B and C, the highest percentage increase is observed at location A for brace
member and location C for chord member. However, the largest value of HSSR is observed for wave
case no.3 at location A for brace member and location B for chord member. The remarkable
deviation is highly caused by increased value of stress concentration factors from FE study, see
Section 5.2.

Table 62 - Comparison of maximum value of HSSR between DNV and FEA in tubular joint 9

COMPARISON Maximum value of HSSR
Stress block, i 1 2 3
Chord Location: DNV FEA DNV FEA DNV FEA
A 4,217 6,766 5,575 8,962 7,087 11,386
B 6,177 11,891 8,150 15,725 10,368 19,989
C 4,088 9,549 5,383 12,638 6,852 16,060
Brace Location:
A 1,383 2,057 1,796 2,673 2,314 3,444
B 1,002 1,337 1,318 1,760 1,690 2,256
C 1,441 1,748 1,897 2,300 2,430 2,947
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Table 63 - Deviation of maximum value of HSSR between DNV and FEA in tubular joint 9

DEVIATION Maximum value of HSSR
Stress block, i 1 ) 3
Chord Location:
A 60 % 61% 61%
B 93 % 93 % 93 %
C 134 % 135 % 134 %
Brace Location:
A 49 % 49 % 49 %
B 33% 34 % 33%
C 21% 21% 21%

5.3.2 Tubular Joint 13

Hot spot stress range in tubular joint 13 is evaluated in similar way as for tubular joint 9. The
evaluation is accomplished at 8 spots around the circumference of the intersection between the
braces and the chord, and the superposition stress equations of tubular joint given in DNV-RP-C203
[4] is utilized for each wave cases, see Section 3.3. In Table 64, the majority of maximum hot spot
stress range is obtained at saddle point like tubular joint 9 at brace-to-chord intersection for SCF
obtained by parametric equation and finite element analysis. HSSR on brace and chord member like
tubular joint 9 shows an equivalent increase for each wave cases at location A, B and C. HSSR on
brace member has 16% increase at location A, 25% increase at location B and 17% increase at
location C. HSSR on chord member has 81% increase at location A, 88% increase at location B and
81% increase at location C. Compared to SCF achieved by parametric equation in combination with
maximum nominal stress for each wave cases at location A, B and C; the highest percentage increase
is observed at location B for brace member and chord member. However, the largest value of HSSR is
observed for wave case no.3 at location C for brace member and location B for chord member. The
remarkable deviation occurred in this case is also caused by increased of stress concentration factors
from FE study, see Section 5.2.

Table 64 - Comparison of maximum value of HSSR between DNV and FEA in tubular joint 13

COMPARISON Maximum value of HSSR
Stress block, i 1 2 3
Chord Location: DNV FEA DNV FEA DNV FEA
A 5,332 9,661 7,046 12,786 8,958 16,249
B 6,576 12,322 8,690 16,299 11,049 20,717
C 5,332 9,659 7,046 12,784 8,958 16,246
Brace Location:
A 1,393 1,622 1,834 2,135 2,349 2,735
B 0,630 0,785 0,832 1,037 1,063 1,324
C 2,053 2,398 2,712 3,168 3,464 4,046




Table 65 - Deviation of maximum value of HSSR between DNV and FEA in tubular joint 13

DEVIATION Maximum value of HSSR
Stress block, i 1 ) 3
Chord Location:
A 81% 81% 81%
B 87 % 88 % 88 %
C 81% 81% 81%
Brace Location:
A 16 % 16 % 16 %
B 25% 25% 25%
C 17 % 17 % 17 %

5.4 Comparison of Fatigue Life Estimation

Comparison of fatigue life estimation for investigated tubular joint 9 and13 is summarized in Table 66
and 67 respectively. Table 66 and 67 presents a summary between fatigue life obtained by
cumulative damage rule (i.e. Palmgren-Miner rule) for tubular joint 9 and 13 respectively, with HSSR
dependent on SCF by parametric equation in DNV-RP-C203 [4] and finite element analysis (FEA) in
Abaqus/CAE [5]. Section 5.4.1 and Section 5.4.2 describes comparison of fatigue life in detail for
tubular joints 9 and 13 respectively.

5.4.1 Tubular Joint 9

Fatigue life estimation in tubular joint 9 is achieved by analysing three wave cases of three significant
wave heights with constant wave period. Each considered wave case in Section 1.5 produce a
sinusoidal wave subjected toward jacket structure in one direction. In such case that mostly amount
of large wave loads is transferred into tubular joints within a single plane i.e. ZX-plane. For this
purpose, hot spot stress range is highly demanded to be evaluated to predict number of cycles to
failure. In this study, the highest of eight hot spot stress ranges in combination with nominal stress
and stress concentration factors by parametric equation and finite element analysis is achieved and
evaluated for each wave cases, see Chapter 3 and 4. Finally, the cumulative damage rule (i.e.
Palmgren-Miner rule) in DNV-RP-C203 [4] is used to evaluate the fatigue life of each member in
tubular joint 9. In Table 66, the life estimation of fatigue is only presented for chord member.
Because the life of brace members A-C is more or less infinite in fatigue life compared to chord
member, and the chord member represents the jacket leg. Therefore, the chord member is taken
highly into consideration in this comparison. The obtained value of fatigue life according to SCF by
finite element method shows that fatigue life according to SCF from parametric study is almost 13
times greater. The remarkable deviation is highly caused by increased value of stress concentration
factors from FE study, see Section 5.2.
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Table 66 - Comparison of fatigue life between DNV and FEA for tubular joint 9

COMPARISON

Fatigue life [years]

DFF=1 DFF =3
Member DNV FEA DNV FEA
CHORD 1027 80 342 27
BRACE A - - - -
BRACE B - - - -
BRACE C - - - -

5.4.2 Tubular Joint 13
Fatigue life estimation in tubular joint 13 is achieved in similar methodology as for tubular joint 9.
The major difference between these two tubular joints is the physical placement and non-

FE study, see Section 5.2.

Table 67 - Comparison of fatigue life between DNV and FEA for tubular joint 13

dimensional geometrical parameter of tubular joint. This cause major changes in maximum nominal
stresses and stress concentration factors, which again cause changes in hot spot stress ranges that
predicts the number of cycles to failure. Finally, the result in Palmgren-Miner rule will be affected
under the evaluation of fatigue life of each member in tubular joint 13. In Table 67, the life
estimation of fatigue is only for the same reason as tubular joint 9 presented for chord member, see
Section 5.4.1. The obtained value of fatigue life according to SCF by finite element method shows
that fatigue life according to SCF from parametric equation is almost 6 times greater. The remarkable
deviation occurred in this case is also caused by increased value of stress concentration factors from

COMPARISON

Fatigue life [years]

DFF =1

DFF =3

Member

DNV

FEA

DNV

FEA

CHORD

460

77

153

26

BRACE A

BRACE B

BRACE C
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6 Discussion

The parameters that have caused influence in evaluation of SCF beside the non-dimensional
geometric parameters in finite element study are; boundary condition at brace and chord ends with
their respective length, mesh element of 8-noded thick shell and mesh refinement around the
intersection of the braces and the chord. These parameters have together resulted to remarkable
deviation between SCFs in Abaqus/CAE [5] and DNV-RP-C203 [4], which have caused significant
increase in hot-spot stress ranges and decrease in fatigue life estimation of tubular joint 9 and 13 for
studied wave cases in Section 1.5.

Boundary condition at brace and chord end in combination with their respective length in Section 4.2
is observed to affect the SCF at position crown and saddle on the brace and chord side at location A,
B and C under load condition: axial, moment in-plane and moment out-of-plane. In finite element
study (Abaqus/CAE), a sufficiently long chord length was assumed according to Efthymiou [17]
criteria of short chord length, a < 12, to ensure that the stresses between brace-to-chord
intersection are not affected by the end condition, but the examination between end condition of
fixed and pinned support is observed to contribute influence in SCF with assumed length. In
parametric study, the assumed length in Section 4.2 resulted to exclusion of correction factors of
short chord for some sets of parametric equation of KT-joint. In contrast to BC at chord ends, the BC
at brace ends in Section 4.5 was assumed to be “Tie” (i.e. fully fixed). The aim of this was to enforce
pure loading and avoid length dependency according to Lee and Dexter [15]. Following statement
has been taken for granted without examine the effect of short brace length in detail, which have
also affected the SCFs according to Chang and Dover [18, 19].The effect of brace length on the SCFs is
proven to occur below a critical value of ag = 21/d, where [ is the brace length from centre of brace
end to centre of plug and d is the diameter of the brace. To obtain this value, a comparison of SCF
distribution data for a particular joint, with different ag under single brace loading must be
performed (i.e. convergence study of ag), which has not been considered in this thesis except from
convergence study of mesh around the intersection of the braces and the chord. Based on all this,
the designer must ensure that the size of the model should be so large that calculated results are not
significantly affected by assumptions made for boundary conditions and application of loads.

Beside the influence of BC in SCF, the selected mesh element has also contributed influence in SCF at
position crown and saddle on the brace and chord side at location A, B and C under load condition
axial, moment in-plane and moment out-of-plane. In finite element (FE) model of tubular joint 9 and
13, the base feature of shell enabled only two dimensional shell elements for mesh generation in
FEM-analysis. For this purpose, the default mesh element of 4-noded shell was changed to 8-noded
shell according to guidance on FE modelling in DNV-RP-C203 [4] for better capture of SCF at position
crown and saddle on the brace and chord side of tubular joint 9 and 13. Following change in
Abaqus/CAE [5] gave designer the opportunity to select between two different mesh elements of 8-
noded shell. The first and default mesh element of 8-noded shell represent thin shell, while second
and user specified mesh element of 8-noded shell element represent thick shell. The main difference
between these two shell elements is the inclusion of the transverse shear deformation. In FEM-
analysis, the thin shell [20] elements provide solution to shell problems described by classical
(Kirchhhoff) theory, while thick shell [20] elements yields solutions for structures that are best
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modelled by shear flexible (Mindelin) theory. In other words, thin shell neglects transverse shear
deformation, whereas thick shell does account for shear behaviour. Hence, the thick shell of 8-noded
mesh element was selected for tubular joint 9 and 13. Thus, the selection of thick shell with
additional shear deformation gives the mesh element more flexible behaviour than thin shell and
captures bending deformation more precise, but only with adequate mesh around the intersection of
the brace and chord, which is a disadvantage of this element compared to thin shell element. Under
pure-bending deformation, however, the thin shell element is slightly more accurate too coarse
mesh than thick shell due to its stiff behaviour. But the effect diminishes as the mesh is refined. In
that case the mesh refinement in combination with selected shell element has lastly contributed
influence in SCF at position crown and saddle on the brace and chord side at location A, B and C
under load condition where bending is highly involved. For this purpose, a mesh refinement study
was performed by creating three equivalent FE models of tubular joint 9 and 13 in Section 4.2, with
three different local mesh densities around the intersection of the braces and chord side at location
A, B and Cin Section 4.7.1. The quality of each mesh refinement were verified as described in Section
4.7.4, and improved by creating partition faces in region where mesh elements were highly distorted
(i.e. mismatch with neighbour element) in combination with different algorithm scheme described in
Section 4.7.3.3. Finally, the SCF calculation in finite element analysis was carried out by maximum
absolute von Mises stress for tubular joint 9 and 13, and reading was performed approximately 0.5t
away from the intersection line according to Method B in DNV-RP-C203 [4], which either have
overestimated or underestimated the SCF value compared to SCF by Efthymiou equations. To get
more reliable results of SCF, a weld profile in proposed FE model should be included, which implies
use of three dimensional element consisting mesh element of 20-node solid element rather than two
dimensional mesh element of 8-noded shell element utilized in this case.

70



7 Conclusion

The comparison between fatigue life estimation of tubular joint in offshore jacket according to the
SCFs in DNV-RP-C203 [4] and Abaqus/CAE [5] has resulted to remarkable deviation. The deviation
between both methods is mainly caused by increase in SCF from finite element study (Abaqus/CAE),
especially under load condition: balanced axial and unbalanced OPB. The effect of such increase in
SCF has caused an increase in hot spot stress ranges (HSSR) evaluated at eight spots around
circumference of the intersection between the braces and the chord at position saddle particularly.
This has finally resulted to significant decrease in fatigue life estimation of both investigated tubular
joints analysed for three wave cases subjected towards jacket structure in one direction [1]. Although
with remarkable deviation between the SCFs in DNV-RP-C203 [4] and Abaqus/CAE [5], the
verification results of proposed FE model and analysis procedure in finite element study for simple
uniplanar joint (e.g. T, K) has awakening doubt about the SCFs approach in DNV-RP-C203 [4] under
three basic load modes described in Section 2.3 at position saddle and crown on the brace and chord
side of tubular joint. To give a definite conclusion of the objective of this thesis more SCF verifications
are necessary. The parameters that have caused significant influence in evaluation of SCF in finite
element study beside non-dimensional geometrical parameter of tubular joint 9 and 13 are;
boundary condition at brace and chord ends with their respective length, mesh element of 8-noded
thick shell and mesh refinement around the intersection of the braces and the chord.

Boundary condition described in Section 4.5 and Section 4.6 of brace and chord end respectively with
their respective length in Section 4.2 have showed to contribute influence in SCF. In Section 4.6.2, it
has been mentioned that true BC of an offshore structure is difficult to simulate by experiments or
FEM-analysis. Since an arbitrary tubular joint in offshore jacket is neither fully pinned nor fully fixed.
In that case a conservative assumption in finite element study of BC was mostly assigned to be fully
pinned at chord ends under all three load condition: axial, moment in-plane and moment out-of-
plane. The first and last load condition with mentioned BC responded with an increment error in
FEM-analysis. A trial solution by increase and decrease with number of increment was attempted to
solve the error without success, which resulted to change in BC from fully pinned to fully fixed for
load condition: balanced axial and moment out-of-plane. In addition to find suitable BC at chord ends
and importance of BC influence in SCF was simultaneously considered throughout the FEM-analysis.
Efthymiou [17] compensated the influence of BC in parametric equations with correction factor of
short chord. To avoid similar influence in finite element study, a longer length of chord was assumed
for both tubular joints. But still there were observed an influence in SCF under change of BC at chord
ends at position saddle and crown on the brace and chord side of tubular joint 9 and 13. In contrast
to BC at chord ends, the BC at brace ends in Section 4.5 was assumed to be “Tie” (i.e. fully fixed). The
aim of this was to enforce pure loading and avoid length dependency according to Lee and Dexter
[15]. Following statement has been taken for granted without examine the effect of short brace
length in detail.

Beside the influence of BC in SCF, the selected mesh element of 8-noded thick shell in Section 4.7 has
also showed an influence in SCF. The selection of it was undertaken based on calculation guidance of
hot spot stress (HSS) by FEA of tubular joints in DNV-RP-C203 [4] and elements flexibility [20] that
takes account of the shear behaviour, which is not captured in 8-noded thin shell. This has resulted
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to significant influence in SCF under load condition; moment out-of-plane at position saddle on the
brace and chord side of tubular joint 9 and 13 compared to prediction of Efthymiou equations. In the
sets of Efthymiou [17] equation in DNV-RP-C203 [4] of simple tubular joints e.g. KT-joint analysed in
this thesis, it should be mentioned that these sets of equation has been extended by using additional
finite element analyses with the PMBSHELL software. As far as author is aware, the PMBSHELL
software [16] use mesh element of 8-noded thin shell. This element as mentioned earlier does not
include the shear behaviour under load condition where bending is involved, which indicates less
flexibility compared to 8-noded thick shell element. Finally, the refinement of mesh around the
intersection of the braces and the chord has lastly contributed an influence in SCF in combination
with selected mesh element in FEM-analysis. In convergence study of mesh, the 8-noded thick shell
have showed to give inaccurate results for coarser mesh and accurate for finer mesh, discussed in
Chapter 6, but an even finer mesh density around the intersection of the braces and the chord would
be preferred to be studied after length extension of the braces and the chord. To achieve a good
mesh around the intersection of the braces and the chord, partition technique in Section 4.7 is useful
tool.

All in all we can conclude that BC at brace and chord end in combination with assumed length, mesh
element of 8-noded thick shell and mesh quality around intersection of the braces and the chord
have together contributed significant influence in SCF in additional to non-dimensional geometrical
parameter defined for tubular joint 9 and 13. However, the verification of FE model and analysis
procedure of particular uniplanar joint has showed that results of SCF in Abaqus/CAE [5] is closer to
experimental test results in HSE OTH354 report [3] than results of Efthymiou equations under load
condition; axial and moment in-plane. While load condition; moment out-of-plane has in contrast to
mentioned load conditions showed the opposite, but still far away from experimental test results at
position saddle and crown on brace and chord side of tubular joint in the same way as SCF in FEM-
analysis. In other words, the proposed approach in FEM-analysis of SCF for simple tubular joints
indicates better capture of SCF towards experimental test results in HSE OTH354 [3] report than SCF
by Efthymiou equations, but to sustain the statement, a new investigation with weld profile around
the intersection of the braces and the chord is necessary to be performed on the basis of the
proposed FE model and analysis procedure in future study of this topic.
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8 Further Work

To create a definite conclusion of comparison between fatigue life estimation of tubular joints in
offshore jacket according to the SCFs in DNV-RP-C203 [4] and Abaqus/CAE [5], more analyses with
improved FE model of tubular joint 9 and 13 in Abaqus/CAE [5] must be performed. Extensions of
analyses could include:

- Study of BCs influence in SCF according to the effect of short brace-/chord length with
discussed BC at brace and chord ends for all three load conditions; axial, moment in-plane
and moment out-of-plane.

- Optimization of the FE mesh refinement/quality around the intersection of the braces and
the chord.

- New study of SCF with weld profile modelled around intersection of the braces and the chord
on the basis of the proposed FE model and analysis procedure in comparison with prediction
of Efthymiou equations in DNV-RP-C203 [4].

- New study of SCF with laboratory test for one scale down model of tubular joint 9 or 13 in
comparison with proposed FE model and analysis procedure in Abaqus/CAE [5] or prediction
of Efthymiou equations in DNV-RP-C203 [4] or both.
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Table A.1 Scatter diagram Northern North Sea, 1973 - 2001. Values given for Hg and T;, are upper class limits ref. [1]

L ()
hs (lI 5 6 7 8 9 10 11 12 13 14 15 1 1 1 1 2 > |
0.5 18 15 123 113 110 390 260 91 3R 42 32 3 19 13 9 1 3 2 7
1.0 16 49 675 433 589 1442 1802 959 273 344 125 33 64 29 13 1 7 1 6
1.5 5 32 417 803 1107 1486 2757 1786 636 731 299 121 92 43 18 10 5 2 13
2.0 1 0 102 741 1290 1496 2575 1968 780 808 492 200 116 51 31 8 4 4 8
2.5 0 0 9 256 969 1303 2045 1892 803 941 484 181 157 58 23 19 5 1 8
3.0 0 0 1 45 438 1029 1702 1898 705 957 560 218 196 92 40 11 4 2 5
3.5 0 0 1 4 124 650 1169 1701 647 865 456 237 162 10 36 2 6 1 5
4.0 0 0 2 0 33 270 780 1369 573 868 427 193 157 91 51 13 3 0 1
4.5 0 0 0 0 3 90 459 1017 466 761 380 127 137 26 31 23 6 5 0
5.0 0 0 0 0 0 15 228 647 408 737 354 119 96 50 32 18 2 4 1
55 0 0 0 0 0 2 68 337 363 580 283 94 Q2 31 24 10 6 2 0
6.0 0 0 0 0 0 1 2 166 221 418 307 63 76 24 13 9 4 0 0
0.5 0 0 0 0 0 0 5 50 140 260 257 5 49 20 12 4 2 2 2
7.0 0 0 0 0 0 0 0 23 90 180 193 41 53 20 5 3 3 0 0
7.5 0 0 0 0 0 0 0 6 25 93 121 45 46 17 5 5 0 1 0
8.0 0 0 0 0 0 0 0 3 14 50 84 26 47 11 6 0 1 0 0
8.5 0 0 0 0 0 0 0 0 7 25 45 23 25 20 8 0 0 0 0
9.0 0 0 0 0 0 0 0 1 2 12 30 22 2 19 0 0 0 0 0
9.5 0 0 0 0 0 0 0 0 1 2 2 21 14 7 1 1 0 1 0
10.0 0 0 0 0 0 0 0 0 0 2 5 4 21 6 2 0 0 0 0
10.5 0 0 0 0 0 0 0 0 0 3 4 8 0 12 2 0 0 0 0
11.0 0 0 0 0 0 0 0 0 0 0 2 0 4 3 1 0 1 0 0
11.5 0 0 0 0 0 0 0 0 0 0 2 1 2 3 0 0 0 0 0
12.0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 1 0 0 0 0
12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
13.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
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Table A.2 List of T/Y Joint Geometries and SCFs ref. [3]

Joint Geometry Axial OPB IPB
Joint Paper Steel /
Ref. Ref. Acrylic] p .| s o | o |cn|cn|cn|Be|Be|Br|ch|ch|Be|Br|ch|cCh|Br |5
mm Y sad. | cro. | side | sad. | cro. | side | sad. | side | sad. | side | cro. | side ] cro. | side

532G E | UKOSRPII[2] | Acrylic | 150 | 0.99 | 1./30°| 119 | 100 | 90° | 46 | 58 | 58 |50 | 18 |50 |78 | 78] 76 | 76 25|26 ] 11|17

5.3.2(ii) I | UKOSRPII[2] | Acrylic | 150 | 098 | 1./0° | 235 | 100 | 90° | 09 | 58 | 58 | 66 | 1.7 | 66 | 42 | 42 | 85 | 85|33 |33 ]| 14|26

5.3.2(ii) E | UKOSRPI([2] | Acrylic § 150 | 0.98 | 1./30°| 23,5 | 10.0 | 90° §11.0]| 6.0 |11.0]| 3.7 | 1.8 | 56 J17.2|17.2] 48 | 48 | 34 | 34 | 16| 29

5.3.3() UKOSRPII[2] | Acrylic | 150 | 0.81 | 092 | 119 | 100 | 90° ] 32 | 43 |60] 32|18 | 32|61 ]61]58]|568)22]|22|13]21

5.3.3(ii) UKOSRPII[2] | Acrylic | 150 | 0.79 | 0.91 | 234 | 100 | 90° J11.2]| 45 |11.2]| 87 | 16 | 87 J141|141] 96 | 96| 3.0 | 3.0 17| 29

11 JISSP (3] Steel 508 | 1.05 | 0.80 | 203 | 6.2 45° |1 83 | 47 | 8.3 - 1.7 - 79179140 | 40| - - - -
13 JISSP (3] Steel 508 | 099 | 0.80 | 203 | 6.2 90° |114| 54 J114] 8.2 - 8.2 - - 73 | 73 )46 |46 ]| 24 | 24
14 JISSP (3] Steel 508 | 1.02 |1./10°} 203 | 6.2 90° 1 60| 7373 ]|67|21|67)70|70|56|56]37)37]18]|18
1.5 JISSP (3] Steel 508 | 098 | 0.80 | 318 | 6.2 90" §29.0| - |29.0] - 1.0 - J185(185)106)1106] 6.7 | 6.7 ] 3.9 | 3.9
1.6 JISSP (3] Steel 508 | 1.01 |1./710°| 318 | 6.2 90" | 95 - 95152 |22 |52 |94|94]60|]|60)] 46|46 ] 20120
1.7 JISSP[3] Steel 508 | 091 | 080 | 318 | 6.2 | 45° 104 | 4.7 |104] 6.1 | 24 | 6.1 1109]|109] 62 | 62 ]| 3.3 |33 |24 | 24
18 JISSP (3] Steel 508 | 1.00 |1./10°| 31.8 | 6.2 45° | 62 131 | 62|33 |16 |33 |72|72)34|34]47)47]|27]|27
1.9 JISSP (3] Steel 508 | 0.94 | 0.40 | 203 | 6.2 45° 1 99 | 2.7 | 99 | 5.0 - 50162 |62)36|36]31]31]21]|21
1.13 JISSP(3] Steel 508 | 1.07 | 0.80 | 20.3 | 6.2 90° |13.0| 48 |130] 68 | 22 | 68 }122]122)65 | 65139 |39 - -
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Table A.3 List of K Joint Geometries and SCFs ref. [3]

Joint Geometry Balanced Axial Unbalanced OPB Balanced IPB
Joint Paper Steel/

Ref. Ref. Acrylic | p el s ylaloe ¢ |on|on[cn B |Br | Be fon | ch | Br | Br | oh | Oh | Br | Br
mm sad. | cro. | side | sad. | cro. | side | sad. | side | sad. | side | cro. | side | cro. | side

G1 UKOSRPII (2] Steel 457 | 0.50 | 0.53 143 | 12.7 | 90°/45° | 0.11 - - - - - - - - - - - - - .

G2 UKOSRPII (2] Steel 457 | 0.50 | 053 | 14.3 | 12.7 |90%45°| 0.11 | - - - - . - - -1 - - . . . .
5.3.6 UKOSRPII[2) | Acrylic | 150 | 0.85 | 065 | 130 | 178 | 60° | 011 |39 |39 [39 |26 |31 |31 )83 |83 |54 |54]|34]34]15]15
5.3.7(i) UKOSRPII (2] Acrylic 150 | 0.82 0.31 161 | 17.8 30° 052 |25 (28 |28]121 (19|21 ]23 (2313|1316 16] 26| 26
6.3.7(i1) UKOSRPII[2] Acrylic 150 | 0.82 | 0.30 16.1 | 17.8 60° 953 | 65 |43 | 65 )41 |28 (41]59|59]33|33]26]|26]21]21
5.3.7(iii) UKOSRPII[2] Acrylic 150 | 0.80 0.90 16,1 | 17.8 30° 040 J13 |27 | 2709 |22 |22]|]32|32|27|27)|19]|19]22]|22
5.3.7(iv) UKOSRPII[2] Acrylic 150 | 0.82 0.91 16.1 | 17.8 60° 083 139 |35139 138125 |38}93]|]93]65{65]25|25]21]|21

3.1 JISSP [3] Steel 508 | 1.00 0.60 203 | 126 45° 010 § 80 |21 |80 |56 |46 | 56 |75 ]| 75]50]| 50 - - - -

3.2 JISSP (3] Steel 508 | 1.00 | 1./10° | 20.3 | 126 45° 010 139 |1 23|39 ]20 |13 |20]73]|73]|25]25 - - - -

3.3 JISSP (3] Steel 508 | 1.00 | 0.50 203 | 126 45° 015 68 | 46 | 68 | 47 | 58 | 58| 73|73 ]36 ] 386 - - - -
5U7M1 Complex Jnt. [4] Acrylic 150 | 0.60 0.26 12.0 | 133 45° 007 20 |22 }24 119333323 |23]16|16 )18 18 |]21]21
5U/2 Complex Jnt. [4] Acrylic 150 | 0.60 | 0.50 12.0 | 13.3 45° 007 19 122122116 |23 |23 ]|38}138]131}31]27|27]20] 20
5U/3 Complex Jnt, [4] Acrylic 150 | 0.60 | 0.80 12.0 | 133 45° 007 18 | 17|22 15|25 |25)45|45]136 |36}27|27])17]|18
5U/4 Complex Jnt, [4] Acrylic 150 | 0.60 [ 1.0/10°| 12.0 | 133 45° 007 J0B |21 |23 08 |24 }|24])26|26J)30|30)]33|33}J19] 19
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APPENDIX B:
VALIDITY CHECK OF VARIOUS PARAMETRIC
EQUATIONS FOR TUBULAR JOINTS
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B.1 VALIDITY CHECKS OF TUBULAR JOINT 9

BRACE A

Figure A-1 Definition of geometrical parameters of tubular joint 9

Chord:

Outer diameter:
Thickness:
Length:

Brace A:
Outer diameter:
Thickness:

Angle in degree:

Brace B:
Outer diameter:
Thickness:

Angle in degree:

Brace C:

Outer diameter:
Thickness:

Angle in degree:

D = 1248-mnm
T = 40-mir
L := 9000-mmnr

d A = 1200-mrr

ta = 16-mir

®A = 28
dB = 1200-mrr
tB = 14-mmr
Og = 8¢
dC = 1200-mrmr
tc = 16-mnr
®C = 46
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Gap between brace A and brace B:

gAB = 400-mrr
Gap between brace B and brace C:

ggc = 400-mmr

Definition of non-dimensional geometrical parameters:

d d d 2L

Ba= - Pg= = Be = = o=—

AT D BT =g S
TA‘:T TBI=? TC::?

- D (oo JPB o OB
T AB ™ p BC= 5
Brin == Min(Ba.Bp:Bc) B iy = 0.962
Bmax = ma"(BA»BB,BC) Bmax = 0-962
Omin = min(@A,G)B,@C) O min = 28

Omax = MO 5,0p,00) © rax = 89



B.1.1 KUANG EQUATIONS

Chord:
Ocheck = | "OK" if o >6.66 A o <40
"NOT OK" otherwise
Ocheck = OK”
Y check = "OK" if y 2833 Ay <3333
"NOT OK" otherwise
¥ check = OK”
CAB.check = |"OK" if Cog 2001 A Lpg <10

"NOT OK" otherwise
CAB.check = OK"

CBC.check = |"OK" if Cgc 2001 A Lge <10

"NOT OK" otherwise

CBC.check = "OK"

Brace A:

BA.check = |"OK" if Bp 203 A Bp <08

"NOT OK" otherwise

PA.check = "NOT OK"

TAcheck = ['OK" if tp 202A 15 <08
"NOT OK" otherwise

TAcheck = OK"

O check = |"OK" if ©4 20104 <90

"NOT OK" otherwise

O A check = "OK"



Brace B:

BB.check = |"OK" if Bg 203 A Bg=<08

"NOT OK" otherwise

PB.check = "NOT OK"

TB.check = |"OK" if t1g>02A1g5<08
"NOT OK" otherwise

TB.check = OK"

OB check = |"OK" if ©g =01 0<%
"NOT OK" otherwise

OB check = OK"

Brace C:
Bc.check = |'OK" if Bc203 A B <08

"NOT OK" otherwise

Bc.check = "NOT OK™

TCcheck = |"OK" if 1o >02 A1 <08
"NOT OK" otherwise

TC.check = OK"

OCcheck = |"OK" if ©c204 O <90
"NOT OK" otherwise

©¢.check = "OK”

COMMENT: Kuang Equations for SCF's calculation is not applicable in this case.



B.1.2 WORDSWORTH EQUATIONS

Chord:
Qcheck = "OK" if =28 A a <40
"NOT OK" otherwise
Ocheck = OK”
Y check = "OK" if y 212 Ay <32
"NOT OK" otherwise
Ycheck = "OK"
CABcheck = |"AVAILABLE" if (o 20 Log <0

"NOT AVAILABLE" otherwise

CAB.check = “NOT AVAILABLE"

Cec.check = | "AVAILABLE" if (e 20 A Lge <0

"NOT AVAILABLE" otherwise

CBC.check = "NOT AVAILABLE"

Brace A:

BA check = |"OK" if Ba 2013 A Bp <10
"NOT OK" otherwise

PA.check = "OK"

TAcheck = |"OK" if tp 2025 A 1p <10
"NOT OK" otherwise

TAcheck = OK"

O A check = |"OK" if ® 230 A @5 <90

"NOT OK" otherwise

O A check = "NOT OK*



Brace B:

B.check = |'OK" if Bg>013 A pg <10
"NOT OK" otherwise
PB.check = "OK"
TBcheck = |"OK" if 1g 2025 A 1g <10
"NOT OK" otherwise
TB.check = OK"
OB check = |"OK" if ©g>30 A O <90
"NOT OK" otherwise
OB check = OK"
Brace C:
Bc.check = |"OK" if Bc 2013 A B <10
"NOT OK" otherwise
Bc.check = "OK"
TCcheck = |"OK" if 1¢ 2025 A 1o <10
"NOT OK" otherwise
TC.check = OK"
OCcheck = |"OK" if ©®c>30 A © <90
"NOT OK" otherwise
©¢.check = "OK”

COMMENT: Wordsworth Equations for SCF's calculation is not applicable in this case.
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B.1.3 EFTHYMIOU EQUATIONS

Chord:
Acheck = |"OK" if >4 A o <40
"NOT OK" otherwise
Ocheck = OK”
Ycheck = |"OK" if y 28 Ay <32
"NOT OK" otherwise
Y check = OK"

nAn ~0.6:Bmax
EaB.check = [|"OK" if Caog2—F——= A Epg =10
sm(@ max)

"NOT OK" otherwise

CAB.check = OK"

ARt ~0.6:Bmax
CBc.check = |"OK" if Lo 2 —F——= A Lgc =10
sm(@ max)

"NOT OK" otherwise

CBC.check = OK”

Brace A:

Bacheck = |"OK" if Bp 202 A Bp <10
"NOT OK" otherwise

BA.check = "OK"

Tacheck = |"OK" if 14 20215 <10
"NOT OK" otherwise

TA.check = OK"

O A check = |"OK" if ©®p 2207 ©4 <90

"NOT OK" otherwise

O A check = OK"
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Brace B:

Be.check = |"OK" if Bg>02A Bg <10
"NOT OK" otherwise

PB.check = "OK"

TBcheck = |"OK" if tg202A1p<10
"NOT OK" otherwise

TB.check = OK"

OB check = |'OK" if ®g>20 A O <90

"NOT OK" otherwise

OB check = "OK"

Brace C:

Bccheck = |"OK" if Bc202A B <10
"NOT OK" otherwise

Bc.check = "OK"

TCcheck = |"OK" if 1c 202 A 1o <10
"NOT OK" otherwise

TC.check = OK”

Oc check = |"OK" if ©c 2201 O <90
"NOT OK" otherwise

©¢.check = "OK"

COMMENT: Efthymiou Equations for SCF's calculation is applicable in this case.



B.1.4 LIOYD'S REG. EQUATIONS

Chord:
deheck = |"OK" if (o > 4)
"NOT OK" otherwise
Ocheck = OK”
Ycheck = |"OK" if y 210 Ay <35
"NOT OK" otherwise
¥ check = OK”
CAB.check = |"OK" if Cap 20 A Cpp <10

"NOT OK" otherwise

CAB.check ="OK"

CeC.check = |"OK" if (e =20 A Cgc <10

"NOT OK" otherwise

CBC.check = "OK"

Brace A:

BAcheck = |"OK" if Ba 2013 A Bp <10
"NOT OK" otherwise

PA check = “OK"

TAcheck = |"OK" if 1o 2025 A 15 <10
"NOT OK" otherwise

TA.check = "OK"

O A check = |"OK" if ® 230 A @5 <90

"NOT OK" otherwise

O A check = “NOT OK™



Brace B:

BBcheck = |"OK" if Bg>013 A Bg <10
"NOT OK" otherwise

PB.check = "OK"

TBcheck = [|"OK" if tg>025 A 15<10

"NOT OK" otherwise

TB.check = OK"

OB check = |'OK" if ©®5>30 A O <90

"NOT OK" otherwise

OB check = OK"

Brace C:

BCcheck = |"OK" if Bc 2013 A B <10
"NOT OK" otherwise

Bc.check = "OK”

Tocheck = ["OK" if 102025 A 1 <10
"NOT OK" otherwise

TC.check = OK"

Oc check = |"OK" if ®230A 6 <90

"NOT OK" otherwise

O check = "OK"

COMMENT: Lloyd's Reg. Equations for SCF's calculation is not applicable in this case.



B.2 VALIDITY CHECKS OF TUBULAR JOINT 13

CHORD

o BRACEA

BRACE C

Figure A-3 Definition of geometrical parameters of tubular joint 13

Chord:
Outer diameter: D = 1248-mmr
Thickness: T = 40-mmr
Length: L := 8000-mmr
Brace A:
Outer diamater: dp = 1200-mmr
Thickness: ta = 16-mn

Angle in degree: O p = 46

Brace B:
Outer diamater: dg = 1200-mm
Thickness: tg = 14-mmr

Angle in degree: ®g = 8¢
Brace C:

Outer diamater: dC == 1200-mrmr
Thickness: tc = 16-mmr

Angle in degree: ® - = 4€
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Gap between brace A and brace B:

Gap between brace B and brace C:

gdpc = 400-mmr

Definition of non-dimensional geometrical parameters:

Figure A-4 Definition of non-dimensional geometrical parameters of tubular joint 13

da dg de 2L
= = = — o= —
TA:Z? TBZ=? ‘[C::?
- D (o JAB o JBC
T AB -~ T BC= 5
Bmin = mi”(BA»BB,BC) Bmin = 0.962
Brmax = nw‘(BA,BB,B(;) B max = 0962

O min = min(@A,®B,®C) ® i = 46

O ax = MO ,05,0¢) O =89
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B.2.1 KUANG EQUATIONS

Chord:
Ocheck = | "OK" if o >6.66 A o <40
"NOT OK" otherwise
Ocheck = OK"
Y check = "OK" if y 2833 Ay <3333
"NOT OK" otherwise
¥ check = OK"
CAB.check = |"OK" if {og 2001 A Lpg <10
"NOT OK" otherwise
CAB.check = "OK"
CBC.check = |"OK" if Cgc 2001 A g <10
"NOT OK" otherwise
GBC.check = OK"
Brace A:

PA.check = |"OK" if Bp 203 A pp <08

"NOT OK" otherwise

BA.check = "NOT OK"

TAcheck = |"OK" if 1o 20215 <08

"NOT OK" otherwise
TA.check = OK"

©A check = |"OK" if ©p 207 O <90

"NOT OK" otherwise

O A check = oK™



Brace B:

BB.check = |'OK" if Bg>03 A Bg <08

"NOT OK" otherwise

BB.check = "NOT OK"

TBcheck = |"OK" if tg>02A15<08

"NOT OK" otherwise

TB.check = OK"

OB check = |"OK" if @201 O <90

"NOT OK" otherwise

OB check = OK"

Brace C:

Bc.check = |"OK" if Bc 203 A B <08

"NOT OK" otherwise

Bc.check = "NOT OK®

Tccheck = |"OK" if 1o >02A1-<08
"NOT OK" otherwise

TC.check = OK"

OCcheck = |"OK" if ©c2010¢ <9

"NOT OK" otherwise

O check = "OK"

COMMENT: Kuang Equations for SCF's calculation is not applicable in this case.
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B.2.2 WORDSWORTH EQUATIONS

Chord:
Ocheck = |"OK" if o >8Aa<40
"NOT OK" otherwise
Ocheck = OK"
Ycheck = |"OK" if vy 212 Ay <32
"NOT OK" otherwise
¥ check = OK"
CAB.check = | "AVAILABLE" if {og 20 A pg <0

"NOT AVAILABLE" otherwise

CAB.check = "NOT AVAILABLE"

"AVAILABLE" if {gc =20 A Cgc <0

CBC.check

"NOT AVAILABLE" otherwise

{BC.check = "NOT AVAILABLE"
Brace A:

BA check = |"OK" if By =013 A Ba <10

"NOT OK" otherwise

BA.check = "OK"

TAcheck = |"OK" if 1o 2025 A 1p <10

"NOT OK" otherwise

TA.check = OK”

O A check = |"OK" if ®p 230A ®p <90

"NOT OK" otherwise

O A check = "OK”



Brace B:

Be.check = | 'OK" if Bg =013 A Bg <10
"NOT OK" otherwise

PB.check = "OK"

TB.check = |"OK" if 1g>025 A 1g5<10
"NOT OK" otherwise

TB.check = OK"

OB check = |"OK" if ©g =30 A O <90

"NOT OK" otherwise

OB check = OK"

Brace C:

BCcheck = |"OK" if Bc 2013 A B <10
"NOT OK" otherwise

Bc.check = "OK”

Tocheck = ["OK" if 102025 A 1 <10
"NOT OK" otherwise

TC.check = OK"

Oc check = |"OK" if ®230A 6 <90

"NOT OK" otherwise

O check = "OK"

COMMENT: Wordsworth Equations for SCF's calculation is applicable in this case.
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B.2.3 EFTHYMIOU EQUATIONS

Chord:
Ocheck = |"OK" if o >4 A a <40
"NOT OK" otherwise
Ocheck = OK"
Ycheck = |"OK" if y 28 Ay <32
"NOT OK" otherwise
¥ check = OK"

wAKT —0.6-B yax
CABcheck = |"OK" if Cag 2 —F—— ~Cag =10
S'”(®ma><)

"NOT OK" otherwise

CAB.check = OK”

—.O.G-ﬁmax
"OK" if QBC > m A QBC <10
ma

CBC.check

"NOT OK" otherwise

CBC.check = OK”

Brace A:

BAcheck = |"OK" if Bpo 202 Bp <10
"NOT OK" otherwise

BA.check = "OK"

TAcheck = |'OK" if 1o 202 A 15 <10
"NOT OK" otherwise

TA.check = OK"

OA check = |"OK" if ©p 220 A ©®p <90

"NOT OK" otherwise

© A check = "OK"
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Brace B:

BBcheck = |'OK" if Bg>=02 A Bg <10
"NOT OK" otherwise

PB.check = "OK"

TB.check = | OK" if tg202A1g<10
"NOT OK" otherwise

TB.check = OK”

OB check = |"OK" if ©g =20 A O <
"NOT OK" otherwise

OB check = OK"

Brace C:

Bccheck = |'OK" if Bc 202 A B <10
"NOT OK" otherwise

Bc.check = "OK"

TCcheck = |"OK" if 1c 202 A 1o <10
"NOT OK" otherwise

TC.check = OK”

Oc check = |"OK" if ©c 220 A O <90

"NOT OK" otherwise

O ¢ check = "OK”

COMMENT: Efthymiou Equations for SCF's calculation is applicable in this case.
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B.2.4 LIOYD'S REG. EQUATIONS

Chord:
Ocheck = |"OK" if a >4
"NOT OK" otherwise
Ocheck = OK"
Ycheck = |"OK" if y 210 Ay <35
"NOT OK" otherwise
¥ check = OK"
CABcheck = |"OK" if CAp 20 A Lppg <10

"NOT OK" otherwise

CAB.check = OK"

CBC.check = | "OK" if (g 20 A Lpc <10

"NOT OK" otherwise

CBC.check = OK"

Brace A:
BAcheck = |"OK" if Bp 2013 A Ba <10
"NOT OK" otherwise
BA.check = "OK"
TAcheck = |"OK" if tp 2025 A 1p <10

"NOT OK" otherwise
TA.check = OK"

OA check = |"OK" if ®p 230 A ®p <90

"NOT OK" otherwise

O A check = OK”
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Brace B:

B.check = |'OK" if Bg =013 A Bg <10
"NOT OK" otherwise

PB.check = "OK"

TBcheck = |"OK" if tg2025 A 15<10
"NOT OK" otherwise

TB.check = OK”

OB check = |"OK" if ©g =30 A O <
"NOT OK" otherwise

OB check = OK"

Brace C:

Bc.check = |"OK" if B 2013 A B <10
"NOT OK" otherwise

Bc.check = "OK"

TCcheck = |"OK" if 1¢ 2025 A 1 <10
"NOT OK" otherwise

TC.check = OK”

Occheck = |"OK" if ©c 2301 O <90

"NOT OK" otherwise

O ¢ check = "OK”

COMMENT: Lloyd's Reg. Equations for SCF's calculation is applicable in this case.
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APPENDIX C:
DNV-RP-C203 CALCULATION OF SCF
FOR TUBULAR JOINTS
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C.1 SCF CALUCLATION OF TUBULAR JOINT 9
C.1.1 BALANCED AXIAL LOAD

Brace |
\ A \|B /

Q 0
\n Chord

Figure C-1: lllustration of load type: Balanced axial load of tubular joint 9
Chord:

09 05

: 03
2 _ sm(@) max'deg)
SCFep =TA (0.67 -Ba”+ 1.16~[3A>.sm(@A-deg) ——————| =088

sin(@ min'deg)

Bmax

0.3
j -(1.64 +020B, 0'38~atan(8-§AB))

SCFchordA = SCFcA'( ]
min

SCFchorda = 175

09 05

2 sin(@max-deg) 03
SCFeg = tg ¥ (0.67—33 +1.16-BB>-sin(®B~deg) ————— |  =1658

sin(@min-deg)

0.3
P mex -0.38
SCFchordB = SCFCB'[ 5 -(1.64 +029Pg -atan(8-(;BC))

min

SCFenordp = 3:304

0.9 05 2 :
SCFec =1 Y (0.67 -Bc + 1.16-[3C>-5|n(®c-deg)£

5in(© gy deg) ” ~ 1.345
sin(@)min~deg) T

0.3

Bmax ~0.38

SCFehordc = SCFCC[ B -(1.64 +020pc  -atan(8. AB))
min

SCFehordc = 2681
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Brace:
For the diagonal braces A & C:

C=Cap+ CBc+ PR ¢ =1.603
For the central brace B:

¢g = ma{4aB- Cac) (g =032
For gap joints:

CcC=2¢C¢

A = sin(0 ay ~ @min)l-B_[o.lsl — 0.084-atan[ (14-C) + (42:p A)]] Cp A1.5y 05+ A 122

025\ -014, . 0.7
SCFpracea = 1+ (1.97 ~ 157 )-«.—A (sin(® p-deg))™"-SCFep oA + A

SCFpracea = 1487

B = $in(© ax — ®min)1'8'[0'131 - 0.084-atan[(14-g5) + (42:p A)]] C-B51'5v 0'5'15_ 1.22

025\  -014, . 0.7
SCFpaceB = 1 + (1.97 - 157-Bg ):B (sin(©@g-deg))™"-SCFeporgp + B

SCFpraceB = 2589

C = sin(© ay - @min)l.&[o.lsl - 0084-atan[ (14-0) + (42:B¢ )] © By OB 122

025)  -014_. 0.7
SCFpracec = 1 + (1.97 - 157-B¢ )-rc (sin(© c-deg)) ™" SCFeporgc + C,

SCFpraceC = 2005
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C.1.2 IN-PLANE BENDING (IPB)

Brace

“_ Chord

Figure C-2: lllustration of load type: In-Plane Bending (IPB) of tubular joint 9

Chord crown:

0.85_Y[1_(0-68'[3A):| 0.7

SCFN”PChOfdA = 145BA’EA (Sm(@Adeg))

SCPMIPchorda = 097

1-(0.68-p
SCFMIPchordB = 1-45'BB'TBO'85'Y[ ( B)]'(Si”(G B'O'e@’))o'7

SCFMIPchordB = 1478

o.ss_y[l‘(o-GS' B c)] ;

SCFMIPchordc = 145Bctc '(Si”(®cdeg))0'

SCFMIPchordc = 1315

Brace crown:

04 [1.09—(0.77- B A)]

) . [(0.06-7)-1.16]
SCFMIPbraceA =1+ 065BA‘L‘A Y .(sm(@A.deg))

SCFMIPbraceA = 2341

04 Y[1.09—(0.77- Bg)]

. [(0.06-7)~1.16]
SCFMIPbI’aceB =1+ OGSBB’CB .

-(sin(@) B-deg))
SCFMIPbraceB = 2073

0.4 Y[1.09—(0.77.50)}

) [(0.06-y)-1.16]
SCFMIPbracec = 1 + 065Bctc - ))

~(sin(®c~deg

SCFMIPbracec = 2219
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C.1.3 UNBALANCED OUT-OF-PLANE BENDING (OPB)

B
Il

() Saddle .~

7
74

LV

_Chord
Figure C-3: lllustration of load type: Unbalanced Out-of-Plane bending (OPB) of tubular joint 9

Out-of-plane bending:

Chord saddle:

SCFMOPCA = ¥ ~rA.BA-(1.7 - 1.05-[3A3).(sin((aA~o|eg))l'6 = 1372
SCFMopeg = 1T bR (1.7 - 1.05-[583)-(sin(® -deg))® = 4.023

3) /. 16
SCFMOPeC = ¥ ~1:C~[3C(1.7 - 105B¢ )-(sm(@cdeg)) =2715
Chord saddle SCF adjacent to diagonal brace A:

Cap-Sin(O 5 -deg
Xag =1+ AB<(O ):1.156
Pa

Xac =1+ (6aB * o * fig) sn(O p o) = 1.782

Pa

SCFEMOPchordA = [SCFMOPC A-[l - 008(Bg v )O'S-exp(—O.S-XAB)}[l - 008(Bcy )O's-exo(—o.&XAC)ﬂ

+| SCFMopeR 1 - 0.08(B A~y)0'5'exp(—0.8«XAB) 2.05-Bmxo'5-e>qo(-1.3-xAB))

+|SCPvopec| 1 - 008(B oy ) >-exp(-0.8 XA ()| 2.05-Bmaxo'5~e>§o(—1.3-XAC))

SCFMoPchordA = 3189
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Chord saddle SCF adjacent to diagonal brace C:

Cre-sin(© ~-deg
Xcg =1+ c<n(Oc ):1.24
Bc

Xea =1+ (6as * e * fig) s de) = 2199

Bc

SCFMOPchordC = [SCFMOPC A-[l - 0.08(p B-y)o's-exo(—O.S-XCB)}[l - 0.08(p A-y)0'5-e>q3(—0.8-XCA)ﬂ
+ [SCFMOPCg 1- o.os(ﬁc.y)0'5-e>qo(—o.8-xCBﬂ(2.05- BmaXO'S-em(—l.&XCB))}

" [SCFMopcc-[l - O.OS(BC-y)O'S-em(—O.S-XCA)}(2.05-Bmxo'5-e>q3(—1.3-XCA)ﬂ

SCFMOPchordc = 2874

Chord saddle SCF adjacent to central brace B:

Cap-Sin(®p-deg Cpesin( @ p-deg
XAB =1+ AB ( B ) =1.333 XBC =1+ BC ( B ) =1.333
P P

o BB 2 Pp
Pq Py

SCFMOPchordB = SCFMopcB-[l - 0.08(p A-y)o's-em(—o.&xABﬂ -[1 - o.os(ﬁc-y)O'S-exp(—o.s-xBCﬂ
+SCPyopead |1 - 008(Bgy ) *exp(-08 x4 ) (2.05. Bras . -e%0(~13%p) }

+SCRvopec]| 1 - 0.08(Bgy ) >-exp(-08x) (2.05-Bmxo's-em(—ls-xBC))

SCFMOPchords = 4508
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Qut-of-plane bending brace SCFs:

Out-of-plane bending brace SCFs are obtained directly from the adjacent chord
SCFs using:

-054 -0.05
.'\/ .

4
SCFMOPbraceA = TA 0.99 - (047-B ) + (0.08-[3 A )}-SCFMOPChord A

SCFMOPDbraceA = 2769

-054 -0.05
.'Y .

4
SCFMOPbraceB = 'B 099 - (047-Bg) + (0-08'55 H'SCFMOPchordE

SCFMOPDbraceB = 4201

-054 -0.05 4
SCFMOPbraceC = Tc ¥ '[0-99 ~(047-¢) + (O'OS'BC )}'SCFI\/IOPchordC

SCFMOPDbracec = 2492

Table C.1 Summary of maximum SCFs in chord and brace member at location A, B and C
of tubular joint 9

Maximum value of SCFs
SUMMARY
SCFxc/as SCFyyp SCFyop
Chord Location
A 1,750 0,975 3,189
B 3,304 1,478 4,508
C 2,681 1,315 2,874
Brace Location:
A 1,487 2,341 2,765
B 2,589 2,073 4,201
C 2,005 2,219 2,492
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C.2 SCF CALCULATION OF TUBULAR JOINT 13

C.2.1 BALANCED AXIAL LOAD
Brace

A—x\: B . /

0 0
N\

. Chord
Figure C-4: lllustration of load type: Balanced axial of tubular joint 13

Chord:

0.9 05 2 :
SCFep = Ta Y (0.67 -Ba+ 1.16~BA>-sm(®A-deg)[

sin(@ max'deg) 0.3 1183
sin(@min-deg) -

0.3
maXJ .(1_64 +029Bp 0'38~atan(8'CAB))

B
SCFchordA = SCFCA'( ]
min

SCFehordA = 2.359

09 05 5 sin(@ max’deg) 03
SCF = Ty (0.67 — + 1.16- )-sin O p-de = 1.459
cB='B ¥ Pe Bg)-sin(© g deg) sin(® - deg)

0.3
Bmax ~038
SCFehordB = SCFCE{ 5 (1.64 +0.29Bg .atan(s-cBC))

min

SCFehorgp = 2907

09 05

: 0.3
2 sm(@ max'deg)
SCFec=1¢ ¥ (0.67 -Bc + 1.16~|3C)-sin(®c-deg) ————| =118

sin(@ min‘deg)

0.3
B max 038
SCFehordC = scFCc-(B (1.64 +0.29B¢ .atan(s.qAB))

min

SCFehordc = 2.359
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Brace:

For the diagonal braces A & C:

C=CaB* CBC T PB € =1603

For the central brace B:
¢ = m4ap-Ce) Cg=0321
For gap joints:

C=C¢C

A = 5I0(O O rin) {0131 - 0.084atanf (140) + (42BJ]| B "y e p”

0.25 -014, . 0.7
SCFpracea = 1+ (1.97 ~ 15785 )-r A (sin(©p-deg))” - SCFporga + A

SCFpracea = 1.884

B = SIN(O yax ~ O pyin) 0,131 - 0084-atan[ (14-¢g) + (42)]| Cpg "7 Oeg M

0.25 -0.14, . 0.7
SCFpraces = 1 + (1.97 - 157-8g )-‘CB (sin(©g-deg))”"-SCFeporgp + B

SCFpraceR = 2.398

15 05 -122
YT

C = sin ( O 1y @min)l.s.[o_lg,l - 0_084-atan[(14-c) + (4.2-BC)]] CBc C

0.25)  -014 . 0.7
SCFpraceC = 1+ (1.97 - 157-B¢ )-TC (sin(©@-deg))™"-SCFeporac + C

SCFpracec = 1884
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C.2.2 IN-PLANE BENDING (IPB)

Brace

“__Chord

Figure C-5: lllustration of load type: In-Plane bending (IPB) of tubular 13

Chord crown:

1-(0.68-p
SCEMIPchordA = 1-45'BA'TAO'85'Y[ ( A)]'(Si”((aA'deg))O'?

SCFMIPchordA = 1315

1-(0.68-p
SCFMIPchordB = 1-45'BB'TBO'85‘Y[ ( B)]‘(Si“(e’ B'O'eg))O'7

SCFMIPchordB = 1478

1-(0.68-
SCFMIPchordC = 1-45'130100'85”[ ( C)}'(Si“(@)cdeg))o'?

SCPMIpchordc = 1315

Brace crown:

04 [1.09-(0.77:8 5]

. . [(0.06.7)~1.16]
SCFM'PbraCGA =1+ OGSBA’EA Y (sm(@Adeg))

SCFMIPbraceA = 2219

04 [109-(077Bp)]

. . [(0.06-y)~1.16]
SCFM'PbraCeB =1+ OGSBB’EB Y (5|n(®Bdeg))

SCFMIPbraceB = 2073

04 [109-(077-¢)]

. . [(0.06-y)~1.16]
SCFMIPbraceC =1+ OGSBCTC Y .(sm(@c.deg))

SCFMIPbracec = 2219
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C.2.3 UNBALANCED OUT-OF-PLANE BENDING (OPB)

“__ Chord
Figure C-6: lllustration of load type: Unbalanced Out-of-Plane bending of tubular joint 13

Out-of-plane bending:

Chord saddle:

SCFMOPCA = ¥ TAB A-(l.? - 1.05-B A3>-(sin(® A-deg))l'G = 2715
SCFMOPCR = 7 .TB.BB.(N - 1.05~B|33)~(sin(® g-deg))™® = 4023

SCFMmopec = ¥ TeBe (1.7 - 1.05-BCS)-(sin((aCdeg))l'G =2715

Chord saddle SCF adjacent to diagonal brace A:

Cap:Sin(O A -deg
Xap =1+ AB ( A )=1.24
AB

Pa

Xpc =1+ (65 * e+ Po) sn(0p o) = 2.199

Pa

SCFMOPChordA = [SCFMOPC A~[1 - O.OS(BB~y)O'S-exp(—O.S-XABﬂ 1- O.OS(BC-y)O'S-exp(—O.S-XAC)ﬂ
+[SCFyopea| 1 - 008(Bar ) ep(-08XAp) (2.05- Bmaxo's-em(—l.s-xAB)ﬂ

¥ [SCFMOPCQ-[l ~0.08(Bp- )0'5-exp(—0.8-XAC)}(2.05~Bmaxo's-em(—l.&XAC))J
SCFMOoPchordA =4
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Chord saddle SCF adjacent to diagonal brace C:

Cpe-sin(© ~-deg
Bc

Xca =1+ (Cns * Cac  be) sh(Oc o) = 2199

Bc

SCFMOPchordC = [SCFMOPC A-[l - 0.08(p B-y)o's-exp(—O.S-XCB)}[l - 0.08(p A-y)o'5-em(—o.8-XCA)ﬂ
" [SCFMOPCg 1- o.os(ﬁc.y)0'5-e>qo(—o.8-xCBﬂ(2.05- BmaXO'S-em(—l.&XCB))}

" [SCFMOPCc[l - O.OB(BC-y)0'5-exp(—0.8-XCA)}(2.05-Bmxo'5-e>q3(—l.3-XCA)ﬂ
SCFMoPchordc =4

Chord saddle SCF adjacent to central brace B:

Cap:Sin®p-deg Cpe-sin(@p-deg
XAB =1+ AB ( B ) =1.333 XBC =1+ BC ( B ) =1.333
Bp Bp

2 2
Pl: BA =1 P2 BC =1
(i) P
P1 P2

0.5 o.
SCFMOPChordB = SCFMopcB-[l ~0.08(Bpy) -exp(-08 xAB} 1 -008( Bc 1) -exp(-0. 8~xBC)J
0.5
+SCFMOPe A-[[l - 008(Bgv) -exp(-08 xAB)}(z 05 Bmax exp( 13 xAB)ﬂ

+ SCFMOPCQ-[l - O.O8(BB-y)0' exp(-0.8 XBCJ(Z 05. Bmax & -exp(-1.3¢)

SCFMOPchords = 4934
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Qut-of-plane bending; brace SCFs:

Out-of-plane bending brace SCFs are obtained directly from the adjacent chord
SCFs using:

-054 -0.05
.'\/ .

4
SCFMOPbraceA = TA 0.99 - (047-B ) + (0.08-[3 A )}-SCFMOPChord A

SCFMOPDbraceA = 3468

-054 -0.05
-‘Y .

4
SCFMOPDraceB = B 099 — (047-Bg) + (O'OS'BB )]'SCFMOPchordB

SCFMOPDbraceB = 459

-054 -0.05 4
SCFMOPbraceC = Tc ¥ '[0-99 ~(047-¢) + (O'OS'BC )}'SCFMOPchordC

SCFMOPDbracec = 3468

Table C.2 Summary of maximum SCFs in chord and brace member at location A, B and C
of tubular joint 13

Maximum value of SCFs
SUMMARY
SCFac/as SCFyp SCFyop
Chord Location
A 2,359 1,315 4,000
B 2,907 1,478 4,934
C 2,359 1,315 4,000
Brace Location:
A 1,884 2,219 3,468
B 2,398 2,073 4,598
C 1,884 2,219 3,468
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APPENDIX D:
ABAQUS/CAE CALUCLATION OF SCF
FOR TUBULAR JOINTS
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D.1 SCF CALUCLATION OF TUBULAR JOINT 9

D.1.1 SECTION PROPERTIES

Figure D-1 Definition of section properties of tubulars in tubular joint 9

Brace A:

Wall thickness: ta = 16:mmw

Outer diameter: dAo = 1200-mmr

d
Outer radius: 'Ag = ﬂ
2
Inner diameter: daj=dag -
- dai
Inner radius: Aj=—
2

Cross-sectional area:

2 2
Ap = T"(on ~TAi )

Moment of inertia:

| _ 4 4
AT Ao ~TAi

'ao = 600-mm

q 3
(2ta) Aj = 1.168x 10°mm

raj = 984-mm

Ap =59514331 x 10*mm’

|5 = 1043072 x 10™-mm"

Centre of the brace to mid-thickness of the brace:

. tA
Ya="ro 7|

yp = 592-mm
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Brace B:

Wall thickness: tg = 14-mm

Outer diameter: dBo == 1200-mmr

Outer radius: T
uter radius: 'Bo = T 'Bo = 600-mrr
. _ 3
Inner diameter:  dg; = dg, - (2.tB) dgj = 1.172x 10°-mrr
| dius: _ s
nner radius: Bi = T Bj = 586- mrr
Cross-sectional area:
. 2 2 4
Ag=m-Igy ~IBi Ap = 52163004 x 10 -m
Moment of inertia:
T 4 4 9
Ig = Z'(rBo ~ Igj ) Ig = 9.1728122 x 10™-m|

Centre of the brace to mid-thickness of the brace:

t
B
YB=Tgo — (?j yg = 993-mm
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Brace C:

Wall thickness: tc = 16-mnr

Outer diameter: dCo == 1200-mmr

out dius: ] OICo
uter radius: 'co = T 'co = 600-mrr
. _ 3
Inner diameter:  d; = dgg - (2.tC) dgj = 1.168 x 10°-mm
| dius: _ e
nner radius: ci = T rcj = 584-mrr
Cross-sectional area:
_ 2 2 _ 4
Ac=m{Ico —'Gi Ac = 59514331 x 10 -m
Moment of inertia:
T 4 4 10
IC = Z'(rco - rCI ) IC =1.043072 x 10" "-mi

Centre of the brace to mid-thickness of the brace:

t
C
Yc="Tco — (?] yc =992-mm
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Conversion of nominal stress into normal- and moment force:

Figure D-2: Definition of normal forces in brace members of tubular joint 9

Nominal stress:

M
Tom = I’ Shom = 1-MPa
i

Normal force:
) 4
Np = ShomAA Np =59514x 10°'N

4
Nay = Np -cos(28deg) Nay = 52548 x 10°N

. 4
NAy = Np -sin(28deg) NAy =279 x 10 N

NB = Cnom e Ng = 52163 x 10" N
) _ 4
Nc = SnomAc Nc =5.9514x 10°N
4
Ny = Ng-cos(46deg) Ney =41342x 10°N
: 4
NCy = Ng-sin(46deg) NCy =42811x 10 N
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)
'IU1III [

Figure D-3: Definition of moment forces in brace members of tubular joint 9

Nominal stress:

My —1.
JHCIFJI! = _i GnOm - 1 Mpa

l;

Moment in-plane

Snom'!A
Mip.a = {onon'a) Myp a = 1.7619459 x 10"-N-mir
YA
Shom''B
Mip g = (onon's) Mp g = 15468486 x 10-N-mmr
YB
(Gnom"C) 7

Moment out-of-plane:

(Gnom' IA) 7
Mopa = ———— Mop A = 17619459 x 10°-N-mr
YA
(Gnom"B) 7
Moppg = ———— Mop g = 15468486 x 10°-N-mr
yB
Snom’lc
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D.1.3 CALCULATION OF SCFs

BALANCED AXIAL LOAD

LOAD TYPE/D.SHAPE

BRACE A

5, Mises
Envelope (max ahs)

+2.528e+00
+2.255e+00
+2.067=+00
+1.879e+00
+1.691=+00
+1.5303e+00
+1.315=+00
+1.128=+00
+9.3982-01
+7.517e-01
+5.638e-01
+3.758e2-01
+1.879e-01
+1.1772-15

CHORD LOC. A

5, Mises
Envelope (max abs)

+3.363e+00
+2.065=+00
+1.893e+00
+1.721e+00
+1.5349=+00
+1.377e+00
+1.205e+00
+1.033=+00
+3.604=-01
+6.883=-01
+5.163e-01
+3.4422-01
+1.721e-01
+4.7032-15

BRACE B

S, Mises
Envelope (max abs)

+2.813e+00
+2.670e+00
+2.44832+00
+2.225e+00
+2.003e+00
+1.780e+00
+1.558e+00
+1.335e+00
+1.113e+00
+2.900e-01
+6.675e-01
+4.450e-01
+2.225e-01
+2.034e-16
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CHORD LOC. B

5, Mises
Envelope (max abs)

+4.7492+00
[ +4.3538+00

+3.957e+00
+3.962e+00
+3.1662+00
+2. 77 0e+00
+2.374e+00
+1.9792+00
+1.583=+00
+1.187e+00
+7.915e-01
+3.9572-01
+3.405e-16

BRACE C

S, Mises
Envelope (max abs)

+2.528e+00
+2.372e+00
+2.174e+00
+1.977e+00
+1.7792+00
+1.581e+00
+1.384=+00
+1.186e+00
+9.,8832-01
+7.907e-01
+5.930e-01
+3.953e-01
+1.977e-01
+1.177e2-15

CHORD LOC. C

S, Mises
Envelope (max abs)

+3.363e+00
[ +3.083e+00

+2.803e+00
+2.522e+00
+2.242e+00
+1.962e+00
+1.682e+00
+1.401=e+00
+1.121e+00
+2.408=-01
+5.605e-01
+2.803=-01
+4.703e-15
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IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE A

5, Mises
Envelope (max abs)

+1.693e+00
[ +1.5526+00

+1.411e+00
+1.2692+00
+1.128=+00
+9.874e-01
+8.463e-01
+7.053e-01
+5.642e-01
+4.232e-01
+2.821e-01
+1.411e-01
+1.742e-16

CHORD LOC. A

5, Mises
Envelope (max abs)

+8.8488-01
[ +8111e-01

+7.3736-01
+6.B368-01
+5.8995-01
+5.1616-01
+4.4245-01
+3.6578-01
+2.0405-01
+5.9126-01
+1.4756-01
+7.3736-02
+1.0245-17

129



IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE B

S, Mises
Envelope {max abs)

+2.253e+00
[ +2 0656400

+1.878e+00
+1.690=+00
+1.5302e+00
+1.314=+00
+1.127e+00
+9.388e-01
+7.510e-01
+2.633e-01
+3.755e-01
+1.878e-01
+9.4522-17

CHORD LOC. B

5, Mises
Envelope (max abs)

+1.335e+00
[ +1.223e+00

+1.112e+00
+1.001e+00
+2.899=-01
+7.787e-01
+6.6742-01
+5.562e-01
+4.450=-01
+3.337e-01
+2.225e-01
+1.112e-01
+7.9982-17

130



IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE C

5, Mises
Envelope (max abs)

+1.952=+00
[ +1.7G0e+00

+1.6272+00
+1.464e+00
+1.2301e+00
+1.13%9=+00
+9.760e-01

CHORD LOC. C

5, Mises
Envelope (max abs)

+1.379e+00
[ +1.2648+00

+1.149=+00
+1.034=+00
+9.192e-01
+8.043e-01
+6.8942-01
+5.745e-01
+4.596e-01
+3.447e-01
+2.288e-01
+1.149e-01
+1.464e-165
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OUT-OF-PLANE BENDING (OPB)

LOAD TYPE/D.SHAPE

BRACE A

5, Mises
Envelope (max abs)

+6.282e+00
+3.464e+00
+3.175e+00
+2.887e+00
+2.5932+00
+2.310e+00
+2.021e+00
+1.733e+00
+1.444e+00
+1.156e+00
+8.6742-01

+5.78%92-01

+2.904=-01

+1.843=-03

CHORD LOC. A

5, Mises
Envelope (max abs)

+2.3952+00
+5.281e+00
+4.841e+00
+4.401e+00
+3.961e+00
+3.521e+00
+3.081e+00
+2.641e+00
+2.200e+00
+1.760e+00
+1.320e+00
+2.802e-01

+4.401e-01

+5.950e-16

BRACE B

5, Mises
Envelope (max abs)

+6.282e+00
+5.603e+00
+3.141e+00
+4.674e+00
+4.206e+00
+3.73%92+00
+3.272e+00
+2.805e+00
+2.338e+00
+1.871e+00
+1.403e+00
+9.362e-01

+4.690e-01

+1.8432-03
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CHORD LOC. B

5, Mises
Envelope (max abs)

+9.034=+00
[ +8.2828+00

+7.592%92+00
+6.77ae+00
+6.023e+00
+5.270e+00
+4.517e+00
+3.764e+00
+3.011e+00
+2.25%9=+00
+1.5306e+00
+7.529=-01
+3.043e-16

BRACE C

5, Mises

Envelope (max abs)
+6.282e+00
+4.190e+00
+3.841e+00
+3.4922+00
+3.143e+00
+2.7942+00
+2.445e+00

+2.0962+00
+1.747e+00
+1.393e+00
+1.0492+00

+6.9992-01
+3.50%e-01
+1.8432e2-03

CHORD LOC. C

S, Mises

Envelope (max abs)
+9.034e+00
+7.3542+00
+6.741e+00
+A,1282+00
+5.516e+00
+4.903e+00
+4.290e+00

+3.677e+00
% +3 .064e+00

+2.451e+00
+1.83%9=+00
+1.2262+00
+6.128e-01
+5.043e-16
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D.2 SCF CALCULATION OF TUBULAR JOINT 13

D.2.1 SECTION PROPERTIES

Figure D-5: Definition of section properties of tubulars in tubular joint 13

Brace A:
Wall thickness: ta = 16-mm

Outer diameter: dAo == 1200-mnr

Outer radius: _no
uter radius: Ao = T Ao = 600-mrr

. _ 3

Inner diameter:  d,;=dag - (2.tA) dpj =1.168x 107-mm
dai
Inner radius: A = — ra: = 584-mmr
Al 2 Al

Cross-sectional area:
AA = TE'(TAOZ - I’AIZ) AA =5.951 x 104mm2
Moment of inertia:

T 4 4 10 4
N Z.(rAO —TAj ) Ip =1043x 107 -mm

Centre of the brace to mid-thickness of the brace:

t
A
YA =Tag — (7J yp = 592-mm
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Brace B:

Wall thickness: tg = 14-mm

Outer diameter: dBo == 1200-mmr

Outer radius: T

uter radius: 'Bo = T 'Bo = 600-mrr

. _ 3

Inner diameter:  dg; = dg, - (2.tB) dgj = 1.172x 10°-mrr
| dius: _ s
nner radius: Bi = T Bj = 586- mrr
Cross-sectional area:

Ag = n-(rBOZ - rBiZ) Ag =5216x 10" mn?
Moment of inertia:

o 4 4 9 4

IB =] Z'(rBo - rBI ) IB =0.173 x 10"-mm

Centre of the brace to mid-thickness of the brace:

t
B
YB=Tgo — (?j yg = 993-mm
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Brace C:

Wall thickness: tc = 16-mnr

Outer diameter: dCo == 1200-mmr

out dius: ] OICo
uter radius: 'co = T 'co = 600-mrr
. _ 3
Inner diameter:  d; = dgg - (2.tC) dgj = 1.168 x 10°-mm
| dius: _ e
nner radius: ci = T rcj = 584-mrr
Cross-sectional area:
2 2 4
AC = TC'(rCO — rCI ) AC =5.951x 10 -mi
Moment of inertia:
T 4 4 10
Ic = Z.(rCo - IGi ) Ic =1043x 107"-m

Centre of the brace to mid-thickness of the brace:

t
C
Yc="Tco — (?] yc =992-mm
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Conversion of nominal stress into normal- and moment force:

Figure D-6: Definition of normal forces in brace members of tubular joint 13
Nominal stress:

;
Tnom = I Snom = 1-MPa
i

Normal force:

4
Na = SnomAa Np =5.9514x 10" N

4
Nay = Np -cos(46deg) Nay =4.1342x 10°'N

. 4
NAy = Np -sin(46deg) NAy =42811x 10 N

NB = Cnom e Ng = 52163 x 10" N
) _ 4
Nc = SnomAc Nc =5.9514x 10°N
4
Ny = Ng-cos(46deg) Ney =41342x 10°N
: 4
Nq/ = Ng-sin(46deg) NCy =42811x 10 N
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Maw{)
Mlp.:

Figure D-7: Definition of moment forces in brace members of tubular joint 13

Nominal stress:

My

drzam - I
[

Moment in-plane:

Mipa = (onom'a)
YA

(Gnom'lB)
Mipg = Ve

Mipc = (onon'd
yc

Mop.a = (onom'a)
YA

Mop.g = (Gnom'lB)
YB

Mop.c = (Gnom'lc)
Yc

— 1.MPa

Mip a = 17619459 x 10'-N-mr

Myp g = 1.5468486 x 10'-N-mir

Mip a = 17619459 x 10'-N-mr

Mop a = 17619459 x 10"-N-mm

Mgp g = 15468486 x 10'-N-m

Mgp a = 17619459 x 10"-N-mm
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D.2.2 CALCULATION OF SCF

BALANCED AXIAL LOAD

LOAD TYPE/D.SHAPE

5, Mises
Envelope (max abs)

+2.61%=+00
+2.183e+00
+2.001e+00
+1.819=+00
+1.637e+00
+1.455e+00
+1.273e+00
+1.09Z2e+00
+9.095e-01
+7.277e-01
+2.428e-01
+3.6382-01
+1.81%92-01
+6.8982-15

BRACE A

5, Mises
Envelope (max abs)

+3.376e+00
[ +3.0058+00

+2.813e+00
+2.532e+00
+2.251e+00
+1.96%9=+00
+1.688=+00
+1.407e+00
+1.125=+00
+3.440=-01
+5.6262-01

TeiTels AR A MR

CHORD LOC. A

5, Mises
Envelope (max ahs)

+2.653e+00
+2.637e+00
+2.418=+00
+2.,193e+00
+1.973e+00
+1.7538e+00
+1.53%9=+00
+1.319e+00
+1.09%9=+00
+3.791e-01
+6.5942-01
+4.3962-01
+2.198=-01
+1.834e-16

BRACE B
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CHORD LOC. B

5, Mises
Envelope {max abs)

+4.7a0e+00
[ +4.3638+00

+3.966e+00
+3.570e+00
+3.173e+00
+2.777e+00
+2.380e+00
+1.933e+00
+1.587e+00
+1.190e+00
+7.933=-01
+3.9662-01
+92.9982-17

BRACE C

S, Mises
Envelope (max abs)

+2.593e+00
+2.183e+00
+2.001e+00
+1.819=+00
+1.637e+00
+1.455e+00
+1.273e+00
+1.09Z2e+00
+9.095e-01
+7.277e-01
+5.458e-01
+3.6382-01
+1.819=-01
+3.0952-15

CHORD LOC. C

S, Mises
Envelope (max ahs)

+3.411e+00
[ +3.127e+00

+2.843e+00
+2.558e+00
+2.274e+00
+1.990e+00
+1.706e+00
+1.421e+00
+1.137e+00
+2.528e-01
+5.6852-01
+2.843e-01
+1.900e-15
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IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE A

5, Mises
Envelope (max abs)

+1.913e+00
[ +1.753e+00

+1.594e2+00
+1.435e+00
+1.273e+00
+1.1162+00
+9.564e-01
+7.970e-01
+6.376e-01
+4.782e2-01
+3.1883e-01
+1.594=-01
+6.4530e-17

CHORD LOC. A

S, Mises

Envelope (max abs)
+1.362e+00

[ +1.248e4+00
+1.135e+00

+1.021e+00
+9.0280e-01

i

i

+1.732e-16
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IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE B

5, Mises
Envelope (max ahs)

+2.251e+00
[ +2.063e+00

+1.876e+00
+1.688e+00
+1.501e+00
+1.313e+00
+1.1253e+00
+9.,378e-01
+7.5303e-01
+5.627e-01
+3.731e-01
+1.876e-01
+2.7853e-16

CHORD LOC. B

S, Mises
Envelope (max abs)

+1.334e+00
[ +1.223e+00

+1.112e+00
+1.001e+00
+8.8952-01
+7.783e-01
+6.6722-01
+5.560e-01
+4.4482-01
+3.336e-01
+2.2242-01
+1.112e-01
+2.083e-16
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IN-PLANE BENDING (IPB)

LOAD TYPE/D.SHAPE

BRACE C

S, Mises
Envelope (max abs)

+1.913e+00
[ +1,7538+00

+1.5942+00
+1.4353e+00
+1.275e+00
+1.116e+00
+9.5642-01
+7.970e-01
+6.3762-01
+4.782e-01
+3.188e-01
+1.594e-01
+6.4502-17

CHORD LOC. C

S, Mises
Envelope (max abs)

+1.375e+00
[ +1.261e+00

+1.145e+00
+1.032e+00
+9.16%9e=-01
+8.022e-01
+6.877e-01
+5.731e-01
+4.585e-01
+3.43%e-01
+2.292e-01

+111468-01 il ™

+1.442e-16

143



UNBALANCED OUT-OF-PLANE BENDING (OPB)

LOAD TYPE/D.SHAPE

BRACE A

S, Mises
Envelope (max akbs)

+6.834e+00
+4. 240e+00
+3.887e+00
+3.533e+00
+3.180e+00
+2.827e+00

+2.474e+00
+2.120e+00
+1.767e+00
+1.414e+00
+1.060e+00

+7.071e-01
+3.538e-01
+4.856e-04

)
Tyl

LITHA

gty
Wigggqtteng iy

CHORD LOC. A

5, Mises
Envelope (max ahbs)

+9.391=+00
+7 . 445e+00
+6.826e+00
+6.205=+00
+5.5385e+00
+4.9642+00

+4.344e+00
+3.723e+00
+3.103e+00

+2.432e+00
+1.862e+00
+1.241=+00
+6.2052-01
+5.5592-16
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BRACE B

S, Mises
Envelope (max ahs)

+6.74Z2e+00
+5.604e+00
+5.137e+00
+4.670e+00
+4.203e+00
+3.736e+00
+3.26%92+00
+2.802e+00
+2.335e+00
+1.8682+00
+1.401e+00
+9.,345e-01

+4.676e-01

+6.054e-04

CHORD LOC. B

5, Mises
Envelope (max abs)

+9.397e+00
[ +8.614e+00

+7.831e+00
+7.043e+00
+6.265e+00
+5.432e+00
+4.698e+00
+3.915e+00
+3.132e+00
+2.349=+00
+1.5366e+00
+7.831=-01
+4.405e-16

BRACE C

5, Mises

Envelope (max abs)
+6.742e+00
+4.213e+00
+32.862e+00
+3.511e+00
+32.160e+00
+2.80%9=+00

+2.458e+00
+2.107e+00
+1.756e+00
+1.405%=+00
+1.054=+00

+7.027e-01
+3.516e-01
+6.054e-04

CHORD LOC. C

S, Mises
Envelope (max akbs)

+9.397e+00
+7.437e+00
+6.817e+00
+6.197e+00
+5.578e+00
+4,958e+00

+4,338e+00
+3.718e+00
+3.09%9e+00

+2.4792+00
+1.85%9=+00
+1.23%92+00
+6,1972-01
+4.405e-16
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APPENDIX E:
FATIGUE LIFE CALCULATION
FOR TUBULAR JOINTS
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E.1 TUBULARJOINT 9

Q M

MI'\I-'A

Ma

Figure E-1: lllustration of normal and moment forces in brace members of tubular joint 9

Brace A:

Wall thickness: tp = 16-mm

Outer diameter: dp g = 1200-mm

. 0
Outer radius: Ao = T rpag = 600-mm

. _ 3
Inner diameter:  dp;:=dag — (2~tA) daj = 1.168x 10°-mm
Inner radius: : dAi

. rAi = T rAi = 584-mmr

Cross-sectional area:
AA = TE-(I"A\O2 - rAIZ) AA =5.951 x 104mm2
Moment of inertia:

b 4 4 10 4
IA = Z'(rAO — rAI ) IA =1.043x 100 -mm

Centre of the brace to mid-thickness of the brace:

A
YA =Tag — 7 ya = 592-mm
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Brace B:
Wall thickness: tg = 14-mm

Outer diameter: dBo == 1200-mn

d
. ] 0
Outer radius: 'Bo = T rgo = 600-mm
. _ 3
Inner diameter:  dg; := dg, - (Z'tB) dgj = 1.172 x 107-mrr
Inner radius: : dBi
Cross-sectional area:
AB = TC'(rBOZ - rBIZ) AB =5.216 x 104mm2
Moment of inertia:
T 4 4 9 4
Ig = Z(rBO - Igj ) g =9.173x 10"-mm

Centre of the brace to mid-thickness of the brace:

t
B
YB =By — (zj yg = 593-mr
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Brace C:
Wall thickness: tc = 16-m

Outer diameter: dCo == 1200-mn

d
. 0
Outer radius: oo = T rco = 600-mi
. _ 3
Inner diameter:  dgj = dg, - (Z'tC) dgj = 1.168 x 10™-mmr
Inner radius: : dCi
. rCI = 7 rCI = 584-mir
Cross-sectional area:
AC = TC'(rCOZ — rclz) AC =5.951 x 104mm2
Moment of inertia:
T 4 4 10 4
IC = Z'(rco — I’CI ) IC =1.043 x 107 -mm

Centre of the brace to mid-thickness of the brace:

t
C
Yc="Tco — (?J yc = 592-mmr
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M

Figure E-2: lllustration of normal and moment forces in chord member of tubular joint 9
Chord:
Wall thickness: T = 40-mnmr

Outer diameter: Do = 1248-mmr

D

Outer radius: o = 9 o = 624-mmr
2
Inner diameter: Di = Do — (2.T) Di =1.168 x 103'mrr
Dj
Inner radius: = ? r; = 584-mmr
Cross-sectional area:
A = n-(roz — riz) A =1518 x 105-mm2
Moment of inertia:
| = 1.004 - ri4) | = 2772 % 100 mm’
4

Centre of the brace to mid-thickness of the brace:

T
y=1r, - (—j y = 604-mmr z:=Yy = 604-mm
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E.1.1 HOT SPOT STRESS RANGE (HSSR) FOR Hs=1,5m

Table E.1 Calculation of load range for Hs=1,5m in brace and chord member of tubular joint 9

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 49089,67 81768,26 999880,51
B - 690606,00 3688599,98
C 40225,24 34172,37 608422,17
Chord Location, i
A 39551,66 864511,16 54122233,20
B 39551,66 864511,16 54122233,20
C 39551,66 864511,16 54122233,20

Axial:
AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:
AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:
AM,; = (Max. OPB load — Min. OPB load)[Nmm)]

Table E.2 Calculation of stress range for Hs=1,5m in brace and chord member of tubular joint 9

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 0,825 4,64E-03 0,057
B - 0,045 0,238
C 0,676 1,94E-03 0,035
Chord Location, i:
A 0,261 0,019 1,179
B 0,261 0,019 1,179
C 0,261 0,019 1,179

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:
AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:
AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.1.1.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.3 Calculation of HSSR for Hs=1,5m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Aaq Ao, Aoj Acy Ao Aay Ao Aog HSSR
AO-D/c.i=1
Brace Location:
A 1,237 | 1,123 | 1,070 | 1,108 | 1,216 | 1,330 | 1,383 | 1,345 1,383
B 0,093 | -0,643 | -1,002 | -0,774 | -0,093 | 0,643 | 1,002 | 0,774 1,002
C 1,359 | 1,297 | 1,269 | 1,291 | 1,351 | 1,413 | 1,441 | 1,419 1,441
Chord
Location:
A 0,475 | -2,190 | -3,305 | -2,217 | 0,437 | 3,102 | 4,217 | 3,129 4,217
B 0,889 | -2,879 | -4,455 | -2918 | 0,833 | 4,600 | 6,177 | 4,640 6,177
C 0,723 | -1,681 | -2,691 | -1,716 | 0,674 | 3,078 | 4,088 | 3,133 4,088
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
Ty = é (SUE, +5CF ) o, 'i'% "-'I':_ SCEyp 0. _é "-'IIF-"_ SCEy0p O
o, =8CF, a —5CF .o
o, = -;-;s(:l-'“ +SCF,.) 6, — ; J2 SCE .0, - ; J2 SCE,.0.,
a, =58CF, o -S5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCE, 0, +—; 2 SCF,,,. @,
O; = H’(lx\ ﬁ.\: + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = fl\ (SCE,. +5CF, )o, + fl:. "n'llz_ SChyp Oy + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyp SCFyop
Brace Location:
A 1,487 2,341 2,765
B 2,589 2,073 4,201
C 2,005 2,219 2,492
Chord Location:
A 1,750 0,975 3,189
B 3,304 1,478 4,508
C 2,681 1,315 2,874
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E.1.1.2 CALCULATION OF HSSR - ABAQUS/CAE

Table E.4 Calculation of HSSR for Hs=1,5m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aag Ao Aog HSSR
AO-b/c.i=1
Brace Location:
A 1,868 | 1,727 | 1,663 | 1,715 | 1,852 | 1,993 | 2,057 | 2,005 2,057
B o,101 | -0,874 | -1,337 | -1,017 | -0,201 | 0,874 | 1,337 | 1,017 1,337
C 1,607 | 1,504 | 1,459 | 1,498 | 1,599 | 1,703 | 1,748 | 1,708 1,748
Chord
Location:
A 0,557 | -3,852 | -5,690 | -3,879 | 0,519 | 4,928 | 6,766 | 4,955 6,766
B 1,263 | -6,278 | -9,416 | -6,314 | 1,212 | 8,753 | 11,891 | 8,788 11,891
C 0,902 | -5,238 | -7,796 | -5,274 | 0,850 | 6,990 | 9,549 | 7,270 9,549
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
0, = é (SUE, +5CF ) o, 'i'% "-'I'-'T SCEyp 0. _l'_: "-'Iz— SCEy0p O
o, =8CF, a —5CF .o
5, = -i-;sn.'l-'_“ +SCF, )@, —-:- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCF, 0, +—; 2 SCF,,. o
O; = H’(ln ﬁx + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = 'i'LFSCl"M. +5CF ¢ )a, + fl:. "n'llz_ H(':I:.\III*GN'-?-' + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 2,255 1,693 3,464
B 2,670 2,253 5,608
C 2,372 1,952 4,190
Chord Location:
A 2,065 0,885 5,281
B 4,749 1,335 9,034
C 3,363 1,379 7,354
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E.1.2 HOT SPOT STRESS RANGE (HSSR) FOR Hs=2,0m

Table E.5 Calculation of load range for Hs=2,0m in brace and chord member of tubular joint 9

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 64039,18 93504,85 1204383,40
B - 912942,14 4854525,97
C 52930,48 25143,33 802604,73
Chord Location, i
A 49285,75 1141826,90 72054573,00
B 49285,75 1141826,90 72054573,00
C 49285,75 1141826,90 72054573,00

Axial:

AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:

AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:

AM, ; = (Max. OPB load — Min. OPB load)[Nmm]

Table E.6 Calculation of stress range for Hs=2,0m in brace and chord member of tubular joint 9

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 1,081 5,307E-03 0,068
B - 0,059 0,314
C 0,889 1,427E-03 0,046
Chord Location, i:
A 0,325 0,025 1,57
B 0,325 0,025 1,57
C 0,325 0,025 1,57

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:

AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:

AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.1.2.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.7 Calculation of HSSR for Hs=2,0m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aag Ao Aog HSSR
AO-b/c.i=2
Brace Location:
A 1,619 | 1,482 | 1,418 | 1,464 | 1,594 | 1,732 | 1,796 | 1,749 1,796
B 0,122 | -0,846 | -1,318 | -1,019 | -0,222 | 0,846 | 1,318 | 1,019 1,318
C 1,786 | 1,705 | 1,670 | 1,701 | 1,780 | 1,861 | 1,897 | 1,866 1,897
Chord
Location:
A 0,593 | -2,955 | -4,439 | -2,990 | 0,543 | 4,091 | 5,575 | 4,126 5,575
B 1,110 | -3,906 | -6,005 | -3,958 | 1,036 | 6,051 | 8,150 | 6,103 8,15
C 0,903 | -2,297 | -3,642 | -2,343 | 0,838 | 4,038 | 5,383 | 4,084 5,383
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
0, = é (SUE, +5CF ) o, 'i'% "-'I'-'T SCEyp 0. _l'_: "-'Iz— SCEy0p O
o, =8CF, a —5CF .o
5, = -i-;sn.'l-'_“ +SCF, )@, —-:- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCF, 0, +—; 2 SCF,,. o
O; = H’(ln ﬁx + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = 'i'LFSCl"M. +5CF ¢ )a, + fl:. "n'llz_ H(':I:.\III*GN'-?-' + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFup SCFyop
Brace Location:
A 1,487 2,341 2,765
B 2,589 2,073 4,201
C 2,005 2,219 2,492
Chord Location:
A 1,750 0,975 3,189
B 3,304 1,478 4,508
C 2,681 1,315 2,874
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E.1.2.2 CALCULATION OF HSSR - ABAQUS/CAE

Table E.8 Calculation of HSSR for Hs=2,0m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aoy Aoy Aag HSSR
AO-b/c.i=2
Brace
Location:
A 2,446 | 2,276 2,200 2,263 | 2,428 | 2,598 | 2,673 | 2,610 2,673
B -
0,233 | -1,150 | -1,760 | -1,339 | 0,133 | 1,150 | 1,760 | 1,339 1,760
C 2,112 | 1,977 1,919 1,973 | 2,107 | 2,243 | 2,300 | 2,247 2,300
Chord
Location:
A 0,695 | -5,175 | -7,621 | -5,210 | 0,646 | 6,516 | 8,962 | 6,551 8,962
B 1,575 | -8,464 | -12,642 | -8,511 | 1,509 | 11,548 | 15,725 | 11,595 | 15,725
C 1,126 | -7,048 | -10,454 | -7,097 | 1,058 | 9,232 | 12,638 | 9,280 12,638

Superposition of stresses in tubular joints;
a, =58CF, .o, +5CLE,,.a,

|
_:—f'-\l{.l.l{ +‘\{.I 1,1}|."T -l-—~|.||..- \-':.I-.”_. my _: IF" KI{.I.-.M_. mz
ﬁ _HLI ‘ﬁ:':'.lf'-ll..l? “-‘rulx
I i g I I ) y A
o, = -iqh{.l-_\{ +5CF, ), —-_}- “ 2 SCFyp o, ,JE SCF e O
a, =58ClF, o -5CL,a
. _—{‘uf_l“ +SCF, e, —%M-h SCF,,,. o +—I 2 SCF,, a5,
o, _..,’(1“ o, +SCF0p 0.,
LHLIW+$LI a, +i J2 SCEy 0, ,t [2 SCF,0 6.,
Where
SCF SCFAC/AS SCFyip SCFyop
Brace Location:
A 2,255 1,693 3,464
B 2,670 2,253 5,608
C 2,372 1,952 4,190
Chord Location:
A 2,065 0,885 5,281
B 4,749 1,335 9,034
C 3,363 1,379 7,354
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E.1.3 HOT SPOT STRESS RANGE (HSSR) FOR Hs=2,5m

Table E.9 Calculation of load range for Hs=2,5m in brace and chord member of tubular joint 9

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 82754,24 124742,51 1567542,85
B - 1165427,63 6221469,76
C 67845,50 36051,67 10229238,23
Chord Location, i
A 63874,72 1458194,81 91396234,00
B 63874,72 1458194,81 91396234,00
C 63874,72 1458194,81 91396234,00

Axial:

AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:

AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:

AM, ; = (Max. OPB load — Min. OPB load)[Nmm]

Table E.10 Calculation of stress range for Hs=2,5m in brace and chord member of tubular joint 9

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 1,39 7,08E-03 0,089
B - 0,075 0,402
C 1,14 2,046E-03 0,058
Chord Location, i:
A 0,421 0,032 1,991
B 0,421 0,032 1,991
C 0,421 0,032 1,991

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:

AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:

AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.1.3.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.11 Calculation of HSSR for Hs=2,5m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aag Ao Aog HSSR
AO-b/c.i=3
Brace Location:
A 2,084 | 1,905 | 1,822 | 1,882 | 2,051 | 2,230 | 2,314 | 2,253 2,314
B 0,156 | -1,084 | -1,690 | -1,305 | -0,156 | 1,084 | 1,690 | 1,305 1,690
C 2,290 | 2,187 | 2,141 | 2,180 | 2,281 | 2,385 | 2,430 | 2,391 2,430
Chord
Location:
A 0,768 | -3,732 | -5,614 | -3,777 | 0,705 | 5,205 | 7,087 | 5,249 7,087
B 1,433 | -4,925 | -7,587 | -4,991 | 1,343 | 7,705 | 10,368 | 7,771 10,368
C 1,170 | -2,889 | -4,595 | -2,949 | 1,086 | 5,146 | 6,852 | 5,205 6,852
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
0, = é (SUE, +5CF ) o, 'i'% "-'I'-'T SCEyp 0. _l'_: "-'Iz— SCEy0p O
o, =8CF, a —5CF .o
5, = -i-;sn.'l-'_“ +SCF, )@, —-:- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCF, 0, +—; 2 SCF,,. o
O; = H’(ln ﬁx + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = 'i'LFSCl"M. +5CF ¢ )a, + fl:. "n'llz_ H(':I:.\III*GN'-?-' + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 1,487 2,341 2,765
B 2,589 2,073 4,201
C 2,005 2,219 2,492
Chord Location:
A 1,750 0,975 3,189
B 3,304 1,478 4,508
C 2,681 1,315 2,874
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E.1.3.2 CALCULATION OF HSSR - ABAQUS/CAE

Table E.12 Calculation of HSSR for Hs=2,5m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aaq Ao, Aoj Aay Aos Aoy Aoy Aag HSSR
AO-b/c.i=3
Brace
Location:
A 3,148 | 2,926 2,827 2,909 | 3,124 | 3,345 | 3,444 | 3,362 3,444
B -
0,170 | -1,475 | -2,256 | -1,715 | 0,170 | 1,475 | 2,256 | 1,715 2,256
C 2,708 | 2,535 2,461 2,529 | 2,700 | 2,873 | 2,947 | 2,879 2,947
Chord
Location:
A 0,901 | -6,545 | -9,648 | -6,590 | 0,837 | 8,283 | 11,386 | 8,328 11,386
B 2,041 | -10,693 | -15,992 | -10,753 | 1,956 | 14,690 | 19,989 | 14,750 | 19,989
C 1,459 | -8,910 | -13,230 | -8,972 | 1,371 | 11,740 | 16,060 | 11,802 | 16,060

Superposition of stresses in tubular joints;
a, =58CF, .o, +5CLE,,.a,
1

|
_:—f'-\l{.l.l{ +‘\{.I 1,1}|."T -l-—~|.||..- \-':.I-.”_. my _: IF" KI{.I.-.M_. mz
ﬁ _HLI ‘ﬁ:':'.lf'-ll..l? “-‘rulx
I i g I I ) y A
o, = -iqh{.l-_\{ +5CF, ), —-_}- “ 2 SCFyp o, ,JE SCF e O
a, =58ClF, o -5CL,a
. _—{‘uf_l“ +SCF, e, —%M-h SCF,,,. o +—I 2 SCF,, a5,
o, _..,’(1“ o, +SCF0p 0.,
LHLIW+$LI a, +i J2 SCEy 0, ,t [2 SCF,0 6.,
Where
SCF SCFAC/AS SCFyp SCFyop
Brace Location:
A 2,255 1,693 3,464
B 2,670 2,253 5,608
C 2,372 1,952 4,190
Chord Location:
A 2,065 0,885 5,281
B 4,749 1,335 9,034
C 3,363 1,379 7,354
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E.2 TUBULARJOINT 13

Mloec \_5
Mipc

Figure E-3 lllustration of normal and moment forces in brace members of tubular joint 13

Brace A:

Wall thickness: tp = 16-mm

Outer diameter: dAo == 1200-mrr

Outer radius: Ao
uter radius: Ao = T 'Ag = 600-mrr

. _ 3

Inner diameter:  dp;:=da, - (2-tA) daj = 1.168x 10°-mr
dai
Inner radius: A = — ra; = 584-mmr
Al - 2 Al

Cross-sectional area:
Ap = n-(erz - rAiZ) Ap =5951x 10" mm’
Moment of inertia:

i 4 4 10 4
IA = Z'(er - rAI ) IA =1.043x 107 -mm

Centre of the brace to mid-thickness of the brace:

ta
YA =Tag — > ya = 592-mm
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Brace B:
Wall thickness: tg = 14-mm

Outer diameter: dBo = 1200-mnr

Outer radius: T

uter radius: 'Bo = T 'Bo = 600-mrr

. _ 3

Inner diameter:  dg; = dg, - (2.tB) dgj = 1172 x 10™-mrr
| dius: _ s
nner radius: Bi = T Bi = 586- mrr
Cross-sectional area:

Ag = n-(rBoz - rBiZ) Ag =5216x 10" mn?
Moment of inertia:

T 4 4 9 4

IB = Z'(rBo - rBI ) IB =0.173x 10"-mm

Centre of the brace to mid-thickness of the brace:

t
B
YB=Tgo — (?j yg = 993-mm
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Brace C:

Wall thickness: tc = 16-mnr

Outer diameter: dCo = 1200-mnr

out dius: ] OICo

uter radius: co = T 'co = 600-mrr

. _ 3

Inner diameter:  dg; = de, - (2.tC) dgj = 1168 x 10”-mv
| dius: _ e
nner radius: ci = T rcj = 584-mrr
Cross-sectional area:

Ac = n-(rCOZ - rCiZ) Ac = 5951 x 10" mm’
Moment of inertia:

T 4 4 10 4

IC = Z'(rco - rCI ) IC =1.043x 107 -mm

Centre of the brace to mid-thickness of the brace:

t
C
Yc="Tco — (?] yc =992-mm
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5]

Figure E-4: lllustration of normal and moment forces in chord member of tubular joint 13

Chord:
Wall thickness: T = 40-mmr

Outer diameter: Dy = 1248-mr

. Do
Outer radius: fo = — ro = 624-mm
2
Inner diameter: D := Do - (2-T) D; = 1.168 x 103-mrr
. D
Inner radius: = ? rj = 584-mmr
Cross-sectional area:
A = n--(ro2 - riz) A = 1518 x 105-mm2
Moment of intertia:
| = 5-(r04 - ri4) | = 2772 x 10t
4

Centre of the brace to mid-thickness of the brace:

T

y=ry - (Ej y = 604-mr z:=Yy = 604-mmr
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E.2.1 HOT SPOT STRESS RANGE (HSSR) FOR Hs=1,5m

Table D.13 Calculation of load range for Hs=1,5m in brace and chord member of tubular joint 13

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 40225,24 34172,37 608422,17
B - 575846,42 2166136,53
C 54106,22 341217,97 1727979,03
Chord Location, i
A 39551,66 864511,16 54122233,20
B 39551,66 864511,16 54122233,20
C 39551,66 864511,16 54122233,20

Axial:

AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:

AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:

AM, ; = (Max. OPB load — Min. OPB load)[Nmm]

Table E.14 Calculation of stress range for Hs=1,5m in brace and chord member of tubular joint 13

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 0,676 1,939E-03 0,035
B - 0,037 0,14
C 0,909 0,019 0,098
Chord Location, i:
A 0,261 0,019 1,179
B 0,261 0,019 1,179
C 0,261 0,019 1,179

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:

AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:

AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.2.1.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.14 Calculation of HSSR for Hs=1,5m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aag Ao Aog HSSR
AO-b/c.i=1
Brace Location:
A 1,278 | 1,192 | 1,154 | 1,186 | 1,269 | 1,355 | 1,393 | 1,361 1,393
B 0,077 | -0,391 | -0,630 | -0,500 | -0,077 | 0,391 | 0,630 | 0,500 0,63
C 1,756 | 1,503 | 1,373 | 1,442 | 1,670 | 1,923 | 2,053 | 1,984 2,053
Chord
Location:
A 0,639 | -2,703 | -4,102 | -2,738 | 0,590 | 3,933 | 5,332 | 3,968 5,332
B 0,785 | -3,337 | -5,061 | -3,377 | 0,730 | 4,852 | 6,576 | 4,891 6,576
C 0,639 | -2,703 | -4,102 | -2,738 | 0,590 | 3,933 | 5,332 | 3,968 5,332
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
0, = é (SUE, +5CF ) o, 'i'% "-'I'-'T SCEyp 0. _l'_: "-'Iz— SCEy0p O
o, =8CF, a —5CF .o
5, = -i-;sn.'l-'_“ +SCF, )@, —-:- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCF, 0, +—; 2 SCF,,. o
O; = H’(ln ﬁx + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = 'i'LFSCl"M. +5CF ¢ )a, + fl:. "n'llz_ H(':I:.\III*GN'-?-' + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 1,884 2,219 3,468
B 2,398 2,073 4,498
C 1,884 2,219 3,468
Chord Location:
A 2,359 1,315 4,000
B 2,907 1,478 4,934
C 2,359 1,315 4,000
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E.2.1.2 CALCUALTION OF HSSR - ABAQUS/CAE

Table E.15 Calculation of HSSR for Hs=1,5m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aoy Ao, Aoj Aoy Ao Aag Ao Aog HSSR
AO-b/c.i=1
Brace Location:
A 1,479 | 1,375 | 1,329 | 1,369 | 1,472 | 1,576 | 1,622 | 1,582 1,622
B 0,084 | -0,496 | -0,785 | -0,614 | -0,084 | 0,496 | 0,785 | 0,614 0,785
C 2,022 | 1,719 | 1,571 | 1,666 | 1,948 | 2,251 | 2,398 | 2,303 2,398
Chord
Location:
A 0,905 | -5,311 | -7,901 | -5,348 | 0,854 | 7,071 | 9,661 | 7,107 9,661
B 1,265 | -6,578 | -9,841 | -6,613 | 1,215 | 9,058 | 12,322 | 9,094 12,322
C 0,915 | -5,294 | -7,882 | -5,331 | 0,863 | 7,072 | 9,659 | 7,109 9,659
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
0, = é (SUE, +5CF ) o, 'i'% "-'I'-'T SCEyp 0. _l'_: "-'Iz— SCEy0p O
o, =8CF, a —5CF .o
5, = -i-;sn.'l-'_“ +SCF, )@, —-:- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCF, 0, +—; 2 SCF,,. o
O; = H’(ln ﬁx + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = 'i'LFSCl"M. +5CF ¢ )a, + fl:. "n'llz_ H(':I:.\III*GN'-?-' + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 2,183 1,913 4,240
B 2,637 2,251 5,604
C 2,183 1,913 4,213
Chord Location:
A 3,376 1,362 7,446
B 4,760 1,334 9,397
C 3,411 1,375 7,437
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E.2.2 HOT SPOT STRESS RANGE (HSSR) FOR Hs=2,0m

Table E.16 Calculation of load range for Hs=2,0m in brace and chord member of tubular joint 13

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 52930,48 25143,33 802604,73
B - 756673,75 2861717,35
C 71569,82 447363,93 2268973,09

Chord Location, i

A 49285,75 1141826,90 72054573,00
B 49285,75 1141826,90 72054573,00
C 49285,75 1141826,90 72054573,00

Axial:
AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:
AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:
AM,; = (Max. OPB load — Min. OPB load)[Nmm)]

Table E.17 Calculation of stress range for Hs=2,0m in brace and chord member of tubular joint 13

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 0,889 1,427E-03 0,046
B - 0,049 0,185
C 1,203 0,025 0,129
Chord Location, i:
A 0,325 0,025 1,57
B 0,325 0,025 1,57
C 0,325 0,025 1,57

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:
AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:
AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.2.2.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.17 Calculation of HSSR for Hs=2,0m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Aoy Ao, Aoj Aoy Aos Aay Ao, Aog HSSR
AO-D/c.i=2
Brace Location:
A 1,679 | 1,566 | 1,518 | 1,562 | 1,672 | 1,785 | 1,834 | 1,790 1,834
B o,101 | -0,517 | -0,832 | -0,660 | -0,101 | 0,517 | 0,832 | 0,660 0,832
C 2,322 | 1,990 | 1,819 | 1,910 | 2,209 | 2,542 | 2,712 | 2,621 2,712
Chord
Location:
A 0,799 | -3,652 | -5,514 | -3,698 | 0,733 | 5,183 | 7,046 | 5,230 7,046
B 0,981 | -4,508 | -6,803 | -4,560 | 0,907 | 6,395 | 8,690 | 6,447 8,69
C 0,799 | -3,652 | -5,514 | -3,698 | 0,733 | 5,183 | 7,046 | 5,230 7,046
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
Ty = é (SUE, +5CF ) o, 'i'% "-'I':_ SCEyp 0. _é "-'IIF-"_ SCEy0p O
o, =8CF, a —5CF .o
5, = -:-LS{.'I-'_K +SCF, )@, —-i- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCE, 0, +—; 2 SCF,,. o
O; = H’(lx\ ﬁ.\: + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = IiILHCI‘M' +5CF ¢ )a, + fl:. "n'llz_ 5';'L:FMH*"jll'-rf + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 1,884 2,219 3,468
B 2,398 2,073 4,498
C 1,884 2,219 3,468
Chord Location:
A 2,359 1,315 4,000
B 2,907 1,478 4,934
C 2,359 1,315 4,000
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E.2.2.2 CALCULATION OF HSSR - ABAQUS/CAE

Table E.18 Calculation of HSSR for Hs=2,0m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aoy Ao, Aoj Aoy Aos Aag Ao, Aag HSSR
AO-b/c.i=2
Brace Location:
A 1,944 | 1,807 | 1,748 | 1,803 1,939 | 2,076 | 2,135 2,080 2,135
B 0,110 | -0,655 | -1,037 | -0,811 | -0,110 | 0,655 1,037 | 0,811 1,037
C 2,674 | 2,276 | 2,083 | 2,207 | 2,577 | 2,974 | 3,168 | 3,043 3,168
Chord
Location:
A 1,130 | -7,146 | -10,594 | -7,194 | 1,062 | 9,338 | 12,786 | 9,386 12,786
B 1,579 | -8,863 | -13,208 | -8,910 | 1,512 | 11,954 | 16,299 | 12,001 | 16,299
C 1,142 | -7,125 | -10,569 | -7,173 | 1,073 | 9,340 | 12,784 | 9,388 12,784

Superposition of stresses in tubular joints;
o= HLI]:'.:' o, + 5{.-.1:.'4“' T

L(SCE, +SCE,) 0, +2 /2 SCEy50,,, —

— v o
0y, = ER. V2 SCFypp 0

mx

[ R

=
ﬁ.'i = HLI\\ I!‘T:'. - HCI.‘!‘-IU? GIII:-C

. T e f . I | S
I"TI _'_rqsl:'l'\{ + h{']..ﬂ.ﬁ}ﬁx _. .'\Ilz ht'l-?-ll? I"-jl:u'-' - ‘j. -"i'lz h{'i-.\:ll? G'.'.lz

o ||

a; =SCL, o, -5ChL, @

Iy

| | o e | o e
o, =5'{5U'.u-+5{—1'.m]"3x _Eq“lj SChyp 0, +5 42 SCEye 0,

&

O; = H(‘I]::.-'\\ ﬁ.\: + H':"'IE-IMI..IF" ﬁ'.‘llﬂ

oy = i (SCE,. +5CF, )o, + fl:. "n'llz_ SChyp Oy + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 2,183 1,913 4,240
B 2,637 2,251 5,604
C 2,183 1,913 4,213
Chord Location:
A 3,376 1,362 7,446
B 4,760 1,334 9,397
C 3,411 1,375 7,437
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E.2.3 HOT SPOT STRESS RANGE (HSSR) FOR Hs=2,5m

Table E.19 Calculation of load range for Hs=2,5m in brace and chord member of tubular joint 13

LOAD RANGE Axial (ANy;) IPB (AMy;) OPB (AM, ;)
[N] [Nmm] [Nmm]
Brace Location, i:
A 67845,50 36051,61 1022928,23
B - 971089,11 3655183,56
C 91313,19 575270,33 2913767,80
Chord Location, i
A 63874,72 1458194,81 91396234,00
B 63874,72 1458194,81 91396234,00
C 63874,72 1458194,81 91396234,00

Axial:
AN, ; = (Max. Axial load — Min. Axial load)[N]

In-plane bending:
AMy; = (Max.IPB load — Min. IPB load) [Nmm]

Out-of-plane bending:
AM, ; = (Max. OPB load — Min. OPB load)[Nmm]

Table E.20 Calculation of stress range for Hs=2,5m in brace and chord member of tubular joint 13

STRESS RANGE Axial (Aoy;) IPB (Aomy.i) OPB (AG i)
[MPa] [MPa] [MPa]
Brace Location, i:
A 1,14 2,046E-03 0,058
B - 0,063 0,236
C 1,534 0,033 0,165
Chord Location, i:
A 0,421 0,032 1,991
B 0,421 0,032 1,991
C 0,421 0,032 1,991

Axial:
AGX.i = ANXI/AL[MPH]

In-plane bending:
AO-my.i = [(AMy.i X Yi)/ly.i][MPa]

Out-of-plane bending:
AO-mz.i = [(AMz.i X Yi)/lz.i][MPa]
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E.2.3.1 CALCULATION OF HSSR - DNV-RP-C203

Table E.21 Calculation of HSSR for Hs=2,5m according to SCF in DNV-RP-C203 [4]

MAX
HSSR Ao Ao, Aoj Aoy Ao Aag Ao, Aog HSSR
AO-b/c.i=3
Brace Location:
A 2,152 | 2,009 | 1,946 | 2,002 | 2,143 | 2,287 | 2,349 | 2,293 2,349
B 0,130 | -0,660 | -1,063 | -0,844 | -0,130 | 0,660 | 1,063 | 0,844 1,063
C 2,963 | 2,536 | 2,317 | 2,434 | 2,818 | 3,245 | 3,464 | 3,347 3,464
Chord
Location:
A 1,034 | 4,611 | -6,973 | 4,670 | 0,951 | 6,596 | 8,958 | 6,665 8,958
B 1,270 | -5,691 | -8,603 | -5,758 | 1,176 | 8,138 | 11,049 | 8,204 11,049
C 1,034 | 4,611 | -6,973 | 4,670 | 0,951 | 6,596 | 8,958 | 6,655 8,958
Superposition of stresses in tubular joints;
o, =5CF, o, +5CL,, 0
Ty = é (SUE, +5CF ) o, 'i'% "-'I':_ SCEyp 0. _é "-'IIF-"_ SCEy0p O
o, =8CF, a —5CF .o
5, = -:-LS{.'I-'_K +SCF, )@, —-i- J2 SCE .0, - j' J2 SCEe 0.,
a, =58CF, o -5CL,a
g, = % (SCF,.. + SCF,.)6, - % J2 SCE, 0, +—; 2 SCF,,. o
O; = H’(lx\ ﬁ.\: + H'L'If:!\dl.ﬂ"' ﬁ:‘.lz
oy = IiILHCI‘M' +5CF ¢ )a, + fl:. "n'llz_ 5';'L:FMH*"jll'-rf + "|;| "n"lz_ SCFyop O
Where
SCF SCFac/as SCFyip SCFyop
Brace Location:
A 1,884 2,219 3,468
B 2,398 2,073 4,498
C 1,884 2,219 3,468
Chord Location:
A 2,359 1,315 4,000
B 2,907 1,478 4,934
C 2,359 1,315 4,000
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E.2.3.2 CALCULATION OF HSSR - ABAQUS/CAE

Table E.22 Calculation of HSSR for Hs=2,5m according to SCF in ABAQUS/CAE [5]

MAX
HSSR Aoy Ao, Aoj Aoy Aos Aoy Aa Aag HSSR
AO-b/c.i=3
Brace
Location:
A 2,493 | 2,317 2,242 2,312 | 2,485 | 2,660 | 2,735 | 2,665 2,735
B 0,141 | -0,836 | -1,324 | -1,036 | -0,2141 | 0,836 | 1,324 | 1,036 1,324
C 3,412 | 2,901 2,653 2,813 | 3,287 | 3,798 | 4,046 | 3,886 4,046
Chord
Location:
A 1,464 | -9,034 | -13,408 | -9,095 | 1,377 | 11,875 | 16,249 | 11,936 | 16,249
B - -
2,045 | 11,200 | -16,711 | 11,260 | 1,961 | 15,205 | 20,717 | 15,265 | 20,717
C 1,479 | -9,006 | -13,375 | -9,068 | 1,392 | 11,877 | 16,246 | 11,939 | 16,246
Superposition of stresses in tubular joints;
o, =SCF,. o, +58CL,,, a,,
1 |
b :_fr\'{'lk{ +H{-I M}ﬁ -'__'|.|I" HLI"II Ty _: Iq K'{'I"'II.J-' mx
ﬁ _HLI ‘ﬁ:':'.lf'-ll..l? “-‘rulx
I i g I I ) y A
m, —.-I-qh{.l-_ﬁ +5CF, 1o, —-_j-“_ SCEyp 0, ,4-2 SCF e 0,
o, =SCF, o _-SCE 0,
._—{‘atl“ +SCF, e, —%M-h SCE,,. o +—I 2 SCF e 0,
o, =5CF, 0, +SCF 00 0.,
L"lew+HLl a, +i J2 SCEy 0, ,t [2 SCF,0 6.,
Where
SCF SCFAC/AS SCFyp SCFyop
Brace Location:
A 2,183 1,913 4,240
B 2,637 2,251 5,604
C 2,183 1,913 4,213
Chord Location:
A 3,376 1,362 7,446
B 4,760 1,334 9,397
C 3,411 1,375 7,437
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E.3 FATIGUE LIFE

E.3.1 TUBULAR JOINT 9

Table E.23 Calculation of wave cycles (per year) for each significant wave height, Hs [m]

Peak wave period of each Hs: 9 s
Wave duration: 3 Hours
1 year = 365 days

Total wave Total wave Total wave
Hs Wave action | Wave duration duration cycles cycles
[m] [#] [s] [s] [per day] [per year]
1,50 3 10800 32400 3600 1,31E+06
2,00 3 10800 32400 3600 1,31E+06
2,50 2 10800 21600 2400 8,76E+05

Total wave duration [s] = Wave duration[s] X Wave action

Total wave cycles [per day] = Total wave duration [s]/Peak wave period|[s]

Total wave cycles [per year] = Total wave cycles [per day] X 365 days

E.3.1.1 FATIGUE LIFE: DNV-RP-C203

Table E.24 Calculation of cumulative damage in brace member for each Hs at location A, B and C of
tubular joint 9

BRACE
Hs Number of I:‘::;?:t:;f
Location Max HSSR reg. cycles n/N
[m] In] cycles
[N]

A 1,383 1,314E+06 7,98E+14 1,65E-09
1,50 B 1,002 1,314E+06 4,00E+15 3,29E-10

C 1,441 8,760E+05 1,94E+11 4,51E-06

A 1,796 1,314E+06 2,16E+14 6,08E-09
2,00 B 1,318 1,314E+06 1,01E+15 1,29E-09

C 1,897 8,760E+05 8,51E+10 1,03E-05

A 2,314 1,314E+06 6,08E+13 2,16E-08
2,50 B 1,690 1,314E+06 2,93E+14 4,49E-09

C 2,430 8,760E+05 4,05E+10 2,16E-05

Max HSSR:

Reference is made to Table E.3, Table E.7 and Table E.11
Number of re. cycles[n]:

Reference is made to Table E.22
Number of predicted cycles[N]:

Reference is made to Section 3.4.1, Eq (3.1)
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Table E.25 Calculation of fatigue life in brace members of tubular joint 9

BRACE FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
. [D] (DFF=1) (DFF=3)
A 2,93E-08 00 00
B 6,11E-09 00 00
C 3,65E-05 00 00

Cumulative damage, D =

k=3

n;
N.
i=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]

Table E.26 Calculation of cumulative damage in chord member for each Hs at location A, B and C of
tubular joint 9

CHORD
" wmberof | e
Location Max HSSR reg. cycles n/N
[m] In] cycles
[N]

A 4,217 1,31E+06 2,29E+12 5,74E-07
1,50 B 6,177 1,31E+06 3,40E+11 3,87E-06

C 4,088 8,76E+05 7,19E+09 1,22E-04

A 5,575 1,31E+06 5,67E+11 2,32E-06
2,00 B 8,15 1,31E+06 8,49E+10 1,55E-05

C 5,383 8,76E+05 3,15E+09 2,78E-04

A 7,087 1,31E+06 1,71E+11 7,69E-06
2,50 B 10,368 1,31E+06 2,55E+10 5,15E-05

C 6,852 8,76E+05 1,53E+09 5,74E-04

Max HSSR:

Reference is made to Table E.3, Table E.7 and Table E.11
Number of re. cycles[n]:

Reference is made to Table E.22
Number of predicted cycles[N]:

Reference is made to Section 3.4.1, Eq (3.1)
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Table E.27 Calculation of fatigue life in chord member of tubular joint 9

CHORD FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
’ [D] (DFF=1) (DFF=3)
A 1,06E-05 00 o)
B 7,09E-05 0 o0
C 9,74E-04 1027 342
k=3
. 0
Cumulative damage, D = N
=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]

E.3.1.2 FATIGUE LIFE: ABAQUS/CAE

Table E.28 Calculation of cumulative damage in brace member for each Hs at location at A, B and C
of tubular joint 9

BRACE
- umber o | b
Location Max HSSR reg. cycles n/N
[m] [n] cycles
[N]

A 2,057 1,314E+06 1,10E+14 1,20E-08
1,50 B 1,337 1,314E+06 9,45E+14 1,39E-09

C 1,748 8,760E+05 1,09E+11 8,06E-06

A 2,673 1,314E+06 2,96E+13 4,44E-08
2,00 B 1,760 1,314E+06 2,39E+14 5,50E-09

C 2,256 8,760E+05 5,06E+10 1,73E-05

A 3,444 1,314E+06 8,33E+12 1,58E-07
2,50 B 2,256 1,314E+06 6,91E+13 1,90E-08

C 2,947 8,760E+05 2,27E+10 3,86E-05

Max HSSR:

Reference is made to Table E.4, Table E.8 and Table E.12
Number of re. cycles[n]:

Reference is made to Table E.22

Number of predicted cycles[N]:

Reference is made to Section 3.4.1, Eq (3.1)
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Table E.29 Calculation of fatigue life in brace members of tubular joint 9

BRACE FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
’ [D] (DFF=1) (DFF=3)
A 2,14E-07 00 00
B 2,59E-08 00 o)
C 6,40E-05 00 00
k=3
. 0
Cumulative damage, D = N
=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]

Table E.30 Calculation of cumulative damage in chord member for each Hs at location A, B and C of
tubular joint 9

CHORD
Hs Number of l:‘::::t;:f
Location Max HSSR reg. cycles n/N
[m] In] cycles
[N]

A 6,766 1,31E+06 2,15E+11 6,10E-06
1,50 B 11,891 1,31E+06 1,28E+10 1,02E-04

C 9,549 8,76E+05 5,64E+08 1,55E-03

A 8,962 1,31E+06 5,28E+10 2,49E-05
2,00 B 15,725 1,31E+06 3,18E+09 4,14E-04

C 12,638 8,76E+05 2,43E+08 3,60E-03

A 11,386 1,31E+06 1,60E+10 8,23E-05
2,50 B 19,989 1,31E+06 9,57E+08 1,37E-03

C 16,060 8,76E+05 1,19E+08 7,39E-03

Max HSSR:

Reference is made to Table E.4, Table E.8 and Table E.12

Number of re. cycles[n]:

Reference is made to Table E.22
Number of predicted cycles[N]:
Reference is made to Section 3.4.1, Eq (3.1)
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Table E.31 Calculation of fatigue life in chord member of tubular joint 9

CHORD FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
' [D] (DFF=1) (DFF=3)
A 1,13E-04 00 00
B 1,89E-03 00 00
C 1,25E-02 80 27

Cumulative damage, D =

k=3

i
N.
i=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]

E.3.2 TUBULARJOINT 13

Table E.32 Calculation of wave cycles (per year) for each significant wave height, Hs [m]

Peak wave period of each Hs: 9 s

Wave duration:

3 Hours

1 year = 365 days

Total wave Total wave Total wave
Hs Wave action | Wave duration duration cycles cycles
[m] [#] [s] [s] [per day] [per year]
1,50 3 10800 32400 3600 1,31E+06
2,00 3 10800 32400 3600 1,31E+06
2,50 2 10800 21600 2400 8,76E+05

Total wave duration [s] = Wave duration[s] X Wave action

Total wave cycles [per day] = Total wave duration [s]/Peak wave period|[s]

Total wave cycles [per year] = Total wave cycles [per day] x 365 days
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E.3.2.1 FATIGUE LIFE: DNV-RP-C203

Table E.33 Calculation of cumulative damage in brace member for each Hs at location A, B and C of
tubular joint 13

BRACE
- bt | rber
Location Max HSSR reg. cycles n/N
[m] In] cycles
[N]
A 1,393 1,31E+06 7,70E+14 1,71E-09
1,50 B 0,630 1,31E+06 4,07E+16 3,23E-11
C 2,053 8,76E+05 6,71E+10 1,31E-05
A 1,834 1,31E+06 1,95E+14 6,75E-09
2,00 B 0,832 1,31E+06 1,01E+16 1,30E-10
C 2,712 8,76E+05 2,91E+10 3,01E-05
A 2,349 1,31E+06 5,64E+13 2,33E-08
2,50 B 1,063 1,31E+06 2,97E+15 4,42E-10
C 3,464 8,76E+05 1,40E+10 6,27E-05
Max HSSR:
Reference is made to Table E.14, Table E.17 and Table E.21
Number of re. cycles[n]:
Reference is made to Table E.31
Number of predicted cycles[N]:
Reference is made to Section 3.4.1, Eq (3.1)
Table E.34 Calculation of fatigue life in brace members of tubular joint 13
BRACE FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
[D] (DFF=1) (DFF=3)
A 3,17E-08 00 00
B 6,04E-10 os) 0
C 1,06E-04 os) 0
k=3
. nj
Cumulative damage, D = N
i=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]
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Table E.35 Calculation of cumulative damage in chord member for each Hs at location A, B and C of
tubular joint 13

CHORD
Location Max HSSR reg. cycles P n/N
[m] [n] cycles
[N]
A 5,332 1,31E+06 7,09E+11 1,85E-06
1,50 B 6,576 1,31E+06 2,48E+11 5,29E-06
C 5,332 8,76E+05 3,24E+09 2,70E-04
A 7,046 1,31E+06 1,76E+11 7,47E-06
2,00 B 8,69 1,31E+06 6,16E+10 2,13E-05
C 7,046 8,76E+05 1,40E+09 6,24E-04
A 8,958 1,31E+06 5,29E+10 2,48E-05
2,50 B 11,049 1,31E+06 1,85E+10 7,09E-05
C 8,958 8,76E+05 6,83E+08 1,28E-03
Max HSSR:
Reference is made to Table E.14, Table E.17 and Table E.21
Number of re. cycles[n]:
Reference is made to Table E.31
Number of predicted cycles[N]:
Reference is made to Section 3.4.1, Eq (3.1)
Table E.36 Calculation of fatigue life in chord member of tubular joint 13
CHORD FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
’ [D] (DFF=1) (DFF=3)
A 3,41E-05 os) 1)
B 9,75E-05 00 oo
C 2,18E-03 460 153

Cumulative damage, D =

k=3

i
N.
i=1 !

Fatigue life, FL. = [1/(D x DFF)[Years]
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E.3.2.2 FATIGUE LIFE: ABAQUS/CAE

Table E.37 Calculation of cumulative damage in brace member for each Hs at location A, B and C

BRACE
- bt | rber
Location Max HSSR reg. cycles n/N
[m] [n] cycles
[N]
A 1,622 1,31E+06 3,60E+14 3,65E-09
1,50 B 0,785 1,31E+06 1,35E+16 9,70E-11
C 2,398 8,76E+05 4,21E+10 2,08E-05
A 2,135 1,31E+06 9,10E+13 1,44E-08
2,00 B 1,037 1,31E+06 3,37E+15 3,90E-10
C 3,168 8,76E+05 1,83E+10 4,80E-05
A 2,735 1,31E+06 2,64E+13 4,98E-08
2,50 B 1,324 1,31E+06 9,92E+14 1,32E-09
C 4,046 8,76E+05 8,77E+09 9,99E-05
Max HSSR:
Reference is made to Table E.15, Table E.18 and Table E.22
Number of re. cycles[n]:
Reference is made to Table E.31
Number of predicted cycles[N]:
Reference is made to Section 3.4.1, Eq (3.1)
Table E.37 Calculation of fatigue life in brace member of tubular joint 13
BRACE FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
[D] (DFF=1) (DFF=3)
A 6,79E-08 00 00
B 1,81E-09 00 00
C 1,69E-04 o) o)
k=3
. nj
Cumulative damage, D = N
i=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]
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Table E.39 Calculation of cumulative damage in chord member for each at location A, B and C of
tubular joint 13

CHORD
- bt | b
Location Max HSSR reg. cycles n/N
[m] [n] cycles
[N]
A 9,661 1,31E+06 3,63E+10 3,62E-05
1,50 B 12,322 1,31E+06 1,08E+10 1,22E-04
C 9,659 8,76E+05 5,45E+08 1,61E-03
A 12,786 1,31E+06 8,94E+09 1,47E-04
2,00 B 13,222 1,31E+06 7,56E+09 1,74E-04
C 12,784 8,76E+05 2,35E+08 3,73E-03
A 16,249 1,31E+06 2,70E+09 4,87E-04
2,50 B 20,717 1,31E+06 8,00E+08 1,64E-03
C 16,246 8,76E+05 1,15E+08 7,65E-03
Max HSSR:
Reference is made to Table E.15, Table E.18 and Table E.22
Number of re. cycles[n]:
Reference is made to Table E.31
Number of predicted cycles[N]:
Reference is made to Section 3.4.1, Eq (3.1)
Table E.39 Calculation of fatigue life in chord member of tubular joint 13
CHORD FATIGUE LIFE [Years]
Location: Cumulative damage Fatigue Life Fatigue Life
[D] (DFF=1) (DFF=3)
A 6,71E-04 os) 1)
B 1,94E-03 os) 0
C 1,30E-02 77 26
k=3
. nj
Cumulative damage, D = N
i=1 !

Fatigue life, FL. = [1/(D X DFF)[Years]
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APPENDIX F:
VERIFICATION OF
THE FE MODEL AND ANALYSIS PROCEDURE
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F.1 CALCULATION OF SCF - DNV-RP-C203

F.1.1 T-JOINT

T Tt
4 )

Figure F-1: Definition of geometrical parameters of T-joint

Chord:
Outer diameter: D = 508-mmr
Thickness: T = 12.51-mmr
Length: L .= 1575mmr
Brace:
Outer diameter: d = 406.4-mmr
Thickness: t = 12.38-mmr
Angle in degree: ® = 9C
Gap: g = Ommr

Non-dimensional geometric parameters:

d
=— =0.8
B 5 B
t
T =— T =099
T
D
= — =203
Y oT Y
a=27 o =62
g
C'_D £=0
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Check the validity range to utilize SCFE equations given in Table B-5 ref. [4]:

Chord:
Ocheck = |"OK" if >4 A a <40
"NOT OK" otherwise
Ocheck = OK”
Ycheck = |"OK" if y 28 Ay <32
"NOT OK" otherwise
Y check = OK"

, —06B
= |"OK" if (>————— A
Scheck G Sin(© deg)

"NOT OK" otherwise

<10

Ceheck = "OK”
Brace:

Bcheck = |"OK™ if B 202 A B <10
"NOT OK" otherwise

Bcheck = "OK"

Teheck = |"OK" if 1 202 A1 <10
"NOT OK" otherwise

Tcheck = OK”

Ocheck = |"OK" if ® 2204 ® <90
"NOT OK" otherwise

Ocheck = "OK"
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Axial load: 1

Brace
Y
Crown ~ Crown
"
e Q
Saddle .~ )

\ Chord

Figure F-2: lllustration of load type: Axial load of T-joint

Short chord correction factors (a <12):

~1.16 2.5)
Ol

F1 = 1 (083 - 05657 - 002) 4 "B el-021y - 0,69

18 016

F3:= 1 - 0558 ool 049~ 089,18

=0.757

Chord saddle:
1.1[ 2} . 1.6
SCFeg =71+t~ +[111 - 3(B - 052)7]-(sin(©-deg)) ™ -F1
SCF(g = 12.122

Chord crown:

SCFe = 02 2654 5(p — 0652 + 1-p-[(0.250) — 3](sin(©-deg))
SCFoc = 3844

Brace saddle:

052 0.1 [
QL

10187 — 12581 p - O.96)]-(sin(®-deg))[2'77(0'01a)]

SCrgg =13+ 7yt

SCFgg = 9.624

Brace crown:
1.2 2
SCFgc =3+ -(0.12exp(—4ﬁ) + 0.118" - 0.045) + B-7t-(0.1a — 1.2)

SCFge = 3.664
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In-plane bending:

BI‘dLE

Crown _ Crown

__Chord

Figure F-3: lllustration of load type: In-plane bending (IPB) of T-joint

Chord crown:

0.85 [1-(0.68- _ 07
SCF'PBCC = 145[31- Y[ ( B)](Sln(®deg))

SCF|pgc = 4538

Brace crown:

SCFipgpc = 3.158
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Out-of-plane bending:

Brace

™,

A
b

() P \
Y
\_Chord

Figure F-4: lllustration of load type: Out-of-Plane bending (OPB) of T-joint
Chord saddle:

SCFoppcs = 1517 - 1056 (sin(0 deg)) .

SCFopges = 14.145

Brace saddle:

~054 - 0.05(
y

4
SCFopBps = T 0.99 — 0.47B + 0.088 )'SCFOPBCS

SCFopRps = 7915
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F.1.2 K-JOINT

Brace A Brace B

“_ Chord

L

Figure F-5: Definition of geometrical parameters of K-joint

Chord:

Outer diameter:
Thickness:
Length:

Brace A:

Outer diamater:
Thickness:
Angle in degree:
Gap:

Brace B:

Outer diamater:
Thickness:
Angle in degree:

Gap:

D = 508-mir
T = 12.51-mnr

L = 3200.4mmnr

d A = 254-mir
tA = 1251-mmr

gap = 76.2mmr

dB = 254-mmr
tB = 1251-mmr

Non-dimensional geometric parameters:

B _d Ba =05 B e Pa =05
A=, ATV B~ b AT
tA 1 tB 1
Tp=— NE TB= ¢ 0
A= T A B ¢ B
D L
v=or y =203 o 2 o =126
D
9AB 9BA
‘AB="5~  tap=015 BA =g A =01
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Check the validity range to utilize SCFE equations given in Table B-5 ref. [4]:

Brin = Min(Ba-Bp)
Brmax = ma><(BA,BB)

®min = mln(@A,GB)

O ax = M0 5,0 p)

Chord:
Ocheck =
"NOT OK"
Ocheck = OK"
Y check =
"NOT OK"
¥ check = OK"

CAB.check = |"OK" if Cag >

Bmin =05

Prmax =05

0 45

min ~

® =45

max

"OK" if a >4 A a <40

otherwise

"OK" if y 28 Ay <32

otherwise

—0.6:8
__Pmex <10
sm(@max-deg)

"NOT OK" otherwise

CAB.check = OK"

CBA check = |"OK" if Cgp =

~0.6-Byax

m AN QBA <10

"NOT OK" otherwise

CBA.check = "OK"
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Brace A:

BAcheck = |"OK" if Ba 2021 Bp <10
"NOT OK" otherwise

PA.check = "OK"

TAcheck = | 'OK" if tp 202 A1 <10
"NOT OK" otherwise

TAcheck = OK"

Op check = |"OK" if @A 220 A ©p <90

"NOT OK" otherwise

O A check = "OK"

Brace B:

BB.check = |'OK" if pg=202ABg<10
"NOT OK" otherwise

PB.check = "OK"

TBcheck = |"OK" if tg>02 A 1tg<10
"NOT OK" otherwise

TB.check = OK"

Opcheck = |"OK" if ®g =20 A ®g <90

"NOT OK" otherwise

OB check = OK"
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Balanced axial load:

Fan

L
A

R
_Chord
Figure F-6: lllustration of load type: Balanced axial load of K-joint

Chord:

09 05 2 sin(© g deg) |
SCFep =TA 7 (0.67 ~Bp~+ 116 )-sin @p-deg)| ———— | =3186
CATTIA T Pa Pa ( A g) sin(@min~deg)
B \03
max 038
SCFehorda = SCF; A-(—_J -(1.64 +029B 5 ~atan(8~QAB))
min

SCFenorda = 6279

09 05 2 sin(© pax deg) o3
SCF.g = T oy (0.67 ~Ba’ + 116 )-sin Ondeg)| — XL _3186
cB=TB 7 i1z} Bg)-sin(©gdeg) 5in(© min-deg)

0.3
B max ~038
SCFehordB = SCFCE(B .(1.64 +0.29Bg ~atan(8~QAB))

min

SCFehordp = 6279
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Brace:
For gap joints:

C=C

A = 5in(O oy — @min)l-s,[o_lm - 0.084~atan[(14.gAB) + (4-2'BA)]] C'BA1'5Y0'5~TA_ 1.22

SCFpacep = 1+ (1.97 1578 A°'25)-T a1 (sin(0 5 deg)) > SCFeporaa + A
SCFp acep = 4201
B = SiN(Oyy ~ Oin) 0131 - 0084-atan| (1445 ) + (42BN By Ve

0.25)  -0.14_. 0.7
SCFyacep = 1+ (1.97 ~157-pg )-«;B (sin(©g-deg)) ™ "-SCFeporgp + B

SCFyraces = 4201
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Unbalanced in plane bending:

)
LW _
( Crown

\_ Chord
Figure F-7: lllustration of load type: Unbalanced In-Plane bending of K-joint
Chord crown:

085 [1—(0-68~BA)] 7

SCPMIPchordA = 145BaTA (sin(© 5 deg))™

SCFMIPchordA = 4149

1-(0.68p
SCFMIPchords = 145Bg'T BO'BS'Y[ ( B)]'(Si”(@) B'deg))o'7

SCFMIPchordB = 4149

Brace crown:

0'4.y[1'09_<0'77'BA)] [(0.06-y)—1.16]

SCFMIPbraceA =1+ OGSBATA (Sm(@Adeg))

SCFMIPbraceA =366

04 [109-(077-B)]

. . [(0.06-y)~1.16]
SCFM'PbraCEB =1+ OGSBBTB Y '(Slﬂ(@ Bdeg))

SCFMIPbraceB = 366
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Unbalanced out-of-plane bending:

~ ra)
| [
}} 5 : e 4
( Saddle -~ 3

\__Chord

Figure F-8: lllustration of load type: Unbalanced Out-of-Plane bending of K-joint

Chord saddle:

SCEMOPeA = 7T A B A-(l.? ~105p A3)-(sin(® A-deg))t® =047

SCFMOPeB = ¥ "EB~BB'(1.7 - 1.05 BBS)(sin(@ B.deg))“’ =9.147

Chord saddle SCF adjacent to diagonal brace A:

Cap:Sin(O A -deg
Xap =1+ AB ( A )=1.212
AB

Pa

05
SCFMOPchordA = SCFMOPe A-[l - 008(Bgv) -em(—o.s-xAB)J

+SCPvoper]| L — 008(B 7)o (-08 Xag) |( 205 B

-exp(—1.3- X AB))

SCFMOPchordA = 1074

Brace A saddle SCF:

-054 -0.05
SCFMOPbraceA = TA i [

4
099 — (047:8p) + (O-OB'BA )}'SCFMOPchordA

SCFMOPbraceA = 7022
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Chord saddle SCF adjacent to diagonal brace B:

Capsin(©g deg)
XBA =1+ =1.212

P

" SCFMopcB-[l - 008(Bgy ) "-exp(-08 Xga) (2.05-Bmxo's-em(—l.s.xBA))

SCFMOPchordA = 1074

Brace B saddle SCF:

-054 -0.05
.’Y .

4
SCFMOPbraceB = B 099 - (047-Bg) + (0-08'55 )}'SCFMOPchordE

SCFMOPbraceB = 7022
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F.2 CALCULATION OF SCF - FEA (ABAQUS/CAE)

F.2.1 T-JOINT

Section properties of tubular:

Figure F-9: Definition of section properties of T-joint

Brace:
. d
Outer radius: r.o=— r =203.2-mmr
0 2 o]
Inner diameter:  d; := d — (2) d; = 381.64-mmr
. dj
Inner radius: o= —
=2
Cross-sectional area:
A= n-(roz - riz) A =1532x 10*mm
Moment of inertia:
| = l(ro“ - ri4) | = 2977 x 105 mm"
4

Centre of the brace to mid-thickness of the brace:

t
y=1rg - (E) y = 197.01-mnmr

r = 190.82-mir
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Conversion of nominal stress into normal- and moment force:

Nominal stress:

N;
Tam = ,"-1_ Shom = 1-MPa
[}
Axial force:
4
N = cnomA N =1532x 10 N

In-plane bending:

(Gnom' ')

M = 1511 % 106-N-mrr
y IPB

Mipg =

Out-of-plane bending:

(“nom") 6
Axial
Tie constraint
at brace end
——p d=406,4
E Chord
—
t=12,38 M4
8 =90°
]
D =508 . T=12,51 Fixed BC
X at chord ends
d (4] b
) 7875 7875
| Ll
G 1575 ¢ Toiof (b) Geometry of analysis model (T-joint)
(a) Geometry of T-joint with BC and load assignment

Figure F-10: Verification FE model (T-joint)
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AXIAL

LOAD TYPE/D.SHAPE

CHORD SADDLE

S, Mises
Envelope (max abs)

+1.261e+01
+1.157e+01
+1.052=+01
+9.480e+00
+8.436e+00
+7.392e+00
+6.349e+00
+5.305e+00

+4.261e+00
+3.218e+00
+2.174e+00
+1.120e+00
+8.6692-02

CHORD CROWN

5, Mises
Envelope (max abs)

+1.261e+01
+5.367e+00
+4.927e+00
+4.487e+00
+4.047e+00
+3.607e+00
+3.167e+00
+2.727e+00
+2.287e+00

+1.847e+00
+1.407e+00
+9.667e-01
+5.267e-01
+8.669e-02

BRACE SADDLE

5, Mises
Envelope (max abs)

+1.261e+01
+9.19%9e+00
+8.4<40e+00
+7.680e+00
+5.921e+00
+6.162e+00
+5.402e+00
+4.643e+00
+3.883e+00

+3.124e+00
+2.365e+00
+1.605e+00
+8.461e-01
+8.66%9e-02

BRACE CROWN

5, Mises
Envelope (max abs)

+1.261e+01
+2.435e+00
+2.23%e+00
+2.044e+00
+1.848e+00
+1.652e+00
+1.457e+00
+1.261e+00

+1.065e+00
+8.695e-01
+6.738e-01
+4.781e-01
+2.824e-01
+8.66%e-02
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IN-PLANE BENDING

LOAD TYPE/D.SHAPE

A

CHORD CROWN

S, Mises

Envelope (max abs)

+4.522e+00
+4.145e+00
+3.768e+00
+3.391e+00
+3.014e+00
+2.638e+00
+2.261e+00
+1.884e+00
+1.507e+00
+1.130e+00
+7.936e-01

+3.768e-01

+5.315e-05

BRACE CROWN

S, Mises

Envelope {max abs)

+4.522e+00
+2.6272+00
+2.408e+00
+2.189=+00
+1.970e+00
+1.751e+00
+1.532e+00
+1.314e+00
+1.095e+00
+8.757e-01
+6.568e-01
+4.379e-01
+2.190e-01
+3.315e-05
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OUT-OF-PLANE BENDING

LOAD TYPE/D.SHAPE

CHORD SADDLE

5, Mises
Envelope (max abs)
+1.405e+01
+1.288e+01
+1.171e+01
+1.054e+01
+9.370e+00
+8.19%9e+00
+7.027e+00
+53.856e+00
+4.685e+00
+3.514e+00
+2.34Ze+00
+1.171e+00
+1.456e-05

BRACE SADDLE

5, Mises

Envelope {max abs)
+1.405e+01
+9.996e+00
+9.163e+00
+8.330e+00
+7.497e+00
+6.664e+00
+5.831e+00
+4.998e+00
+4.165e+00
+3.332e+00
+2.49%9e+00
+1.666e+00
+8.330e-01
+1.456e-05
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F.2.2 K-JOINT

Section properties of tubulars:

Figure F-11: Definition of section properties of K-joint

Brace A/B:

. da
Outer radius: Ao = 7 pg = 127-mm
Inner diameter:  d,;=dp - (2.tA) daj = 228.98-mir

. dai
Inner radius: aj = T raj = 114.49-mmr
Cross-sectional area:
AA = n(erz - rAiZ) AA = 9.491 x 103~mm2
Moment of inertia:

T 4 4 7 4

N Z(rAO —TAj ) Ip =6.937x 10 -mm

Centre of the brace to mid-thickness of the brace:

t
A
YA =Tag — (7j ya = 120.745-mn
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Conversion of nominal stress into normal- and moment force:

Nominal stress:

N.
Tyam = A_J Gnom = 1-MPa
[}
Axial force:
Np = A N, =9.491x 10°N
A = Shom™A A = 9491 x
Ng = A Ng = 9.491x 10°N
B = %nom”™B g = 9491 x

In-plane bending:

(Gnom' 'A) 5
Mppga = —"—— Mipg A = 5.745x 10°-N-mm
YA
_ (Gnom"B) 5
MipgB = —YB Mpg g = 5.745 x 10"-N-mrr

Out-of-plane bending:

. (Gnom' 'A) 5
Mopga = ———— Mopp. A = 5.745 x 107-N-mm
YA
_ (Gnom"B) 5
MopB.B = —VB Mopg g = 5.745x 10°-N-mm
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P ta=12,51 te=12,51

da=254 de=254
2 .
3
Ci d
v 4
gae=176,2
I '
-5 " S
By = 45 ['/ .. ‘ ‘W o \, ]

b

D =508
xT: 12,51
L |

1600,2 1600,2

vy ¥

3200,4
(a) Geometry of KT-joint

Axial

OPB

IPB

Tie constraint
at brace end
Chord

Fixed BC
at chord ends

(b) Geometry of analysis model (KT-joint) with BC and load assignment

Figure F-12: Verification FE model (KT-joint)
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UNBALANCED OUT-OF-PLANE BENDING

LOAD TYPE/D.SHAPE

CHORD SADDLE

S, Mises
Envelope {max abs)
+1.111e+01

+7.305e+00
+6.392=+00
+3.4709e+00
+4.566e+00
+3.653e+00
+2.740e+00
+1.826e+00
+9.,132e-01

+1.306e-05

BRACE SADDLE

5, Mises

Envelope (max akbs)
+1.111e+01
+7.916e+00
+6.890e+00
+6.263e+00
+5.637e+00

+3.13Ze+00
+2.505e+00
+1.879e+00
+1.253e+00
+6.263e-01
+1.306e-05
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F.3 CALCULATION OF SCF - EXPERIMENTAL

F.3.1 T-JOINT

Table F.1 T-joint (steel): Experiment results of SCF from project JISSP ref. [3]

Load type Position SCF: Experiment

Chord saddle 11,400

Chord crown 5,400

AXIAL Brace saddle 8,200
Brace crown -
Chord saddle -

IPB Chord crown 4,600
Brace saddle -

Brace crown 2,400
Chord saddle -
Chord crown -

opB Brace saddle 7,300

Brace crown

F.3.2 K-JOINT

Table F.2 K-joint (steel): Experiment results of SCF from project JISSP ref. [3]

Load type Position SCF: Experiment
Chord saddle 6,800
Chord crown 4,600
BALANCED AXIAL Brace saddle 4,700
Brace crown 5,800
Chord saddle -
BALANCED |pg |- chord crown -
Brace saddle -
Brace crown -
Chord saddle 7,300
UNBALANCED Chord crown -
OPB Brace saddle 3,600

Brace crown
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F.4 VERIFICATION OF THE FE MODEL AND

F.4.1 T-JOINT
Table F.3 T-joint (steel): Verification of SCF results between DNV[4], FEA[5] and Experiment[3]
Load type Position SCF: DNV SCF: FEA SCF: Experiment
Chord saddle 12,122 12,611 11,400
AXIAL Chord crown 3,844 5,367 5,400
Brace saddle 9,624 9,199 8,200
Brace crown 3,664 2,435 -
Chord saddle - - -
Chord crown 4,538 4,522 4,600
IPB
Brace saddle - - -
Brace crown 3,158 2,627 2,400
Chord saddle 14,145 14,051 -
oPB Chord crown - - -
Brace saddle 7,915 9,996 7,300
Brace crown - - -
F.4.2 K-JOINT

Table F.4 K-joint (steel): Verification of SCF results between DNV[4], FEA[5] and Experiment[3]

Load type Position SCF: DNV SCF: FEA SCF: Experiment
Chord saddle 6,279 6,154 6,800
AXIAL Chord crown - 5,695 4,600
Brace saddle 4,201 3,353 4,700
Brace crown - 4,100 5,800
Chord saddle - - -
Chord crown - - -
BALANCED IPB Brace saddle - - -
Brace crown - - -
Chord saddle 10,740 10,958 7,300
UNBALANCED Chord crown - - -
OPB Brace saddle 7,022 7,516 3,600

Brace crown
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