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Abstract

KK tubular joints are used to build jacket-type offshore structures. These
joints are mostly made up of structural steel. These joints can withstand yield,
buckling, and lateral loads depending on the structure’s design and environ-
ment. In this study, the Finite Element Model of the KK-type tubular joint
has been created, and analysis has been performed under static loading using
the Static Structural analysis system of ANSYS 19.2 commercial software and
structural mechanics module of COMSOL Multiphysics. The KK tubular
model is analyzed under compressive load conditions, and the resulting
stress, strain, and deformation values are tabulated in both graphical and ta-
bular form. This study includes a comparison of the outcomes from both
commercial software. The results highlight that maximum stress, strain, and
deformation values decrease as joint thickness increases. This study holds
significant relevance in advancing the understanding of tubular KK joints and
their response to compressive loading. The insights derived from the analysis
have the potential to contribute to the development of more robust and relia-
ble tubular KK joints in various engineering and structural applications.

Keywords

KK Joint, Brace, Offshore Structures, Chord, Numerical Analysis,
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1. Introduction

Offshore structures are installed on the seabed to extract oil and gas from the
seafloor. In recent years, the offshore sector has grown rapidly. A tubular KK
joint is a type of joint used in the construction of offshore structures such as oil

rigs, platforms, and pipelines. It is designed to connect two tubular members to-
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gether in a way that provides both strength and flexibility to the overall struc-
ture. When the tubular KK joint is subjected to compressive loading, it expe-
riences forces that tend to crush or buckle the joint. The ability of the joint to
resist compressive loading depends on several factors, including the strength of
the material, the geometry of the joint, and the length and diameter of the tubu-
lar members being joined. To ensure that the tubular KK joint can withstand
compressive loading, engineers typically conduct a detailed analysis using ma-
thematical models and simulations. One common approach to designing a tu-
bular KK joint under compressive loading is to use a combination of axial and
hoop stresses to resist the forces. The axial stresses are caused by the direct
compression of the joint, while the hoop stresses are caused by the bending of
the joint as it tries to maintain its circular shape. Other factors that can affect the
performance of a tubular KK joint under compressive loading include the pres-
ence of corrosion, fatigue, and other types of damage.

Many theoretical and experimental studies on the structural behavior of un-
stiffened tube joints have been conducted by the researchers since 1950. Most of
this study was devoted to problems like calculating static strength. Zhao er al. [1]
investigated about experimental study on static behavior of multi-planar over-
lapped CHS KK-joints. The study included experimental and numerical analyses
of various joint configurations. The results showed that the joint capacity is in-
fluenced by the chord-to-brace diameter ratio and the brace-to-chord thickness
ratio. The authors suggested that the design of CHS KK joints should consider
these factors to ensure structural integrity and safety. Chen and Wang [2] stu-
died about flexural behavior and resistance of uni-planar KK and X tubular
joints. The joints were subjected to cyclic loading and their load-displacement
responses were recorded. The experimental results showed that the KK joint had
higher stiffness and strength compared to the X joint. The findings of this study
can be useful in designing tubular structures and improving their performance
under seismic loading. Analysis of tubular joints of offshore structure was stu-
died by Sawant and Muthumani [3]. The paper discussed the behavior of tubular
joints in offshore structures and also conducted numerical simulations using fi-
nite element analysis and validated their results with experimental data. They
found that the joint’s behavior is highly dependent on the loading direction and
magnitude, as well as the geometry of the joint. Santacruz and Mikkelsen [4]
worked on numerical stress analysis of tubular joints and showed that the pres-
ence of weld geometry leads to higher SCFs (stress concentration factors) than
ignoring it. The use of solid elements in FEA is found to produce more accurate
results than shell elements due to better representation of joint geometry. The
authors recommend implementing weld geometry in FEA during design and
structural integrity assessment for safe operation of offshore structures. Oshog-
bunu ef al. [5] represented an experimental and numerical prediction of hotspot
stress for DKK CHS joints in offshore jackets under arbitrary loading. This pa-
per proposed a set of six basic brace load cases and ten unique stress values that

accurately represent force distributions in double K (DKK) joints, providing
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similar accuracy to full 3D FEA analysis and greater accuracy than existing pa-
rametric methods. Zhao et al. [6] published an experimental and numerical in-
vestigation of behavior of overlapped CHS K/KK-joints with different welding
situations. The results showed that while the welding situation of the hidden
seam affects stress distribution and failure mechanism, it does not significantly
affect the ultimate capacity of the joints, except for those with special geometric-
al parameters. Forti ef al [7] studied numerical methodology for analyses of tu-
bular KK multiplanar steel joints. The methodology included considerations
such as material properties, mesh generation, incremental load steps, and failure
criteria. The proposed criterion identifies the two most common failure modes,
and an extension of Lu’s deformation criterion is proposed for calculating joint
resistance.

Jingxia et al. [8] worked on fatigue strength assessment on a multiplanar tu-
bular KK-joints by Scaled model test. A scaled KK-joint was designed using sen-
sitive analysis and similarity analysis, and then subjected to static and fatigue
tests under axial loading. The maximum hot spot stress (HSS) and its location
were recorded, and the fatigue life was predicted for the original KK-joint using
finite element analysis and compared with rule-based results. Aghaei et al [9]
studied about new parametric equations for estimating stress concentration fac-
tors in tubular KK-joints under axial loading. The S-N curve method is com-
monly used for estimating the fatigue life of these structures, but there are no
equations available for calculating stress concentration factors (SCFs) in tubular
KK-joints. A data bank of SCFs for KK-joints under balanced axial loading was
produced using finite element method, and new equations were derived using
nonlinear regression analysis. Parametric study of unstiffened multi-planar tu-
bular KK-Joints was studied by Kadry et al. [10]. A verified ANSYS model was
used to generate 172 records for parametric study with different geometry,
member sections, and material properties. The developed model consists of two
equations based on failure mode and showed an average accuracy of 92.5% when
compared to experimental test results. Ahmadi ef al. [11] worked on the ultimate
capacity of stiffened and unstiffened multi-planar tubular kk-joints in offshore
structures and a parametric study is performed to investigate the effects of vary-
ing parameters and three different methods of reinforcing the chord are studied
and compared with API design equations. Mia ef al [12] showed finite element
model of the XT-type tubular joint and its analysis under static loading using
ANSYS 19.2 software. The analysis of the XT tubular joint under different load
cases revealed that increasing the joint’s thickness reduces the maximum stress,
strain, and deformation values. The yield point of the joint was determined to be
30 KN of loading for both tensile and compressive loading.

The present study illustrates the results which have been obtained for static
loading conditions using two different commercial software namely the Static
Structural analysis system of ANSYS 19.2 and structural mechanics module of
COMSOL Multiphysics. The research presents the stress, strain and deformation

values obtained from the analysis in tabular and graphical forms and also com-
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pares the results obtained from both software systems. The study reveals that in-
creasing the joint thickness leads to a decrease in the maximum stress, strain and
deformation values.

The present research is composed of four sections. Section 1 serves as a gener-
al introduction, including a brief overview of the motivation for the study, a re-
view of pertinent literature, and the research objectives. Section 2 outlines the
methodology employed in the investigation, which includes a comprehensive
discussion of the governing equations, problem statement, numerical modeling,
mesh generation, and definition of boundary conditions. Section 3 provides a
brief overview of the results obtained and subsequent discussions. Lastly, Section

4 offers a conclusion of the entire research endeavor.

2. Methodology

In this study, the Finite Element Method (FEM) is employed to analyze the KK
tubular joint. FEM is chosen as it is difficult to apply closed-form solutions to
determine stress and strain in tubular structures due to their complex geometry.
The numerical analysis of the model is carried out using ANSYS software, fol-

lowing the steps outlined in Figure 1.

Modeling of KK . Assigning N .
Joint v Material > Meshing
Interpreting P Applying Boundary
Results - Conditions and Load

Figure 1. Steps of the model analysis in ANSYS.

For performing the simulation in COMSOL Multiphysics, the whole process is
divided into three stages: Preprocessing, processing, and post-processing. The
steps of the model analysis in COMSOL Multiphysics are shown in Figure 2.

Preprocessing
»  Modeling the geometry
»  Specifying the boundary & initial Processing
conditions »  Setting up solver parameters
»  Mesh generation »  Solving the governing equations
»  Defining the physics model with Performing the simulation
approximate parameters

Post Processing
»  Visualizing and analyzing the
simulated results
»  Compare the obtained results from
both commercial software

Figure 2. Steps of the model analysis in COMSOL Multiphysics.
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2.1. Governing Equations

Stress (o) is the measurement of applied forces per unit area at a point of a solid
body. The stress field is expressed in vector form o= {o(x, y; 2)} as

T
az[ax,ay,az,ryz,rzx,rny (1)

where o, 0,, 0, are normal stresses and 7,,, 7,,, 7,, are shear stresses. Von Mises
stress is used as a criterion for determining the onset of failure in materials [13].
The Von Mises stress 0,,is given by [14]

oy =12 =31, 2)
where [, and 7, are the first two invariants of the stress tensor. For the general

state of stress, /; and /, are given by

l,=0,+0,+0, (3)
|, =0.0,+0,0,+0,0,-72 —12 —7° (4)
2 X2y y“Yz 7Yx yz Xz Xy

“Strain (¢) is the ratio of the change in length caused by the applied force, to

the original length” [15]. Strain in vector form is represented as
T
g:[gx’gy’gz’yyz’yleyny (5)

where, ¢, ¢, £ are normal strains and y,,, y,,, J,, are shear strains.
If the axial stress is applied in the x-direction, then strain is represented as
[16]

g =x 6)

where Eis the modulus of elasticity. For small deformation, the strain displace-

ment relation is signified as [13]

= (7)

{auavawav ow ou  ow au av}T
v m .

ox'oy' oz oz oy ox'ox  ox
2.2. Problem Statement

In this study, the tubular KK joint is considered. Figure 3 represents a schematic
illustration of the problem. The figure shows that there are mainly two parts of
the KK joint, chord and brace. The braces are attached to the chord at an angle
of 30 degrees. Moreover, the diameter and length of the chord are always greater
than the length and diameter of the brace, as indicated in the figure.

\?‘ brace
N 3 . 7

L

e

€

Figure 3. Illustration of the KK model geometry.
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2.3. Numerical Modeling

For this study, the numerical model is created using the design modeler of the
ANSYS STATIC STRUCTURAL package and COMSOL Multiphysics. The di-
mensions of the model are chosen based on previous research. Figure 4 and
Figure 5 display the developed model. Table 1 lists the dimensions of the mod-
el’s geometric parameters, and Table 2 provides the engineering properties, in-
cluding the material used, density, and Young’s modulus.

0.000 0.500 1.000 (m)

125 0.750
Figure 4. Developed KK joint model in ANSYS.

Figure 5. Developed KK joint model in COMSOL Multiphysics.

Table 1. Geometric parameters of the model.

Geometric parameters Chord (mm) Brace (mm)
Diameter 325 162
Length 3200 1000
Thickness 5 5

Table 2. Engineering parameters of the model.

Engineering properties Specifications
Material used Structural steel
Density 7850 kg/m’
Young’s Modulus 2 x 10° MPa
Poisson’s Ratio 0.3
Bulk Modulus 1.67 x 10" Pa
Shear Modulus 7.69 x 10" Pa
Yield Stress 250 MPa
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2.4. Meshing

Meshing is a crucial step in Finite Element Analysis (FEM) as it involves divid-
ing the entire geometry into smaller elements in order to obtain accurate results.
The mesh setup is one of the most important aspects of numerical analysis as it
plays a significant role in determining the accuracy of the FEM analysis results.
It is estimated that around 60% of the project’s time is dedicated to acquiring the
proper meshing geometry. By ensuring good and accurate meshing, the numer-
ical model can simulate more realistic outcomes.

For the current study, meshing is done using both the meshing module of the
ANSYS STATIC STRUCTURAL workbench and the default meshing tool of
COMSOL Multiphysics. A customized element size type meshing is selected to
avoid numerical errors. An effort is made to design a regular mesh with the cor-
rect element size, and the unstructured mesh type is chosen in both cases. To
make the simulation process easier and achieve good results, the model is di-
vided into 47,981 nodes and 23,750 elements using the meshing module of the
STATIC STRUCTURAL workbench. On the other hand, using the COMSOL
meshing tool, the model is divided into 142,828 boundary elements and 5402
edge elements. The generated mesh for this study is illustrated in Figure 6 and

Figure 7.

0.000 0.500 1.000
0.250 0.750

Figure 6. Generated mesh in ANSYS.

Figure 7. Generated mesh in COMOL Multiphysics.

2.5. Boundary Conditions

In this study, specific boundary conditions are applied to the chord and brace of
the joint to analyze their behavior under compressive loading. The ends of the
chord, which are welded into the jacket of the offshore structures, are fixed in
place by setting fixed boundary conditions at both ends. This means that both
ends of the chord are constrained in all degrees of freedom. In terms of com-

pression, the force is distributed evenly across the free ends of the braces, with
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the downward direction of loading indicating compression. A total load of 100 N
is applied to the braces, with 25 N of load applied to each brace. Additionally, in
both the ANSYS and COMSOL simulation modules, the compressive loading is
applied as remote forces to ensure that the forces are distributed uniformly
across the braces. The loads are also applied gradually, allowing for the corres-
ponding stress, deformation, and strain values to be obtained clearly. The boun-

dary conditions and loading are illustrated in Figure 8.

B Remote Force 4: 25 N

0.000 1.000 2.000 (m)
0.500 1.500

Figure 8. Boundary conditions of the problem.

3. Results and Discussions

Figure 9 and Figure 10 illustrate the deformation of the joint. It is seen that
maximum deformation occurs in the braces where the compressive load is ap-
plied. When compressive loading is applied to the brace of a tubular KK joint, it
will experience deformation as a result of the applied load. The deformation can
be described in terms of the change in length, shape, or both. The amount of
deformation that occurs will depend on the strength and stiffness of the brace, as
well as the magnitude of the applied load. From the figures, it is seen that the
value of maximum deformation found in the ANSYS simulation is relatively
larger than the COMSOL Multiphysics simulation.

0.500 :
0.000 1 O,OO(m)

0.250 0.750

Figure 9. Total deformation of the joint in ANSYS.
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m
A2.68x10°
x107

20
15
\ 10
)
v0

Figure 10. Total deformation of the joint in COMSOL Multiphysics.

Figure 11 and Figure 12 represent the distribution of Von-Mises stress in the
KK joint. Von-Mises stress is a measure of the combined effect of normal
stresses and shear stresses on a material. It is used to determine the maximum
stress that a material can withstand before it fails. In the context of a tubular KK
joint for compressive loading applied in the braces, Von Mises stress is used to

determine the maximum stress that the joint can withstand before it fails.

Time: 1 s
8/25/2022 2:09 AM
2.4845e5 Max
2.2009

405.47 Min

0.000 0.500 1.000

m
0.250 0.750 ()

Figure 11. Von-Mises stress distribution of the joint in ANSYS.

Pa

A 2.59 x 10°
x10°
2.5

<

v1.16 x 10°

[\8}

—

Figure 12. Von-Mises stress distribution of the joint in COMSOL Multiphysics.
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Time: 1s

8/25/2022 2:09 AM
1.6427e-6 Max
1.4616¢-6
1.2805¢e-6
1.0994¢-6
9.1828¢-7
7.3717e-7
5.5607e-7
3.7497e-7
1.9387¢-7
1.2764e-8 Min

In this study, when a compressive load is applied to the braces of the tubular
KK joint, the stress state in the joint is complex. The loading conditions in the
joint include both axial and torsional stresses, as well as bending stresses. The
Von-Mises stress is used to evaluate the overall stress state in the joint and de-
termine if the joint is safe and stable.

From the figures it is seen that the Von-Mises stress is higher near the brace
connections, where the complex loading conditions are greatest. And the maxi-
mum value of Von Mises stress is pretty similar in both ANSYS and COMSOL
Multiphysics simulations.

Figure 13 and Figure 14 illustrate that when compressive loading is applied
in the braces of the KK joint, the strains are primarily concentrated in the
brace-to-chord connection. The strain in the chord itself is relatively small and is
primarily caused by the displacement of the brace-to-chord connection. The

strains in the brace-to-chord connection are primarily caused by the applied

compressive load and by the bending of the brace caused by the displacement of
the chord.

0.000 0.500 1.000
0.250 0.750

(m)

Figure 13. Total strain distribution of the joint in ANSYS.

m/m
A7.86 x 107
%1077

v-7.85 x 107

Figure 14. Total strain distribution of the joint in COMSOL Multiphysics.
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It is also found that the strains in the brace-to-chord connection are highest at
the inner surface of the brace, where the brace is in contact with the chord. The
strains at the outer surface of the brace are relatively small due to the thinness of
the brace material. The strain in the chord is highest at the point where the brace
is in contact with the chord and decreases as the distance from this point in-
creases. Moreover, the strains in the brace-to-chord connection are relatively
higher in the circumferential direction due to the circular shape of the tubing.
The strains in the radial direction are relatively small due to the thinness of the
brace material.

Figure 15 shows the maximum deformation vs. load curve for different
thicknesses. It is seen that the curve starts at the origin and increases as the load
increases. In the initial stages, the curve is relatively linear, indicating that the
joint is behaving elastically. As the load increases, the curve becomes non-linear,
indicating that the joint is undergoing plastic deformation. At some point, the
curve reaches a peak, indicating that the joint has reached its maximum load ca-
pacity. Beyond this point, the curve begins to level off, indicating that the joint is
becoming increasingly stiff. Besides, for both simulations, it is seen that as the

thicknesses of the joint increase, the value of maximum deformation decreases.

0.010
a
= t=4 mm (ANSYS)
@ t=4mm (COMSOL) e
0.008 A t=8 mm (ANSYS) e
. v t=8 mm (COMSOL) yd
E 4 t=12mm (ANSYS) .
= { = | |
= 0.006 - t=12 mm (COMSOL)
B .
£ -
s A
& 0.004 - . pe
£ - _—
E -
3 M AT <
= 0.002 A o p4
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« % 7 M
o 4
0.000 )
T T T T T T T T T T T
0 50 100 150 200 250 300
Load (KN)

Figure 15. Variations in maximum deformation for different thicknesses.

Figure 16 illustrates the maximum stress vs. load curve. From the figure, it is
seen that as the load is increased, the maximum stress experienced by the joint
also increases. The slope of the curve in the initial stages is relatively steep, indi-
cating that the stress increases rapidly as the load increases. As the load increas-
es, the slope of the curve becomes less steep, indicating that the stress is increas-
ing at a slower rate. Moreover, as the load approaches the yield strength of the
material, the maximum stress reaches a peak and then levels off. Besides, the

maximum value of stress decreases as the thickness of the joint increases.
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Figure 16. Variations in maximum stress for different thicknesses.

The maximum strain vs. load curve for different thicknesses is shown in Fig-
ure 17. It is seen from the figure that the maximum strain value decreases as the
thickness of the joint increases. The curve typically starts at the origin, with zero
load and zero strain. As the load increases, the strain in the joint also increases.
The slope of the curve in this initial region is known as the elastic modulus of
the material. The curve reaches a peak, known as the yield point, where plastic
deformation begins to occur, and the slope of the curve becomes less steep.

Beyond the yield point, the curve becomes relatively flat, and the joint can with-

stand larger loads without significant increases in strain.

0.000005 : :
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0.000004 | | v t=8mm (COMSOL) e
& t=12mm (ANSYS) e
< t=12mm (COMSOL) "
—_ ‘lr/“
£ / »
€ 0.000003 - . ®
£ VA
é //
£ /
< ,_
& 0.000002 .
5 rs
= 0.000001 - " A
s «—2
0.000000 e
0 50 100 150 200 250 300
Load (KN)

Figure 17. Variations in maximum strain for different thicknesses.
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4. Conclusion

The study has analyzed the behavior of a tubular KK joint under compressive
loading using the finite element method. The results of the analysis indicate that
the joint is able to withstand the applied compressive loading without failure.
The study has also highlighted the importance of considering the geometric
nonlinearity of the joint when analyzing its behavior under loading. The study’s
results can be used as a reference for future work on the design and optimization
of tubular KK joints for use in various applications. Additionally, the study’s re-
sults can also be useful for those who are interested in understanding the beha-
vior of tubular joints under compressive loading and the effect of different pa-
rameters on the joint’s performance. Overall, this study is important in under-
standing tubular KK joints and their behavior under compressive loading. From
this study, it can be concluded that for an equivalent stress distribution, maxi-
mum stress is found near the joint over the chord. Besides, minimum stress is
found between the joint and the top of the chord. On the other hand, maximum
deformation is found on the top of a brace. Again, minimum deformation is
found at the top edge of the chord and maximum strain is found near the joint
over a brace. Moreover, maximum stress, strain, and deformation values de-
crease as joint thickness increases. The insights derived from this study can serve
as a valuable reference point for future research and development endeavors fo-
cused on enhancing tubular KK joint designs for diverse applications. In addi-
tion, the findings are pertinent for individuals and professionals seeking to gain
a deeper comprehension of how tubular joints behave when subjected to com-

pressive loading and the impact of different variables on their functionality.
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