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Abstract: Considering the practical conditions, it has been observed that the support structures of
wind turbines inevitably experience bending and axial compression, both during the installation
phase and throughout their operational lifespan. The monopile is the most commonly utilized support
structure for offshore applications and a reliable method for creating a detachable section within these
structures is using a Pile-in-Pile (PIP) slip joint. Consequently, the behavior of PIP slip joints, under
combined axial compression and bending, has been meticulously investigated. To facilitate a thorough
analysis, overlapping lengths proportional to the pile diameters have been used, encompassing three
distinct variations. This approach allows for a comprehensive understanding of structural integrity
and performance under varying stress conditions, which are comprehensively understood and
accounted for in design considerations. The current study builds upon assessing the pure bending
characteristics of slip joints in cylindrical hollow section (CHS) structures. Additionally, two ring
stoppers have been strategically employed inside the piles to withstand the axial load. Furthermore,
the complexity of the pressure acting in the overlapping length, attributed to the frictional coefficient
in that region, has been carefully addressed. The current research also encompasses a comprehensive
overview of the P-M envelopes for the existing arrangements, with a particular focus on non-linear
buckling, which is known to significantly influence the performance of tubular structures. Finally, a
design equation was introduced to concisely describe the behavior of the components and compare it
with other design equations provided by an established code.

Keywords: PIP slip joint; circular hollow section; overlapping length; ring stopper; combined
load; monopile

1. Introduction

The design of the monopile is a pivotal factor in determining the maximum height
of an offshore wind turbine. This design is critical for ensuring the safe, efficient, and
economical operation of offshore wind turbines, significantly as they increase in height
and are subjected to more demanding environmental conditions. It requires a balance
of engineering, environmental science, and economics to achieve the best outcome for
sustainable energy production [1]. In the monopile design, tubular steel structures are
essential due to their robustness and ability to withstand dynamic loads and vibrations.
They offer advantages such as prefabrication off-site, requiring less on-site labor, and easier
mounting of turbine components. Additionally, these structures allow wind turbines to be
positioned at optimal heights, maximizing energy production from faster winds at higher
altitudes [2]. Overall, tubular structures play a crucial role in ensuring wind turbines’ safety,
longevity, and energy efficiency for sustainable energy production. Innovation in tubular
sections analysis is not only vital in the tower in the tower structure, but also in the support
structure system like the monopiles (as shown in Figure 1), jacket structures, or in the legs
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of jack-up barge arrangements. Hence, an optimum and simplified installation process of
these support systems can also reduce the construction hassles and costs, ensure structural
integrity, and enable innovation in wind energy projects [3]. Because of its significance,
“DNV-5T-0126 Support structures for wind turbines” provides general principles and
guidelines for the structural design, installation, and in-service inspection of wind turbine
support structure systems [4].

Figure 1. Circular hollow sections (CHS) consisting of a wind tower and monopile substructure.

When making decisions about energy system investments, it is essential to consider all
aspects of planning, development, and construction. In general, it was found that the initial
cost of a wind turbine system covered one-fourth of the total cost. Therefore, designers
should prioritize building a robust and cost-effective structure in the planning phase [5,6].
A detachable tubular structure for a wind turbine tower offers several advantages in a
support structure system. These benefits include faster and easier installation, reduced
construction costs, and minimized environmental impact. Additionally, it enables improved
transportation and assembly, increased robustness, better interaction with the wind, and
cost savings that align with environmental considerations by reducing energy consumption
and promoting sustainable practices. Furthermore, in times of emergency, the mobility of
the structure gives engineers an advantage in preventing potential damage during natural
calamities. However, due to limited studies, the potential of detachable joints in circular
hollow section (CHS) structures still needs to be explored. Connections for hollow sections
in steel construction are achieved mainly through welding or bolting. Welded circular
hollow section joints are used for longitudinal joints and connecting braces to continuous
chords, as Ummenhofer et al. (2002) [7] used in their study.

On detachable tubular structures the most commonly used method is to use pre-
stressed bolt in the flange of the CHS structure. The creation of L-type flanges is believed
to be connected to the standardization initiatives for pressure vessels and piping systems
during the Industrial Revolution. In the early 20th century, the American Society of Mechan-
ical Engineers (ASME) [8] spearheaded establishing and documenting flange standards,
including L-type flanges, laying the groundwork for safety and quality in engineering
practices. In a recent study, Tran et al. (2023) [9] also developed a finite element model of a
5 MW L-type flange joint and verified its accuracy through experimental test results. They
investigated the influences of geometrical imperfections (such as flange and tower-sided
gaps) on the structural response using the same loading conditions and material proper-
ties. Another significant probabilistic study was conducted on the two-planar local joint
flexibility by Ahmadi and Mayeli in 2018 [10]. In their study, nine theoretical probability



J. Mar. Sci. Eng. 2024, 12, 1423

30f18

density function curves (PDFs) were prepared and fitted to the developed histograms. The
maximum likelihood (ML) method was then applied to evaluate the parameters of the fitted
PDFs. However, these connections are not easily detachable, so it is imperative to discover
new hybrid connections that offer easier installation and mobility when needed. As a
result, in a previous study, Islam et al. (2023) [11] tried to develop a detachable joint named
Pile-in-Pile (PIP) slip joint and explored the structural behavior under pure bending. For
further development in this research, the response of a PIP slip joint subjected to bending
and axial compression, considering perturbation, has been analyzed.

PIP slip joints are a one-of-a-kind new structural innovation that allows the contact
surfaces of the CHSs to slide apart from each other, as demonstrated in Figure 2. Some
prior studies found that moment capacity, self-centering ability, and rotational stiffness are
fundamental for analyzing the support structure system [11]. Therefore, in the first step,
the behavior of the PIP slip joint was investigated for a pure bending case to determine
the optimum overlapping length for this CHS structure arrangement. For the next step,
the combined loading of axial force and bending in wind turbine structures is crucial for
several reasons. The combined loading of axial force (due to gravity and wind loads)
and bending (due to wind-induced moments) affects the overall efficiency of the tubular
structures. According to NORSOK N-004, tubular members subjected solely to axial
tension, axial compression, bending, shear, or hydrostatic pressure should be designed
to meet the strength and stability requirements. Tubular members subjected to combined
loads without hydrostatic pressure should also be designed to meet the strength and
stability requirements [12]. By considering both axial and bending loads, engineers can
also optimize the design to minimize material usage while ensuring structural integrity.
Likewise, buckling is another critical failure mode for slender structures especially for
CHS arrangements. Combined axial and bending loads influence buckling behavior and
hence proper design accounts for buckling resistance need to be considered to prevent
the possibility of failure. Wind-induced bending moments can also cause sliding between
tower segments (e.g., flanges or slip joints), which can impact the overall tower stability.
Analyzing these sliding distances ensures a safe operation and prevents excessive wear.
Ideally, in the current study, the overlap will resist external bending, and two ring stoppers
will be used inside the joint area to resist axial compression. Three different overlapping
arrangements have been assessed thoroughly, while the dimensions of the ring stoppers
remain unchanged. Local buckling near the overlapping area was also extensively studied
as that part was found to be most interesting. After conducting a thorough analysis,
we developed design equations for the entire system and its components. These will be
compared with the well-established existing code.
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Figure 2. (a) Typical PIP slip joint arrangement, (b) 2D schematic detail of ring stopper.
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2. Methodology

The method is based on the previously studied and verified model while analyzing
the PIP slip joint for pure bending [11]. A finite element model was first prepared based
on the previously verified modeling technique. The load is then applied to the prescribed
boundary condition. For loading, the IEC-61400-3-1 has followed [13]. In order to carry
out this simulation analysis, in this study ANSYS Mechanical 2023, R2 was used. Here,
four different models were developed, three with different overlapping lengths and an-
other one for only pile without any joints. The result can then be interpreted to create a
desirable relationship.

2.1. Material Properties and Geometry

In this study, the CHS structure was modeled by using S-355 (equivalent to EN 10025-2)
steel, as it is frequently used in structural applications nowadays. Nonlinear material
properties were utilized to represent the real scenario in local buckling. The bi-linear
hardening model was employed to replicate the nonlinear buckling.

The material properties are presented in the following Table 1.

Table 1. Material properties.

fy (MPa) E; (MPa) E (MPa) v o (kN/m3)
355 1450 210,000 0.3 76.98

Here, fy is the yield stress, E is the modulus of elasticity, E; is the tangent modulus, v is the poisons ratio, and p is
the density of the material.

When dealing with geometry, two different piles are considered to be overlapping with
each other. If D represents the diameter of the inner pile, the overlapping lengths would
be 1D, 2D, and 2.5D, respectively. In all three cases, the total length of the arrangement
remains the same. A ring stopper is used in all three cases to provide stability against
axial compression. The geometric properties are shown in Tables 2 and 3, which include
the dimensions of the overlapping lengths of the ring stoppers. Based on a previous
study by POSCO, it has been demonstrated that the strength of the material can remain
consistent even with an increase in the steel section thickness of more than 16 mm [14]. The
same principle has been applied to ensure uniform strength throughout the entire section
in this study.

Table 2. Geometric properties.

Geometry Value (mm)
Total length, L 50,000
Outer dia of inner pile, Dy 8000
Outer dia of outer pile, Dy 8160
Thickness of wall, t 80

Table 3. Summary of PIP arrangement.

D D (mm) t (mm) Thickness of Ring Overlapping
Outer Pipe Inner Pipe Outer Pipe Inner Pipe Stopper (mm) Length, Lo (mm)
1.5D 8160 8000 80 80 160 12,000
2D 8160 8000 80 80 160 16,000
2.5D 8160 8000 80 80 160 20,000

2.2. Boundary Conditions

In order to achieve the most accurate representation, the smaller diameter pipe was
fixed at the bottom and the free end was positioned at the top of the larger diameter
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pipe, as illustrated in Figure 3. The total length of the arrangement spans 50 m. The
initial conceptual arrangement was made using the following considerations: 15 m was
considered mud level, and another 20 m was considered water depth. The overlapping
length (Lo) is placed exactly in the middle of the 50 m monopile structure. Initially, the
fixed support condition was considered for the gradual development of the arrangement.
In further studies, the complex support condition arising from soil-structure interaction
can be used. A frictional contact was considered between larger and smaller diameter piles.
Additionally, two-ring stoppers were used to resist axial compression, as shown in Figure 2.

F.__AM:

20m
<—|‘°—>

15m

Figure 3. Idealized representation of the total arrangement.

The loading was carefully determined following the IEC-61400-3-1 [13]. After analyz-
ing the various loading conditions for fixed onshore wind turbines, the idealized simplified
loading was identified and applied to the arrangement, as depicted in Figure 3. All loading
configurations can be found in Table 4.

Table 4. Load configuration.

Axial Compression (N) Lateral Load (N) Moment (N.mm)
1.989 x 107 5.392 x 10° 5.2489 x 101!

To impose remote forces, rigid “multi-point constraints” (MPCs) have been utilized,
as depicted in Figure 4. The friction of the contact surface is a crucial factor when two piles
overlap. The area where the piles come into contact is termed as a face-to-face frictional
contact surface, as depicted in Figure 5. In this research, a frictional coefficient of 0.4 was
used, following R.J.M. Pijpers et al. [15].
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(a) (b)

Figure 4. (a) Fixed support at the bottom of the arrangement, (b) MPC restraints.

Contact Body View Target Body View

0 Te+04 %X
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Figure 5. (a) Contact surface and, (b) target surface for frictional contact.

2.3. Buckling Theories and Equations

The behavior of cylindrical shells under increasing local compression is crucial to
understand and control. Differentiation between bifurcation and the limit buckling point
is critical in this regard. Recent research in buckling theories has mainly focused on
narrowing the gaps for engineering applications [16,17], with notable works by Koiter [18]
and Donnell [19]. They addressed classical buckling analysis, introduced eigenvalue
calculations for the “two-surface” model, and highlighted instability problems linked to
geometrical imperfections. The imperfection amplitude is also calculated by paragraph 8.7
of Eurocode EN 1993-1-6 [20].

In Figure 6, a qualitative representation of the real behavior of an ideal section and a
shell with imperfection is explained by showing the bifurcation points [21,22]. Moreover,
the secondary bifurcation buckling paths, are shown as 2i, 2ii, 2iii, 3i, and 3ii to explain
the idealized critical load factor of the structure, A.,. These values can be found through
eigenvalue buckling analysis.
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Figure 6. Types of buckling behavior.

When critical buckling happens, the load-displacement equilibrium path descends
dramatically to a certain distance below the critical buckling load. Considering the above
observations, multiple equilibrium paths are derived. In classical approaches, initial imper-
fections are factored into these equations, which can be resolved with existing algorithms
to provide a single equilibrium path. The present investigation follows approximation to
obtain the minimum point along the equilibrium path, aiming to identify the most realistic
critical buckling load.

Through the analysis of different energy pathways and the use of the state of neutral
equilibrium, this principle can be extended to the eigenvalue problem. This encompasses
stiffness, geometries, and displacement matrices, including their linear and nonlinear
components. Consequently, a simplified quadratic eigenvalue problem in the form [23,24]
is revealed.

KrV = Ko + A* (Kgl + Kvl) + A2 (Kgy + Kon) V = 0 )

(Ke+A"Kgt )V =0 @

Here,

K, = initial elastic stiffness matrix,

K, = initial linear geometries matrix,

K, = respective matrix of linear displacements,

K¢y = initial geometrical stiffness matrix (quadratic form),
Ky = initial displacement matrix (quadratic form), and

V = Nodal displacement vector.

Equations (1) and (2) approximate the classical eigenvalue problem by ignoring the
shells” initial displacement. Incremental methods could solve the numerical problem
through incremental load steps, whose equilibrium is checked iteratively. The solution
of Equation (2) also relates to the critical load factor A., depicted in Figure 6; A* is the
eigenvalue solution of Equations (2) and (3), and is equal to A.- when it reaches its minimum
value; this factor could, in turn, establish a relationship with a membrane and bending
components (A;; and A, respectively), as follows:

At = Ap+m X Ay 3)

The membrane part A, is strongly linked to the total shell load-bearing capacity. It
is worth highlighting that, in Figure 6, the upper and lower load bounds delimit realistic
buckling performances as an extension of linear-elastic bending strength and as part of
membrane effects developed by cylindrical shells [25].
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2.4. Mesh Properties

In this study, a secondary mesh element HEX20 [26] was employed to uncover the
full understanding of the local and total buckling. The term “HEX20 element” refers
to a 20-node hexahedral element that exhibits quadratic displacement behavior. These
20 nodes offer an advanced capability to accurately represent the geometry and approx-
imate the displacement field within the component (Figure 7). This feature is precious
in structural engineering applications with high-stress gradients, such as in the vicinity
of stress concentrations which is suitable for current study. In Table 5 the mesh statistics
are provided.

(a) (b)

Figure 7. (a) Meshing along the section of the pile, (b) total mesh arrangement along the
longitudinal direction.

Table 5. Mesh statistics.

Total Element Nodes 101,661

Total Numbers of Elements 30,057
Mesh Metric Jacobian Ratio (JR)

Avg. Value of JR 0.88765

2.5. Convergence

Globally, the assembly matrix is symmetric. Non-linear analysis default was used
by Newton Raphson solution procedure (NROP). For rigid targeted surfaces, degrees
of freedom on pilot nodes were selected. NROP was switched to an unsymmetrical
solver (UNSYM) for frictional surfaces that encountered convergence difficulties [26]. The
contact algorithm was chosen as the Augmented Lagrange method. Contact detection
was performed at Gauss integration points. The contact stiffness factor was taken as 1. In
analysis settings, sub-step controls were defined. The initial sub-step was set to 50. The
minimum sub-step was also selected as 50, and the maximum sub-step was 1000. A total of
146 steps were used for convergence.

2.6. Verification

This study utilizes a validated model, previously published after peer review, to inves-
tigate the behavior of the PIP slip joint in pure bending. As the same boundary condition
and overlapping length remain in this model, previous verification will also be reliable
in this case. All the models without joint were developed using the same modelling tech-
niques. In that study, the main focus was to replicate the force vs. displacement relationship
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observed in another experimental analysis by Guo et al. [27] and the cantilever beam setup
was validated. In the numerical analysis, displacement control loading was employed
to ensure consistency with the experimental analysis. Table 6 provides the dimensions
of the arrangement used for the validation. Figures 8 and 9 compare the experimental
and validated numerical models. Figure 8 illustrates the ultimate deformed shapes from
simulation models and compares them with those observed in experimental research.
Based on the figure, it is apparent that the deformation shapes are identical. The difference
between the FEA and experimental results for the cantilever beam was 17%, yet both
exhibited almost identical trends. Several factors contributed to the discrepancy between
the FEM analysis and experimental results. Firstly, the FEM model did not incorporate
the influence of initial geometric imperfections, which can significantly impact structural
behavior. Secondly, the material properties were simplified in the simulation by employing
a bilinear hardening model, neglecting the complexities of real-world material response.
Additionally, the boundary conditions implemented in the FEM analysis, utilizing rigid
multi-point constraints to represent the stiffener plate, differed from the actual physical
constraints, leading to potential variations in structural response. While the present model
captures the essential behavior of the beams, it is important to note that precise replication
of deflection and local buckling characteristics was also achieved. Consequently, the ob-
served discrepancies in the previous study are considered justifiable due to these model
limitations. The current study’s model was developed based on the insights gained from
this validated model.

Table 6. Dimensions of the model for verification.

D D (mm) t (mm) L (mm) Boundary
Condition
DT 100-3 200 2.00 1500 Cantilever beam

Figure 8. The deflection shape of a cantilever beam with a 100 D/t ratio. (a) Local buckling and
rippling in the support area in the FEA model. (b) Similar local buckling in the experimental model
for the cantilever beam. (Guo et al., 2013) [27].
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Figure 9. Force displacement relationship for the cantilever beam.

2.7. Limitations

Some limitations of the current study are detailed in this section. Nevertheless, it is
important to note that these limitations do not diminish the validity of the study’s results.

2.7.1. Initial Geometry

The initial geometric imperfections significantly impact the load-carrying capacity
of models with different diameter-to-thickness (D/t) ratios. Moreover, there could also
be a gap between the piles in practical scenarios. The current study did not consider any
of the conditions.

2.7.2. Numerous Variables

Multiple variables, such as the length of the total pile arrangement, different material
strengths, and D/t ratio, can affect the result of the current analysis. However, the current
study only focuses on D/T ratios of 100 as it is a frequently used section, and the result
is easily representable. However, this study will be carried out for different D/t ratios in
the future.

2.7.3. Ovality Effect

The ovality of the PIP joint can significantly affect its performance, especially when
subjected to bending loads.

2.7.4. Loading

This analysis does not consider any eccentric loading, which could introduce addi-
tional bending stresses along with axial stress. Furthermore, bi-axial bending and torsion
were also not taken into account during analysis.

2.7.5. Frictional Coefficient

In this study, only one frictional coefficient was used [15]. The effect of different
fictional coefficients was not considered.

Therefore, it is crucial to conduct additional research to understand better the behavior
of the PIP slip joint under these diverse conditions.

3. Result and Discussion

After analysis, it has been determined that the overlapped area experiences signifi-
cantly higher stress compared to other regions of the arrangement. Figure 10 illustrates
the equivalent stress for the entire arrangement, revealing a consistent stress distribution.
However, localized buckling is evident in the overlapped area, with the maximum defor-
mation occurring at the free end of the arrangement. Notably, a visible gap between two
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stoppers in the ring stopper area is causing a substantial concentration of stress in that
specific area. Furthermore, the buckling effect has led to a noticeable change in the shape
of the inner pile, as depicted in Figure 11b.

76.143 Max
67.682
50,222
50.762
42,301
31841
25,381
16.921
84603
0 Min

(a) (b)

Figure 10. (a) Deformation of the total configuration, (b) buckling and gap in the ring stopper.
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Figure 11. (a) Equivalent von Mises stress, (b) sectional view of stress distribution in the arrangement.

The compression zone exhibited the highest stress, resulting in buckling in those
regions. The maximum stress occurred at the interface of the inner and outer pile regions.
When examining deformation, it was observed that the deflection was consistently varied
from the support to the free end, as shown in Figure 11a. However, a notable change in
deformation was observed after the overlapping area. Notably, a dent was also present in
the ring stopper area, where it connects with the shell of the slip joint arrangement.

A more accurate condition assessment was obtained through meticulous analysis of
the in the overlapped area, where stress concentration is known to occur. Additionally,
contact pressure has also become a concern with the deformation in the ring stopper.
However, introducing separate stiffeners can effectively mitigate these issues and make
this topic a compelling one to address in the near future.

Valuable insights into pile-to-pile interaction were gained through a thorough exami-
nation of the frictional stress at the contact surface. These findings offer significant insights
into the impact of frictional stress on load-bearing structures and suggest potential strate-



J. Mar. Sci. Eng. 2024, 12, 1423

12 of 18

gies for optimizing the overall stability and load-bearing capacity of such arrangements [28].
Additionally, they serve as a crucial indicator of the load-transfer mechanism from the outer
to inner piles. The potential to substantially enhance lateral resistance exists by strategically
managing this frictional stress in the future. In Figure 12, the distribution of frictional stress
is visually depicted, showing a higher concentration at the outer pile’s edge (labeled as
“zone B”) where it intersects with the inner pile. A visible concentration of frictional stress
at the edge of the inner pile, denoted as “zone A”, was also observed. Notably, Figure 12b
demonstrates a distinct behavior in the 2D overlapping length compared to the other two
overlapping lengths in relation to frictional stress. The 2.5D and 1.5D overlapping lengths
exhibit maximum frictional stress at 120 MPa and 116 MPa, respectively, while the 2D
overlapping length peaks at 175 MPa. After a total displacement of 110 mm to 115 mm, a
plateau in frictional stress was observed, followed by an increase up to 180 mm. This hike
was caused by the very local deformation in the ring.

®
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150
= -=-2D 0L
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£ 9
©
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30

0 W= e ==
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Displacement (mm)
(a) (b)

Figure 12. (a) Frictional stress in the overlapped area, (b) comparison of frictional stress for different
overlapping length.

While examining a sliding ring joint, the sliding distance study is obviously crucial.
Longer sliding distances between surfaces lead to increased wear and material loss. The
resulting sliding-induced fatigue cycles could significantly impact the components’ lifes-
pans in this slip joint configuration. This study plots the sliding distance between the ring
stoppers of varying overlapping lengths against the total displacement. It is evident from
Figure 13b that the sliding pattern is almost identical for 2D and 2.5D overlapping lengths,
while the behavior is notably different for 1.5D overlapping lengths. The increase in sliding
for 2D and 2.5D overlapping lengths compared to 1.5D overlapping lengths is 15% and
25%, respectively. This variance may be attributed to the rotation in the overlapped area,
consequently causing lateral pressure on the ring and potential deformation.

Consequently, the distortion in the ring joint was also checked. The deformed ring
stopper is shown in Figure 14a, and the pattern of deformation for different overlapping
lengths is shown in Figure 14b. From the figures, it can be observed that although the 2.5D
and 1.5D overlapping lengths have the same pattern for ring deformation, the maximum
value of deformation is 59 mm and 48 mm, respectively. The 2D overlapping length,
however, showcases interesting behavior. It peaked at 62 mm with a total deformation
of 120 mm. Subsequently, it decreased with a negative slope until a total deformation
of 150 mm. Beyond this point, it ascended to 180 mm of total arrangement, with the
maximum deformation in the ring reaching 78 mm. The observation suggests that after
150 mm of total displacement, the ring experienced local buckling, resulting in a loss of
integrity. Therefore, the need to investigate this local buckling further in future studies
remains essential.
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Figure 13. (a) Sliding distance for two ring stoppers, (b) sliding distance vs. displacement for different
overlapping lengths.

80

—+—1.5D OL

—=—-2D OL

m,
o
3

—+—25DOL

40

Deformation of ring (mm)

0 30 60 90 120 150 180

Total displacement (mm)

(a) (b)

Figure 14. (a) Deformation in the ring, (b) ring deformation vs. total displacement.

In order to evaluate the axial load and moment capacity in the ring stopper area, this
study considered the area where both of these parameters are crucial. After analyzing,
it was found that the area lies in the region with overlapping lengths. To improve the
understanding of the scenario, a model of a pile without any joints was also analyzed and
compared with the result of pile slip joint arrangements. Figure 15a,b present the axial load
and moment capacity with respect to the normalized rotation. Figure 16 shows the location
of moment and resisting axial load in the PIP slip joint arrangement. To understand the
behavior of the PIP slip joint based on bending and compression, this location is optimum.
The axial compression and moment capacities were plotted against the rotational ratio
to normalize it with respect to a dimensionless parameter. Surprisingly, in terms of axial
load-carrying capability, the single pile section exhibited better results than the PIP slip joint
arrangements. Among the slip joint arrangements, the 2.5D configuration demonstrated
the maximum axial load-carrying capacity, with the axial compression capacity for 2D and
1.5D being almost identical. The axial load carrying capacity of 2.5D is nearly 5% more than
the other two configurations, while in the case of the only pile, it exhibited a 9% resistance
against the axial load. This might be attributed to stress concentration in a smaller region
of the ring stopper area.
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Figure 15. (a) Axial load vs. normalized rotation, (b) moment vs. normalized rotation.

Figure 16. Axial load and moment in the ring stopper area.

On the other hand, for moment capacity, the PIP slip joint has better moment capac-
ity than the single pile section. Among the three different overlapping lengths, the 2D
overlapping length provides better rotational resistance than the other two configurations.
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Following that, the 2.5D and 1.5D overlapping length arrangements have a greater capa-
bility of resisting rotation in chronological order. The rotational capacity for 1.5D, 2.5D,
and 2D overlapping lengths is 4.77%, 36.02%, and 67.14% more than the single pipe case.
The moment capacity increased significantly due to the change in stiffness around the
overlapping area.

Based on this analysis the normalized compression-moment envelopes are presented
in Figure 17. Here, Ny and My represent the maximum axial load and the yield moment
of the section. All the curves for the slip joint arrangements are nearly straight lines. To
compare with the NORSOK code, a shaded area is also marked in graph. Within that area
every line satisfies the design criteria proposed by the code. In all the cases, the lines lie
within that area.

12

-=-2D OL
—4—1.5D OL
——2.5D OL
=>¢=Only Pile
=¥=NORSOK

=@=FEurocode 3

Normalized moment, M/My

0 0.2 0.4 0.6 0.8 1 12
Normalized axial load, N/Ny

Figure 17. Moment compression envelops.

From the aforementioned analysis and discussion, it was found that the slip joint
arrangement has to be designed to satisfy the following estimated equation.

Nsp * D n Msp * D
Ny*(A*fy/chE) My*[B*<D*fy)/(t*E)]

<1 (4)

In the “NORSOK N-004" code (Section 7.3) the equations are presented as follows [12]:

Nsp * 7D n Msp * 7D
Ny + (1.047 = 0274« fy/ feie) My« [0.94— (076 % D« f, ) /(tE )]

<1

Here,

- Nsp and Mgp are the design axial compression and design bending moment.

- Ny and My are the axial load capacity and yield moment, respectively.

- A and B are two dimensionless constants.

- D and t are the diameter and the thickness of the section.

- fy and E are the yield strength and the Young’s modulus.

- Ce and yp are the elastic buckling coefficient (0.3) and material factor, respectively.
- fcrg is the characteristic elastic local buckling.



J. Mar. Sci. Eng. 2024, 12, 1423

16 of 18

Both equations are applicable for the following conditions:

0.1034 < D+ fy/Ext < 120fy/E
0.170 < fy/fere < 1.911
fCLE = 2% C,.E % t/D

In Equation (4) for different values of A and B the general design equation can be
found for three different overlapping lengths. For different D/t ratios, these values will
be different, and the P-M curves will be shifted parallel to the top and bottom of the
current curves. In Table 7 the values of these constants have been given for different
overlapping lengths.

Table 7. Values of A and B for different overlapping lengths.

Overlapping Length (OL) A B
1.5D 2.48 1.775
2D 2.698 2.117
2.5D 2.8399 1.99

The members that are subjected to combined bending and axial compression need
to satisfy the following condition as per Eurocode 3 (Section 6.3, Part 1-1) for a class-4
section [20]:

Ngp My D

_NED _YEP (6)
Xy-NRk /a1 vy Xy-Myre/ymr —

Here,

- Ngp and My gp are the design axial compression and design bending moment.

- Ngk and My gy are the design value of the resistance depending upon the section.
- Xy is reduction factor due to flexural buckling.

- kyy is the interaction factor.

Based on the findings, it is evident that PIP slip joints outperform tubular sections
without a joint in flexure. However, it is possible to develop the PIP slip joint using
alternative methods for axial compression. Previous research has shown that in the case of
pure bending, the 2D overlapping length outperforms the other two slip joint arrangements.
This finding remains consistent when considering combined loading.

4. Conclusions

The current study explores structural analysis of the PIP slip joints, particularly fo-
cusing on stress distribution, deformation, and load-bearing capacities under axial com-
pression and bending moments. The study observes that the overlapped area of the joint
arrangement is prone to higher stress levels, leading to localized buckling and deformation.

Frictional stress at the contact surface is also being studied to understand how it affects
the structural behavior and load-transfer mechanism. The distribution of frictional stress
indicates higher concentrations at specific zones where the outer and inner piles intersect.
The 2D overlapping length stands out for reaching a peak frictional stress of 175 MPa, and
a plateau is followed by an increase in stress after certain displacement thresholds.

The study also analyzed the sliding distance between ring stoppers and found that
longer overlapping is associated with higher wear and potential deformation. The sliding
patterns of 2D and 2.5D overlapping lengths are similar, while the 1.5D length behaves
differently. This difference is due to rotation in the overlapped area, which applies lateral
pressure on the ring.

The deformation of the ring joint was also investigated and found that the 2D over-
lapping length exhibited a distinct pattern of deformation, reaching a peak of 62 mm then
decreasing before rising again. This indicates the occurrence of local buckling and gap
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formation after a specific displacement point, resulting in a loss of structural integrity. Ad-
ditionally, a general design equation has been estimated and compared with NORSOK and
Eurocode for the same condition. The findings are significant for designing and analyzing
PIP slip joints, offering a comprehensive understanding of their structural behavior under
various loading conditions.

For further expansion of the current study, it is deemed to have an experimental
analysis for validating the current study of PIP slip joint designs. Moreover, varying D/t
ratios, load distances, and eccentricities are other focal points to be developed.
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