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Abstract: This paper introduces an efficient and automated computational framework
integrating Python scripting with Abaqus finite element analysis (FEA) to investigate the
structural behavior of long free-spanning submarine pipelines equipped with buoyancy
modules. A comprehensive parametric study was conducted, involving 1260 free-spanning
submarine pipeline models, and was successfully performed with a wide range of param-
eters, including the length (lp = 100, 200, and 300 m), radius (rp = 0.3, 0.4, and 0.5 m),
thickness, type of fluid, type of support, load ratio (LR = 0.2, 0.4, 0.6, 0.8, and 1), and
number of buoyancy modules (n = 0, 1, 2, 3, 5, 7, and 9) with its length

(
lb = 1/10·lp

)
. The

study included a verification process, providing a verification of the presented framework.
The results demonstrate excellent agreement with analytical and numerical solutions, vali-
dating the accuracy and robustness of the proposed framework. The analysis indicates that
pipeline deformation and natural frequency are highly sensitive to variations in buoyancy
arrangements, pipeline geometry, and load conditions, whereas the normalized mode
shapes remain largely unaffected. Practical implications include the ability to rapidly
optimize buoyancy module placements, reducing resonance risks from vortex-induced
vibrations (VIVs), thus enhancing the preliminary design efficiency and pipeline safety.
The developed approach advances existing methods by significantly reducing the compu-
tational complexity and enabling extensive parametric analyses, making it a valuable tool
for designing stable, cost-effective offshore pipeline systems.

Keywords: long pipeline; free spanning; buoyancy module; submarine pipeline; natural
frequency; vortex-induced vibration

MSC: 65

1. Introduction
Submarine pipelines play a crucial role in offshore oil and gas transportation, ex-

tending hundreds of kilometers to connect production sites, processing facilities, and
distribution networks. These pipelines are essential for conveying hydrocarbons between
offshore infrastructure such as manifolds, wellheads, and platforms, and onshore process-
ing units. Recognized as a cost-effective solution for transporting oil and gas in marine
environments [1–3], submarine pipelines are widely used in deep-water and shallow-
water developments.
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However, budget constraints and challenging seabed conditions—including pipeline
crossings, seabed erosion, uneven terrain, and structural tie-ins—often make complete
burial impractical [4,5]. As a result, free-spanning pipeline sections are frequently en-
countered, appearing either as single spans or multiple consecutive spans along the
pipeline route.

The design of free-spanning pipelines presents two primary structural challenges:
First, vortex-induced vibrations (VIVs) occur when ocean currents interact with the pipeline,
generating oscillatory motion. If sustained, these vibrations can lead to fatigue failure
over time, as alternating vortex shedding induces cyclic loading on the structure [6–11].
Second, excessive structural stress arises from the combined weight of the pipeline and
its internal contents, creating high-stress concentrations that increase the likelihood of
localized deformation and potential failure [12–15].

To ensure the safety of free-span pipelines, numerous researchers and practical engi-
neers recommend assessing the actual free span against a maximum allowable free span
length [6,12,16]. For instance, DNVGL-RP-F105 [17] suggests remedial actions such as utiliz-
ing grout bags, sandbags, and mechanical rigid supports to rectify the free span. However,
these measures become extremely expensive and difficult to implement when dealing with
deep-water scenarios, such as crossings over underwater valleys at depths of 1500 to 2000 m,
and the pressure response in pipelines [18]. Consequently, investigating the stability of
free-spanning pipelines has become a crucial study area for the petroleum industry.

VIVs occur in symmetrical or asymmetrical forms, depending on the flow velocity of
the ocean currents [5,19]. At low flow velocities, symmetrical vortex shedding generates
in-line vibrations, where the oscillations align with the flow direction. At higher flow
velocities, asymmetrical vortex shedding induces both in-line and cross-flow vibrations,
with the latter occurring perpendicular to the flow direction. Specifically, in-line impulses
coincide with each vortex shedding event, while cross-flow impulses act perpendicular
to the flow. As a result, the frequency of in-line excitation may be twice that of cross-
flow excitation, leading to smaller stress and motion amplitudes in in-line vibrations
compared to cross-flow vibrations, where larger oscillations and greater structural stresses
are observed [20].

From an engineering perspective, resonance occurs when vortex shedding, defined
by the frequency of hydrodynamic forces influenced by the flow velocity, pipe outer
diameter, and Strouhal number, aligns with the natural frequency of the free-spanning
pipeline [21–25]. When resonance takes place, the pipeline undergoes significant deforma-
tions and elevated stress levels, which can ultimately lead to structural failure.

Consequently, extensive research has been conducted to determine the natural fre-
quency of submarine pipelines, as a means to mitigate vibration amplitudes and cyclic
stresses. This frequency serves as a key parameter in evaluating pipeline stability [1,5,26].
Ref. [1] proposed an analytical solution based on a linear elastic beam model without axial
force to estimate the frequency. Xiao and Zhao [5] extended this approach by incorporating
axial forces and boundary conditions, developing a simplified equation to compute the
frequency for a 50-m-long pipeline. Their findings indicated that applied tensile forces
reduce frequency, while compressive forces increase it. Considering seabed soil charac-
teristics, Yaghoobi et al. [26] introduced an analytical model for offshore pipelines up to
80 m in length, concluding that decreasing soil stiffness leads to a reduction in frequency,
significantly influencing pipeline behavior. Additionally, Sarkar and Roy [27] employed
the DNVGL-RP-F105 guidelines [17] alongside the finite element method (FEM) to conduct
parametric studies. Their analysis, which examined various thicknesses, diameters, span
lengths, and homogeneous soil stiffness values, enabled them to estimate the frequency for
pipelines up to 100 m in length.
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Moreover, Sarkar and Roy [27,28] utilized Abaqus to determine the frequency of
pipelines supported by nonhomogeneous soil stiffness. DNVGL-RP-F105 [17], a widely
recognized design practice in the oil and gas industry for free-spanning offshore pipelines,
was used to develop a closed-form solution that considers the effects of soil stiffness, axial
forces, and static deformation in frequency calculations. However, it should be noted
that the existing frequency computation solutions are limited to L/D ≤ 140 [16], where D
represents the diameter of the pipe and L denotes the length of the free span. In certain
scenarios, such as crossing over canyons or submarine valleys [18], it becomes unavoidable
to employ very long free-spanning pipelines. The reports indicate that the gap between
the seabed and the pipeline could reach up to 50 m, with free-span pipelines extending up
to 500 m [29]. Consequently, rectifying such long free spans can be extremely challenging
and costly [17].

To address this challenge, a more practical and cost-effective solution involves the
installation of buoyancy modules [4]. However, there is a lack of clear guidance on the
optimal configuration of buoyancy modules to achieve design optimization [16]. Recog-
nizing this gap, Trapper [3] conducted a study using a numerical model for geometrically
nonlinear analysis to improve the performance of long free-spanning pipelines through the
use of buoyancy modules. However, his numerical model was limited to static analysis.
Furthermore, for long free-spanning marine pipelines where the ratio of length (L) to diam-
eter (D) exceeds 140, DNVGL-RP-F105 [17] recommends employing finite element analysis
(FEA), which is widely recognized as an efficient approach for solving geotechnical [30]
and structural engineering problems in such cases [31–33].

Consequently, 3D FEA-based analyses of free-spanning undersea pipelines with buoy-
ancy modules are typically conducted using commercial software such as Abaqus, Riflex,
Offpipe, and OrcaFlex [34,35]. However, when performing a large number of simulations,
these programs can be computationally intensive and inefficient, as their complex model
definitions and data processing workflows depend on cumbersome Graphical User Inter-
faces (GUIs), making the process time-consuming and impractical for large-scale parametric
studies [4,36].

Given these limitations, there is a critical need for a streamlined and automated compu-
tational framework that is capable of efficiently handling large datasets while minimizing
manual intervention and processing time. An integrated system that enables the automated
definition, execution, and extraction of key parameters and essential outputs in a single
step would significantly enhance computational efficiency and facilitate preliminary design
assessments for offshore pipelines.

Furthermore, despite the growing importance of buoyancy-assisted stabilization,
research on the behavior of long free-span pipelines equipped with buoyancy modules
remains limited. Addressing this gap requires a robust, scalable, and automated approach
that is capable of systematically evaluating the influence of buoyancy configurations on
structural performance and VIV mitigation, thereby contributing to the development of
more efficient and cost-effective offshore pipeline stabilization strategies.

To achieve these objectives, this paper presents a comprehensive investigation into the
behavior of long free-spanning undersea pipelines with buoyancy modules, utilizing an
in-house computational framework developed in a Python environment. The proposed
framework was designed to compute deformations, extract mode shapes, and determine
natural frequencies, incorporating the combined effects of buoyancy through finite element
analysis (FEA), using Abaqus as the computational engine.

A large-scale parametric study was conducted, considering a range of pipeline lengths,
diameters, and thicknesses, along with various buoyancy configurations and load ratios.
These simulations enabled a detailed assessment of buoyancy modules’ effectiveness in mit-
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igating vortex-induced vibrations (VIVs). Furthermore, the accuracy of the framework was
validated by comparing the computed deformations and natural frequencies of free-spanning
submarine pipelines against existing analytical and numerical solutions, demonstrating strong
agreement and confirming the reliability of the proposed methodology.

2. Materials and Methods
2.1. Abaqus-Based Computational Framework

This study introduces a Python–Abaqus integrated computational framework for
performing large-scale numerical simulations of long free-span submarine pipelines
with buoyancy modules, as depicted in Figure 1. The proposed framework leverages
Abaqus [37] finite element analysis (FEA) as the computational solver, while custom-
developed Python scripts automate the key processes of model setup, simulation execution,
and post-processing of results. A diagram illustrating the key Python classes and methods
involved in the framework’s preprocessing, model generation, and post-processing stages
is provided in Appendix A.
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The simulation workflow comprises six main stages (Figure 2):

2.1.1. Step 1: Input Data Preparation

Initially, the simulation parameters are organized systematically into an Excel (version
2023, Microsoft Corporation, Redmond, WA, USA) input file. A dedicated Python (version
2.7, Python Software Foundation, Wilmington, DE, USA) preprocessing script then reads
and processes these parameters, creating distinct numerical pipeline models. Each row
within the Excel sheet represents a unique pipeline configuration, including geometry
and material properties. The preprocessing stage generates a binary dictionary file (pMI)
containing model-specific parameters, as well as a structured Pandas DataFrame file (pMIp)
that ensures organized and efficient data handling for subsequent analysis.

2.1.2. Step 2: Model Generation and Execution

Following data preparation, a dedicated Python (version 2.7, Python Software Founda-
tion, Wilmington, DE, USA) script automatically processes the structured input, generating
the finite element models required for analysis. This Python script produces several key
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files, including a CAE file containing comprehensive model details for use within Abaqus
(version 2023, Dassault Systèmes, Vélizy-Villacoublay, France), a geometry definition file
(pM file), and an output database (ODB file) that stores the numerical results from the
Abaqus simulations. The automation of this step ensures consistency across simulations
and significantly reduces manual input effort.
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2.1.3. Step 3: Extraction of Computational Results

Upon completion of the simulations, another Python (version 3.9, Python Software
Foundation, Wilmington, DE, USA) script systematically extracts the critical computational
outcomes from the Abaqus-generated ODB files, creating a result summary file (pR file).
This file contains essential pipeline response parameters, such as deformation, stress
distributions, and natural frequencies, facilitating efficient access and preliminary analysis
of simulation results.
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2.1.4. Step 4: Data Structuring for Comprehensive Analysis

Next, a dedicated Python (version 3.9, Python Software Foundation, Wilmington, DE,
USA) script consolidates the previously obtained data into a single structured file (pckl file).
This integrated file merges the simulation parameters and corresponding results, allowing
for seamless and efficient analysis of deformation and frequency response across multiple
pipeline configurations.

2.1.5. Step 5: Evaluation and Visualization of Results

Using the consolidated structured data, the Python (version 3.9, Python Software
Foundation, Wilmington, DE, USA) environment enables the visualization and analysis of
the results. This step includes generating curves for deformation and natural frequency as
a function of key pipeline parameters, such as the length-to-diameter ratio (L/D). These
graphical representations facilitate a detailed understanding of pipeline performance and
help identify optimal buoyancy module configurations.

2.1.6. Step 6: Verification, Refinement, and Convergence

Finally, the accuracy and reliability of the simulation results are carefully verified.
If discrepancies or inconsistencies are detected, adjustments to the input parameters are
made, and the simulation process is repeated from Step 1. This iterative verification
cycle continues until the simulations converge satisfactorily, ensuring robust and reliable
outcomes that are suitable for practical engineering design decisions.

This automated approach drastically reduces the time required for conducting para-
metric studies, while ensuring consistency and repeatability in large-scale simulations.

2.2. Computation of Effective Density and Force Vectors with Buoyancy Modules

In the context of long free-spanning submarine pipelines, accurately determining
the natural frequency is crucial for assessing pipelines’ vulnerability to vortex-induced
vibrations (VIVs). In the proposed computational framework, the free-spanning pipeline
equipped with buoyancy modules is represented using a two-node beam element fea-
turing 12 degrees of freedom (DOF). Rather than explicitly modeling buoyancy modules
geometrically, their effects are represented indirectly through the assignment of different
effective densities to pipeline sections with and without buoyancy. This approach is nec-
essary for facilitating accurate modal and structural analyses within the Abaqus-based
computational framework.

Consequently, the framework employs different effective masses for the pipe and buoy-
ancy sections, expressed as Equations (1) and (2), respectively, to facilitate the computation
of the natural frequency.

me, f pc = mp + mc + m f + mw, f pc (pipe section) (1)

me,b = mp + mc + m f + mw,b (buoyancy module section) (2)

where mp, mc, m f , mw, f pc, and mw,b are the mass of the steel pipe; the mass of the coating;
the mass of the fluid (oil, gas, etc.); the mass of pushed water displaced by the fluid,
pipe, and concrete; and the mass of pushed water displaced by the fluid, pipe, concrete,
and buoyancy module, respectively. Subsequently, the force vectors to the correct static
deformation can be computed as shown in Equations (3) and (4):

Fpipe = 2× A f pc × ρw × g (pipe section) (3)

Fbuoyancy = 2× AbNp × ρw × g (buoyancy module section) (4)
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where g, A f pc, AbNp, and ρw are the gravitational acceleration; the cross-sectional area
of the fluid, pipe, and coating; the cross-sectional area of the buoyancy module; and the
density of seawater. It is important to highlight that the cross-sectional area of the buoyancy
module (Ab) can be determined based on the provided load ratio, which represents the
ratio of the total lifting weight of the buoyancy module to the combined weight of the fluid,
pipe, and coating. This load ratio serves as a guide for calculating the appropriate size of
the buoyancy module’s cross-section.

2.3. Verification

To ensure the reliability and accuracy of the developed Python–Abaqus computational
framework, a comprehensive verification procedure was conducted. In this study, the
model results were validated against analytical solutions from the previous literature,
as well as finite element results obtained using Abaqus. The verification focused on
computing the static deformations and natural frequencies of long submarine pipelines
without buoyancy. The lengths chosen for verification included 10, 15, 20, 25, 35, 45, 50,
100, 200, 400, 600, and 800 m. Furthermore, when the buoyancy module was incorporated
into the pipeline, the hand calculations for the effective masses (or densities) and vertical
forces in the Abaqus-based framework were also verified. The pipeline properties, along
with other parameters, are detailed in Table 1.

Table 1. Material and geometric properties used for pipeline model verification.

Input Data Value

Pipe′s thickness
(
tp ) 0.015 m

Pipe’s radius (r) 0.35 m
Density of steel pipe 7850 kg/m3

Pipe’s Young’s modulus (E) 206 GPa
Pipe’s Poisson ratio 0.30

Coating’s construction strength 30.00 MPa
Coating’s thickness 0.01 m
Density of coating 3040 kg/m3

Density of seawater 1025 kg/m3

Density of the fluid inside the pipe 442 kg/m3

The material and geometric properties summarized in Table 1 are representative values
that were selected to ensure consistency and facilitate comparative analyses across the
parametric simulations. While representative, these values remain within realistic ranges
typical in submarine pipeline design and analysis, as documented by guidelines [1,17]. The
pipe dimensions and material properties correspond to typical carbon steel specifications,
and a 10 mm concrete coating was applied in the simulations. The seawater density
reflects typical marine conditions, and the internal fluid density specifically represents
compressed natural gas. Verification analyses were conducted using fixed–fixed (FF) and
pinned–pinned (PP) support configurations to comprehensively assess the computational
framework’s robustness.

It should be noted that experimental validation was not performed due to practical lim-
itations, including high costs, logistical complexities, regulatory coordination, and limited
site access associated with full-scale tests on long free-spanning submarine pipelines under
variable buoyancy conditions. Nevertheless, validation against established theoretical and
numerical studies ensured the robustness and accuracy of the presented model.
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2.3.1. Verification of the Computed Frequency and Deformation of Pipelines Without
Buoyancy Modules

The verification process began by computing the natural frequencies of pipelines
measuring 15, 25, 35, and 45 m in length, each with a diameter of 0.254 m and a thickness
of 0.011 m. The corresponding material properties, as outlined in Table 1, were employed.
Figure 3 presents a comparison of the computed natural frequencies obtained via the
proposed framework with both analytical and numerical reference solutions, for pipelines
with and without internal fluid under fixed–fixed (FF) and pinned–pinned (PP) boundary
conditions. The strong agreement observed across all cases corroborates the accuracy and
robustness of the proposed computational model.

Mathematics 2025, 13, x FOR PEER REVIEW 8 of 32 
 

The material and geometric properties summarized in Table 1 are representative 
values that were selected to ensure consistency and facilitate comparative analyses across 
the parametric simulations. While representative, these values remain within realistic 
ranges typical in submarine pipeline design and analysis, as documented by guidelines 
[1,17]. The pipe dimensions and material properties correspond to typical carbon steel 
specifications, and a 10 mm concrete coating was applied in the simulations. The sea-
water density reflects typical marine conditions, and the internal fluid density specifically 
represents compressed natural gas. Verification analyses were conducted using fixed–
fixed (FF) and pinned–pinned (PP) support configurations to comprehensively assess the 
computational framework’s robustness. 

It should be noted that experimental validation was not performed due to practical 
limitations, including high costs, logistical complexities, regulatory coordination, and 
limited site access associated with full-scale tests on long free-spanning submarine pipe-
lines under variable buoyancy conditions. Nevertheless, validation against established 
theoretical and numerical studies ensured the robustness and accuracy of the presented 
model. 

2.3.1. Verification of the Computed Frequency and Deformation of Pipelines Without 
Buoyancy Modules 

The verification process began by computing the natural frequencies of pipelines 
measuring 15, 25, 35, and 45 m in length, each with a diameter of 0.254 m and a thickness 
of 0.011 m. The corresponding material properties, as outlined in Table 1, were em-
ployed. Figure 3 presents a comparison of the computed natural frequencies obtained via 
the proposed framework with both analytical and numerical reference solutions, for 
pipelines with and without internal fluid under fixed–fixed (FF) and pinned–pinned (PP) 
boundary conditions. The strong agreement observed across all cases corroborates the 
accuracy and robustness of the proposed computational model. 

 

Figure 3. Comparison of natural frequencies computed by the present method with the existing 
available solutions produced by Palmer and King [1] and Abaqus [37]. 
Figure 3. Comparison of natural frequencies computed by the present method with the existing
available solutions produced by Palmer and King [1] and Abaqus [37].

Further verification analyses were performed by conducting additional pipeline simu-
lations using the material and geometric properties detailed in Table 1. Figure 4 provides a
comparison of the fundamental natural frequency (Freq) and static deformation (Def) of the
free-spanning submarine pipeline (D = 0.7 m). The calculations were performed using the
developed framework (PS), Abaqus, and an analytical method for various combinations of
the thickness (with D/t ratios of 10, 20, and 40) and length (L = 10, 20, 50, 100, 200, 400, 600,
and 800 m) of a pipe with fixed–fixed support.

It can be seen that the current solutions are in excellent agreement with those calculated
by Abaqus [38] for all cases. In addition, the results indicate that the computed solutions
for lengthy pipelines show reasonable agreement with the analytical solutions obtained by
Phuor et al. [16]. Particularly, for L ≥ 100 m, the two methods exhibit a satisfactory level
of agreement. However, notable discrepancies arise when L < 100 m. For L = 100 m and
L = 800 m, relative errors of 0.61%, 1.5%, 12% and 23%, 26%, 36% were recorded for D/t
ratios of 10, 20, and 40, respectively. Furthermore, it was observed that the deforma-
tions calculated by both methods gradually decreased as the thickness and length of the
pipe decreased.
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Furthermore, additional verification simulations were conducted, as presented in
Figure 4, which shows that the fundamental natural frequency gradually increases as the
pipeline length decreases and the pipe thickness increases. Specifically, the relative errors
for diameter-to-thickness (D/t) ratios of 10, 20, and 40 were found to be 0.9%, 2.7%, and
4.2%, respectively, reflecting close agreement with the analytical solutions. The relative
errors increased with higher D/t ratios and longer pipeline lengths, reaching up to 12%
for pipelines with an 800 m span. Overall, these observations highlight that the relative
errors in computed frequencies decrease with shorter pipeline lengths and lower D/t ratios,
confirming that the computational framework provides satisfactory accuracy for pipelines
with fixed–fixed boundary conditions.

Figure 5 provides a comparison for a pinned–pinned free-spanning pipeline. The mag-
nitudes of the deformations decrease as the length and thickness of the pipelines decrease.
Additionally, the natural frequency values decrease as the length of the pipeline increases
and the thickness decreases. These observations highlight the relationship between de-
formations, natural frequency, and the varying dimensions of the pipeline. Furthermore,
Figure 5 demonstrates that the deformations and frequencies computed by the proposed
framework closely match those obtained from Abaqus and show reasonable agreement
with the analytical solution obtained by Phuor et al. [16] for pipeline lengths of at least
100 m. However, a notable discrepancy can be observed for pipeline lengths below 100 m.
It is important to highlight that analyzing the free-spanning pipeline using the developed
framework becomes challenging for small-diameter pipes with large thicknesses, due
to their excessive self-weight. Moreover, it can be observed that the frequency remains
nearly constant for a given D/t ratio and as the pipe diameter increases. Additionally,
the deformation for the fixed–fixed support configuration is significantly higher than that
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for the pinned–pinned support. Conversely, there is virtually no difference in frequency
magnitude between the pinned–pinned and fixed–fixed supports.
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Figure 5. Comparison of static deformation (Def) and fundamental natural frequency (Freq) for a
pinned–pinned free-spanning pipeline (D = 0.7 m) at various span lengths (up to 800 m) and different
diameter-to-thickness ratios (D/t = 10, 20, 40). Results from the present solution (PS) are plotted
alongside those obtained by Phuor et al. (2023) [16] and Abaqus [38].

2.3.2. Verification of the Computed Effective Mass (Density) and Vertical Force Applied to
Sections of the Pipeline and Buoyancy Modules
Pipeline Section

Utilizing the parameters presented in Table 1, the effective masses of the pipe, internal
fluid, and coating, along with their displaced water components, were calculated for the
pipeline section.

ρe, f pc =
me, f pc

Ap
=

(mp + mc + m f + mw, f pc)

Ap
= 27, 713

kg
m3

The vertical force required for accurately calculating the static deformation of the
pipeline section was determined.

Fpipe = 2× A f pc × ρw × g = 8188
kN
m

Consequently, the total weight of the fluid, pipe, and coating was computed as follows:

W f pc,Total = (ρp Ap + ρc Ac + ρ f A f )× g× lp = 468, 190 kN

Buoyancy Module Section

To calculate the effective density of the buoyancy section, the load ratio (LR) must first
be specified. In this verification example, an LR value of 10−3 was chosen. Given this load
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ratio, the buoyancy module radius ( rb) corresponding to a buoyancy module length of 10
m (one-tenth of the total pipeline length) was computed as follows:

Wb = LR×W f pc,Total

Ab × ρw × lb = LR×W f pc,Total

rb = 2

√
LR×

W f pc,Total

(π × (ρw × lb))
+ (r f pc)2 = 0.35211 m

The effective mass and, thus, the effective density for the buoyancy module section
were calculated as follows:

me,b = mp + mc + m f + mw,b

ρe,b =
me,b

Ap
=

(mp + mc + m f + mw,b)

Ap
= 27, 153

kg
m3

Subsequently, the vertical force applied to the buoyancy section was determined:

Fbuoyancy = 2× AbNp × ρw × g = 93.63
kN
m

Thus, the total lifting weight provided by the buoyancy modules in static analysis was
calculated by

Wbuoyancy,Total =
Fbuoyancy

2
× lb × numbero fbuoyancy

= 468 kN

Verifying the load ratio yields

LR =
Wbuoyancy,Total

W f pc,Total
= 0.000999 ≈ 0.001← Veri f ied!

This demonstrates close agreement with the intended load ratio, with the minor
discrepancy arising due to floating-point arithmetic precision in Python computations.
Repeating the procedure for a pipeline length of 100 m with five buoyancy modules,
each covering one-tenth of the total pipeline length (maintaining the LR at 0.001), re-
sults in effective densities and vertical forces computed as follows: ρe, f pc = 27, 713 kg

m3 ,

Fpipe = 8188 kN
m , ρe,b,5b = 27, 035 kg

m3 , and Fbuoyancy,5b = 18.72 kN
m .

The verification results confirm that the computations are reliable, demonstrating that
increasing the number of buoyancy modules leads to a corresponding decrease in both
effective density and vertical force applied to the buoyancy sections, while the computed
parameters for the pipeline sections remain consistent.

3. Simulation Results
A series of parametric studies involving multiple free-span underwater pipelines with

buoyancy modules were conducted in a range of pipeline lengths of 100, 200, and 300 m.
The number of buoyancy modules employed ranged from 1 to 9, with an increment of one,
where each buoyancy module’s length was equal to one-tenth of the free-spanning pipeline
length. To provide visual examples of the buoyancy module arrangements, Figure 6
illustrates three typical configurations: (a) one buoyancy module (n = 1), (b) two buoyancy
modules (n = 2), and (c) three buoyancy modules (n = 3). For cases where n > 3, the
buoyancy modules can be positioned accordingly, following the provided patterns.
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Figure 6. A typical arrangement of the buoyancy modules (the length of each buoyancy module
equals a one-tenth of the total length of the pipeline) attached to the underwater pipeline with
fixed–fixed supports: (a) for one buoyancy module, (b) for two buoyancy modules, and (c) for three
buoyancy modules.

The pipeline input data utilized in this section remain identical to the data employed
in Section 3 (Verification). Negligible densities are assigned to both the buoyancy module
and its foam. However, if the density of the buoyancy module equals the density of water
(i.e., 1025 kg/m3), it becomes the added mass simulation shown in Figure 7. To ensure
a conservative approach, the flexural rigidity of the model is assumed to be the same as
that of the steel pipe. The radius of the buoyancy is determined to satisfy the condition
where the total weight (W f pc, Total) of the pipeline model equals the load ratio multiplied
by the buoyancy-based uplifted weight (Wbuoyancy, Total). In this study, a range of different
buoyancy radii were explored, maintaining the relationship Wbuoyancy, Total = LR·W f pc, Total ,
where LR varies from 0 to 1 with an increment of 0.2. This allowed for comprehensive
parametric investigations to be conducted.

3.1. Investigation of Deformation Analysis of the Free-Span Submarine Pipeline

Figure 7 presents a comparison of the vertical deformation of the pipelines
(rp = 0.3 m and thickness

(
tp
)
= 0.02 m) with various numbers of buoyancy modules

attached (lb = 1/10·lp), with different load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1, with
different colors), against the pipe length resting on the fixed–fixed support. The columns
represent different pipe lengths (i.e., 100, 200, and 300 m), and the rows are the number
of buoyancy modules (lb = 1/10·lp) (i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7, and 9). It
can be observed that the maximum negative deformation is always found for the pipeline
without buoyancy. For pipelines with buoyancy modules, the optimal deformation varies
and is strongly dependent on the combination of the number of buoyancy modules and
the load ratio. Obviously, to reduce the absolute deformation value of the pipe, it is not
necessary to apply a high load ratio with many buoyancy modules. For instance, inter-
estingly, the minimum absolute deformations are found at the combinations of LR = 0.4
and n (=buoyByMode) = 7. It should also be noted that for the added mass simulation, its
deformation is equivalent to the deformation of the pipeline without a buoyancy module,
because they are both in the same case, where the pipeline is surrounded by water.
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Figure 7. Comparisons of the vertical deformation of the pipelines (rp = 0.3 m and thickness
(tp) = 0.02 m) with various numbers of buoyancy modules attached (lb = 1/10·lp), with different
load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1, with different colors), against the pipe length resting on
the fixed–fixed support, where columns are the pipe length (i.e., 100, 200, 300 m) and rows are the
number of buoyancy modules (lb = 1/10·lp) (i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7 and 9).
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Moreover, when increasing the pipe thickness to 0.03 m, the minimum absolute
deformations are found at n = 3 and LR = 0.4 for all pipeline lengths, as shown in Figure 8.
On the other hand, when increasing the pipe radius to 0.5 m, as shown in Figure 9, it can
be observed that the minimum absolute deformation of all pipeline lengths is found at
n = 1 and LR = 0.2.

Similarly, if the radius equals 0.4 m and the thickness equals 0.02 m, the lowest
deformations are also found with n = 1 and LR = 0.2, as illustrated in Figure S1 in the
Supplementary Materials. However, when the pipe radius and thickness increase to 0.5 m
and 0.03 m (see Figure S2), respectively, the lowest minimum deformations are found at
n = 9 and LR = 0.4. Consequently, the absolute minimum deformation varies and is strongly
dependent on the combination of the number of buoyancy modules, the load ratio, and the
pipeline’s thickness and radius.

3.2. Investigation of the Analysis of the Natural Frequency of the Free-Span Submarine Pipeline

From an engineering perspective, the natural frequency of a structure typically in-
creases with increasing deformation. The frequency ratio (freqRatio) is computed by
dividing the magnitude of the natural frequency of the pipeline with the buoyancy module
by the frequency of the pipeline without the buoyancy module. The types of buoyancy
module can include those with air and with seawater (also called added mass). The position
in which the buoyancy modules are placed is similar to the position of the mode shape of
the pipeline; for example, one buoyancy module (freqs_byMode_1) is placed at the middle
of the pipeline, corresponding to the intersection point between the pipeline and its second
mode shape (in both vertical and horizontal plans).

Figure 10 illustrates the comparisons of the ratio of the natural frequency of the
pipelines (length = 100 m, rp = 0.3 m, thickness = 0.02 m) against the mode numbers (mpN)
for various combinations of the buoyancy modules (i.e., n = 1, 2, and 3) and load ratios
(i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where the columns are the mode plans (i.e., horizontal
(left) and vertical (right)) and the rows are the number of buoyancy modules (i.e., 1, 2,
and 3 buoyancy modules). From this figure, it can be observed that the magnitudes of
the frequency of each mode are slightly different for the vertical and horizontal plans.
Additionally, it should also be noted that, for all load ratios (i.e., 0.2, 0.4, 0.6, 0.8, and 1), the
maximum frequency ratios are found at the mode plan numbers (mpN) 2, 3, and 4 for 1, 2,
and 3 buoyancy modules, respectively. Additionally, similar observations were also made
for pipeline lengths of 200 m and 300 m, as depicted in Figures 11 and 12, respectively.

These findings remain consistent when the pipe thickness is raised to 0.03 m
(Figure S3) or the pipe radius is increased to 0.5 m (Figure S4). It is generally acknowledged
that resonance may occur not only at the fundamental mode but also at higher modes.
Consequently, it is worth mentioning that in this study, the collapse of pipelines with
and without buoyancy modules due to resonant phenomena at any specific modes might
be avoided by reducing the frequency magnitude, by placing the buoyancy module at a
location corresponding to that collapsed mode.

3.3. Parametric Analysis of Buoyancy Configurations and Load Ratios

To visualize the effects of different buoyancy configurations and load ratios on the
structural performance of free-spanning submarine pipelines, a series of heatmaps were
generated. These maps present the computed displacement, von Mises stress, and bending
moment across a parametric range of load ratios (0.2 to 1.0) and numbers of buoyancy
modules (1 to 9). The analysis is presented for two support conditions—pinned–pinned
(Figure 13) and fixed–fixed (Figure 14)—and for two pipe radii: 0.30 m and 0.40 m.
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Figure 8. Comparisons of the vertical deformation of the pipelines (rp = 0.3 m and thickness
(tp) = 0.03 m) with various numbers of buoyancy modules attached (lb = 1/10·lp), with different
load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1, with different colors), against the pipe length resting on
the fixed–fixed support, where columns are the pipe length (i.e., 100, 200, 300 m) and rows are the
number of buoyancy modules (lb = 1/10·lp) (i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7 and 9).
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Figure 9. Comparisons of the vertical deformation of the pipelines (rp = 0.5 m and thickness
(tp) = 0.02 m) with various numbers of buoyancy modules attached (lb = 1/10·lp), with different
load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1, with different colors), against the pipe length resting on
the fixed–fixed support, where columns are the pipe length (i.e., 100, 200, 300 m) and rows are the
number of buoyancy modules (lb = 1/10·lp) (i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7 and 9).
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Figure 13 presents the parametric results for pinned–pinned pipelines with radii of
0.30 m (a) and 0.40 m (b). For both geometries, the displacement and internal forces gener-
ally increase with higher load ratios and decrease with an increasing number of buoyancy
modules. However, this relationship is not strictly monotonic, indicating that optimal
configurations do not necessarily involve the highest number of modules. Specifically, the
U2_heatmap shows that the lowest displacement values occur at a load ratio of 0.4, with
buoyancy module counts (buoyByMode) of 5 and 7. The MISES_heatmap, which presents
von Mises stress values, also reflects a similar trend. Stress magnitudes increase with the
load ratio due to greater uplift forces, but the lowest stress values are found at a load ratio
of 0.4 and buoyByMode values of 5 and 7, mirroring the displacement results.
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Figure 10. Comparisons of the ratio of the natural frequency of the pipelines (length = 100 m,
rp = 0.3 m, thickness = 0.02 m) against the mode numbers (mpN) for various combinations of the
buoyancy modules (i.e., n = 1, 2, and 3) and load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where the
columns are the mode plans (i.e., horizontal (left) and vertical (right)) and the rows are the number
of buoyancy modules (i.e., 1, 2, and 3 buoyancy modules).
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Figure 11. Comparisons of the ratio of the natural frequency of the pipelines (length = 200 m,
rp = 0.3 m, thickness = 0.02 m) against the mode numbers (mpN) for various combinations of the
buoyancy modules (i.e., n = 1, 2, and 3) and load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where the
columns are the mode plans (i.e., horizontal (left) and vertical (right)) and the rows are the number
of buoyancy modules (i.e., 1, 2, and 3 buoyancy modules).

Figure 14 illustrates the same parametric analysis for fixed–fixed pipelines with iden-
tical radii of 0.30 m (a) and 0.40 m (b). Compared to the pinned–pinned configuration,
the fixed–fixed support condition results in lower displacements and stresses due to its
greater structural restraint. Notably, the bending moments increase more significantly with
the load ratio in the fixed–fixed case; however, optimal buoyancy module placement still
effectively reduces the peak moment values.
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S3) or the pipe radius is increased to 0.5 m (Figure S4). It is generally acknowledged that 
resonance may occur not only at the fundamental mode but also at higher modes. Con-
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Figure 12. Comparisons of the ratio of the natural frequency of the pipelines (length = 300 m,
rp = 0.3 m, thickness = 0.02 m) against the mode numbers (mpN) for various combinations of the
buoyancy modules (i.e., n = 1, 2, and 3) and load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where the
columns are the mode plans (i.e., horizontal (left) and vertical (right)) and the rows are the number
of buoyancy modules (i.e., 1, 2, and 3 buoyancy modules).
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(a) (b)

Figure 13. Heatmap results for a 100 m pinned–pinned submarine pipeline, showing displacement, 
von Mises stress, and bending moment for varying load ratios and buoyancy configurations: (a) 𝑟௣=  0.30 m; (b) 𝑟௣=  0.40 m.
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Figure 13. Heatmap results for a 100 m pinned–pinned submarine pipeline, showing displace-
ment, von Mises stress, and bending moment for varying load ratios and buoyancy configurations:
(a) rp= 0.30 m; (b) rp= 0.40 m.

Mathematics 2025, 13, x FOR PEER REVIEW 21 of 32

(a) (b)

Figure 14. Heatmap results for a 100 m fixed–fixed submarine pipeline, showing displacement, von 
Mises stress, and bending moment for varying load ratios and buoyancy configurations: (a) 𝑟௣= 
0.30 m; (b) 𝑟௣= 0.40 m.

Figure 13 presents the parametric results for pinned–pinned pipelines with radii of 
0.30 m (a) and 0.40 m (b). For both geometries, the displacement and internal forces gen-
erally increase with higher load ratios and decrease with an increasing number of 
buoyancy modules. However, this relationship is not strictly monotonic, indicating that 
optimal configurations do not necessarily involve the highest number of modules. Spe-
cifically, the U2_heatmap shows that the lowest displacement values occur at a load ratio 
of 0.4, with buoyancy module counts (buoyByMode) of 5 and 7. The MISES_heatmap, 
which presents von Mises stress values, also reflects a similar trend. Stress magnitudes 
increase with the load ratio due to greater uplift forces, but the lowest stress values are 
found at a load ratio of 0.4 and buoyByMode values of 5 and 7, mirroring the displace-
ment results.

Figure 14 illustrates the same parametric analysis for fixed–fixed pipelines with 
identical radii of 0.30 m (a) and 0.40 m (b). Compared to the pinned–pinned configura-
tion, the fixed–fixed support condition results in lower displacements and stresses due to 
its greater structural restraint. Notably, the bending moments increase more significantly 
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Overall, the results underscore the importance of strategic buoyancy module place-
ment. Configurations involving a moderate number of buoyancy modules (typically 5 to 7)
offer the most efficient structural performance. Additionally, fixed–fixed boundary condi-
tions and increased pipe radii further enhance the structural response under comparable
loading conditions.

4. Discussion
This study introduces an automated Python–Abaqus computational framework de-

veloped specifically for analyzing long free-spanning submarine pipelines equipped with
buoyancy modules. The results obtained through this framework demonstrate strong
agreement with established analytical and numerical solutions, validating the model’s
reliability. Parametric analyses revealed that the pipeline’s structural response, including
natural frequency and static deformation, is significantly influenced by pipeline dimensions,
buoyancy module arrangements, and load ratios. By indirectly representing buoyancy
modules through effective density adjustments, the computational complexity is notably
reduced, facilitating rapid and extensive parametric analyses. Consequently, the proposed
methodology fills a critical gap in the existing literature, providing a practical and scalable
tool for preliminary design, optimization of buoyancy configurations, and risk mitigation
of vortex-induced vibrations (VIVs).

4.1. Mode Shape Observations

From the results, it is evident that the natural frequency and deformation of long
free-spanning submarine pipelines are highly sensitive to the combination of load ratios,
buoyancy modules, pipe thickness, and pipe radius. However, it can be observed that the
normalized mode shape remains almost unaffected by variations in the pipeline length,
radius, load ratios, buoyancy modules, and support types (i.e., fixed–fixed). This observa-
tion is clearly demonstrated in Figures 15 and 16, which compare the normalized vertical
and horizontal mode shapes, respectively, of a pipeline (i.e., lp = 300 m rp = 0.3 m and
thickness = 0.02 m) with different numbers of buoyancy modules attached (lb = 1/10·lp)
(i.e., n = 0, 1, 2, 3, 5, 7, and 9), resting on fixed–fixed supports at different load ratios
(i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1). The figure shows that the mode shapes (i.e., 1, 2, 3, 4, and
5) remain consistent across the different parameters, indicating that they are not affected
by variations in the system. However, it can also be observed that the mode shape of the
pipeline without buoyancy modules is significantly smaller than that of the pipeline with
the buoyancy modules, especially for the higher modes (i.e., 3, 4, 5).
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Figure 15. Comparisons of the normalized vertical mode shapes of the pipeline (i.e., lp = 300 m,
rp = 0.3 m, and thickness = 0.02 m) with different numbers of buoyancy modules (i.e., n = 0, 1, 2, 3,
5, 7, and 9) resting on fixed–fixed supports, where columns are the number of mode shapes (i.e., 1, 2,
3, 4, and 5) and rows are the load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1).

4.2. Effects of Buoyancy Modules

From a Computational Fluid Dynamics (CFD) engineering standpoint, resonance
poses a critical risk for submarine free-spanning pipelines, as it can induce unstable os-
cillatory vibrations and large amplitudes, leading to structural collapse. Specifically, the
resonance phenomenon in a pipeline with buoyancy modules occurs when the vortex-
induced vibration frequency—influenced by factors such as flow velocity and kinematic
viscosity—aligns with the natural frequency of the pipeline–buoyancy module system
computed under still-water conditions. In this regard, the present work provides valuable
insights by computing the pipeline’s natural frequency while accounting for different
buoyancy module configurations.

Consequently, with the methodology developed in this paper, numerous scenarios for
computing the deformation and frequency of the pipeline–buoyancy module system can
be performed. Consequently, by tuning the buoyancy modules, the natural frequency of
a long subsea pipeline with buoyancy modules may be computed and secured from the
resonance at any specific mode shape. For instance, for all load ratios (i.e., 0.2, 0.4, 0.6, 0.8,
and 1), the maximum frequency ratios are found at mode plan numbers (mpN) 2, 3, and
4 for 1, 2, and 3 buoyancy modules respectively. Therefore, the resonance phenomenon
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of the pipeline at any specific mode can be avoided by attaching the buoyancy modules
corresponding to its failure load.

Mathematics 2025, 13, x FOR PEER REVIEW 24 of 32

Figure 16. Comparisons of the normalized horizontal mode shapes of the pipeline (i.e., 𝑙௣ = 300 
m, 𝑟௣ = 0.3 m, and thickness = 0.02 m) with different numbers of buoyancy modules attached (i.e., 𝑛 = 0, 1, 2, 3, 5, 7, and 9), resting on fixed–fixed supports, where columns are the number of mode 
shapes (i.e., 1, 2, 3, 4, and 5) and rows are the load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1).

4.2. Effects of Buoyancy Modules

From a Computational Fluid Dynamics (CFD) engineering standpoint, resonance 
poses a critical risk for submarine free-spanning pipelines, as it can induce unstable os-
cillatory vibrations and large amplitudes, leading to structural collapse. Specifically, the 
resonance phenomenon in a pipeline with buoyancy modules occurs when the vor-
tex-induced vibration frequency—influenced by factors such as flow velocity and kine-
matic viscosity—aligns with the natural frequency of the pipeline–buoyancy module 
system computed under still-water conditions. In this regard, the present work provides 
valuable insights by computing the pipeline’s natural frequency while accounting for 
different buoyancy module configurations.

Consequently, with the methodology developed in this paper, numerous scenarios 
for computing the deformation and frequency of the pipeline–buoyancy module system 
can be performed. Consequently, by tuning the buoyancy modules, the natural frequency 
of a long subsea pipeline with buoyancy modules may be computed and secured from 
the resonance at any specific mode shape. For instance, for all load ratios (i.e., 0.2, 0.4, 0.6, 
0.8, and 1), the maximum frequency ratios are found at mode plan numbers (mpN) 2, 3, 
and 4 for 1, 2, and 3 buoyancy modules respectively. Therefore, the resonance phenom-

Figure 16. Comparisons of the normalized horizontal mode shapes of the pipeline (i.e., lp = 300 m,
rp = 0.3 m, and thickness = 0.02 m) with different numbers of buoyancy modules attached
(i.e., n = 0, 1, 2, 3, 5, 7, and 9), resting on fixed–fixed supports, where columns are the number
of mode shapes (i.e., 1, 2, 3, 4, and 5) and rows are the load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1).

4.3. Practical Implications and Framework Advancements

The computational framework developed in this research significantly improves the
efficiency of preliminary design evaluations for subsea pipelines by automating complex
analyses. Engineers can rapidly investigate and compare numerous design scenarios
involving varied pipeline dimensions, buoyancy module placements, and load conditions.
Practically, this enables the swift identification of optimal buoyancy arrangements that
can enhance pipeline stability, reduce VIV risks, and prevent resonance-induced failures.
Consequently, this methodology not only streamlines computational processes but also
reduces preliminary design costs and improves the safety and economic viability of offshore
pipeline projects.

Moreover, this research advances existing computational approaches by replacing
conventional explicit geometric modeling of buoyancy modules with an indirect method
based on effective density adjustments. This innovation dramatically reduces computa-
tional complexity and processing time, enabling efficient handling of large-scale parametric
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analyses. Such automation alleviates the burdens associated with traditional FEA modeling,
making extensive scenario analysis practical. The demonstrated accuracy and reliability
of this simplified approach highlight its suitability for engineering applications, offering
a robust and streamlined method for the preliminary design and optimization of subsea
pipelines with buoyancy modules.

4.4. Limitations and Future Research

Despite demonstrating high reliability and accuracy, the current computational frame-
work presents certain limitations. It assumes linear elastic material behavior and excludes
nonlinear phenomena such as large deformations, material plasticity, and detailed fluid–
structure interactions. Additionally, environmental factors such as seabed irregularities,
current dynamics, and temperature variations were not explicitly modeled.

The present study emphasizes static and modal analyses to validate the proposed com-
putational framework. However, dynamic responses, such as vortex-induced vibrations
(VIVs) under oscillatory waves and current loading, as well as environmental influences
like seabed currents, can significantly affect pipeline behavior. Recent work by Zhu et al.
(2024) underscores the importance of accounting for seabed heterogeneity and liquefaction
potential in wave-induced response analyses around buried pipelines [39]. In addition,
studies by Weng et al. (2023) and Xu et al. (2025) demonstrate that incorporating fluid–
structure interaction models can substantially modify predictions of pipeline fatigue life and
structural integrity under complex loading scenarios [40,41]. These advanced modeling ap-
proaches represent valuable extensions to the simplified framework proposed here. While
our method provides an efficient tool for preliminary design and parametric assessment,
practitioners should be aware that neglecting such interactions may result in conserva-
tive or non-conservative estimations, particularly in dynamic offshore environments with
variable seabed properties.

Validation of the proposed computational framework is essential to ensure its accuracy
and reliability. However, conducting full-scale experimental validation was not feasible
in this study due to the high costs associated with fabricating and deploying long-span
(100–300 m) pipelines, as well as logistical complexities, administrative coordination with
regulatory authorities, prohibitive operational expenses, and limited site access. Addi-
tionally, collaboration with industry partners was not achievable. Given these constraints,
the validation was performed through comparisons with established analytical solutions
and numerical benchmarks from references such as DNVGL-RP-F105 [17], Palmer and
King [1], and Phuor et al. [16]. The strong agreement between the computational results
and these benchmarks confirms the reliability and validity of the proposed computational
framework. However, to fully validate and generalize the findings presented here, future
studies involving full-scale experimental validation or carefully designed scaled physical
modeling are recommended.

Future research should aim to address these limitations by incorporating nonlinear
dynamic effects and more advanced fluid–structure interaction analyses. Furthermore, inte-
grating realistic seabed conditions and complex environmental factors into the framework
will enhance its practical applicability and accuracy. Advanced optimization methods, such
as genetic algorithms or machine learning techniques, could also be explored to further opti-
mize buoyancy module configurations. These advancements would provide engineers and
researchers with more comprehensive tools, facilitating safer and economically optimized
designs for subsea pipelines operating in challenging marine environments.

In addition, emerging artificial intelligence (AI) and machine learning (ML) techniques
hold great potential for enhancing predictive accuracy and computational efficiency in
subsea pipeline analysis, as already demonstrated in various engineering domains [42–45].
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Furthermore, several studies have shown that ML algorithms can successfully predict
vortex-induced vibrations (VIVs) and related dynamic responses in a range of structural
and offshore engineering contexts [46,47]. These technologies can support the identification
of optimal buoyancy module arrangements, uncover complex nonlinear patterns in large
simulation datasets, and enable real-time structural health monitoring under variable
environmental conditions. Integrating AI and ML into the current framework may lead to
adaptive, data-driven models that are capable of continuously improving design strategies
and mitigating risk in dynamic marine environments.

5. Conclusions
This study presents an advanced Python–Abaqus integrated computational frame-

work developed for analyzing the structural behavior of long free-spanning submarine
pipelines under various buoyancy module configurations. The framework effectively ad-
dresses key challenges inherent in traditional finite element modeling, including extensive
computational effort and cumbersome manual data handling, by employing automated
data processing and indirect modeling through effective density adjustments.

A comprehensive set of 1260 model simulations were conducted to investigate the
behavior of free-span undersea pipelines. The simulations covered various combinations of
pipeline lengths (100, 200, and 300 m), radii (0.3, 0.4, and 0.5 m), pipe thicknesses (0.02 and
0.03 m), buoyancy module configurations (n = 0, 1, 2, 3, 5, 7, and 9), and load ratios (ranging
from 0 to 1). The accuracy and robustness of the proposed framework were validated
against established analytical and numerical solutions, with strong agreement observed
across different scenarios.

The results highlighted that there is a clear relationship between pipeline length,
radius, and the resulting frequency and deformation characteristics. It was observed that
the frequency decreases as the pipeline length increases. However, as the pipeline length
increases, the deformation also increases. Additionally, when considering the radius of the
pipe, it was observed that the deformation decreases as the radius increases.

Furthermore, the behavior of pipelines with buoyancy modules (n > 0) exhibits signif-
icant dependence on the load ratio (LR), the number of buoyancy modules (n), and the pipe
radius and thickness, affecting both the natural frequency and deformation characteristics.
Consequently, it is unnecessary to attach numerous buoyancy modules uniformly along
the pipeline to minimize deformation and natural frequency. Additionally, discussions
on the mode shapes of free-spanning pipelines, with and without buoyancy modules,
reveal minimal changes in the normalized mode shapes due to the attachment of buoyancy
modules. These mode shapes exhibit negligible sensitivity to variations in pipeline length
and radius, load ratio, and buoyancy module placement on the fixed–fixed support.

The findings offer valuable insights into the analysis of long free-span pipelines in con-
junction with buoyancy modules. These results provide a potential solution for mitigating
the resonant vortex-induced vibration (VIV) in lengthy underwater pipelines by utilizing
buoyancy modules. For instance, the maximum frequency ratios were found for the mode
plan numbers (mpN) 2, 3, and 4 for 1, 2, and 3 buoyancy modules, respectively, for all
load ratios. Therefore, the frequency magnitude at a specific mode might be changed with
the installation of the buoyancy module. Consequently, by understanding the effects of
buoyancy modules on the natural frequency and deformation characteristics, engineers and
researchers can gain valuable knowledge for designing long free-span pipelines and opti-
mizing their performance. Additionally, it should be noted that the framework developed
in this paper may also be capable of predicting the behavior of free multi-span pipelines.

This study provides a valuable computational tool and insights into submarine
pipelines’ stability, aiding engineers in designing and optimizing pipeline–buoyancy mod-
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ule configurations to avoid resonance-induced structural failures. Future research is en-
couraged to incorporate nonlinear dynamic effects, advanced fluid–structure interaction
analyses, and further optimization techniques to expand the practical applicability and
effectiveness of the developed methodology in realistic offshore conditions.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/math13091387/s1: Figure S1. Comparisons of the ver-
tical deformation of the pipelines (rp = 0.4 m and thickness (tp) = 0.02 m) with various numbers
of buoyancy modules attached (lb = 1/10·lp), with different load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and
1, with different colors), against the pipe length resting on the fixed–fixed support, where columns are
the pipe length (i.e., 100, 200, 300 m) and rows are the number of buoyancy modules (lb = 1/10·lp)
(i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7, and 9). Figure S2. Comparisons of the vertical deforma-
tion of the pipelines (rp = 0.5 m and thickness (tp) = 0.03 m) with various numbers of buoyancy
modules attached (lb = 1/10·lp), with different load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1, with
different colors), against the pipe length resting on the fixed–fixed support, where columns are the
pipe length (i.e., 100, 200, 300 m) and rows are the number of buoyancy modules (lb = 1/10·lp)
(i.e., n (=buoyByMode) = 0, 1, 2, 3, 5, 7, and 9). Figure S3. Comparisons of the ratio of the natural
frequency of the pipelines (length = 300 m, rp = 0.3 m, thickness = 0.03 m) against the mode numbers
(mpN) for various combinations of the buoyancy modules (i.e., n = 1, 2, and 3) and load ratios
(i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where columns are the mode plans (i.e., horizontal (left) and vertical
(right)) and rows are the number of buoyancy modules (i.e., 1, 2, and 3 buoyancy modules). Figure S4.
Comparisons of the ratio of the natural frequency of the pipelines (length = 300 m, rp = 0.5 m,
thickness = 0.03 m) against the mode numbers (mpN) for various combinations of the buoyancy
modules (i.e., n = 1, 2, and 3) and load ratios (i.e., LR = 0.2, 0.4, 0.6, 0.8, and 1), where columns are the
mode plans (i.e., horizontal (left) and vertical (right)) and rows are the number of buoyancy modules
(i.e., 1, 2, and 3 buoyancy modules).
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Abbreviations

A f pc Cross-sectional area of the fluid, pipe, and coating
AbNp Cross-sectional area of the buoyancy module, and the density of seawater
De f Vertical deformation of the pipeline
FEA Finite element analysis
g Gravitational acceleration
lb Length of a single buoyancy module
lp Length of the pipeline
L/D Length-to-diameter ratio
LR Load ratio
mp Mass of the steel pipe
mc Mass of the coating
m f Mass of the fluid (oil, gas, etc.)
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Mathematics 2025, 13, 1387 27 of 30

mw, f pc Mass of pushed water displaced by the fluid, pipe, and concrete
mw,b Mass of pushed water displaced by the fluid, pipe, concrete, and buoyancy module
n Number of buoyancy modules
PS Present solution (developed Python–Abaqus framework)
rp Outer radius of the pipeline
ρw Density of seawater
tp Pipe wall thickness
VIV Vortex-induced vibration
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