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A B S T R A C T

Ocean thermal energy conversion (OTEC) uses heat from seawater to generate electrical energy by utilizing the 
temperature difference between the surface and deep ocean layer. Cold water pipe (CWP) attached to transport 
cold seawater over distances of up to 600 m to the plant is susceptible to failures caused by environmental loads. 
At this point, the CWP should be strengthened to prevent structural failure by inducing ring stiffeners along the 
pipe. To ensure its structural integrity, this study conducts a design optimization by investigating how the 
variation of ring stiffening system parameters such as height, thickness, distance between stiffeners, and shape of 
stiffeners influence the load-carrying capacity of the pipe using a Finite Element Analysis. Initially, the bench
marking procedure is done to ensure the reliability of the FEM modeling. After being verified, the modeling 
procedure is used for parametric study analyses. Results state that the higher and thicker stiffener ring increases 
the structural strength. In the case of the ring stiffener distance, as predicted, reducing the spacing between 
reinforcements is preferable to increasing the bending strength of CWP OTEC. Analyzing the variation of rein
forcement height, thickness, and spacing, it was found that thickness had the most significant influence, followed 
by reinforcement height, and reinforcement spacing had the least. Additionally, changes in the shape of the 
reinforcement have minimal impact on the flexural strength of the structure when regions of identical moments 
of inertia exist.

1. Introduction

New renewable energy sources are crucial for addressing environ
mental issues like pollution, energy shortages, and global warming [1]. 
These sources are diverse, from solar energy to seawater energy. The 
potential of seawater energy includes the use of wave kinetic energy, 
wave kinetic energy of ocean currents and ocean thermal energy [2]. 
The thermal energy of seawater has the advantage of stable electricity 
production [3], especially for tropical countries [4]. The increase in 
Earth’s surface temperature due to global warming is increasing the 
surface temperature of ocean water, which can be harnessed through 
ocean thermal energy conversion (OTEC) technology [5].

OTEC is a thermal energy conversion technology that exploits the 
difference between surface and deep sea water temperatures [6]. This 
temperature gradient is used to evaporate and cool down the working 
fluid in the Rankine cycle used in OTEC systems, see Fig. 1. For optimal 

use of ocean thermal energy, the OTEC device must float at a certain 
depth in the middle of the ocean, ensuring the necessary temperature 
difference between the surface and the depth [7].

The OTEC structure consists of several main components, shown in 
Fig. 2, including the pump system, heat exchanger, cold seawater tank, 
warm seawater tank, hot water pipe (HWP) and Cold Water Pipe (CWP) 
[8]. In a 2020 study by Ristiyanto Adiputra et al., an OTEC design with a 
capacity of 100 MW was proposed [9]. A study found that the OTEC 
potential in Indonesia’s oceans reaches 45 GW, so the implementation of 
the latter design will require approximately 450 OTEC tankers to fully 
utilize the thermal energy potential of the Indonesian oceans [4]. Since a 
large number of OTEC floaters are required, a comprehensive study must 
be conducted to propose the principal concept design applicable to 
various locations optimizing OTEC implementation, including the 
technical readiness of CWP [10].

An important component that needs to be developed in OTEC is the 
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cold water pipe (CWP). This pipeline is used to transport cold water from 
specific ocean depths to the OTEC power generation system. The 
structural system used in CWP resembles the hang-off system used in 
offshore drilling, where both are hanging structures. Research con
ducted by Mao et al. states that the hang-off riser has the highest stress 
point when it is at the end that hits the platform and the highest 
deformation occurs at the free end [11]. However, the hang-off riser has 
a much smaller size compared to the CWP OTEC (the diameter of the 
hang-off riser is around 1.5 m) [12], so further study of the CWP OTEC 
geometry is needed to make it more similar to the actual conditions. 
Additionally, the addition of a ring stiffener, which may increase the 
durability of the pipe structure [13], should be elaborated in the CWP 
design.

The CWP requires special attention to the vulnerability of structural 
damage caused by ocean currents (C. C. K [14]). Despite its importance, 
literature review results in limited research have been devoted to the 

structural sustainability of OTEC CWP [15]. Adiputra and Utsunomiya 
conducted tests involving internal fluid loads on the CWP, exploring 
variations in materials, geometry, top connections, and end loads [16]. 
In a separate study, Muhammad Iqbal et al. analyzed the impact of in
ternal flow on the stability of CWP using developed FEM [8]. Another 
investigation by Prayoga Wira Adie et al. used finite element (FE) 
analysis to examine geometric and material variations [17].

To date, based on the authors’ knowledge, no research has focused 
on using stiffeners to improve the durability of OTEC CWP structures. 
Therefore, this study aimed to explore the effect of using stiffeners on 
OTEC CWP subjected to bending loads. It seeks to determine the most 
effective stiffening regime through different geometric variations to 
enhance the strength of the structure [18]. A parametric configuration 
was also imposed in the ring stiffener design to understand how the ring 
stiffener’s geometrical parameters influence the ultimate bending 
capacity.

2. Buckling phenomenon on cylindrical shell under bending 
load

The buckling problem of cylindrical shells has received much 
attention due to its important role in the design of marine structures 
[19]. Pipelines, during the operational phase, encounter many different 
loads [20]. The instability of structural members under these varying 
loads often leads to severe structural damage [21].

The maximum bending stress of a cylinder under the critical (buck
ling) moment Mcr can be expressed by Eq. (1) [22]: 

σcr =
Mcr

πr2t
(1) 

where σcr is critical stress, r is the pipe radius, and t is the wall thickness. 
If the critical (buckling) stress of the cylinder under bending is the same 
as the buckling stress of the cylinder under uniform compression, the 
critical stress can be expressed by Eq. (2) [23]: 

σcr =
E

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3(1 − v2)

√
(t

r

)
(2) 

where E is Young’s modulus and v is Poisson’s ratio. If it is assumed that 
a thin-walled pipe is subjected to bending when the compressive stress 
reaches a value at which the stress reaches an unstable point, the critical 
moment can be found by combining Eq. (1) and Eq. (2) and if the ma
terial is assumed to use is steel with a Poisson’s ratio of 0.3, Eq. (3) is 
obtained [22]: 

Mcr =0.605πEr2t (3) 

Timoshenko and Gere [23] declared that the maximum compressive 
stress at the critical buckling moment is about 30 % higher than that 
obtained from Eq. (2): 

Mcr =0.787πEr2t (4) 

The calculation results of Yudo and Yoshikawa [24] for a straight 
pipe, whose L/D varies from 5 to 20, and D/t varies from 50 to 200, 
showed that the critical bending moment in linear calculation is 
expressed by Eq. (5): 

Mcr =0.666πEr2t (5) 

The first discovery of nonlinear structural analysis was made by 
Brazier. His work focuses on the problem of stability of long cylindrical 
shells under bending loads. When a long cylinder is bent, its cross- 
section tends to flatten, resulting in reduced bending stiffness. This 
decrease in stiffness is directly correlated with an increase in bending 
moment, relative to the applied curvature, reaching the maximum 
threshold. Brazier’s analysis, although somewhat preliminary, deter
mined the bending moment as described by Eq. (6) [22]. 

Fig. 1. The Rankine cycle in ocean thermal energy conversion (OTEC) [52].

Fig. 2. The cold water and hot water input [9].
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Mcr =0.329πEr2t (6) 

Despite the importance of the problem, extensive research on the 
buckling strength of pipes subjected to bending loads has not received 
much attention. This study aims to fill this gap by performing a series of 
calculations on the buckling and collapse resistance of straight and 
curved pipes during bending, using the nonlinear finite element method.

For a cylindrical shell structure attached by stiffener, the stiffener 
effect to the plastic bending moment is evaluated by C.A. Dimopoulos 
and C.J. Gantes [25]. The addition of stiffener increases the 
cross-sectional area of cylindrical shell. The ratio of total cross-section 
area of the stiffeners and the cross-section area of the cutout is consid
ered to affect the plastic bending moment with this equation [25]: 

Mpl =
1
2
Afy(yt + yb) (7) 

where A is the area of the cross-section, fy is the yield stress and yt and yb 

are the distances of the centres of gravity of each of the two parts of the 

section above and below the plastic neutral axis. The equation of critical 
moment used by C.A. Dimopoulos and C.J. Gantes is (L [26]): 

Mcr = π
(

E
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3(1 − v2)

√
(t

r

)
)

r2t (8) 

Another notable phenomenon observed in pipes subjected to bending 
loads is ovality [27], in which the initially circular plane of the pipe 
surface deforms into an oval shape [28]. This deformation model is 
shown in Fig. 3(a). Along its entire length, the pipe will have a curva
ture, as shown in Fig. 3(b).

3. Research milestones

Finite element method (FEM) are often preferred for assessing stress 
changes in structural components because they provide detailed and 
accurate analysis of specific areas [29]. According to Ref. [30], the finite 
element model effectively captured the mechanical behaviour and 

Fig. 3. Analytical concepts in this study: (a) Ovality deformation [53] dan (b) Bending curvature [31].

Fig. 4. Methodology of study.
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demonstrated a strong correlation with experimental data. The FEM is a 
numerical technique that models structures by dividing them into small 
elements, thereby forming a mesh [31]. The interactions between these 
elements are determined at the node level, where calculations are per
formed based on predefined mathematical equations [32]. FEM was 
used in this study due to its cost-effectiveness and flexibility to accom
modate many analysis variations [33]. ABAQUS, a software specialized 
in FEM calculations, uses geometric and material properties to create a 
stiffness matrix, an important multiplier in FEM. The basic formula of 
the method is shown in Eq. (9) [17]. 

{f}= [k]{u} (9) 

where {f} is the acting force, [k] is matrix stiffness, and {u} is vector 
nodal shape.

Several studies have been carried out on the application of rein
forcement in cylindrical shell structures. Farhad and Kamal [34] 
analyzed the influence of ring stiffeners on the maximum buckling 
resistance of pipes under external load. They varied the stiffener shape 
into three types: R, T and L. T-shaped stiffeners have the highest 
strength, followed by L-shaped stiffeners and then R-shaped stiffeners. 
Widiyanto and colleagues [35] studied the impact of stiffness variations 
on the durability of offshore pipeline structures under external load. The 
results indicated that the incorporation of annular stiffener significantly 
improved the buckling resistance, while the critical buckling decreased 
as the diameter increased.

Ozer and Yasin [36] analyzed the effects of strengthening steel tanks 
using ring stiffeners under non-uniform loading. Their research found 
that incorporating an annular stiffener in the center significantly 
improved the tank’s resistance to wind-induced buckling during con
struction. Polenta et al. [37] introduced a new type of stiffener called 
“clamp” to withstand bending loads, demonstrating the ability High 
bending load capacity. The study confirmed the significant benefits of 
internal pressure on buckling phenomena, this proposed structure effi
ciently utilized internal pressure.

Dimopoulos and Gantes [25] conducted a study comparing different 
types of reinforcement in wind turbine towers. They found that simpler 
types of reinforcement, such as two longitudinal bars with rings, were 
more effective than more complex types of reinforcement, such as a 
combination of frames, ties, and rings. Yu Hu et al. [38] used internal 
stiffening rings in wind turbine tower structures, by varying the di
mensions of stiffener. Their results highlight that thinner wall thick
nesses allow for greater strength improvements, especially at lower 
rates.

4. Methodology

This study uses the finite element method. The research process 
began with an in-depth review of the CWP OTEC literature and testing of 
cylindrical shell structures under bending loads, identifying the stan
dard tests that needed to be performed. Taking advantage of the results 
of the literature review and benchmarking, numerical verification was 

performed, referring to previous studies on cylindrical shells subjected 
to bending loads. Validation is performed by replicating the reference 
study test, ensuring that the test results agree within 15 % of the 
reference study results [39]. The flow of methodology of this study can 
be seen in Fig. 4.

4.1. Numerical validation

To confirm the validity of the current computational method and 
solution setup, it is necessary to demonstrate that the results are both 
correct and achieve the required level of accuracy within the numerical 
framework [40]. This validation was accomplished by replicating the 
study by Yadav and Gerasimidis [41] on the instability of cylindrical 
shell under bending load. Yadav and Gerasimidis studied a cantilever 
subjected to bending loads at the end of the tube, similar to the CWP 
OTEC scenario, where the structure represents a cantilever with a free 
end, resulting in similar bending loads. The study by Yadav and Ger
asimidis provided comprehensive information, facilitating simple 
replication. They used a cylindrical hull shape with a distance between 
reinforcing bars of 20 m, a radius of 4 m and a thickness of 0.067 m. The 
material used was medium carbon steel with a yield stress (σy) of 355 
MPa, Young’s modulus (E) of 210 GPa, and Poisson’s ratio of 0.3. For 
material input, Yadav and Gerasimidis [41] used the Ramberg–Osgood 
plasticity model. The Ramberg-Osgood model for carbon steel material 
is expressed by Eq. (10) [42]. 

ε= σ
E

[

1+
3
7

(
σ
σy

)n− 1
]

(10) 

The boundary conditions applied is also followed Yadav and Ger
asimidis [41]. Fixed ends are made on one side of the pipe, therefore U1 
= U2 = U3 = UR1 = UR2 = UR3 = 0. On the other hand, it is a given 
moment load. The given moment is a rotational displacement using θ. 
The boundary conditions for the validation carried out can be seen in 
Fig. 5.

Validation was carried out using ABAQUS software using the static 
risk method. The result of the moment load and the curvature will be 
normalized. The results of the numerical validation can be seen in 
Table 1 and Fig. 6.

Table 1 and Fig. 6 show the difference in normalized moment and 
normalized curvature results between Yadav and Gerasimidis’s study 
[41] and current research. The comparison results of curvature and 
bending capacity parameters fall below 8 %, indicating their similarity 
and that one is ready to move to the testing phase.

4.2. Mesh convergence study

Fig. 7 shows that increasing the number of elements leads to more 
convergent results. As the number of elements increases, the critical 
moments will differ from those with fewer elements. A line is added to 
Fig. 7 to determine the point of convergence. The graph indicates that 
using 12,000 elements represents the optimal mesh size. Notably, at this 
mesh size, the critical moment results are nearly identical to those ob
tained with a more significant number of elements. To improve 
computational efficiency, a smaller but equally efficient number of el
ements of 12,000 is chosen for numerical calculation (X [43]). The 
difference in critical moment results at different mesh sizes is due to the 
errors that inevitably occur when performing numerical calculations. 
This is because the numerical method is an approximation technique, so 
the different element numbers of numerical approaches performed will 

Fig. 5. The boundary conditions for the validation.

Table 1 
The result of the numerical validation.

Reference Normalized Curvature Normalized Moment

Present Study 1.52 1.05
Yadav & Gerasimidis (2019) [41] 1.654 1.112
Difference 7.67 5.15
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produce different results [17]. Therefore, a mesh convergence study is 
used so that the number of numerical runs (number of meshes) is ac
curate by finding the convergence point.

4.3. Numerical modeling

In this study, the numerical modeling of the CWP OTEC includes its 
representation as a cylindrical shell with simplified stiffeners. This 
approach aims to streamline numerical calculations without compro
mising completeness (H. T [44]). Considering the computational effi
ciency and the high accuracy of shell elements, the mesh modeling was 
done with the same SR4 meshing approach described in Section 4.1 with 
120,000 elements as a reference point adopted from the results in the 
mesh convergence study.

The geometry used in this study is shown in Fig. 8, where the pipe 
diameter (D) and pipe length (L) are set to 3 m and 600 m, respectively. 
However, the values of stiffener thickness (t), distance between stiff
eners (L0) and stiffener height vary across different iterations, according 
to the selected variations detailed in this section.

In ABAQUS CAE, material properties are imported related to the 
glass fibre reinforced polymer, including parameters such as Young’s 
modulus, Poisson’s ratio, ductility and yield strength of the material 
model used. These properties have a significant impact on the calcula
tion of the ultimate moment of cylindrical shell pipes subjected to 
bending loads (T [45]). The plasticity of the material model in this study 
applies the Ramberg-Osgood model. The Ramberg-Osgood model for 
glass fibre reinforced polymer material is expressed by Eq. (11) [42]. 

Fig. 6. Benchmarking study result.

Fig. 7. The result of the mesh convergence study.

Fig. 8. Geometry used in study.
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σ =
E0ε

(

1 +

(
E0ε
σ0

)n)1/n (11) 

where σ is the stress, ε is the strain, E0 is the initial modulus of elasticity 
with the value of 138 GPa, σ0 is the asymptotic stress level with the value 
of 100 GPa, and n is 10 [42].

The combination of ocean currents and waves causes the bending of 
the CWP due to the distributed loads acting on the surface of the pipe. 
Considering this condition, the present paper focuses on how the ring 
stiffener influences the bending capacity and how significantly the ring 
stiffener parameters contribute to increasing the ultimate capacity. 
Therefore, the load modeling is set as a moment load applied to the tip of 
the CWP, as shown in Fig. 5.

4.4. Geometry variance

There are four geometry variations used in the test. Variations in 
stiffener height, stiffener thickness, and stiffener spacing. Samples are 
coded in order of height - thickness - distance between reinforcement for 
each type.

4.4.1. Stiffener height variance
Variations in stiffener height were included in this test due to 

manufacturing limitations resulting from the need to produce large sizes 
[46]. The height of the stiffener correlates with the diameter of the CWP. 
The goal of this study was to reduce the height of the stiffener while 
maintaining optimal structural strength. The height variation used and 
the ratio between the height of the stiffener and the diameter of the CW 
are presented in Table 2.

4.4.2. Stiffener thickness variance
The variation in stiffener thickness was included in this test due to its 

effect on the area moment of inertia of the CWP [47]. This factor 
significantly affects the structural integrity and damage potential of 

Table 2 
Stiffener height variance.

Code H/D H (m)

A 0.1 0.3
B 0.2 0.6
C 0.3 0.9
D 0.4 1.2
E 0.5 1.5

Table 3 
Stiffener thickness variance.

Code Thickness (m)

1 0.03
2 0.02
3 0.15
4 0.12

Table 4 
Stiffener spacing variance.

Code L0 (m)

1 100
2 75
3 50
4 25

Fig. 9. Stiffener type variance: (a) Type r and (b) type T

Table 5 
Stiffener dimension for each type.

Stiffener 
Geometry

D 
(m)

H 
(m)

W 
(m)

H/ 
D

T 
(m)

L1 
(m)

L 
(m)

I (m4)

R 3 1.5 – 0.5 0.03 100 1000 0.008444
T 3 0.95 1 0.5 0.03 100 1000 0.00858

Fig. 10. Moment vs curvature for stiffener height variation.

Table 6 
Critical moment for stiffener height variation.

Code Critical Moment (Nm)

A-1-1 1.54 × 107

B-1-1 3.50 × 107

C-1-1 3.75 × 107

D-1-1 4.00 × 107

E-1-1 4.15 × 107
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CWP. Details of the variation in reinforcement thickness are provided in 
Table 3.

4.4.3. Stiffener spacing variance
Varying the spacing between stiffeners is important in determining 

the number of stiffeners used [48]. The goal of this study was to deter
mine the most effective amount of stiffener to improve structural 
durability. Details of the change in distance between stiffeners are given 
in Table 4.

4.4.4. Stiffener type variance
Variation in stiffener type is the focus of this study due to its 

demonstrated influence on the structural strength of cylindrical shell 
structures, as demonstrated by Farhad and Kamal [34]. The test 

included R- and T-type stiffeners, as shown in Fig. 9. To evaluate the 
impact of changing splint type, dimensions were standardized for both 
types, as detailed in Table 5. Additionally, to determine the most 
optimal splint regimen, the dimensions of each splint were adjusted 
according to geometric variations.

5. Result and discussion

This Results and Discussion section analyses the effects of using 
certain variations on cylindrical casing tubes with ring reinforcement 
under bending loads. The observed results include the critical moment, 
maximum stress, and maximum displacement for each variation. 
Furthermore, statistical tests are performed to evaluate the influence of 
the variations used on the obtained results. The moment and curvature 

Fig. 11. Stress contours for codes: (a) A-1-1 (b) B-1-1 (c) C-1-1 (d) D-1-1 (e) E-1-1.
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are normalized by critical moment and critical curvature for pipe 
without stiffener. The selection of a suitable design will be seen from the 
ultimate bending moment capacity, maximum stress, and displacement 
in the design selection. These three components are the most crucial 
parameters in the structural integrity of a structure to withstand the 
applied load in the operational state.

5.1. Stiffener height variation

The results obtained from varying the stiffener height can be seen in 
the moment-curvature graph shown in Fig. 10. Table 6 shows the 
magnitude of the critical moment for each variation.

In Fig. 10, it can be seen that the moment-curvature graph becomes 

longer as the height of the ring reinforcement increases. This increases 
the critical moment, as shown in Table 6. The magnitude of the critical 
moment is affected by the moment of inertia area of the stiffener. Ge
ometries with high stiffener heights increase the moment of inertia area 
of the geometry and have higher critical moments than those with lower 
stiffener heights. Beyond moment-curvature graphs, it is important to 
understand the effect of adding reinforcement on the stress and 
displacement contours of the structure. Figs. 11 and 12 depict the stress 
and displacement contours for variations in stiffener ring height.

Fig. 11 shows the stress contours at maximum stress for variations A- 
1-1, B-1-1, C-1-1, D-1-1, and E-1-1. The stress contours show that stiff
ener heights greater than 9 m have approximately the same failure 
contours, with failure occurring only in the middle of the pipe (indicated 

Fig. 12. Contour displacement: (a) A-1-1, (b) B-1-1, (c) C-1-1, (d) D-1-1, (e) E-1-1.
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by the red contour). Conversely, if the reinforcement height is 3 m, 
failure will occur along the length of the pipe. Additionally, the critical 
stress shows that the critical stress increases with higher ring rein
forcement. This can be attributed to the higher critical moment of the 
structure, which increases the confining stress.

From the displacement contours shown in Fig. 12, using a higher ring 
stiffness increases the maximum displacement. This phenomenon is 
related to the fact that as the ring stiffness increases, the curvature in
creases. Curvature and maximum displacement maintain a directly 
proportional relationship, so an increase in curvature corresponds to an 
increase in maximum displacement. Looking at the moment-curvature 
graph, stress contours, and displacement contours, it is clear that the 
geometry with higher reinforcement height is more suitable for CWP 
OTEC reinforcement. This particular geometry was chosen because it 
has a high critical moment compared to other reinforcement heights, 
which limits the stresses and maximum displacements.

5.2. Thickness variation

The results obtained from varying the stiffener height are shown in 
the moment-curvature graph in Fig. 13. Table 7 shows the magnitude of 
the critical moment for each variation.

From the moment-curvature graph in Fig. 13, it can be seen that as 
the thickness increases, the moment-curvature graph becomes longer. 
Furthermore, by examining the critical moment quantities in Table 7, it 
is clear that thickness is directly proportional to the critical moment. 
This relationship occurs because the range of moments of inertia within 
the shape increases as the thickness increases. Shapes with high moment 
of inertia areas can withstand higher moment loads and, therefore, have 
higher moment resistance. The stress and displacement contours for 
each shape are shown in Figs. 14 and 15.

The stress contours shown in Fig. 14 indicate that using larger 

thicknesses results in higher confining stresses. This is because the range 
of moments of inertia increases as the thickness of the geometry in
creases. The moment of inertia range plays an important role in 
absorbing moment loads, so the larger the moment of inertia range, the 
higher the fracture stress. Additionally, the stress contours show that 
defects due to thickness changes tend to occur in the center of the pipe, 
which is indicated by the presence of red contours.

From Fig. 15, it can be seen that the larger the thickness, the larger 
the maximum displacement. This is because the resulting bending length 
increases as the thickness increases. A direct relationship exists between 
curvature and displacement, so thicker geometries have higher 
maximum displacements.

The thickness greatly affects the overall strength of the CWP struc
ture, which shows the same tendency with other typical applications, 
such as in the wind turbine tower [25] and windmill pole application 
[49]. In this regard, the thickness determination needs to be considered 
cautiously. A failure due to a lack of strength resistance can endanger 
not only the structure but also the operators on board [50]. Therefore, 
from the broader perspective, considering health and safety factors [51], 
it is recommended to use a large enough ring stiffener thickness so that it 
can withstand higher loads with the designed safety factor by preventing 
the occurrence of the early local buckling.

5.3. Length between stiffener variation

The results obtained from varying the stiffener height are shown in 
the moment-curvature graph shown in Fig. 16. Table 8 shows the 
magnitude of the critical moment for each variation.

In Fig. 16, it can be seen that the shorter the distance between the 
stiffeners, the longer the moment-curvature graph. This elongation oc
curs because the shorter distance between the stiffeners allows for a 
more uniform stress distribution [17]. The critical moment increases 
because the short distance between the stiffeners extends the 
moment-curvature relationship. The stress contours are shown in 
Fig. 17, and the displacement contours are shown in Fig. 18.

The stress contours shown in Fig. 17 shows that the shorter the dis
tance between the reinforcements, the higher the upper-stress limit. This 
relationship is clear, as the shorter the distance between the stiffeners, 
the higher the critical moment. Furthermore, the stress contours show 
that the shorter the distance between the reinforcements, the closer the 
failure is to the reinforcement ring.

Fig. 13. Moment vs curvature thickness variation.

Table 7 
Critical moment for thickness variation.

Code Critical Moment (Nm)

E-1-1 4.15 × 107

E-2-1 2.41 × 107

E-3-1 1.66 × 107

E-4-1 7.38 × 106
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The displacement contours show that the shorter the distance be
tween the stiffeners in Fig. 18, the longer the maximum displacement. 
This relationship is evident in the moment-curvature relationship graph 
in Fig. 16, where the shorter the distance between the stiffeners, the 
greater the curvature.

Considering the moment-curvature graph, stress contours, and 
displacement contours together, it can be seen that the geometry with 
short distances between reinforcements is suitable for CWP OTEC re
inforcements. This particular geometry was chosen because it has a high 
critical moment compared to other hardening configurations, which 
limits the stresses and maximum displacements.

5.4. Significant of stiffener height variation, thickness variation, and 
length between stiffener variation

This section examines the effects of varying the height, thickness, 
and spacing between stiffeners, specifically, a plot of the critical moment 
with respect to the change in stiffener height at different thicknesses, a 
plot of the critical moment with respect to the distance between the 

stiffeners at different thicknesses, and the variation of the critical 
moment with respect to the stiffener height at the variation of stiffening 
system distance. Additionally, statistical analysis is performed to 
quantify the impact of each variation on the resulting critical moment.

Fig. 19 shows the critical moments for varying stiffener heights at 
different thicknesses, keeping the distance between the stiffener con
stant at 100 m. Consistent with the previous discussion, it is clear that a 
higher stiffener height corresponds to a higher critical moment. Simi
larly, increasing the thickness increases the critical moment. However, 
the effect of stiffener height decreases as thickness decreases. For 
example, if the thickness is 0.012 m, the difference in critical moments 
between reinforcement ring heights of 3 m and 1.5 m is relatively small. 
Furthermore, Fig. 19 shows that the effect of reinforcement thickness is 
greater than the height of the reinforcement on the increase in critical 
moment. In particular, each thickness shows clear and relatively sig
nificant differences in critical moment values compared to the change in 
reinforcement height.

Fig. 20 shows the critical moments at different distances between the 
reinforcements, considering different thicknesses and a reinforcement 

Fig. 14. Stress contours for codes: (a) E-1-1, (b) E-2-1, (c) E-3-1, (d) E-4-1.
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height of 0.6 m. As mentioned, the smaller the distance between the 
stiffeners, the higher the critical moment. The effect of thickness is 
consistent with the previous discussion, showing that the thicker the 
geometry, the higher the critical moment. Reducing the thickness, as 
well as varying the reinforcement height, reduces the effect of the dis
tance between the reinforcements on the resulting critical moment. For 
example, at a thickness of 0.03 m, the effect of the distance between 
reinforcements is still clearly visible compared to a thickness of 0.12 m.

Moreover, Fig. 20 highlights that the influence of geometry thickness 
has a more substantial impact compared to the distance between stiff
eners in generating critical moments within the geometry. The 

Fig. 15. Displacement contours for code: (a) E-1-1, (b) E-2-1, (c) E-3-1, (d) E-4-1.

Fig. 16. Moment vs curvature graph for length between stiffener variation.

Table 8 
Critical moment for length between stiffener variation.

Code Critical Moment (Nm)

C-2-1 2.36 × 107

C-2-2 2.42 × 107

C-2-3 2.62 × 107

C-2-4 2.66 × 107
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difference in thickness produces critical moment values that signifi
cantly differ from variations in the distance between stiffeners.

Fig. 21 shows the critical moments for different reinforcement 
heights and distances between different reinforcements while main
taining the same thickness. As mentioned earlier, the critical moment 
increases as the height of the stiffeners increases, and the critical 
moment increases as the distance between the stiffeners decreases.

From Fig. 21, it can be seen that there is no significant difference 
between the effect of the height of different reinforcements and the ef
fect of the distance between different reinforcements. This observation is 
supported by using different stiffener heights and no significant increase 
in curvature is observed. The same observation applies when using 
different spacing between reinforcements.

The statistical test used in this study is regression statistics, which 
allows us to examine the effect of each variation. Table 9 shows that 
among the individual variables, the thickness variable has the greatest 
influence, followed by the height variable, and the distance between 
reinforcements variable. However, when cross-joining each variable, the 
combination of L0 and H is the most influential variation, followed by L0 
and t, and finally H and t.

Table 10 shows the correlation between the dependent and inde
pendent variables is particularly high, as indicated by the multiple R- 

value of 0.975. Additionally, an R-squared value greater than 0.951 
indicates that the independent variables used can effectively explain the 
resulting dependent variable.

5.5. Stiffener type variation

The results obtained from varying the stiffener height are shown in 
the moment-curvature graph shown in Fig. 22. The magnitude of the 
critical moment for each variation is shown in Table 11.

Table 11 shows that the critical moment values do not differ signif
icantly for different types of reinforcement. The moment-curvature 
graphs in Fig. 22 also appear identical except for the critical moment 
points. This similarity arises because the moment of inertia areas of the 
two types of stiffeners are the same, as shown in Table 6. The stress 
contours are shown in Fig. 23 and the displacement contours are shown 
in Fig. 24.

As shown in Figs. 23 and 24, the displacement contours and contour 
tension of stiffener types show that different stiffener types do not affect 
the maximum displacement. Since the maximum curvatures are similar, 
there is no significant change either in the maximum tension or the 
displacement produced. However, considering the moment-curvature 
graph, stress contours, and displacement contours, R-type 

Fig. 17. Contour stress for codes: (a) C-2-1, (b) C-2-2, (c) C-2-3, (d) C-2-4.
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reinforcement is more suitable for CWP OTEC since R has comparable 
critical moments, stress contours, and displacement contours to Type T 
but with simpler manufacturing methods.

6. Conclusion

This study conducted a parametric study to determine the suitable 
ring reinforcement geometry for cold water pipe installation in OTEC. 
The finite element method was used to simulate the given geometry of 
the ring reinforcement. The following was observed through the simu
lations performed:

1. As explained in the result and discussion section, the thicker the 
geometry, the higher the critical moment, ultimate stress, and 
maximum displacement, as theoretically elaborated in section 2. An 
increased thickness enhances the moment of inertia area of the ge
ometry. Hence, in CWP OTEC, a higher thickness is deemed suitable.

2. As also stated in Section 2, a cylindrical pipe will experience buckling 
when subjected to a bending load. The higher the height of the ring 
stiffener used, the higher the critical moment, ultimate stress, and 
maximum displacement. This is because, at larger heights, the 
moment of inertia area of the geometry increases. Therefore, for its 
use in CWP OTEC, a high stiffener ring height is recommended to 
withstand higher moment loads.

3. The shorter the distance between stiffeners used, the greater the 
critical moment, ultimate stress, and maximum displacement. This is 
because the shorter the distance between the reinforcements, the 
better the load distribution within the pipe. Therefore, CWP OTEC 
recommends shortening the distance between reinforcements.

4. From the variations in height, thickness, and distance between re
inforcements, the thickness of the ring stiffener has the most influ
ence on the critical moment, followed by the height of the 
reinforcement.

Fig. 18. Displacement contours for codes: (a) C-2-1, (b) C-2-2, (c) C-2-3, (d) C-2-4.
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5. Regarding stiffener shapes, as long as they both have the same 
moment of inertia area, the difference between the T-shape and the 
R-shape does not significantly affect the development of the critical 
moment that limits the critical stress and maximum displacement. 
Therefore, from the viewpoint of ease of manufacture, an R-type 
shape is preferable.

For future research, it would be beneficial to include combination 
loading so that the applied load is not only the bending load but also the 
effect of hydrostatic pressure. Dynamic loading can also be investigated 
to understand the fatigue behavior of the OTEC CWP structure. Addi
tionally, in this study, the ultimate bending capacity of the pipe has been 
obtained through a parametric study with various geometrical config
urations of the ring stiffener. The tendency of the ring stiffener param
eter to influence the ultimate bending capacity has also been obtained. 
To select the CWP configuration, the analysis-based operational state 
should be conducted for site-specific cases and compared with the ulti
mate bending capacity, resulting in this study with a determined safety 
factor.

Fig. 19. Variation of stiffener height at different thicknesses.

Fig. 20. Variation of spacing between stiffeners at different thicknesses.

Fig. 21. Variation of stiffener height at different stiffener spacing.

Table 9 
Sensitivity of each variation.

Variation Coefficients

L0/L 9.56
(L0/L)2 113.96
t/D 1468.58
(t/D)2 − 54072.02
H/D − 10.92
(H/D)2 1.97
L0t/LD − 8564.97
(L0t/LD)2 5580411.63
L0H/LD − 9754.57
(L0H/LD)2 − 97479570.37
Ht/D2 2586.85
(Ht)2/D − 150612.67

Table 10 
Regression statistic.

Regression Statistic

Multiple R 0.975
R Square 0.951
Adjusted R Square 0.942
Standard Error 0.533

Fig. 22. Moment vs curvature stiffener type variation.

Table 11 
Critical moment for stiffener type variation.

Stiffener Type Critical Moment (Nm)

R Type 6.00 × 107

T Type 6.01 × 107
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