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Fig. 12.  Pipe motions of the SFP according to the suspended depth at 

Point A (Ts = 10 s, Hs = 8.4 m, and BWR = 1.2). 
 
 

 
Fig. 13.  Absolute maximum displacement according to the suspended 

depth 
 
 

the regular wave condition.  It can be observed that tendon 
stress of approximately 90 MPa occurred in the 250 m-depth 
model and was slightly changed, whereas in the 50 m-depth 
model, it fluctuated to a maximum range of 30 MPa.  Com-
pared to the regular wave condition (Kim et al., 2020), which 
had a stress fluctuation of approximately 15 MPa in the 50 
m-depth model, and a constant value of approximately 68 
MPa in the 250 m-depth model, it was confirmed that the 
tendon motion had a similar pattern based on the water depth 
for both wave conditions.  However, there was a quantitative 
difference in the tendon stress under the irregular waves. 

Next, Fig. 12 plots the pipe motion of the SFP at Point A 
according to the suspended depth.  For the deep water case, 
there were slight changes in the tendon motion as shown in Fig 
12.  For the heave of the pipe, the blue line shows the vertical 
deformation of the pipe related with the suspended depth.  
While it can be observed that the initial buoyancy by BWR 
continued in the 250 m-depth model, the heave in the 50 
m-depth model decreased steadily under the irregular waves.  

Lastly, Fig. 13 plots the absolute maximum motion value 
of the tendon and pipe.  It can be observed that the maximum  

 
Fig. 14.  Tendon motions and stress of the SFP according to the incident 

angle at Point B (Ts = 10 s, Hs = 8.4 m, BWR = 1.2, and suspended 
depth = 50 m). 

 
 

displacement of the tendons was approximately 1.3 m of sway 
at the 50 m-depth, and 0.5 m of heave at the 250 m-depth; the 
maximum displacement of the pipes was 18.6 m and 3.9 m of 
heave at the 50 m- and 250-m depth, respectively.  In the 
comparative study (Kim et al., 2020), it was found that the 
maximum tendon displacement in the regular wave condition 
was approximately 2.3 m of sway in the shallow water case, 
and 0.5 m of heave in the deep water case.  For the maximum 
pipe displacement, it was approximately 27.5 m and 4.9 m of 
heave in the shallow, and deep water cases, respectively.  It 
was verified again that the influence of the wave in the case of 
the deep sea was decreased.  These also did not vary signifi-
cantly from the behavior pattern of the pipe in the regular wave 
condition; however, it was found that the absolute maximum 
displacement in the shallow sea had a slightly smaller value 
than that of the regular wave condition. 

4.  Wave Incident Angle 
The last parameter is the angle of incidence, which was var-

ied from 0 to 30 degrees at intervals of 10 degrees.  Here, it 
denotes the angle between the wave propagation direction and  
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Fig. 15.  Pipe motions of the SFP according to the incident angle at Point 

A (Ts = 10 s, Hs = 8.4 m, BWR = 1.2, and suspended depth = 50 m). 
 
 

the normal to the SFP.  In this study, unidirectional irregular 
waves were exerted to the SFP, considering the frequency 
spectrum only, and not the direction spectrum.  However, the 
primary wave direction in actual seas changes depending on 
the season and marine environment conditions.  Therefore, be-
havior analysis was performed using the angle of incidence as 
a variable.  The common conditions were BWR = 1.2, and the 
suspended depth of the pipes was set as 50 m.  

Fig. 14 to Fig 16 illustrate the motion of the pipes and ten-
dons as well as the stress of the SFP under irregular waves 
according to the wave incident angle.  First, Fig. 14 exhibits 
the tendon motion and stress of the SFP according to the inci-
dent angle.  For the regular wave condition, it was inferred 
that the surge in the tangential direction of the SFP was gen-
erated continuously in the 10 and 20 degree models, which 
may cause the torsion of the SFP.  However, for the irregular 
wave condition as shown in Fig. 14(a), it can be observed that 
the maximum value of the surge was similar for all the angles, 
and the influence of the incident angle had less impact on 
the tangential deformation.  The right axis in Fig.14(b) 
shows the tendon stress of the models according to the in-
cident angle.  Because the analysis models with a BWR of 1.2  

 
Fig. 16.  Absolute maximum displacement according to the incident angle. 

 
 

 
Fig. 17.  Section force and moment of pipe according to BWR (Ts = 10 s, 

Hs = 8.4 m, and suspended depth = 50 m). 
 
 

were stable in the displacement control, there are no significant 
deformations.  It can be observed that the tendon stress in-
creases as the sway increases owing to the superposition of the 
waves. 

Next, Fig. 15 shows the pipe motion of the models at Point 
A according to the incident angel.  For Fig. 15(a), as the 
angle of incidence increased, the pipe generated a large 
surge; however, there was little deformation in the 0 degree-
model.  Additionally, as shown in Fig. 15(b), the sway of the  
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Fig. 18.  Section force and moment of the pipe according to the anchoring 

method (Ts = 10 s, Hs = 8.4 m, BWR = 1.2, and suspended depth 
= 50 m) 

 
 

pipes was less influenced by the incident angle compared to 
that of the regular wave condition.  The heave had a similar 
pattern to that of the regular wave condition; however, its de-
formation for each arbitrary wave period was significantly 
fluctuated. 

Lastly, Fig. 16 plots the absolute maximum motion value of 
the tendon and pipe.  When comparing the absolute maximum 
displacement, it can be confirmed that the influence of the in-
cident angle was less than that of the regular wave condition.  
Further, it was observed that these results had a slightly smaller 
value than that of the regular wave condition. 

IV. CROSS-SECTIONAL CHARACTERISTICS 
OF SFP 

Pipelines as well as SFPs are not installed in a completely 
straight line at sea.  Owing to the external forces and boundary 
conditions, the sectional characteristics of SFPs continuously 
vary according to the wave loads.  Therefore, for the design of 
SFPs, it is necessary to examine the internal forces of the pipe.  
This section describes the static response of pipes according to 
the major design parameters.  Here, the inside of the pipe was 
assumed to be empty, which means there was no water flowing 
through it, and no internal pressure such as hoop stress  

 
Fig. 19.  Section force and moment of the pipe according to the suspended 

depth (Ts = 10 s, Hs = 8.4 m, and BWR = 1.2). 
 
 

pushing against the edges of the pipe walls.  The cross-sec-
tional characteristics of the pipe were derived based on this, 
and analyzed according to the four variables as follows. 

1.  BWR 
The first variable for the design is the BWR of the SFPs. 

The section force and moment of the pipe according to the 
BWR was analyzed as shown in Fig. 17(a) and Fig. 17(b), re-
spectively.  Here, the x-axis section force, SFx represents the 
axial force in the surge-direction of the model, the y-axis sec-
tion force, SFy is the shear force in the sway-direction, which 
had the greatest variation at both node ends, and the z-axis sec-
tional force, SFz is the shear force in the heave-direction.  Ad-
ditionally, SMx, SMy, and SMz represent the section moment 
in the roll, pitch, and yaw directions, respectively.  The solid 
columns represent the maximum compression force and mo-
ment, and the patterned ones represent the maximum tensile 
force and moment. 

It was observed that the axial force in the surge-direction 
of the pipe was the largest as shown in Fig. 17(a), and was 
generated in the middle of the SFP.  The pipe was under ten-
sile and compressive forces of approximately 96,000 N and 
120,000 N, respectively.  The shear forces had relatively small 
sectional forces of 6,100 N or less.  Regarding the section  
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Fig. 20.  Pipe motions of the SFP according to the incident angle method 

(Ts= 10 s, Hs= 8.4 m, BWR=1.2, and suspended depth=50 m). 
 
 

moment in Fig. 17(b), the pitch-direction in the y-axis of the 
pipe generated the largest negative moment, which was larger 
than that of the regular wave case, but had less impact on the 
BWR. For reference, it was confirmed in the previous study 
(Kim et al., 2020) that the maximum positive section moment 
was generated at the joint nodes with tendons and pipes, and 
the maximum negative section moment was generated at the 
middle support point. 

2.  Tendon Anchoring Method  
The second variable for the section design of the SFPs is the 

tendon anchoring method.  Fig. 18 shows the section force and 
moment of the SFP according to the anchoring methods in Fig. 
7.  As with the hydrodynamic analysis, Shape 3 had the best 
performance as shown in Fig 18(a).  The characteristics were 
similar to those in the regular wave case, where the axial force 
was predominant.  Additionally, the generated section moment 
related with the anchoring method was larger than that of other 
parameters as shown in Fig. 18(b).  This may be because the 
pipe motions of Shapes 1 and 2 were larger as shown in Fig. 9. 

3.  Suspended Depth of SFPs 
This section presents the sectional characteristics of the 

SFPs according to the suspended depth as the third variable  

 
Fig. 21.  Cross-section dimension of the pipe 

 
 

 
Fig. 22.  P-M interaction curve 

 
 

for the sector design.  Fig. 19 illustrates the section force and 
moment of the SFP according to the suspended depth.  It can 
be observed that the section force and moment were hardly 
generated in the 250 m-model similar to the pipe motion be-
havior in Fig. 12.  However, the negative moment in the pitch-
direction of the 50 m-model was larger than that of the com-
parative study. 

4.  Wave Incident Angle 
The last variable for the section design is the incident angle 

of the waves.  As mentioned in Section III.4, because unidirec-
tional irregular waves were exerted to the SFP in this study, the 
incident angle was varied from 0° to 40°and analyzed.  

Fig. 20 shows the section force and moment of the pipe ac-
cording to the wave incident angle.  This also showed similar 
behavior to the cross-section characteristics in the third param-
eter, the suspended depth of the SFP.  For the section force in 
Fig. 20(a), it was observed that the axial force of the pipe was 
predominantly affected for all angles of incidence.  The section 
moment in Fig. 20(b), except for SFz, was to be dominant 
along the pitch-and roll direction. 

V. DESIGN OF SFP SECTION 
Summarizing the above analysis, the cross-section of the 
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SFPs should be adequately resistant to the axial forces, bend-
ing moments, and torsional moments.  In this study, the cross-
section of the pipe was designed using a double-skinned com-
posite tubular (DSCT) section as shown in Fig. 21.  The DSCT 
section is filled with concrete between the inner and outer 
tubes, and has excellent performance.  As shown in Fig. 21, the 
pipe has outer and inner diameters of 1.64 m and 1.48 m, re-
spectively.  The outer and inner tubes, which are made of steel, 
have thicknesses of 15 mm and 10 mm, respectively.  The ma-
terial properties of the steel were an allowable stress of 240 
MPa, tensile stress of 400 MPa, elastic modulus of 210 GPa, 
and Poisson's ratio of 0.3.  For the concrete, a compressive 
strength of 30 MPa was applied. 

Fig. 22 shows the P-M interaction curve of this section.  The 
compression and moment performances of the section were 
analyzed.  According to the curve, the cross-section of the pipe 
had a compressive force of 40,000 kN, and moment perfor-
mance of 16,000 kN-m.  In comparison with the cross-sec-
tional characteristics in Section IV, it can be inferred that the 
distribution was within 5% of the maximum moment and axial 
forces under all the variable conditions. 

VI. CONCLUSIONS 
In this study, the hydrodynamic and cross-sectional charac-

teristics of SFPs under irregular waves were evaluated based 
on four parameters: BWR, tendon anchoring methods, sus-
pended depths, and wave incident angles.  Moreover,  internal 
forces(moments) should evaluate for design of pipeline section.  
Hence, a new type pipeline section was designed using section 
force and moment considered of hydrodynamic effect. We 
might get optimal section of submerged floating pipeline 
through proposed analysis procedures.  In addition, designed 
DSCT section needs detail evaluation and optimal joint of 
modules to apply on the offshore fields. 
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