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ARTICLE INFO ABSTRACT
Keywords: Metallic strip flexible pipes (MSFP), a relatively new style of unbonded flexible pipes, are
Metallic strip flexible pipe (MSFP) considered as an attractive alternative to traditional submarine pipes. During its reeling opera-

Reeling operation
Experiment

Finite element simulation
Coiling drum

tion, it will inevitably confront various complicated loads, which may affect the integrity and
safety of MSFP’s utilization. In this paper, the tension-extension and moment-curvature relation
of MSFP were obtained by laboratorial tests. The mechanical properties were then imported into
the global model established in ABAQUS. The finite element model was adopted to predict the
deformation and mechanical responses of MSFP during the operation process. Besides, the effects
of reeling length, the diameter of the coiling drum, and the pulling force were discussed. The
obtained conclusions will provide some references for optimizing MSFP design and preventing
possible damage in the reeling operation.

1. Introduction

Composite flexible pipes used in ocean engineering have become more and more popular due to their special properties, such as
corrosion resistance and strong flexibility, which makes this type of pipes easy to transport, install and operate. As a relatively new type
of composite flexible pipe, metallic strip flexible pipe (MSFP) is composed of two high density polyethylene (HDPE) layers separated by
four steel strips reinforcement annular. This pipe with a sandwich structure is a particular kind of composite characterized by the
combination of two different materials, contributing with their single properties to the global structure performance. Compared to
other types of composite pipe, MSFP has advantages in relatively cheap reinforcement material and a simpler manufacturing process,
which results in low production costs. Thus, they are regarded as a popular choice for submarine pipelines transporting oil and gas [1,
2].

During the practical manufacturing process, ready-made flexible pipelines are usually twined around a coiling drum, as shown in
Fig. 1, so that much more space can be saved. It is clear that the smaller the drum’s radius is, the less space it will take. Thus, more pipes
can be transported at one time and the cost will be reduced. The pipes will be easier to transport because the radius of the block is
normally less than 4 m, which means the reeling flexible pipes can be loaded on a truck quite conveniently, as shown in Fig. 2.
However, past engineering has witnessed buckling failure concerning MFSP (Fig. 3) in reeling operation. A possible reason is that this
type of pipe possesses a weak radial stiffness due to the lack of an interlocked carcass layer [3-5], plus, the loadings generated in this
progress are rather complicated, inducing the pipe to buckle easily. Pipe mechanics analysis in reeling operation is illustrated in Fig. 4.
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Fig. 1. Pipe coiled in the reel drum.

Fig. 3. Buckling failure of MSFP.

Pulling force (Fr) is applied at the end of the pipeline to keep it straight. When the pipeline is fully attached to the surface of the coiling
drum, the bending moment (M) reaches its peak. Meanwhile, the reaction force (qg) is applied to the pipeline, which may result in
buckling failures. To prevent possible buckling failure, there are normally three methods, namely, cross section design, constraints
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Fig. 4. Pipe mechanics analysis in reeling.

adoption and load control [6]. The maximum ovalization [7], diameter-to-thickness ratio [8,9] and length-to-diameter ratio [10] are
important technical parameters to prevent buckling in cross section design. Besides, extra restriction on tubular structures may also a
good way to increase the buckling capacity, such as U cross ties [11], ring-stiffeners [12] and fiber-reinforced wrap [13,14]. This paper
aims to reduce the possibility of local buckling by controlling operating conditions (such as drum diameter, tension, etc.) from global
aspects.

With considerable attention has been paid to the security and reliability of flexible structures in the installation and operation
phases [15-19], research on their mechanical behavior during early reeling operation rarely shows in the open literature according to
our review, although some similar study regarding reel-laying manipulation might provide some references. Szczotka [20] adopted the
rigid finite element method to present the static and dynamic response of an offshore pipe reel-laying process. The failure phenomenon
has also been observed in reel-laying manipulation. Maincon [21] pointed out that the flexible pipe may start to roll along its axis
under some conditions and result in the “pig tailing” failure that makes the flexible pipe take a spiral shape. Longva & Saevik [22]
proposed a new Lagrangian-Eulerian formulation for the reeling analysis, claiming that the torsion was the reason causing spiraling or
various forms of damage to the tensile armor. Their following research [23] stated that torsional failures occurred to pipes transferred
along a vertical-axis turn-tables placed in confined cargo holds. Four possible failure modes of pipes under severe curvature de-
formations and large rotations were given based on finite element simulation. The common ground in their research is that torsion is
found to be the main reason for the pipe failure, which is not the same situation in reeling operation. As Ruan [24] stated that to control
the resulting plastic deformation, the reasonable diameter of the reel drum was generally controlled between 15 and 25 m, which is
much larger than the coiling drum in MSFP’s reeling operation. Besides, the pipe’s laying on the coiling drum for many cycles provokes
complex combined loading, causing the pipe to fail in a different mechanism. However, current research fails to give attention to this
early operation even though the failure has been identified.

To investigate how composite flexible pipes fail exactly, scholars have made a lot of effort from a local point of view [25-28]. Xu
et al. [29] investigated the mechanical behavior of fiberglass reinforced bonded flexible pipe subjected to tension by experimental,
theoretical and finite element method, proving that HDPE is the main component provides tension resistance during the loading
process. Bahtui et al. [30] used finite element analysis software ABAQUS to simulate a flexible pipe subjected to different loads. In this
model, contact elements are defined between each layer while no interaction is considered between tendons of helical armor layers. Bai
and his cooperators have also completed a series of experiments, numerical and theoretical analysis about metallic pipes under various
loadings, such as external pressure [31] and torsion [32]. As for combined loadings, Bai et al. [33] investigated mechanical responses
of MSFP subjected to combined bending and external pressure while Dong et al. [34] proposed a model for the biaxial dynamic bending
of unbonded flexible pipes. Other combined loadings on flexible pipes can also be found in the literature, such as combined bending
and tension [35]. Nevertheless, considering the various loadings appearing simultaneously on flexible pipes during reeling operation,
such as tension, bending, radial stress on the pipe wall etc., the study becomes much more complicated and is not fully understood. The
pipeline coiled on the reeling drum is in the form of a space spiral. Besides, the friction and complex interactions between multiple
layers in unbonded pipes greatly increase the difficulty of mathematical derivation and finite element analysis. The layered combi-
nation of two materials also contributes to the nonlinear behavior of MSFP. Therefore, experimental methods would be a favorable way
to explore the mechanical behavior of MSFP.

The objective of this paper is to predict the global mechanical behavior of MSFP during the reeling operation before transportation.
Laboratorial tests of MSFP under tension and bending were conducted to acquire its nonlinear tension-strain and moment-curvature
relation. The tensile properties were introduced into the global model and the bending properties were compared with the numerical
simulation results. A finite element model with MSFP, bearing plate and coiling drum was built to obtain the global mechanical re-
sponses during the reeling operation. Additional parameter analyses were done in ABAQUS to acquire the influence factors. The given



Y. Xu et al.

Marine Structures 77 (2021) 102942

6mm 4+0.5mm 4 mm Steel strip reinforcement layers

- -

Outer HDPE sheath

Inner HDPE layer

Outer diameter 74 mm

Stress (MPa)

25

(5]
o

o
n

—
[=]

=" /—/
/ g /
.»*//'/

Fig. 5. Cross-section of MSFP.

Fig. 6. MSFP with partly outer sheath peeling off.
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Fig. 7. Stress-strain curves of HDPE.

conclusions in this paper may provide a comprehensive concept for understanding the mechanical behavior of MSFP during reeling

operation and a valuable reference for cross section design.

2. Component testing

2.1. Dimensions and material characteristics

The MSFP analyzed in this paper is produced through the helical tape wrapping method. After four reinforcement layers (two steel
strips in each layer) are wound helically on the inner HDPE layer, the papery polyester tapes (PET) are then wrapped over the steel
strips to prevent them from curling up, otherwise, it may lead to the piercing of the outer HDPE layer surrounded outside. The inner
two reinforcement layers are wound at 54.7° in the clockwise direction with layers staggered while the other two reinforcement layers
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Fig. 9. Tensile test of MSFP.

are wound at 54.7° in the converse direction with layers staggered. Figs. 5 and 6 show the cross-section and the outermost rein-
forcement layer of MSFP. The mechanical characteristic of HDPE and steel strips used for MSFP was measured by uniaxial tensile tests
and the stress-strain curves are shown in Figs. 7 and 8.

2.2. Tension test

As shown in Fig. 9, the tensile test was conducted by a 3000 kN electromagnetic servo-controlled testing machine. The specimens
were connected to the machine by bolt-flange connectors to avoid the test failure caused by specimens slipping during the test. The
pipe and flanges were connected by squeezing the pipe wall into the bush to form an interference fit. The space between the inner and
outer sleeves was squeezed, and the serrated threads would be partially embedded in the inner and outer layers of HDPE, thereby a
tight connection was formed. The axis of specimens was aligned with fixtures of the testing machine to make sure that uniform load is
applied. According to (ASTM)D2105-2001 [36], the loading speed was set as 1 mm/s. The tensile tests were performed on two sets of
MSFP specimens, and the corresponding tension-extension curves for two specimens are illustrated in Fig. 10.

The two curves coincide with each other relatively well, and their trend is similar to the HDPE stress-strain curve when the
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Fig. 12. MFSP specimen before and after bending.

elongation is below 10%. The yield stress of HDPE is 21 MPa, which is lower than that of the test specimens.
2.3. Bending test

Two new specimens (3 m) with free ends are used for the bending test. As shown in Fig. 11, the bending test was conducted by a
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four-point bending machine. The test was carried out in the horizontal plane to eliminate the influence of the specimen’s deadweight.
Because the part between the support roller and loading roller is a rigid section, the test section can be considered as being subjected to
pure bending. The test condition is limited by manual loading, so the loading process must be slow, stable and constant by keeping the
speed of the loading beam at about 0.6 mm/s. Fig. 12 gives the deformation of MFSP specimen during the bending test. The time
history of displacement and load were recorded by a displacement gauge and load sensor, respectively. The relationship between the
bending moment and curvature can be deduced by data collected from the tests and geometry properties of the loading machine. The
moment-curvature curves of two sets of MSFP specimens are shown in Fig. 13. The bending moment rises as the curvature increases
and the two test curves are close to each other. Although the test curves have a slight fluctuation due to the man-made operation, the
linear relationship between bending moment and curvature can still be observed.

2.4. Summary

In this section, tensile and bending tests of MSFP were conducted to acquire its tension-extension and moment-curvature rela-
tionship. The tension-extension relationship is input into a global model established by the finite element method and the moment-
curvature relationship is used to compare with the simulation results to reveal the interaction between the combined loads. Be-
sides, the obtained mechanical properties can also be used as a criterion for determining the failure of the pipeline in engineering
applications.

Due to the uncontrollable factors during the test process, the obtained curves show certain volatility. Therefore, DataFit fitting
software was employed to obtain the smooth tension-extension curve, as shown in Fig. 14. The axial stiffness is calculated as the secant
modulus when the strain is 0.05% and 0.25% based on the standard 1SO527-2012 [37], and the value is taken as 795.51 MPa.
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Fig. 16. The local direction of the beam element.

3. Global analysis
3.1. Modeling

The ready-made flexible pipes are usually tens of meters or even hundreds of meters, so it is impossible to simulate reeling
operation without any simplification of the structure considering the limitation of computational costs. In this paper, the reeling
pipeline, therefore, is simplified as a long beam owing properties akin to original MSFP in the following global analysis. The global
model, shown in Fig. 15, consists of a coiling drum, a simplified pipeline, and a bearing plate. The coiling drum and bearing plate
employ the discrete rigid element so that no deformation will occur in the two parts. The pipeline, however, employs deformable beam
elements. Wire is used for defining the geometric shape of the pipeline to save computational costs. The fitting tension-extension
relationship of MSFP obtained from Fig. 14 is then imported into the beam element cross-sectional characteristics. The local direc-
tion of the beam element is defined as shown in Fig. 16.

The diameter of the coiling drum should be no more than 4 m for conveniently transporting, as shown in Fig. 2. The coiling drum
will sink slowly in the -y direction when the pipe is rolled up so that the pipe can spirally attach on the drum. The length of the pipeline
is set as 50 m, which is able to wind two circles around the coiling drum. The bearing plate is employed to restrict the horizontal and
vertical movement of the pipeline during the reeling operation.

3.2. Interaction and mesh

The interactions between the pipeline and the bearing plate as well as the pipeline and the coiling drum are set as surface-to-surface
contact. In this scheme, because the coiling drum and bearing plate are rigid bodies, they are naturally set as master surfaces whose
meshes should be coarser than those of the slave surface. The normal mechanical behavior is defined as “Hard Contact” with “Allow
separation after contact”. The penalty function is taken as the tangential friction formulation. The friction coefficient between the
coiling drum and the pipeline is set as 0.2 while the contact condition between the bearing plate and the pipeline is frictionless. The
self-contact between twisted pipeline is not considered in this model.
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Table 1

The definition of parameters.
Parameter Definition
SF1 (N) Tension
SF2 (N) Transverse shear force in local 2-direction
SF3 (N) Transverse shear force in local 1-2 plane
SM1 (N-m) Bending moment around local 1-direction
SM2 (N-m) Bending moment around local 2-direction
SM3 (N-m) Torsion

Fig. 20. SF1 of the pipeline.

Fig. 21. SF2 of the pipeline.

A three-dimensional linear interpolation beam (B31) is selected for the pipeline because it is suitable for analyzing contact
problems and also can take shear deformation into consideration. Three-dimensional beams have six degrees of freedom at each node:
three translational degrees of freedom (1-3) and three rotational degrees of freedom (4-6). Furthermore, the stress components in this
type of beam also provide estimates of transverse shear forces on the section. R3D3 element is used for the coiling drum and bearing
plate. The mesh condition of the global model is shown in Fig. 17. The whole model contains 7736 elements. The element length used
for the beam is 0.1 m.

3.3. Load and boundary conditions

The coiling drum should sink down in -y direction to make sure that the pipeline can spirally wind in an expected way. The rotation
angle is 12.6 rad and the sinking distance is 0.2 m, which means the drum sinks down 0.1 m when the pipeline coils around once.
Except for rotation and sinking, the displacement in the other directions is limited to 0. Thus, it means that no parts of the pipeline are
overlaid on the others. In other words, no self-contact is considered in this research.

Static analysis is employed in this research, which means the coiling drum is sinking at a constant speed in one simulative step. It
should be noted that there is a 10000 N pulling force applied at the end of the pipeline to keep it straight, and no other restriction on
boundaries is applied. At the other end of the pipe, the start point of the pipe is coupled with the coiling drum so that they can move
together. The load and boundary conditions are shown in Fig. 18.

3.4. Discussion of the results

The pipeline to be reeled keep a straight line due to the tensile force on the end and the restriction of the bearing plate when the

10
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Fig. 22. SF3 of the pipeline.

Fig. 23. A picked path for the pipeline.
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Fig. 24. SF1 along the path.

coiling drum whirls as well as sinks down. The result (Fig. 19) shows that almost two circles of MSFP adhere to the surface of the coiling
drum.

Table 1 gives the definition of all parameters used in the simulative results. During the whole process, tension (SF1) along the
pipeline are quite similar everywhere, almost equaling to the pulling force applied at the end. The magnitude of SF2 and SF3, however,
are relatively small. Figs. 20-22 present the contour plots of forces in three directions when the reeling is finished. It can be observed
that these forces are quite average in the straight section, but differ in the coiled section.

In order to obtain the stress along the pipeline after winding, a path is established along the axial direction of the pipeline, as shown
in Fig. 23. The nodes are allocated on the pipe every other 0.1 m. The endpoint tension is applied at Node 1 and the endpoint adhered to
the coiling drum surface is Node 501. Whereas the true distance along the path is defined from Node 1, which means the true distance
at Node 1 is 0 m and the true distance at Node 501 is 50 m. Fig. 24 shows the variation of tension along the true distance. It can be

11
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observed that SF1 has fluctuations, but the variation is quite small. The difference between the minimum value (9456.03 N) and the
maximum value (10000.91 N) is 5.8%. The maximum tension shows at the distance of near 25 m (2rxDo), where the pulling force
begins to be affected by curvature. The pipeline stays straight before wound onto the drum and the pulling force keeps stably at 10000
N. When the pipeline starts to wind around the drum, the pulling force gradually decreases. The axial force of the pipeline coiled on the
drum is smaller than the unwinding part, which means the axial force affects bending behavior to some extent.

Another load drawing more attention is the bending moment in the reeling plane, especially when the radius of the coiling drum is
small. Excessive curvature resulted from the small radius would probably cause the buckling failure of the pipeline. Fig. 25 shows the
twisting moment along the path. Fig. 26 shows the contour plots of bending moment (SM2) around local 2-direction when the reeling is
finished, and Fig. 27 gives the relationship of corresponding bending moment and true distance along the path. It can be observed that
the distribution of bending moment along the reeled pipeline is even, slightly fluctuating around 411.81 N m. Meanwhile, the unrolled
pipeline does not show the existence of the bending moment. According to the MSFP bending test (Fig. 13), the corresponding bending

12



Y. Xu et al. Marine Structures 77 (2021) 102942

CPRESS T

~
+1.393e+04 = =
11277404 /
+1.161e+04 y
+1.045e+04 i
+9.230e+03 /

+8.129e+03 / AN
| +6.967e+03 / §
+5.806+03 \
+4.645¢+03 \
+3.4846+03 |
+2.322e403~ ]
+161e+03 T\
+0.000e+00 O\

SM, SM1
(Avg: 75%)
+

=2.26 01
-3.477e+01
-4.686e+01
-5.896e+01
-7.106e+01
-8.316e+01

1.195e402
-1.316e+02

Fig. 29. Contour plot of SM1 along the path.

-20 4

40 4

-60

-80

SMI (N-m)

-100 +

-120

-140 T T T T T
0 10 20 30 40 50

True distance along the path (m)

Fig. 30. SM1 along the path.

moment obtained by the curvature of the coiling drum is 452.89 N m by specimen 1 and 373.87 N m by specimen 2. The numerical
magnitude is between the two experimental values with a maximum error of 10.1%. Fig. 28 gives the contour plots of contact pressure.
It can be seen that the distribution of contact pressure is quite uniform, around 4.8 kPa. The maximum contact pressure (13.9 kPa)
presents at the intersection of unwinding and wounded pipeline, which is much smaller than the burst pressure of MSFP (3.772 MPa)
[31].

Fig. 29 presents the contour plots of SM1 distributed along the pipe when the reeling is finished. SM1 distributed along the above
path is shown in Fig. 30. The bending moment SM1 of the start point of the pipeline is 0 N m and then soars at the distance of near 25 m
(2nDo). The largest magnitude of the bending moment is 131.56 N m, located on the attached point between the pipeline and the
bearing plate. The magnitude of SM1 then gradually decreases to 0 N m. The drum was moved downward and there is friction between
the pipeline and coiling drum. The direction of the friction force is tangential to the pipe wall, which will generate a reaction force,
then the reaction force acts on the pipe wall that touches the drum, inducing some torsion in the system. This could slightly change the

13
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beam direction 1 and 2 so that SM1 is not vertical to the drum wall and SM2 is not tangential to the drum wall anymore. The maximum
negative SM1 shown in Fig. 30 is close to the point where the pipeline touches the drum. The positive peak around 13.63 N m is the
point lying on the bearing plate, and it presents an opposite bending moment as compared with the pipe reeling on the drum. Fig. 25
presents the distribution of SM3. Fig. 31 shows that the maximum SM3 is 8.66 N m, which is quite small compared to the bending
moment in SM1 and SM2 plane. MSFP will not fail under limited single loading. However, the combination of radial compression,
tensile loading and bending is very likely to be the reason for the buckling failure in the reeling operation, even the single load is much
smaller than the ultimate strength.

In a word, the process of sinking the drum but keeping the encastre fixed will result in transverse forces that may induce bending
moments and a tendency to twist the pipe. Therefore, engineers should pay more attention to the end of the reeled pipeline near the
bearing plate in the practical reeling operation.

4. Parametric study

In this section, factors influencing the mechanical behaviors of MSFP during reeling operations are investigated by the finite
element method. Other parameters should stay unchanged while only one of them is changed.

4.1. Diameter of the coiling drum

In the practical reeling process, the mechanical behavior of the pipeline can be changed by adjusting the diameter of the coiling
drum, so that local buckling failure or other forms of damage can be avoided in coiling, loading and transporting. The diameter of the

14
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Table 2
The comparison of the maximum SM2 in different coiling drum diameter.
Do (m) Numerical (N-m) Specimen 1 (N m) Specimen 2 (N m)
2.0 625.24 764.80 729.92
2.5 579.86 642.56 590.03
3.0 509.25 559.66 479.75
3.5 458.87 492.37 418.02
4.0 411.81 452.89 373.87

coiling drum is normally limited to 4.0 m due to convenient transportation and space limitations. Therefore, 2.0 m, 2.5m, 3.0 m, 3.5m
and 4.0 m are selected for the coiling drum’s diameter in the parameter analysis respectively.

The variables that should be paid more attention to are SF1, SM2 and SM1. The comparison results of them in each case are shown
in Figs. 32-34. It can be observed that SF1 in four conditions decrease from the applied axial force of 10000 N after the pipeline
attaching the bearing plate, as shown in Fig. 32. The bending moment SM2 starts from zero and then increases linearly, as shown in
Fig. 33. Table 2 compares the maximum SM2 of both numerical simulation and experimental results in the same curvature. SM2 shows
a downward trend as the outer diameter of the drum increases. The maximum deviation is 22.32%, and this proves the rationality of
the numerical simulation method.

The bending moment SM1 increases linearly since the pipeline coiled on the drum. In addition, the larger the diameter of the coiling
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SFI (N)

SM2 (N-m)

Table 3
The comparison of the maximum absolute values
of SM1 in different coiling drum diameter.

Do SM1 (N-m)
2.0 38.12
2.5 41.91
3.0 51.66
3.5 99.22
4.0 131.56
7500 ~— s
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e
Fr=2.5 kN
2500
0 T T T T T
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True distance along path (m)
Fig. 35. SF1 along the path in different pulling force.
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Fig. 36. SM2 along the path in different pulling force.
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drum is, the bigger the maximum bending moment SM1 will achieve. The coiling loop of the pipeline is changed by the diameter of the
drum, which results in the spatial spiral shape of the pipeline. Table 3 shows that SM1 is sensitive to the enlarge of drum diameter. On

the other side, the torsional moment (the maximum SM3 is 8.66 N m) is quite small in all cases.

Therefore, the diameter of the coiling drum has a significant influence on the mechanical behavior of MSFP and is also the control

factor of sinking speed.

4.2. Tension

In actual engineering, the deformation of the pipeline should be as small as possible before the pipeline is put into use. Fig. 10
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Table 4
The comparison of the maximum SM2 in different pulling force.
Fr (kN) Numerical (N-m) Specimen 1 (N m) Specimen 2 (N m)
2.5 452.83 452.89 373.87
5.0 446.31 452.89 373.87
7.5 432.86 452.89 373.87
10.0 411.81 452.89 373.87

Note: The maximum SM2 of Specimen 1 and Specimen 2 is obtained from Fig. 13 when the drum diameter is 4 m.

20+

204
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-60 4
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801 FooskN

—e— Fi=5.0 kN
—— Fi=7.5kN
1204 —— F=100kN
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True distance along path (m)

F

=3

g. 37. SM1 along the path in different pulling force.

Table 5
The comparison of the maximum absolute values
of SM1 in different pulling force.

Fr (kN) SM1 (N-m)
2.5 19.57

5.0 36.44

7.5 84.59

10.0 131.56

indicates that the pipeline shows plastic properties when the tension is over 10.0 kN. In this analysis, tension is set as 2.5 kN, 5.0 kN,
7.5kN, 10.0 kN. The variations of SF1 and SM2 along the path of each case are shown in Figs. 35 and 36. It can be found that the axial
force SF1 changes slightly in each case. SM2 for each case has nearly the same trend before the pipeline coiling onto the drum, and then
jumps to different maximum values with slight fluctuation. Table 4 compares the maximum SM2 of both numerical simulation and
experimental results. The bending moment shown in Table 4 decreases with increasing tension. The effect of pulling force on the axial
performance of the pipeline is decomposed to the SM2 plane, and then causes the change in SM2. Therefore, it is suggested to apply 10
kN on this kind of pipeline in the reeling process, because this value is neither too small to keep the pipe straight nor too big to induce
plastic deformation.

Fig. 37 shows that bending moment SM1 in all case shares the same trend, while the maximum absolute value of SM1 increase with
pulling force increasing. The maximum absolute values of SM1 in each case are shown in Table 5. This trend may be caused by the
tangential contact to the pipe making the pipe bind more tightly on the surface of the drum. SM3 for each case, however, is quite small
compared to the other moment. The maximum magnitude of SM3 is 8.66 N m in the above cases.

In a word, SM2 and SM1 are sensitive to the enlarge of pulling force. The magnitude pulling force should be controlled to a certain
value during the reeling process to keep the pipeline straight and as less as possible plastic deformation.

4.3. Reeling length
In the actual reeling progress, the winding pipeline on the coiling drum is often multiple loops, which can ensure the integrity and
uniformity of the pipeline. The winding pipeline can wind up to ten circles. In this analysis, however, the numbers of winding circles

are set to 1.5, 2, 2.5 and 3.0. The variations of SF1 and SM2 along the path of each case are shown in Figs. 38 and 39.
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Fig. 40. SM1 along the path in different reeling length.
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Table 6
The maximum SM1 in different reeling length.
n SM1 (N-m)
1.5 89.08
2.0 131.56
2.5 147.30
3.0 155.97

It can be found that the longer the winding length of the pipeline is, the shorter the pipeline length at which the maximum axial
force 10000 N is reached, and the larger the fluctuation area is. For the bending moment SM1 (Fig. 40), the longer the winding length
is, the larger the maximum bending moment will be. This structure in the SM1 direction is similar to a cantilever beam. When the
sinking distance is constant, the longer the cantilever beam is, the larger the bending moment is.

The section between the bearing plate and the coiling drum should be given more attention. The values of the maximum bending
moment in each case are shown in Table 6. The difference between the maximum and minimum values is 75.09%, indicating that the
sinking distance has a great impact on SM1. In practical reeling operation, the winding length of the pipeline can be used for con-
trolling the maximum value of SM1. Moreover, the reeling length has no influence on the maximum bending moment SM2. This is
because the outer diameters of the coiling drums and tension remain the same so that the curvatures of the reeled pipes also remain
quite similar. SM3 is very small in all cases with a maximum magnitude of 8.98 N m.

5. Conclusions

In this paper, the mechanical behavior of MSFP during reeling operation is investigated by numerical and experimental methods.
Tensile and bending tests were conducted to get the tension-extension and moment-curvature relation. The tension-extension rela-
tionship of MSFP was then invoked into the global analysis model in which deformation and forces were predicted and presented. After
that, an extensive parametric analysis using FEM was carried out to study the influencing mechanisms on MSFP. The rationality of the
simulative method was partly verified by the experimental results. Beneficial conclusions can be drawn as follows:

e The tensile force in the pipe distributes quite uniformly without too much variation, and it should be controlled to a reasonable
value (10 kN) that keeps the pipe straight and reel successfully without big plastic deformation.

e Local buckling of MSFP in the reeling operation is not likely induced by torsion, which is different from current findings. The
combination of radial compression, tensile loading and bending is very likely to be the reason for the buckling failure in the reeling
operation, even the single load is much smaller than the ultimate strength.

e The spatial spiral shape coiled on the drum has a significant influence on the bending moment, which can be altered by the diameter
of the coiling drum and the reeling length.
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