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Abstract: The collision between the pipe legs of jacket platforms and bypassing ships is of great
concern for the safety assessment of platforms. Honeycomb structures have been widely used owing
to their unique deformation and mechanical properties under dynamic impact loads. In this paper,
two typical honeycomb structures, namely hexagonal honeycomb and arrow honeycomb, were
constructed for the impact protection of inclined pipe legs in jacket platforms, and the present study
aimed to assess the dynamical performance and crushing resistance of the designed honeycomb rein-
forced structure under ship collision by using the numerical simulation software ANSYS/LS-DYNA.
The dynamical performance of the honeycomb reinforced pipe leg was investigated considering
various influential parameters, including the impact velocity and impact direction. The crashwor-
thiness of the two types of honeycomb was evaluated and compared by different criteria, namely
the maximum impact depth (δmax), specific energy absorption (SEA) and the proposed index offset
sliding (OS). The results demonstrated that both the hexagonal honeycomb structure and the arrow
honeycomb structure can reduce the damage of inclined pipe legs caused by ship collision, while the
hexagonal honeycomb can provide the better anti-collision capacity, which can well reduce the offset
sliding and better protect the pipe leg from ship collision.

Keywords: offshore jacket platform; honeycomb reinforced tubular pipe; numerical simulation; ship
collision; crashworthiness

1. Introduction

In recent years, more and more offshore platforms are being built for the exploitation
of oil and gas resources. Offshore jacket platforms, as the most important type of offshore
facilities, will be confronted emergencies such as accidental collisions with bypassing
ships [1–3]. Collision accidents may cause damage to the platform and/or ship, or even an
overall collapse of platform structures, causing huge losses and endangering the safety of
human life (e.g., the noticeable collision between Big Orange XVIII with the Ekofisk 2/4
three-legged jacket platform [4]). Therefore, some relevant codes and standards concerning
collision analysis, including NORSOK N-003 [5], ISO 19902 [6], DNVGL [7], API [8], etc.
have been developed.

Collision accident data indicate that most of the ship–platform collision accidents
occurred at the pile legs or braces of the offshore platform. The collision of a jacket platform
with a ship is a complex process involving contact nonlinearity, material nonlinearity and
large geometric deformation. Numerical nonlinear finite element analysis (NLFEA) has
been used as a powerful tool to study the structural response and evaluate the structural
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damage caused by the ship impact using commercial numerical simulation software such
as ANSYS/LS-DYNA, ABAQUS and MSC.MARC et al. [9–14]. Moulas et al. [10] proposed
a numerical nonlinear finite element analysis method which can be used to evaluate the
structural damage caused by the ship impact, and analyzed the damage of a single pile
and jacket foundation caused by the ship impact with the proposed method. These studies
manifest the feasibility of numerical simulation in collision research.

Tubular members, as the key components in offshore structures such as jack-ups,
offshore wind turbines (OWT) tripod and jacket platforms, play a great role in the safety
of offshore structures. In order to reduce the damage to the tubular members caused by
ship collision as much as possible, some protection measures or reinforcements on the
tubular structures should be ensured. Currently, the fenders are mainly used in ship–
marine platform collision. Han et al. (2019) [15] proposed four types of fenders of two
materials namely rubber and aluminum, to make rubber–aluminum foam and aluminum
foam–rubber fender to absorb the energy in the process of the collision between OWT and
ships. Yue et al. [16] proposed a novel fender for OWT exposed to extreme collision using
the fractal structure for reducing damage, and verified the anti-collision performance of
the fender by numerical simulation. The microstructures of the carbon nanotubes, which
have a high capacity in shock resistance and energy absorption, have been developed in
recent years, and both experimentation and theoretical works have been conducted in
various field [17]. Among them, Kiani et al. [17] investigated the free vibrations of a group
of double-walled carbon nanotubes (DWCNTs) with a forest config using a nonlocal beam.
Yousefi et al. [18] established a multi-scale model to study the damage of carbon nanotubes
and analyzed the effect of carbon nanotubes on the mechanical properties of the materials.

Honeycomb structure, as an excellent anti-impact structure, has been widely used
in various industries involving passive protection and safety due to its excellent energy
absorption capacity [19–21]. Hexagonal honeycomb structure is one of the most common
used among the honeycomb structures [22,23]. In recent years, more and more innovative
designs of honeycomb structures have been developed to improve better performances in
anti-impact. In 2018, Gao et al. [24] proposed a double V-shaped cylindrical honeycomb
structure with a negative Poisson’s ratio, which can better absorb the impact energy and
thus could provide better protection for the structure. Furthermore, Gao et al. [25] analyzed
the dynamic characteristics of double-arrow honeycomb structure, and found that the
deformation of double arrow honeycomb is very different at low speed and high speed.
Pan et al. [26] designed an energy absorption structure composed of composite honeycomb
tubes in order to protect the pier and reduce the damage caused to the pier by vehicles,
carried out numerical simulation and experimental verification on the collision process
of vehicles and studied the dynamic performance of the protective structure in detail.
These achievements provide significant guidelines for introducing the characteristics of a
honeycomb structure into the protection of the pipe for the research of the anti-collision of
offshore jacket platform.

With regard to evaluating the crushing properties and energy absorption performance
of the honeycomb structures, commonly used crashworthiness indexes are the dent depth,
damage area, total energy absorption (TEA), specific energy absorption (SEA) etc., which
have been adopted by researchers [22,24,27]. However, the shortage of previous crashwor-
thiness indexes is that they depend on impact conditions, which means that they are mainly
applied to sandwich structures under the vertical impact. As stated above, most studies
have focused on the dynamic characteristic analysis and the crashworthiness evaluation
of the honeycomb sandwich structure under the compress loads from the perpendicular
direction. However, the oblique collision may occur under some circumstances [28]. To im-
prove the previous crashworthiness indexes, Wang et al. [28] proposed two dimensionless
indexes (φ and η) for sandwich structures under low-speed oblique impact, which takes
into account the influence of the impact angle (θ) on the mechanical behavior of sandwich
structures. However, more crashworthiness indexes still need to be developed to fully
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consider the influence factors during the impact with a honeycomb structure considering
the more complex collision situation in actual practices.

As for the collision between pipe in jacket and ship, it is usually oblique collision due
to the fact that the pipe legs of the jacket platform are inclined an fixed into the seabed.
Thus, it is of great importance to implement the research of anti-collision for protecting the
pipe using the honeycomb structures as reinforcements. The present study aimed to assess
the dynamical performance and crushing resistance of the designed honeycomb reinforced
pipe under ship collision, by using the numerical simulation software ANSYS/LS-DYNA.
The FE models of the ship and designed honeycomb protected pipes were firstly validated,
and then the dynamical performance of the honeycomb reinforced pipe is investigated
considering various influential parameters, including impact velocity, impact the direction
and impact position of the ship and the length–thickness ratio of the honeycomb cell.
Finally, the crashworthiness of the two types of honeycomb is evaluated and compared by
different criteria.

2. Description of the Honeycomb Structure and the Verification of FE Simulation
2.1. Description of the Honeycomb Structure

Hexagonal honeycomb and arrow honeycomb are the most commonly applied struc-
tures with different cell cores, as shown in Figure 1. In order to understand the performances
and failure modes of the two kinds of honeycomb structures under compressive loads,
Figure 2 presents the deformations and the collapse modes during the compress progress
under the vertical load through the rigid plate with a velocity of 10 m/s.

Figure 1. Honeycomb sandwich structures. (a) Hexagonal honeycomb sandwich; (b) Arrow honey-
comb sandwich.

It can be seen from Figure 2 that, with the increase in impact displacement caused by
the plate, obvious deformation in an “X” shape occurs at the cell core layer of the hexagonal
honeycomb structure (Figure 2). However, as for the arrow honeycomb structure, an “I”
shaped deformation occurs near the top plate and the support plate (Figure 2).
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Figure 2. Deformations and the collapse modes of honeycomb structure in compression, hexagonal
honeycomb (left); and arrow honeycomb (right).

2.2. Conventional Crashworthiness Index

Multiple indicators are adopted to understand the crushing properties and energy
absorption performance of the honeycomb, and those crashworthiness indexes used in
previous studies mainly focus on crushing force, impact depth and energy absorption, etc.
Here, maximum impact depth (δmax) and specific energy absorption (SEA) are adopted.

(1) The maximum impact depth (δmax) serves as a commonly used index to assess
the crushing deformation under impact. Once the maximum value is exceeded, the
bearing capacity of the collided part will be greatly reduced, and even the failure of
the structure will occur. A smaller δmax generally appears on the sandwich structure of
stronger crashworthiness.

(2) Specific energy absorption (SEA) is defined as the amount of energy absorbed per
unit mass of a honeycomb structure. It can be defined as

SEA = TEA/M (1)
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where M is the mass of the honeycomb structure; TEA is the total plastic energy absorption
of the honeycomb structure, which can be calculated in Equation (2) according to the
principle of energy conservation,

TEA =
m
2
(v2

0 − v2
r ) (2)

where m is the mass of the rigid impactor, v0 is initial velocity of the rigid impactor before
impact, and vr is the residual velocity of the rigid impactor after impact.

The higher value of SEA represents the better crashworthiness of sandwich structures.

2.3. Verification of the FE Method for the Simulation of Oblique Collision with Hexagonal
Honeycomb Sandwich
2.3.1. Description of the Verified Research

There are many studies on the impact resistance of honeycomb structures, especially
on a hexagonal honeycomb sandwich. Wang et al. [28] carried out FE simulations by using
the ABAQUS code to study the mechanical behavior of hexagonal honeycomb sandwich
structures. In their research, the hexagonal honeycomb sandwich with width W = 150 mm,
length L = 1.6 m, wall thickness H = 15 mm and side length h = 6 mm are considered. The
sandwich was subjected to the impact of a spherical impactor with diameter D = 40 mm and
mass M = 0.3 kg in the oblique direction θ = 45◦ at the speed of v0 = 15 m/s. The simulated
working condition and geometric configuration of the honeycomb core are consistent
with Wang [28].

2.3.2. Verification Model of This Study

Here, in order to verify the feasibility of using ANSYS/LS-DYNA to study the impact
resistance of honeycomb structure, the verification simulations of the hexagonal honeycomb
sandwich under spherical oblique collision are carried out, which are consistent with the
research made by Wang et al. (2021) [28].

Figure 3 shows the verification model of this study, which was established by
ANSYS/LS-DYNA. The impactor was modeled as a rigid body, and the honeycomb sand-
wich structure was meshed by using SHELL163 elements. In this study, the isotropic
elastic constitutive and perfect plasticity model was adopted as a constitutive model of
honeycomb structure which were the same as that adopted in the study of Wang (2021).
The material properties of a honeycomb sandwich structure are consistent with Wang [28].
The contact between the impactor and the honeycomb sandwich structure is set as surface
to surface automatic contact, with a friction coefficient of 0.3. Fixed constraints are set
around the honeycomb sandwich structure.

Figure 3. Verification model, this study.
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2.3.3. Verification Results Comparison

The simulations of the hexagonal honeycomb sandwich structures with different wall
thicknesses t = 0.02 mm, 0.06 mm and 1 mm, were performed, respectively, as assumed by
Wang et al. (2021) [28].

Figure 4 shows the deformation contours of the sandwich with three wall thicknesses
after an oblique impact at 45◦. It can be seen that an asymmetrical dent profile is formed
on the surface of the sandwich structure which is consistent with the experimental dent
profile reported by Wang 2021 [28] (shown in Figure 6d in [28]).

Figure 4. The deformation contours of the sandwich after an oblique impact, this study.

Figure 5 presents the cross-sectional view of the hexagonal honeycomb structure, and
compared the results to that of simulations made by Wang et al. (as shown in Figure 7a
in [28]). In can be found that the simulated results of this study are in good agreement with
the results of Wang et al. (2021) for three different thicknesses t. The displacement contour
shows that the dent depth and dent diameter gradually decrease with the increase in t,
which shows similar trends with Figure 7a in [28]. Specifically, when t = 0.02 mm, the dent
area accounts for more than half of the whole section, while when t = 0.06 mm, the dent
area accounts for 1/3 of the whole section, and when t = 0.10 mm, the dent area is smaller,
which is consistent with the results of Wang et al. (2021).

Figure 5. The cross-section view of the hexagonal honeycomb structure.

Moreover, the results of the maximum impact depth δmax obtained in this study are
listed in Table 1 to be compared with the results of Wang et al. (2021) (listed in Table
4 in [28]), which indicate reasonable agreement. According to Wang et al. (2021), the
maximum impact depth of the honeycomb sandwich with thicknesses of 0.02 mm, 0.06 mm
and 0.10 mm are 9.12 mm, 7.53 mm and 6.39 mm, respectively. Correspondingly, the error
between this study and [28] is 10.6%, 12.1% and 16.8%, respectively, which indicates an
acceptable agreement with the reported results [28] considering the different software
and meshes.
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Table 1. Comparison of maximum impact depth.

t (mm) Results of This Study
δmax (mm)

Error
%

0.02 10.2 10.6
0.06 8.57 12.1
0.10 7.68 16.8

The SEA is compared to the results of Wang et al., 2021 [28], as listed in Table 2. The
max error is 5.7%, which indicates a good agreement with the reported results (listed in
Table 4 in [28]). According to Wang et al. (2021), the SEA of a honeycomb sandwich with a
thickness of 0.02 mm, 0.06 mm and 0.10 mm are 449.51 J/kg, 404.63 J/kg and 363.96 J/kg,
respectively. Correspondingly, the error between this study and [28] are 2.6%, 4.6% and
5.7%, respectively, which indicates an acceptable agreement with the reported results [28]
considering the different software and meshes.

Table 2. Comparison of SEA.

t (mm) Results of This Study
SEA (J/kg)

Error
%

0.02 438.11 2.6
0.06 386.69 4.6
0.10 344.41 5.7

3. Numerical Simulation of the Proposed Honeycomb Reinforced Pipes
3.1. FE Model of the Proposed Honeycomb Reinforced Pipes

A section of the pile leg in a four-legged jacket platform is taken as an example to
conduct FE analysis for ship–platform collision as shown in Figure 6. The pile leg was
considered as a pipe with a length L = 8 m, diameter D = 0.8 m, thickness t = 0.075 m. In
order to protect the pipe from impacts, honeycomb structures were adopted to reinforce
the pipe as shown in Figure 7.

Figure 6. FE model of the ship–platform collision.
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Figure 7. Diagrammatic sketch of the honeycomb reinforced pipe.

Two types of honeycomb structures, namely hexagonal honeycomb and arrow honey-
comb, were adopted to reinforce the pipe, the geometry and the size are shown in Figure 8.
In order to compare the results of two different types of honeycomb structure, it is necessary
to exclude the influence of cell size, so the method of equal mass was adopted, which means
that the quality consistency of the single cell of different cell type is guaranteed. Specifically,
first, take the side length of a hexagonal honeycomb as a suitable value (here, it is set to
l1 = 0.05 m) and calculated the circumference of the hexagonal honeycomb. Then, the
circumference of the arrow honeycomb is set equal to that of hexagonal honeycomb, and
thus the side length could be calculated according to the angle. Finally, the designed shapes
and sizes of two kinds of cells for this study are shown in Figure 8. The side length of an
arrow honeycomb is l2 = 0.095 m, and the wall thickness t = 5 mm. The thickness of the
entire honeycomb structure is determined by the number of honeycomb layers, which is
set as six layers in this study.

Figure 8. Geometry and dimension of the hexagonal honeycomb and arrow honeycomb: (a) hexago-
nal honeycomb; and (b) arrow honeycomb.

The pipe was modeled using SHELL163 elements. Additionally, the pipes protected
by honeycomb structures were modeled by using SHELL163 elements. The “GLUE”
connection method was adopted for the honeycomb structure and the connection between
the honeycomb structure and the pile leg. Figure 9 shows the FE model of the honeycomb
reinforced pipe.
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Figure 9. Cross-section view of the hexagonal honeycomb and arrow honeycomb reinforced pipes.

Since the deformation of the ship is not the focus of the study, its geometry is simplified
and only the bow is modeled as a rigid body, as shown in Figure 9, the same as what was
assumed in Dai et al. (2013) [29] and Moulas et al. (2017) [10]. The bow was meshed by
using SOLID164 elements.

In this study, the contact algorithm AUTOMATIC_SURFACE_TO_SURFACE (ASTS)
in LS-DYNA was used for the contact between the ship and the pipe, and the penalty-
based algorithm is adopted. The dynamic and static friction coefficients associated with
the contact interface are set as 0.3, which was the same to Ref. [1]. The added mass
effect from ocean waves is taken into account by the coefficient of 1.05 for the head-on-
bow collision [16,30].

3.2. Material Model

During the ship–platform collision process, huge collision impact forces normally lead
to the plastic deformation of the structure or even causing the material to fracture. Thus, it
is also essential to resolve the proper material modeling. The strain rate is directly related
to the yield limit of materials and has an important influence on the simulation results.
Here, the Cowper–Symonds constitutive model (Cowper et al., 1957 [31]; Storheim et al.,
2015 [32].) is used to describe the plastic strain hardening of structure steel, which can
reflect the strain rate effect as follows:

σy =

1 +
( .

ε

C

) 1
p

(σ0 + Epε
e f f

p ) (3)

Ep =
EtanE

E− Etan
(4)

where is σ0 the initial yield stress,
.
ε is the strain rate, ε

e f f
p is the effective plastic strain, Ep

is the plastic hardening modulus and C and P are the strain rate parameters, respectively.
Failure strain (εf) was set to 0.2, which is has been accepted in current studies, and the
other parameters are shown in Table 3. Here, the material model adopted in LS-DYNA for
Cowper-Symonds model was MAT003_PLASTIC_KINEMATIC [33].

Aluminum A5052 [34,35], the most commonly used metal material for honeycomb
structure is adopted as the honeycomb structure material in this paper, which displays
a good feature of corrosion resistance for the offshore structures as reported by Kaya
(2018) [35]. The constitutive model adopted is consistent with the Cowper–Symonds
constitutive model adopted for pile-leg steel pipe, and its properties are shown in Table 4.
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Table 3. Material attributes of the pipe.

Material Attributes Value

Density (ρ) (kg/m3) 7800
Elastic modulus (E) (GPa) 210

Poisson’s ratio (ν) 0.3
Yield stress(σY) (MPa) 235

Tangent modulus(Etan) (GPa) 1.18
Strain rate parameter (P) 5
Strain rate parameter (C) 40.4

Failure strain (εf) 0.2

Table 4. Material attributes of honeycomb structure.

Material Attributes Value

Density, ρ (kg/m3) 2700
Elastic modulus, E (GPa) 62

Poisson’s ratio, ν 0.3
Yield stress, σY (MPa) 225

Tangent modulus, Etan (MPa) 50
Strain rate parameter (P) 4
Strain rate parameter (C) 6000

Failure strain (εf) 0.35

3.3. Collision Scenarios

The actual circumstance of an impacting accident is very complex, which include the
velocity and angle of impacting ships. According to DNV-RP-C204(2010), the design colli-
sion event, which considered the impact from a standard supply vessel with a displacement
of 5000 tons and a speed of 2 m/s, has been used for decades.

Head-on-bow collisions between ship and platform pipes are among the most common
accidents. Here, bow collisions including head on and oblique collision were assumed,
with the ship impact angles were set to 0◦, 15◦, 30◦, 45◦ and 60◦, respectively, to analyze the
influence of the impact angle as shown in Figure 10. In addition, the ship collision speeds
are set from 0.5 m/s to 2.0 m/s. Thus, the multiple collision scenarios are set as shown in
Table 5.

Figure 10. Diagram of the ship impact angle.
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Table 5. Collision scenarios setting.

Pipe Collision Speed
v (m/s)

Impact Angle
θ (◦)

Unreinforced 0.5 0
15

Hexagonal honeycomb reinforced 1.0 30

Arrow honeycomb reinforced 1.5 45
2.0 60

4. Results
4.1. Response of Honeycomb Reinforced Pipe under the Ship Impact
4.1.1. Deformation of the Unprotected and Honeycomb Reinforced Pipes

Figure 11 presents the deformation of the pile leg under ship collision at the collision
speed of 2 m/s. In order to give a clear illustration of the effects of honeycomb reinforcement
on the mechanical response of the pile leg, it is necessary to compare the energy absorption
performance and deformation mode of a honeycomb structure with different cell types.

Figure 11. Deformation of the pile leg under ship collision.

Figure 12 presents the deformation contours of the unreinforced pipe, the hexagonal
honeycomb reinforced pipe and the arrow honeycomb reinforced pipe, respectively. It
can be seen from Figure 12a that severe deformation and even a fracture occurred in the
unprotected pipe due to the intense impact force caused by ship collision. However, the
deformation of the pipes with honeycomb reinforcements are slight (shown in Figure 12b,c).
It can be concluded that both the hexagonal honeycomb structure and the arrow honeycomb
structure play a great role in the reinforcement of the pipe under ship collision.

According to the simulated results during the collision process, the collision force–
indentation curves are shown in Figure 13. This shows that the maximum impact depth of
the honeycomb reinforced pipes is significantly smaller than that of the unprotected pipe,
which demonstrates the effect of honeycomb structure on improving the impact resistance
of the pipe. Comparing the two curves of both honeycomb reinforced pipes, it was found
that the value of the peak crash force and the maximum impact depth of the hexagonal
honeycomb reinforced pipe is smaller than that of the arrow honeycomb reinforced pipe,
which means that the hexagonal honeycomb structure has a better anti-impact ability.
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Figure 12. Deformation of the pipe under ship collision. (a) unreinforced pipe; (b) hexagonal
honeycomb reinforced pipe; and (c) arrow honeycomb reinforced pipe.

Figure 13. Collision force–indentation curves of different structures at 2 m/s.

Moreover, the energy curve in the whole process of collision of the pipe reinforced by
a hexagonal honeycomb structure is plotted in Figure 14. It could be seen that the kinetic
energy and the hourglass energy in the collision process become to a stable state after 1.0 s,
indicating the convergence of the energy absorption. Additionally, the kinetic energy could
be calculated as follows

E =
1
2
× cadd ×Mship × v2 (5)

where E is the kinetic energy, v is the collision velocity, Mship is the mass of the ship and
cadd is the coefficient of added mass which could be set as 1.05 for head-on-bow collisions.
According to Equation (5), the kinetic energy at the initial stage for this collision scenario
should be 10,500 kJ, which is the same as the FE simulation result shown in Figure 14.
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Figure 14. Energy–time curve during collision.

4.1.2. Folding of the Honeycomb Structures

Figure 15 presents the cross-section vies of the two honeycomb reinforced pipes during
the progress of the collision. It can be seen that the folding of cellular cells occurs due to
large deformation caused by collision for both types of the cellular structures. Additionally,
it can be found that the folding phenomenon of the hexagonal honeycomb starts a little
earlier than that of the arrow honeycomb.

Figure 15. Cont.
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Figure 15. Cross-section view of the two honeycomb reinforced pipes during collision. (a) hexagonal
honeycomb structure; and (b) arrow honeycomb structure.

4.1.3. Influence of Length–Thickness Ratio on the Collision Resistance

In order to study the effect of the side length and wall thickness of a honeycomb
cell (shown in Figure 8) on the collision resistance, the length–thickness ratio was defined
as l1/t. Then, the influence of this ratio on the collision response and resistance of the
hexagonal honeycomb reinforced pipe was analyzed in this section. The maximum impact
depth δmax of different length–thickness ratios were calculated, and the curves of the δmax
ratio are drawn in Figure 16. It could be seen that the maximum collision depth δmax of the
pipe gradually increases with the increase in the length–thickness ratio. This means that
when the side length of the honeycomb cell decreases or the wall thickness increases, the
hexagonal honeycomb structure will have a better capacity for collision resistance.

Figure 16. Curve of δmax width-to-thickness ratio for the hexagonal honeycomb structure.
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4.2. Evaluation of Crashworthiness under Different Collision Velocities
4.2.1. Collision Force–Indentation Cures

The collision force–indentation cures of the pipes under different collision velocities
are plotted in Figure 17. By comparing Figure 17a–c, it can be found that the peak collision
force gradually increases with the increase in impact velocity. Additionally, the max
displacement significantly increases with the increase in the impact speed.

Figure 17. Collision force–indentation curves during collision. (a) unreinforced pipe; (b) hexagonal
honeycomb reinforced pipe; and (c) arrow honeycomb reinforced pipe.

It is known that a smooth collision force–displacement curve indicates that the struc-
ture has a good impact resistance. It could be seen from Figure 17 that a significant fluctua-
tion due to the rebound occurs in the unprotected pipe at low velocity of 0.5/s and 1 m/s,
however, no rebound phenomenon occurs in the reinforced pipe, which demonstrates a
good energy absorption ability of the honeycomb structure.

4.2.2. Results of Crashworthiness Indexes

The crashworthiness indexes including the δmax and SEA of the three structures were
calculated, and the results are listed in Table 6. Additionally, the δmax–velocity curves and
SEA–velocity curves are plotted in Figures 18a and 18b, respectively.
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Table 6. Crashworthiness indices of three structures at different speeds in the bulb bow of
ship collision.

Configurations Velocity (m/s) δmax of Pipe (mm) SEA of Honeycomb
(J/kg)

Pipe

0.5 169.9275 \
1 227.5173 \

1.5 376.9672 \
2 598.7231 \

Hexagonal
honeycomb

0.5 3.444425 312.0699
1 66.67842 1179.4438

1.5 209.4099 1913.6876
2 378.2971 2800.1272

Arrow honeycomb

0.5 5.059117 339.5539
1 86.55258 1116.8778

1.5 233.8068 1835.8028
2 401.4445 2713.0463

Figure 18. Crashworthiness index—velocity curves. (a) δmax–velocity curve; and
(b) SEA–velocity curve.

As shown in Figure 18a, the δmax of the protected pipe dramatically decreased through
the protection of the honeycomb reinforcement. Comparing the two types of honeycomb
structures, it could be found that the δmax of the hexagonal honeycomb enhanced pipe
is a little smaller than that of the arrow honeycomb protected pipe. This proves that the
hexagonal honeycomb could provide better protection to the pipe under ship collision than
the arrow honeycomb.

As shown in Figure 18b, at a slow impact speed of 0.5 m/s, the value of SEA of arrow
honeycomb structure is slightly greater than that of the hexagonal honeycomb structure.
However, when the impact speed is greater than 0.5 m/s, the value of SEA of the hexagonal
honeycomb structure is bigger than that of the arrow honeycomb structure. Thus, it could
be concluded that in most of the collision cases, the hexagonal honeycomb structure has
a better performance in energy absorption efficiency than that of the arrow honeycomb
structure, while at a very low speed of 0.5 m/s, it is just the opposite.

5. Discussion
5.1. Influence of the Ship Impact Angle

As stated above, most of ship–platform collision accidents occurred at the pile legs
or braces of the offshore platform. However, it is usually an oblique collision due to the
fact that the pipe legs of the jacket platform are inclined fixed into the seabed as shown
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in Figure 19. The impact angle θ is defined as the angle between the normal direction of
pipe and impacting the direction of the ship, as shown in Figure 19. Here, the ship impact
angles were set as 0◦, 15◦, 30◦, 45◦ and 60◦, respectively, to analyze the influence of the
impact angle.

Figure 19. Ship impact angle.

The contours of an effective plastic strain of the reinforced pipes at different impact
angles are plotted in Figure 20. It can be seen that the deformation is obviously different at
different impact angles due to the offset or the slippage caused by the contact with the ship.

Figure 20. Contours of effective plastic strain of the reinforced pipe under different impact angle.

5.2. The Proposed Crashworthiness Index of Offset Sliding (OS)

As discussed in Section 4.2, the maximum impact depth (δmax) and specific energy
absorption (SEA) were adopted to study the impact resistance of the two kinds of honey-
comb structures, which could interpret the deformation and the energy absorption of the
honeycomb structures.

However, since the impacted structures are tubular pipes and the honeycomb struc-
tures are wrapped surrounding the pipes, an offset sliding will occur when obliquely
impacted by the ship. In other words, an asymmetrical dent is formed on the honey-
comb structure under oblique impact. However, the previous indexes cannot describe this
asymmetrical feature. Therefore, a crashworthiness index, namely offset sliding (OS), is
proposed in this paper. The calculation formula of offset sliding (OS) is:

OS =
√

vy2 + vz2/V (6)
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where vy, vz are the velocities deviated from the velocity of the impactor after collision, and
V is the velocity of the impactor before collision, as shown in Figure 21.

Figure 21. Velocity before and after impact.

According to the calculation formula of offset sliding (OS), this reflects the sliding
offset the original direction of the ship, which will be a supplement to the previous crash-
worthiness indexes. The lower the value of OS, the better the crashworthiness of the
honeycomb structure.

5.3. Evaluation of Crashworthiness under Different Collision Angles
5.3.1. Collision Force–Indentation Cures

The collision force–indentation curves of a different impact angle for the unreinforced
pipe, the hexagonal honeycomb reinforced pipe and the arrow honeycomb reinforced pipe
are, respectively, drawn in Figure 22a–c. It can be seen that the collision force–indentation
curves of different angles are almost consistent in the loading stage. However, in the
unloading stage, the smaller the ship impact angle, the smaller the indentation.

Additionally, the impact angle of 45◦ was selected to study the difference of the
unreinforced pipe and the reinforced pipe. The collision force–indentation curves are
plotted in Figure 22d. It can be seen that, under this impact angle, the displacement of
honeycomb reinforced pipe is significantly smaller than that of un-protected pipe. However,
the displacement of the two different honeycomb reinforced pipes is almost the same.

Figure 22. Collision force–indentation curves at different impact angles: (a) unreinforced pipe;
(b) hexagonal honeycomb reinforced pipe; (c) arrow honeycomb reinforced pipe; and (d) curves of
different structures at 45◦.
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5.3.2. Results of Crashworthiness Indexes

The crashworthiness indexes including the δmax and SEA of the three structures were
calculated, and were listed in Table 7. Additionally, the δmax–θ curves, SEA–θ curves and
OS–θ curves are plotted in Figures 23–25, respectively.

Table 7. Crashworthiness indices of three structures at different impact angles.

Configurations Ship Impact
Angle θ (◦) δmax (mm) SEA (J/kg) OS

Unreinforced
Pipe

0 598.7231 \ \
15 604.3580 \ \
30 636.4105 \ \
45 653.0783 \ \
60 666.6496 \ \

Hexagonal
honeycomb

reinforced pipe

0 378.2971 2800.1272 0.020797
15 399.3373 2755.0076 0.023327
30 416.5061 2594.8769 0.036576
45 445.3873 2314.7692 0.055623
60 463.4103 2096.1266 0.044072

Arrow
honeycomb

reinforced pipe

0 401.4445 2713.0463 0.043861
15 406.5543 2658.6255 0.034948
30 420.9884 2469.0002 0.044253
45 446.1254 2205.7211 0.063182
60 473.3636 1952.8885 0.044550

Figure 23. δmax–impact angle curve.

As shown in Figure 23, the maximum depth δmax of the protected pipe dramatically
decreased through the protection of the honeycomb reinforcement. Additionally, δmax
increases with the increase in θ for all the unprotected pipe, the hexagonal honeycomb
protected pipe and the arrow honeycomb protected pipe. Comparing the δmax of the
hexagonal honeycomb and that of the arrow honeycomb, it could be concluded that the
hexagonal honeycomb structure has a better crashworthiness, since it has a lower value
of δmax.
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Figure 24. SEA–impact angle curve.

Figure 25. OS–impact angle curve.

According to the definition of SEA, a higher SEA indicates a higher energy-absorbing
efficiency of a structure. We plotted SEA–θ curves for both the hexagonal honeycomb
structure and arrow honeycomb structure in Figure 24. It can be seen that the SEA of the
hexagonal honeycomb structure is larger than that of the arrow honeycomb structure, which
proves that the former structure has a better crashworthiness under all the impact angles.

Figure 25 presents the OS–θ curves of the hexagonal honeycomb structure and the
arrow honeycomb structure at different angles. It can be seen in Figure 23 that the values
of OS of hexagonal honeycomb structure are lower than that of the arrow honeycomb
structure, which indicates that the sliding generated by the ship impacts is smaller for the
hexagonal honeycomb reinforced pipe. Comparing the two structures, it can be seen that
the hexagonal honeycomb can better restrain the ship’s sliding during collision.

As discussed above, the conversional index of δmax and SEA and the proposed index
OS could give a consistent evaluation of the crashworthiness of the hexagonal honeycomb
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structure and the arrow honeycomb structure at different angles. The results prove the
rationality of the proposed index.

5.4. Influence of the Side Collision

The effect of the striker header shape usually plays an important role in the dynamic
response of the pipe as reported by Do et al. [36]. In order to analyze the influence
of different striker header shapes, the side collision scenario was considered, and the
corresponding numerical simulations were carried out in this section. Figure 26 shows
the FE model of side collision between the ship and the pipe. Additionally, the collision
between the ship and three different pipes, including the unreinforced pipe, hexagonal
honeycomb reinforced pipe and arrow honeycomb reinforced pipe, respectively, were
simulated. The collision velocity is 2.0 m/s, and the material model and the detailed FE
model of the pipes are identical to those adopted in Section 3.

Figure 26. The FE model of side collision between the ship and the pipe.

Figure 27 presents the deformation contours of the unreinforced pipe, the hexagonal
honeycomb reinforced pipe, the arrow honeycomb reinforced pipe. It could be seen that,
the honeycomb structure could also protect the pipe under side collision. In contrast to the
head-on-bow collision, the value of the collision force on the arrow honeycomb reinforced
pipe is much smaller than that of bow collision, while the value of the collision force on the
un-protected pipe and the hexagonal honeycomb reinforced pipe is much larger than that
of bow collision, as shown in Figure 28.

Figure 27. Deformation of the pipe under side collision: (a) the overall model; (b) unreinforced pipe;
(c) hexagonal honeycomb reinforced pipe; and (d) arrow honeycomb reinforced pipe.
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Figure 28. Collision force–indentation curves of different structures at 2 m/s during side collision.

6. Conclusions

In this paper, two different kinds of honeycomb structure, namely hexagonal honey-
comb structure and arrow honeycomb structure, were constructed in order to reinforce
the inclined pipe of the offshore platform in case of a collision caused by a ship. The FE
models of the ship and designed honeycomb protected pipes were firstly validated using
the numerical simulation software ANSYS/LS-DYNA. Then, the simulations were carried
out on the FE models considering various influential parameters, including the impact
velocity, impact direction and impact position of the ship and the length–thickness ratio of
the honeycomb cell to investigate the dynamical performance of the different honeycomb
reinforced pipe. Finally, the crashworthiness indexes including the conventional index
(δmax and SEA) and the proposed index OS were adopted to evaluate the crashworthiness
of the honeycomb reinforced pipe. The conclusions of this paper are as follows:

(1) Both the hexagonal honeycomb reinforced pipes and the arrow honeycomb rein-
forced pipes have good resistance to ship impact. The hexagonal honeycomb has a better
energy absorption ability than the arrow honeycomb, and also produces a better reduction
in damage to the pipe after ship impact.

(2) Ship impact velocity and impact angle have obvious influences on the collision
consequences. A greater impact velocity indicates greater damage; also, a greater impact
angle indicates greater damage. However, the energy absorption efficiencies of both the
hexagonal honeycomb and arrow honeycomb structures increase with the impact velocity,
but decrease with the impact angle. At the impact angle of 45◦, both honeycomb structures
have their worst sliding resistance.

(3) The proposed crashworthiness index OS is able to capture the oblique crashworthi-
ness of the honeycomb reinforced pipe well. Additionally, the proposed index OS and the
conventional indexes, i.e., δmax and SEA, are consistent in evaluating the crashworthiness
of honeycomb structures.
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