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Abstract. Evaluating the dynamic responses of submarine cable pallets is of considerable importance in engi-
neering applications. Nevertheless, an effective mechanical model to capture the dynamic responses of the pallet
has yet to be developed. Therefore, a dynamic model of a submarine cable pallet was built, and the dynamic re-
sponses were studied in this paper. Elastic springs were arranged horizontally between the inner and outer fences.
The objective was to replace the submarine cable with springs while accounting for the interaction between the
submarine cable and the pallet during the falling process. First, the necessity of incorporating the submarine
cable into the model was validated through analyzing the dynamic responses of the pallet under varying sub-
marine cable mass conditions. Subsequently, the dynamic responses of the pallet under various falling postures
were examined, with a focus on the effects of fall velocity and angle. Finally, the dynamic stability of the pallet
was determined based on displacement mutation criteria during the falling process. The results demonstrated
that the displacement of the pallet web plate initially increased and subsequently decreased with the increase in
submarine cable mass, whereas the displacement of the fence exhibited a clearly upward trend. Both fall velocity
and angle exerted significant influences on the dynamic responses of the pallet. In conclusion, this study pro-
vided a theoretical foundation and practical reference for the stability assessment and engineering application of
submarine cable pallets.

1 Introduction

Collision, falling, explosion and other similar conditions may
elevate the risk of dynamic instability in ships and marine
structures, potentially resulting in catastrophic failure. There-
fore, it was crucial to evaluate the dynamic stability. In many
design criteria for marine structures, the evaluation of sta-
bility and ultimate strength were typically conducted under
static loads, and the local safety factor was introduced to
mask the dynamic effects, which ignored the plastic strength-
ening of materials (Polizzotto, 2010) and stress wave effects
(Clifton, 1985). Currently, several criteria for determining
the dynamic buckling critical state – including the B-R cri-

terion (Rostamijavanani, 2020), the energy method (Xin and
Han, 2020) and the plate thickness criterion (Volmir, 1972) –
had been proposed. Moreover, numerous studies have been
carried out on the dynamic stability of marine structures.
Zhang (2013) pointed out that both geometric non-linearities
and material plasticity should be taken into account when as-
sessing the ultimate strength of the hull beam. Traditional
quasi-static methods may overestimate dynamic stability by
as much as 40 %. The progressive collapse of a container
ship under wave loading was characterized by three distinct
stages: “local buckling, plastic hinge formation and over-
all instability”. Furthermore, fluid–structure interaction (FSI)
resulted in a 27 % increase in the peak hull moment (Zhou
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et al., 2023). Significant spatial variability was observed in
the dynamic responses induced by oblique collisions through
truncated hull asymmetric thumping experiments. The equiv-
alent plastic strain in the midship region was 41 % higher
than that in the stern structure, and the stress wave propaga-
tion exhibited anisotropic characteristics (Xie et al., 2020).
Moreover, the influence of parameters such as the amplitude
of thumping pressure, impact duration and pressure rise time
on the dynamic responses of the bow structure was analyzed,
and a “safety margin factor” was proposed to assess the struc-
tural safety of the container ship under thumping pressure
loading (Yang and Wang, 2018). As the main bearing struc-
ture of the ship, the dynamic buckling behavior of the deck
directly affected the overall safety. It has been demonstrated
that deck grillage structures are susceptible to dynamic buck-
ling under blast impact loads, which may lead to hull col-
lapse (Kong et al., 2021). In this respect, the effects of load
forms, load period, initial deflection and plate length fineness
on the dynamic buckling of hull plates were analyzed, and the
B-H criterion was applied to determine the critical buckling
points. Taking various influencing factors into account, a for-
mula for the critical dynamic buckling load was established
(Yan et al., 2023). In the study of U-shaped corrugated sand-
wich panels under varying impact velocities and positions,
it was found that both impact velocity and position signifi-
cantly influenced the dynamic responses and damage charac-
teristics of the panels. The transverse impact resistance of the
sandwich panels was found to be superior to the longitudinal
impact resistance, attributed to the structural configuration of
U-shaped corrugated sandwich panels (Cheng et al., 2022).
Based on the theory of large deflection in thin plates, the dy-
namic buckling behavior of elastic rectangular plates with
torsional restraints under in-plane thumping loads was inves-
tigated using Galerkin’s method. A comprehensive investi-
gation was carried out to examine the effects of initial im-
perfections and thumping duration on the dynamic responses
and buckling behavior of rectangular plates (Yang and Wang,
2017). Reinforced plates represent a critical component of
marine structures. Based on the theory of large deflections in
plates, the effects of rotational constraint stiffness, initial im-
perfections and the loading period on the dynamic responses
of edge-elastically constrained plates under in-plane impact
loading were investigated (Yang and Wang, 2016). By con-
ducting a drop hammer impact load test on the reinforced
plate, the variation pattern of the web plate’s lateral displace-
ment with respect to impact velocity was obtained, thereby
validating the rationality of determining the critical impact
velocity using the B-R and plate thickness criteria (Shi et
al., 2023). Based on the theory of large deformations, an an-
alytical method was proposed to accurately predict the criti-
cal buckling strength of reinforced plates under impact loads
by separating the displacement functions of the plate and the
reinforcement (Xiong et al., 2023).

Circular pipe structures serve as fundamental components
that are widely utilized in marine engineering. The dynamic

responses of cylindrical shell support structures under mul-
tiple impact loads were thoroughly investigated. The ef-
fects of impact peak acceleration, top counterweight and
thickness-to-diameter ratio of the cylindrical shell were an-
alyzed through numerical simulations. Empirical equations
describing the variation patterns of cylindrical shell de-
flection and inclination under different influencing factors
were derived based on multiple experimental trials (Zhu et
al., 2024).

Through experiments conducted on pipes with variable
wall thickness, Amini et al. (2020) observed that the first-
order natural frequency increased by approximately 8 % for
every 10 % increase in the circumferential wall thickness gra-
dient. The axial gradient variation induced coupled vibra-
tions predominantly governed by higher-order modes. The
effects of the dimensionless hull impact factor, length-to-
slenderness ratio and localized annular reinforcement on the
dynamic plastic buckling behavior of cylindrical shells un-
der underwater blast loads were examined (Nie and Zhang,
2022). The stability of metallic cylindrical shells was exam-
ined by taking into account the combined effect of initial
hydrostatic pressure and dynamic pressure pulses (Gupta et
al., 2016). Additionally, box-type structures have also been
widely adopted in marine engineering applications. Through
numerical simulations of rigid and elastic box-shaped struc-
tures, the effects of wave impacts on such structural configu-
rations were systematically investigated (Yang et al., 2023).
The dynamic responses of box girder bridge superstruc-
tures under extreme wave loading conditions were examined
(Huang et al., 2024). Currently, most studies on the dynamic
stability of marine structures have been based on simplified
models such as single plates, beams and tubes, which fail to
account for the complexity inherent in actual marine struc-
tures. Therefore, the dynamic responses of sea cable pallets,
considering the coupled effect of the sea cable and the fence,
were analyzed using the finite element method (FEM). The
effects of submarine cable mass, fall velocity and fall angle
on the dynamic responses of the pallet base and fence were
investigated separately.

2 Theoretical model

2.1 Basic parameters and material constitutive model of
pallet

The research object of this paper is the submarine cable pal-
let with a maximum loading capacity of 400 t, which consists
of two components: the fence and the base. The basic param-
eters of the finite element model are presented in Table 1.

The yield strength of materials increased with the strain
rate under dynamic loading conditions, which was known
as plastic strengthening. The Johnson–Cook (J–C) equations
were commonly used to describe this phenomenon in the nu-
merical model. The basic form of the J–C constitutive are
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Table 1. Pallet basic parameters with the mass bearing capacity of 400 t.

Structure name Materials Number of part Size (mm) Element type

Whole entity (OD× ID×H ) Q355 – 11 200× 7000× 4300 –
Hollow circular tube (D× t) Q355 52 8219× 5 beam
I-beam A (H ×W ) Q355 11 H800× 280 shell
I-beam B (H ×W ) Q355 40 H800× 280 shell

shown as Eqs. (1) and (2):

σeq =
(
A+Bεneq

)(
1+C · Inε̇∗

)(
1− T ∗m

)
(1)

εf =
[
D1+D2 · exp

(
D3σ

∗
)](

1+D4Inε̇
∗

)(
1+D5T

∗
)
, (2)

where A, B, n, C, m, D1, D2, D3, D4 and D5 are material
constants; εneq is the equivalent plastic strain; ε̇∗ is the equiv-
alent plastic strain rate; T is the melting temperature, defined
as (T0− Tr)/ (Tm− Tr); Tm is the melting temperature; Tr is
the room temperature; and T0 is the current temperature.

The parameter values of the J–C equation for Q355B steel
are listed in Tables 2 and 3.

2.2 Mechanical properties of submarine cables

The submarine cable consists of core conductors, a shield
layer, an insulation layer, a sheath layer, an inner liner layer,
an armor layer and an outer covering layer. The subma-
rine cables are closely constrained by the inner and outer
fences of the pallet when placed on it. Upon the pallet falling,
the submarine cables undergo radial deformation, which in-
evitably results in additional impact on the inner and outer
fences. Simultaneously, the submarine cable absorbs impact
kinetic energy during radial deformation, thereby influencing
the energy distribution of the pallet. Therefore, it is essential
to consider submarine cables when the pallet falls. Typically,
the armor layer is composed of steel and distributes the ma-
jor external forces, thereby providing protection to the core
conductors of submarine cables. The radial deformation ob-
served in the armor layer can represent that of the submarine
cables, and the magnitude of deformation is determined by
the radial stiffness of the armor layer. A simplified structure
of submarine cables is illustrated in Fig. 1, which depicts the
deformation condition of the submarine cable. In this study,
the submarine cables were modeled as elastic springs within
the FEM model. The radial stiffness of the submarine cables
was derived by calculating the radial stiffness of the armored
wire. In the FEM model, the springs were horizontally ori-
ented and connected to the inner and outer fences, respec-
tively.

The effects of submarine cable armor wire pitch and pal-
let diameter on the axial mechanical behavior of submarine
cables were investigated through numerical analysis (Chae
et al., 2023). These equations regarding the axial stress and
strain in the armor wire of the submarine cables, which were

Figure 1. Schematic diagram of the submarine cable radial defor-
mation.

obtained from it and were used in this paper, are presented as
follows:

1kr
= kr
−

4π2R

4π2R2+L2 (3)

εaxial =−1k
r
·pr (4)

σaxial = E · εaxial (5)
Fs = σaxial · s, (6)

where R is the armor wire pitch radius, L is the armor wire
pitch length, pr is the radial component of the armor wire
central cross-section vector P , s is the cross-sectional area of
the armor wire, E is the elasticity model of the armor wire,
1kr is the change of the armor wire curvature when the sub-
marine cable is subjected to an external force and kr is the
armor wire curvature under the submarine cable without ex-
ternal force.

The formulas for the radial pressure PS and the total strain
ε of a sea cable (McNamara and Harte, 1992) are presented
as follows:

PS =M ·

(
Fssin2α
Rs cosα

)
2πRin

s
(7)

ε =
1u

L
cos2α+

1rs

Rs
sin2α, (8)

where M is number of armored wires laid on one submarine
cable, Fs is the armor wire axial force, 1u is the armor wire
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Table 2. The parameters of J–C plasticity constitutive.

A (MPa) B (MPa) C ε̇∗ (s−1) n m Tr (°F) Tm (°F)

339 620 0.02 0.00133 0.403 0.659 263 1773

Table 3. The parameters of J–C fracture constitutive.

D1 D2 ε̇∗ (s−1) D3 D4 D5

0.63 19.4 0.000833 −5.31 −0.03 798.39

Table 4. Basic parameter values of conventional submarine cable
armor wires.

Parameter name Parameter value

P r (mm) 2.5
Modulus of elasticity (MPa) 200 000
Pitch length (mm) 2600
Pitch radius (mm) 95
Poison’s ratio 0.3
Laying angle (°) 38

axial deformation, 1rs is the armor wire radial deformation,
L is the length of the armored wire per unit pitch, Rs is the
distance from the armor wire center to the center wire, Rin

s is
the radius of the center wire and α is the helix angle of the
armor wire.

The relationship between the axial strain and the total
strain of the armored wire (Chang and Chen, 2019) is shown
in Eq. (9).

ε =
εaxial

cosα
(9)

As a result, the mechanical relationship between the axial
and radial directions of the armor wire could be established.

In this study, the parameter values of the submarine cable
armor wires were selected according to the reference (Chae
et al., 2023), is shown in Table 4.

The spring stiffness can be calculated by Eq. (10):

Kn1x = P · s, (10)

where Kn is the elastic stiffness of the spring, 1x is the
spring deformation, s is the cross-sectional area of the spring
and P is the spring axial stress.

Based on the equations and data mentioned above, the
submarine cable radial deformation, submarine cable radial
stress and the contact area of the single-layer submarine ca-
ble with the fence were obtained. If the submarine cables
were modeled as springs, 1x could be regarded as the radial
deformation of the armor wire, s could be regarded as contact
area of the single-layer submarine cable with the fence and
P could be regarded as the radial stress of the armor wire.

Therefore, the spring stiffness value representing the single-
loop submarine cable could be determined.

It can be seen from the above test that the maximum num-
ber of the submarine cable coiling was 12. In this study, the
equivalents of 12 springs with different stiffness values were
connected in series, which was equivalent to a linear spring
with stiffness K , as shown in the following equation:

1
K
=

∑m

n=1

1
kn
, (m= 12). (11)

The calculation process is as follows:

1kr
= kr
−

4π2R

4π2R2+L2 = 0.2− 0.53=−0.33

εaxial =−1k
r
·pr
= 0.33× 0.0025= 0.000825

σaxial = E · εaxial = 200000× 0.000825= 165MPa

Fs = σaxial · s = 165×π × 2.52
= 3239.8N

ε =
εaxial

cosα
=

0.000825
cos 38°

= 0.00105=
1u

L
cos2α+

1rs

Rs
sin2α

1rs = 0.124mm

PS =m ·

(
Fssin2α
Rs cosα

)
2πRin

s
= 32×

(
3239.8×sin2 38°

87.5×cos 38°

)
2π × 85

= 1.07MPa

Kn =
P · s

1rs
=

1.07× 219× 175
0.124

= 330.707kNmm−1

K =
Kn

m
=

330.707
12

= 27.56kNmm−1

The spring stiffness K that the pallet velocity must exceed
was about 27.56 kNmm−1.

The mass of the submarine cables was modeled as mass
points, which were uniformly distributed on the upper sur-
face of the pallet base. The pallet model is illustrated in
Fig. 2.

The radial stiffness of the submarine cable was simplified
and equated to the elastic stiffness of a linear spring, hori-
zontally connecting the inner and outer fences of the pallet.
The weight of the submarine cables was modeled as 40 mass
points, which were distributed across the upper surface of
the pallet base. Each layer of linear springs represented one
layer of submarine cable located between the inner and outer
fences. When the pallet was fully loaded, 16 layers of linear
springs were attached, representing 16 layers of submarine
cables. A planar rigid body was defined as the ground, with
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Figure 2. The model of pallet falling.

a reference point established at its center of mass, including
associated mass and constraint conditions.

3 Drop dynamic characterization of pallet

3.1 Dynamic responses of pallet drop with different
submarine cable mass

In practical engineering applications, the mass of submarine
cables can significantly influence the dynamic responses of
the pallet system, which corresponds to variations in the mass
distribution and the number of springs within the finite ele-
ment model (FEM). Investigating the dynamic responses of
the pallet under varying conditions was deemed valuable.
Accordingly, the dynamic performance of pallet drop was
examined under different submarine cable mass scenarios.
Table 5 presents the relevant loading mass parameters that
were selected for the study of pallet dynamic responses.

According to DNV-ST-E273, the pallet velocity must ex-
ceed 1 m s−1 at the moment of collision. Therefore, in this

study, the initial velocity of the pallet was set to 1 m s−1. The
distance from the rigid body plane to the pallet was defined
as 50 mm, and the initial posture of the pallet was assumed
to be horizontal. The variations in the energy distribution of
submarine cables, as well as the dynamic responses of the
pallet base and fence, were analyzed.

3.1.1 Energy distribution of the pallet

Figure 3 illustrated the variation of pallet strain energy and
kinetic energy over time under different submarine cable
mass conditions. As indicated, Table 6 presents the strain
energy and kinetic energy data of the pallet under loading
masses ranging from 100 to 400 t for submarine cables.

It can be observed that as the pallet loading mass in-
creased, the proportion of kinetic energy converted into strain
energy continuously decreased, while a greater portion was
transformed into internal energy. The stress distribution of
the pallet after it had fallen is illustrated in Fig. 4. Al-
though the overall stress of the pallet remained below the
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Table 5. Correspondence between loading mass and the number of mass points and spring layers.

Loading mass (t) 100 150 200 250 300 350 400

Single mass point (t) 2.5 3.75 5 6.25 7.5 8.75 10
Number of spring layers 4 6 8 10 12 14 16
Number of mass points 40

Figure 3. Energy variation for falling pallet with different submarine cable mass.

Table 6. Energy for falling pallet with different submarine cable mass.

Submarine cable Kinetic energy (Ek) Strain energy (Es) Strain energy ratio
cable mass (T) (J) (J) (Es/Ek)

100 83 834 31 864 38.01 %
150 107 726 36 834 34.19 %
200 132 719 40 690 30.66 %
250 157 268 44 941 28.58 %
300 182 264 48 552 26.62 %
350 207 266 52 279 25.22 %
400 232 650 55 720 23.95 %

yield threshold and resulted in elastic deformation, a signifi-
cant amount of plastic work was generated in the connection
region between the base and the fence. At the same time,
the outermost web plate of the pallet base was subjected to
greater bending moments due to reduced constraint and de-
creased web plate thickness, making it a critical area for the
study of web plate dynamic responses during pallet fall under
a horizontal initial condition.

3.1.2 Dynamic responses of pallet base web plate

The displacement contour maps of the outermost web plate
under varying mass points are presented in Fig. 5. As ob-
served in the contour maps, the web plate displacement ini-
tially increased and subsequently decreased when the mass
exceeded 250 t. Furthermore, a larger web plate displacement

was associated with a reduction in the number of deformation
waves along the web plate.

As shown in Fig. 6, assuming the springs had n layers, the
total stiffness of the all layers’ springs is

Ktotal = n · k. (12)

The axial deformation of all layers’ springs is

1x =
Fs

Ktotal
=
Fs

nk
. (13)

The elastic potential energy of all layers’ springs is

Ess =
1
2
Ktotal1x

2
=

1
2
F 2

s
nk
. (14)
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Figure 4. Stress distribution of the pallet fence and base under horizontal impact.

Figure 5. Lateral displacement of base web plate with different mass points.
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Figure 6. Schematic diagram of spring connection.

Assuming that the spring efficiency in absorbing kinetic of
the pallet energy is η,

Ess =
1
2
ηmv2, (15)

thereby,

1x = v

√
ηm

nk
, (16)

Fs =Ktotal1x = v
√
ηnmk. (17)

The falling velocity remained constant. As shown in Table 6,
the kinetic energy of the pallet (Ek) increased linearly with
the mass point, while the total strain energy (Es) increased
non-linearly at a slower rate, resulting in a gradual decrease
in the Es/Ek ratio. The total strain energy Es comprised the
spring strain energy (Ess) and the pallet strain energy (Esp).
The variation in system energy is illustrated in Fig. 7. The
value of Ess increased linearly with the mass point, as de-
scribed by Eq. (14). Therefore, the value of Es−Ess first
increased and subsequently decreased, indicating that the
deformation of the base web plate initially increased and
then decreased, which is consistent with the results obtained
from the web plate displacement contour maps presented in
Fig. 5.

3.1.3 Dynamic responses of pallet fence

In this study, it is assumed that the submarine cable under-
went only radial elastic deformation. Consequently, the lin-
ear springs were modeled without damping. Upon impact,
the pallet fence bent due to the inertial force generated by the
impact and the axial force exerted by the springs. The spring
axial force increased with the mass point, as expressed in
Eq. (17), and the response curves of time versus pallet fence
lateral displacement are presented in Fig. 8.

Based on Fig. 8, the line chart of fence maximum lat-
eral displacement versus submarine cable mass is presented
in Fig. 9. It is evident that the lateral displacement demon-
strates a non-linear increase with respect to the submarine

Figure 7. System energy change curve.

cable mass. After the submarine cable mass reached 300 t,
the lateral displacement of the pallet fence increased rapidly,
indicating elastic buckling of the fence.

3.2 Dynamic responses of pallet fall at horizontal initial
state

3.2.1 Dynamic responses of the pallet base with
different impact velocities

Impact velocity was a critical factor in the study of the dy-
namic responses of the pallet. The increase in velocity en-
hanced the kinetic energy of the pallet, thereby influenc-
ing structural stability. The bottom surface of the pallet base
made full contact with the ground when falling from a hor-
izontal initial state. The impact force acted vertically on the
entire bottom surface of the pallet base, generating a uni-
formly distributed compressive force. The web plate was
the primary component subjected to axial compressive force.
Numerous studies have demonstrated that plate and shell
structures are susceptible to failure when subjected to high-
velocity impacts or high accelerations. Therefore, it is valu-
able to investigate the effect of velocity on the dynamic re-
sponses of the pallet base web plate. In this study, the mass
of the submarine cables was set to 250 t. The initial drop ve-
locities were set to 1, 2, 4, 5, 6, 8, 10 and 12 m s−1 in the fol-
lowing six groups of the model, respectively. The displace-
ment contour maps of the web plate after the pallet falling
are shown in Fig. 10.

As illustrated in Fig. 10, the maximum lateral displace-
ment of the web plate occurred in the central region, ex-
hibiting one or two fully developed deformation waves.
Higher velocities correspond to larger wave amplitudes. The
velocity–displacement relationship of the web plate is illus-
trated in Fig. 11. As shown in Fig. 11, the lateral displace-
ment of the web plate base increased gradually when the ini-
tial drop velocity was below 5 m s−1. A sharp increase in lat-
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Figure 8. Response curves of time versus pallet fence lateral displacement under different submarine cable mass.

Figure 9. The fence maximum displacement versus submarine ca-
ble mass.

eral displacement occurred once the initial velocity reached
5 m s−1. When the velocity continued to rise beyond 8 m s−1,
the growth rate of the web plate lateral displacement became
gradual again. The displacement mutation criterion indicated
that buckling occurred when the lateral displacement under-
goes a sudden change in to velocity. Accordingly, it can be
determined that buckling of the web plate takes place when
the pallet falls with an initial velocity of 5 m s−1.

3.2.2 Dynamic responses of the pallet fence with
different impact velocities

The failure modes of the pallet fence varied under differ-
ent initial velocities. When the impact velocity did not ex-
ceed 12 m s−1, lateral displacement was observed at the mid-
section of the fence, as shown in Fig. 12a. When the impact
velocity reached 15 m s−1, as shown in Fig. 12b, severe bend-
ing at the fence root was observed, indicating a potential frac-
ture of the fence. To determine whether the deformation of
the fence induced dynamic buckling, the lateral displacement
of the mid-section of the fence under different velocities was
measured. The displacement–time curve of the fence under
different initial velocities is presented in Fig. 13.

The lateral displacement–velocity chart of the fence is il-
lustrated in Fig. 14. As shown in Fig. 14, the lateral dis-
placement of the fence increased gradually when the initial
falling velocity was below 8 m s−1. The lateral displacement
of the fence increased sharply when the initial falling veloc-
ity reached 6 m s−1. However, the rate of change in lateral
displacement stabilized again when the initial velocity ex-
ceeded 10 m s−1. It was determined that dynamic buckling
of the fence occurred when the initial falling velocity reached
6 m s−1, as the slope of the curve increased abruptly.

3.3 Dynamic responses of pallet at slanted initial state

The impact area of the pallet under slanted initial conditions
is shown in Fig. 15. Compared with the horizontal initial
conditions, the variation in impact area results in differences
in impact force distribution, stress distribution and energy
transfer pathways. The impact occurred when the edge of
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Figure 10. Lateral displacement cloud of the pallet base web plate with different impact velocities at the horizontal initial state.

Figure 11. Displacement versus velocity of the web plate.

the base flange contacted the ground, resulting in concen-
trated impact forces and the formation of an asymmetric load
within the impact region. The F1 component of the impact
force induced localized compression and bending in the base
flange. The F2 component generated shear forces and bend-
ing moments, thereby increasing the local high stress within
the impact region. During the pallet’s fall under slanted ini-
tial conditions, the stress in the impact region exceeded the
yield stress significantly, confirming the occurrence of plastic
deformation in that area. As illustrated in Fig. 16, the stress
distribution of the pallet under slanted initial conditions was

Figure 12. Different failure modes of the fence: (a) deformation of
the fence middle part and (b) deformation of the fence root part.

significantly different from that of the pallet under horizontal
initial conditions.

In this study, the dynamic responses of the pallet impact
area under slanted initial conditions were examined from
two perspectives (impact velocity and impact angle) using
finite element analysis. Since the displacement did not ac-
curately represent the actual deformation of the pallet under
slanted initial conditions, logarithmic strain values were uti-
lized to characterize the deformation of the web plate and
flange within the impact region.
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Figure 13. Response curve of the fence displacement versus time with different initial velocities.

Figure 14. Displacement versus velocity of the fence.

3.3.1 Dynamic responses of the pallet base with
different impact velocities

The impact angle was set to 10°, and the initial velocities of
the pallet were set to 1, 2, 3, 4 and 5 m s−1, respectively. The
curves of the web plate and flange logarithmic strain values
versus time are shown in Fig. 17.

As observed in Fig. 17, the web plate and flange under-
went deformation, and the strain increased rapidly upon im-
pact. Due to high stress, the web plate and flange appeared
plastically strengthened in a short time. The rate of strain
value change decreased and eventually stabilized after reach-
ing peak values at 0.1 s. The strain distribution contour maps
of the web plate and flange in the impact region are presented
in Fig. 18.

The strain versus velocity curves of the web plate and
flange in the impact area are shown in Fig. 19. Compared
to the web plate in the impact area, the flange in the impact
area experienced a greater impact force when the pallet fell
under slanted initial conditions. As a result, a greater amount
of impact force was converted into plastic energy within the
flange. Consequently, the strain experienced by the flange
was higher compared to that of the web plate. As shown in
Fig. 19, the strain rate in the web plate and flange decreased
with increasing impact velocity. It is reasonable to assume
that the base structure remains stable under all the aforemen-
tioned conditions.

3.3.2 Dynamic responses of the pallet base with
different impact angles

In this part, the initial velocity was 5 m s−1. The pallet ini-
tial impact angles were 5, 10, 15, 20 and 25°, respectively.
The strain versus time curves of the web plate and flange are
shown in Fig. 20. The contour maps of the web plate and
flange logarithm strain in the impact area are presented in
Fig. 21.

As the impact angle of the pallet increased, the concen-
trated impact force per unit area on the flange increased
accordingly. As illustrated in Fig. 21, deformation was ob-
served along the edge of the flange. As the impact an-
gle increased, the deformation value increased and progres-
sively approached the bending region of the flange. Further-
more, although the deformation value of the web plate in-
creased, the deformation extent gradually decreased. Conse-
quently, high stress within the impact region became more
pronounced.

The strain versus impact component force of the web plate
and flange in the impact area were obtained from the curve,
as illustrated in Fig. 22. A larger impact angle resulted in
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Figure 15. The model of the pallet at slanted initial state.

Figure 16. The stress distribution of the pallet at slanted initial
state.

a greater impact force, which increased the in-plane load
within the flange and led to plastic buckling. Conversely, the
smaller impact force component F1 resulted in a reduced in-
plane load within the web plate. As shown in Fig. 22, the
strain variations of the web plate gradually stabilized with
increasing impact angle, whereas the plastic strengthening
effect of the lower flange strain was not evident, exhibiting a
linear increasing trend. Therefore, it can be concluded that as
the impact angle increased, the flange lost stability while the
web plate remained relatively stable.

Figure 17. Response curves of the web plate and flange strain ver-
sus time.
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Figure 18. The web plate and flange strain in the pallet impact area.

Figure 19. Strain versus velocity of the web plate and flange.

3.3.3 Dynamic responses of pallet fence with different
impact angles

The dynamic responses of the fence varied with changes in
the impact angle. In this section, the middle part and root part
of the fence were selected and the pallet initial impact angles
were 5, 10, 15, 20 and 25°, respectively.

Based on the vertical displacement of the pallet fence,
the impact occurred between approximately 0.04 and 0.14 s,
with a duration of approximately 0.1 s, as illustrated in
Fig. 23. Therefore, the displacement of the pallet fence was
selected for observation during this period. Meanwhile, dis-
placement U2 was selected as the reference for fence defor-
mation to account for and mitigate against potential inter-
ference caused by the overall movement of the pallet fence
following impact.

As illustrated in Fig. 24, the root part exhibited greater
displacement compared to the middle part of the fence when
the pallet underwent a fall at slanted initial states. The colli-
sion occurred when the impact area came into contact with
the ground, and then the stress wave propagated to the entire
base and fence in an extremely short period of time.

The impact component force versus lateral displacement
for the vertical rod was obtained, as shown in Fig. 25. When
the pallet fell at inclined initial angles, the fence was not only
elastically constrained by the submarine cables due to impact
forces but also by additional boundary conditions. Therefore,
the fence was more susceptible to destabilization compared
to a horizontal fall. As illustrated in Fig. 25, it was evident
that when the radial force component reached 0.259F at an
impact angle of 15°, the displacements of both the root and
mid-part of the fence experienced a sudden change, leading
to plastic buckling.
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Figure 20. Response curves of strain versus time of the web plate and flange.

Figure 21. Strain distribution for web plate and flange with different impact angles.

4 Conclusion

1. As the mass of the submarine cable increased, the pro-
portion of kinetic energy converted into strain energy
within the pallet gradually decreased. According to the
empirical formula, the energy absorption capacity of
the submarine cable increased linearly with the ap-
plied mass. Consequently, the displacement of the pal-

let web plate initially increased and subsequently de-
creased, while the deflection of the fence progressively
increased.

2. At the horizontal initial state, the pallet base and fence
primarily underwent elastic deformation upon impact.
At slanted initial states, the pallet base and fence in
the impact area primarily underwent plastic deforma-
tion upon impact.
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Figure 22. Strain versus component of impact force in the base
impact area.

Figure 23. Response curve of vertical displacement versus time for
the fence with different impact angles.

3. When the pallet fell with a horizontal initial state, the
base and fence exhibited a tendency toward instability.
Elastic buckling of the base web plate occurred when
the falling velocity exceeded 5 m s−1, and elastic-plastic
buckling of the fence occurred when the velocity ex-
ceeded 8 m s−1.

4. At a slanted initial state, the web plate exhibited a ten-
dency toward stability, while the flange within the im-
pact area demonstrated a propensity for instability, indi-
cating that the in-plane load was a critical factor influ-
encing the structural stability of the pallet. Compared
with falling at a horizontal initial state, it was more
likely to cause elastic-plastic buckling of the fence at
slanted initial states, and the buckling occurred at an im-
pact angle of 15°.

Figure 24. Response curves of fence lateral displacement versus
time under different impact angles: (a) the root part of fence; (b) the
middle part of fence.

Figure 25. Impact component force versus lateral displacement of
the pallet fence with different impact angles.
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