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ABSTRACT Suspended submarine cables are prone to likely mechanical damages due to ship anchors,
which represent a significant threat to the reliability of power transmission and information communication
networks. This paper is aimed at presenting a detailed investigation to the dynamic response of a ship anchor
impacting the suspended section a submarine cable in order to reduce the risk of cable damage. In this regard,
a three-dimensional and dual nonlinear model of the anchor affecting a subsea cable is established using
ABAQUS finite element analysis software. The damage effect due to the ship anchor on the suspended and
buried-in-soil sections of the cable is studied. Results show that when a ship anchor hits a suspended section
of the subsea cable, the mechanical stress is concentrated at the impacted point and is progressing to both
sides of the suspended section with a significant cable deformation. On the other hand, the buried section of
the cable suffers from a short impact process, and the deformation is relatively small. To reduce this impact
effectively, a detailed technical comparison of two common dumping and filling methods is conducted, and
the better protection method is proposed.
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INDEX TERMS Composite submarine power cable, anchor fall impact, suspended cable and pipeline,
throwing method, dent depth.

I. INTRODUCTION15

Submarine cables have been used for decades and considered16

as the lifeblood of national energy. Modern composite sub-17

marine cables integrate multi functions of power transmis-18

sion, information communication, and sensing [1], [2], [3].19

Composite submarine cables have complex structures and20

work under harsh operating environment. Compared with21

traditional power and optical cables, they have higher failure22

rate and are prone to more types of faults [4], [5], [6], [7].23

Since the first successful laying of a submarine cable, external24

substances have constantly threatened and damaged these25

cables over the years. Once a submarine cable is seriously26

damaged, it results in catastrophic consequences including27

life threatening for human and aquatic animals along with28
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substantial loss of revenue due to business interruption and 29

cost of repair or replacement. Typical maintenance period 30

of submarine cables is from 4 to 11 days, and the invest- 31

ment in operation and maintenance is as high as 10 million 32

yuan [8]. This may lead to a delay in the expected con- 33

struction period and resulting in economic losses of 2 to 34

3 months [9], [10], [11]. The threats to submarine cables 35

can be divided into human factors and natural factors, among 36

which the main element of damage caused by human factors 37

is the anchor damage, along with other biological factors 38

that include geological collapses, faults, suspended and other 39

uncertain factors [12], [13], [14]. 40

Overhanging submarine cables are quite common. For 41

example, of the 61 pipelines tested at Chengdao, 56 were 42

suspended, posing a huge safety hazard to subsea pipeline 43

projects [15]. The factors leading to overhanging submarine 44

cables are numerous and include currents, the topographical 45
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environment of the seabed and construction factors. In addi-46

tion, the presence of submarine cables and submarine struc-47

tures can change the existing flow field, which can increase48

the velocity of currents and create vortices. Scouring and49

siltation result from the equilibrium of the hydraulic transport50

of sediment. If the velocity of the current is larger than the51

sediment initiation velocity of the seabed, the seawater erodes52

the sediment by, which eventually causes the sea cable to53

become suspended. Secondly, the topography of the seafloor54

is itself uneven, so if there are alterations in the seafloor sand55

slope migration or extensive seabed erosion, it will intensify56

the suspension of the cable. Thirdly, it is not easy to prevent57

residual stresses in the cable laying construction. This causes58

local buckling and deformation of the submarine pipeline,59

or can even cause the cable to move in the horizontal plane,60

thus creating overhang [16].61

It is common for submarine cables to be hung in the air,62

which increases risks to the cables than the direct impact63

of anchors. Overhanging of submarine cables can be due64

to marine environment and topology or during construction65

phase. During burial and because of the rough terrain and66

improper control of the cable laying speed, the submarine67

cable will be hung in the air, which imposes a significant68

mechanical stress on the cable. In addition, the complex69

structure of seabed along with ocean currents and waves70

may change the soil topology, leaving the submarine cables71

exposed and suspended on the surface of the seabed. Vortex-72

induced vibration and ocean currents accelerates the soil73

scouring impact, and the loose sediment increases the sus-74

pended length of the submarine cable, thereby increasing75

the probability of anchor damage [17], [18], [19], [20]. The76

suspended submarine cables’ force performance is severely77

affected, which makes them even more liable to many kinds78

of damage such as deformation, buckling, resonance and even79

fracture, with a result of considerable economic damage. The80

statistics of underwater pipeline crossing accidents in China81

in the last decade show that more than 80% of submarine82

pipeline accidents were caused by fracture damage subse-83

quent to the pipeline being suspended [21]. Effective assess-84

ment to the risks of ship anchor damages to the suspended85

section of submarine cables is essential to improve composite86

cable design, enhance cable laying methods, and increase87

submarine cable protection.88

A few research on the suspension of submarine cables89

and anchor damage can be found in the literature. The-90

oretical and experimental research has been conducted to91

investigate the mechanical behavior of submarine pipelines.92

Huang et al. [22] carried out a numerical simulation study93

for the impact of a suspended channel on an anchor. The94

paper analyzed the influence of the anchoring speed and con-95

crete layer on the mechanical stress imposed on a submarine96

pipeline and used the coupling effect between the pipe and97

soil to reflect the seabed effect. Luo et al. [23] considered the98

interaction between the channel and the ground and employed99

the Docker-Prager model to simulate the seabed to analyze100

the dynamic impact on a submarine suspended pipeline due101

to a falling object. The paper also investigated the effect 102

of volume parameters on the pipeline deformation and the 103

amplitude of the dynamic response. Kouretzis et al. [24] 104

considered materials’ nonlinear impact and analyzed the 105

buried pipelines’ internal forces and strains under surface 106

subsidence and uplift conditions. Kinash et al. [25] simpli- 107

fied the thin-walled cylindrical pipe response problem under 108

combined load and internal pressure into a one-dimensional 109

model using the plastic theory of shell and thin-film. Refer- 110

ences [26], [27] compared and analyzed the stress of sub- 111

marine pipelines in sandy and cohesive soils, respectively. 112

Sudhan et al. [28] improved the effects of buried depth, rel- 113

ative slope height, and scattering parameters on the stress of 114

fully buried submarine pipeline through experimental analy- 115

sis. Reported results can provide a specific basis for the buried 116

depth of submarine cables. 117

Up till now, research into buried submarine cables has been 118

focused on towed anchors. The depth of the cable’s burial is a 119

key factor in preventing its damage from falling anchors and 120

towing. The analysis should therefore include the function 121

of the anchor in the soil. The literature [29] looks into the 122

buried depth protection index of submarine cables, using a 123

combination of physical model tests, numerical simulations 124

and hypothetical analysis. The effects of anchor bottoming 125

speed, sinking energy and anchor mass on the penetration 126

depth of anchor rods are analysed. By establishing the anchor 127

towing analysis model it is demonstrated that in the study 128

area, the burial depth protection index of submarine cables 129

is 3 metres. The literature [30], [31] conducted numerical 130

replications of ship anchor incursion into soil to discover 131

the effect of anchor movement on submarine cables. The 132

conclusion was that it is possible that dragging under the soil 133

can still cause damage to the submarine cable even if there is 134

no direct contact between it and the ship anchor. This is due 135

to the soil movement between the anchor and the submarine 136

cable, and the sidewall pressure of the anchorwhich indirectly 137

deepens the mechanical damage to the submarine cable. 138

Concerning the research on the protection process of 139

suspended submarine cables, both domestic and overseas 140

research largely focuses on the throwing and filling method 141

and the bionic grass protection method. As the research 142

object, the paper [32] uses the sandbag stacking form in the 143

case of submarine cable suspension management in Bohai 144

Sea, along with Fluent software to create a two-dimensional 145

flow field model to analyse the distribution law of surround- 146

ing flow field under diverse forms of sandbag stacking, 147

to decrease the likelihood of sandbags being washed away 148

by water movement. In the paper [33] the rockfill-anchor- 149

cable discrete element model was constructed on the PFC3D 150

simulation platform. Quantitative evaluation of the resistance 151

of submarine cables to anchorage damage and simulation of 152

the mechanical properties of the rock throw protection layer 153

throughout local lateral intrusion of the anchor rods to present 154

a foundation for the protection of anchor rods from rock 155

throw protection. The literature [34], shows the velocity field 156

distribution of bionic aquatic grass along the vertical plane 157
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is measured using typical particle image velocimetry (PIV).158

It concluded that the method of bionic grass protection is159

effective in suppressing the speed of the water and decreasing160

the likelihood of overhanging the submarine cable pipe.161

While some studies on the dynamic behavior of subma-162

rine pipelines can be found in the literature, as discussed163

above, not much attention was given to analyze the dynamic164

response of submarine composite cables due to ship anchor.165

This, the main contribution of this paper is to present a166

detailed analysis to the dynamic response of a three-core AC167

composite submarine cable due to ship anchors. In this regard,168

a three-dimensional dual nonlinear finite element model of169

anchor-submarine cable-soil is established using ABAQUS170

software tool. Simulation is conducted for two environmental171

conditions surrounding the suspended and buried-in-soil sec-172

tions of the cable. The structural stress, strain, and possible173

damage of the three-core composite submarine cable due174

to ship anchor under different environments are analyzed.175

In addition, specific protection measures are proposed for the176

suspended section. Also, the protective effect of the subma-177

rine cable from dropping anchors under other throwing and178

filling methods is studied.179

II. THEORETICAL ANALYSIS AND METHODS180

A. COMPOSITE SUBMARINE CABLE STRUCTURE181

The three-core submarine cable structure can be divided182

into two parts: a twisted clockwise module that includes an183

insulating layer, conductor, cylinder and optical fiber unit,184

and the other part is a counterclockwise helical member185

of the armored layer outside the filling. The YJQF41-26/186

35-3 × 500 + 2 × 36C submarine cable (including 72-core187

optical cable) is selected as the research object. The physi-188

cal parameters and structure configuration of this cable are189

shown in Table 1 and Figure I respectively.190

FIGURE 1. Typical structure of three-core AC composite submarine cable.

B. DROP ANCHOR THEORY ANALYSIS191

When the anchor drops into the water, gravity initially accel-192

erates the anchor. The drag on the anchor then increases and193

after reaching a certain depth, the anchor speed stabilizes.194

TABLE 1. Structure parameters of submarine cables.

When the anchor penetrates the soil, the resistance of the earth 195

first increases and then decelerates to zero. 196

The anchor is assumed to have a height above thewater sur- 197

face and an initial velocity of 0.Moreover, it does not consider 198

the reduction in chain-out speed, wind load, and wave factor 199

that the anchor machine reduces. Then the anchor’s free-fall 200

kinetic equation in seawater can be written as: 201

mg− ρwVg−
1
2
ρwCDAv2 = m

dv
dt

(1) 202

When the anchor is released at a height H above the water 203

surface, the speed of the incoming anchor is v=(2gH)1/2, The 204

velocity of the descent to a water depth of l is: 205

v =

√
2gH +

2Vg (ρa − ρw)
CDρwA

×

[
1− exp

(
−
ρwCDAl
Vρa

)]
206

(2) 207

where m is the mass of the anchor, ρw is the density of the 208

seawater, V is the discharge volume of the anchor, CD is the 209

drag coefficient, A is the retaining water area of the front face 210

of the anchor, v is the anchor speed, ρa is the density of the 211

anchor. 212

The equilibrium velocity is: 213

vt =

√
2Vg (ρa − ρw)

CDρwA
(3) 214
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The bottoming kinetic energy of the anchor is:215

Ek =
1
2
mv2 (4)216

Newton’s second law equation for the anchor in the inlet217

section is:218

Fs − mg = m
dv
dt

(5)219

The resistance of the soil is related to the quality of the220

earth. According to [35], the resistance of sandy and clay soils221

can be respectively calculated from:222

Fs1 = 0.5Nγ γ ′′ (6)223

Fs2 = (Nc (Cu0 + kh)+ p0)A (7)224

where p0 = ρgh, the overlying soil pressure.225

If the anchor penetrates the soil to a depth of h, the energy226

consumed by the anchor in penetrating the ground can be227

obtained by integrating the soil resistance:228

Ea =
∫ h

0
Fsdh (8)229

The energy consumed by the anchor due to resistance230

in the through-soil section in sandy and clay soils, can be231

respectively calculated from:232

Ea = 0.5Nγ γ ′BAh+ 0.5Nqγ ′Ah2 (9)233

Ea = NcCu0Ah+ 0.5
(
γ ′ + Nck

)
Ah2 (10)234

whereCu0 in the undrained shear strength of the mud surface,235

k is the rate of change along with the depth, Nq, Nr, and Nc236

are the fill material bearing capacity coefficients, γ ′ is the237

adequate capacity of the fill material per unit mass in kN/m3,238

B is the anchor crown width, and h is the depth of entry.239

The impact energy of the anchor through the water and240

earth, in contact with the submarine cable, Ec is:241

Ec = Ek − Ea (11)242

When the burial depth is large enough, Ea is greater than243

Ek , and the cable will not be damaged. The impact energywill244

likely collapse the submarine cable in case of shallow burial245

depth.246

III. ANCHOR DAMAGE FINITE ELEMENT CALCULATION247

A. SUBMARINE CABLE MODEL CONSTRUCTION248

It is necessary to model the system in layers to build the249

structure of the submarine cable. Firstly, SolidWorks is used250

to draw a plan, stretch and twist, to finally forming an assem-251

bly. The three-core water-blocking copper conductor must252

be 120◦ symmetrical. The outer layer of the conductor is253

wrapped with an XLPE insulating layer and an alloy lead254

sheath. The optical unit is in the middle of two adjacent255

conductors and twisted clockwise. The filled construction uti-256

lizes a combination of cylinder and inner helical component.257

The outer armor is made of galvanized steel balls spirally258

counterclockwise with a winding angle of 10◦. At the same259

time, the outer layer is wrapped by a polypropylene (PP)layer.260

The submarine cable model diagram is shown in Figure 2.261

FIGURE 2. Simplified model of submarine cable.

B. MODEL OF ANCHOR HITTING SUSPENDED 262

SUBMARINE CABLE 263

The submarine cable is laid under the soil. After a long period 264

of complex sea conditions, the ground is washed away by 265

waves, and currents, and the submarine cable is gradually 266

exposed and suspended. As shown in Figure 3, the floating 267

phenomenon occurs in actual projects. At the junction of the 268

suspended section and the buried-in-soil section, the seabed 269

level is uneven, and the soil is loose, which will increase the 270

length of the suspended section of the cable in the long run. 271

FIGURE 3. Schematic diagram of the suspended submarine cable.

The impact of the anchor on the submarine cable is a 272

transient dynamic process involving complex nonlinear and 273

contact problems. The model calculation is completed using 274

the dynamics module Explicit in ABAQUS software. The 275

suspended section of the submarine cable is modelled by 276

simulating a concave broken soil model centered by the 277

submarine cable with a suspended height of twice the outer 278

diameter. As shown in Figure 4, the submarine cable spans a 279

kilometer long, which is long enough compared to the impact 280

site, and the soil and submarine cables at both ends are set 281

to be fixed to constrain the displacement in the X, Y, and Z 282

directions. The anchor exerts an initial vertical velocity and is 283

assumed to hit the submarine cable in the suspended section. 284

The soil adopts the Mohr-Coulomb model to construct its 285

ideal elastic-plastic deformation under impact load. 286

For the contact setting, the mechanical behavior of the 287

tangent and the contact surface is described with the help 288

of penalty function. Each contact surface is allowed to slip 289
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so that the contact relationship between the anchor contact290

surface, the submarine cable surface, and the seabed surface291

is established assuming a corresponding friction coefficient292

of 0.33. The internal structure of the submarine cable is293

complicated, and a general contact is established to avoid294

penetration.295

FIGURE 4. Finite element model of the submarine power cable impacted
by a falling anchor.

IV. NUMERICAL ANALYSIS296

A. ANCHOR STATUS297

When the anchor hits the submarine cable, the real impact can298

be judged by the state of the anchor. For comparison, when299

the anchor hits the submarine cable in the suspended section300

and the buried soil section, the speed-time history diagram of301

the anchor is as shown in Figure 5.302

The anchor fell from the same position at a speed of 8 m/s.303

For the suspended section, the anchor has not contacted the304

cable body during the period of 0 ms to 4 ms, and it fell at305

a constant speed. After 4 ms, the ship anchor collided with306

the submarine cable with a rapid rate. When it is lowered, the307

anchor’s kinetic energy and gravitational potential energy are308

gradually converted into the internal energy of the collision.309

Observing the buried soil section, the anchor falls directly in310

contact with the soil, and the anchor speed drops rapidly from311

its constant value during the period 0 ms to 4 ms, and with a312

rate close to zero after 4 ms. The comparison shows that the313

soil can effectively slow down the impact speed of the anchor314

and absorb a considerable amount of the energy.315

B. SUBMARINE CABLE STRUCTURAL STRESS316

At the same speed and height, the anchor hits the submarine317

cable in the suspended and buried soil sections. The equiv-318

alent stress of the outer armor layer, copper conductor, and319

fiber armor layer of the submarine cable at the maximum320

pressure is shown in Figure 6. The outer armor layer is the321

essential structure for external damage defense and bears322

the most forces to resist external damage compared to other323

layers. The copper conductor is the main power transmission324

component, and the yield stress parameter is smaller than the325

steel structure. Copper is located in the innermost layer of the326

submarine cable structure, and hence, its equivalent imposed327

stress is the smallest among the three layers. Optical fiber328

FIGURE 5. Anchor speed-time history diagram.

armor is a crucial structure to protect the broken core of the 329

optical fiber. Optical fiber is responsible for communication 330

transmission and monitoring the temperature and stress on 331

the cable in real-time. The material of optical fiber armor is 332

the same as that of the outer armor: galvanized steel. Since the 333

optical unit is internally spiraled with the copper, the impact 334

angle of the optical fiber armor varies significantly, but it is 335

always inside the outer armor, and its equivalent stress is close 336

to but consistently lower than the outer armor. 337

Figure 6(a) shows the equivalent stress-time history of 338

the submarine cable when the anchor under the suspended 339

section hits the submarine cable. From 0 ms to 4 ms, the 340

anchor has not yet contacted the cable body, and the equiva- 341

lent stress is zero. After 4ms, the two collide and deform elas- 342

tically, the equivalent stress increases linearly, and the armor 343

and copper are close to the yield stress of their respective 344

materials. After each layer structure reaches the yield stage, 345

it enters the plastic stage. When the anchor hits the suspended 346

section of the submarine cable, the speed of the anchor does 347

not drop immediately due to its inertia, and the energy trans- 348

mitted to the submarine cable is relatively low, so the entire 349

impact process is slow. 350

Figure 6(b) shows the equivalent stress-time history of 351

the same three layers for the submarine cable in the buried- 352

in-soil section. It can be seen from the figure that the elastic 353

stage occurs within 0∼0.2 ms, and the yield stress is quickly 354

reached after which the maximum yield stress exceeds to 355

enter the plastic stage. After 5 ms, the equivalent pressure 356

on each layer structure fluctuates with gradually decreased 357

amplitude due to the influence of the overall damping. 358

When the anchor hits the submarine cable under different 359

environmental conditions (suspended and buried sections), 360

the simultaneous equivalent stress on each layer structure 361

of the submarine cable is as shown in Table 2. The layers 362

shown in the cloudmap are respectively the fiber-optic armor- 363

ing, copper conductor, XLPE insulating layer, lead sheath, 364
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FIGURE 6. Stress-time history for each layer of the submarine cable.

filler layer, steel wire armoring, and outer serving. Legend365

S describes the equivalent stress distribution of Mises.366

Comparing dangling area and buried-in-soil area, the most367

intuitive observation is that in the suspended section environ-368

ment, each layer’s stress distribution is more uniform, and369

the concave deformation is more extensive. Moreover, the370

stress is concentrated at both the impact point, and the sus-371

pended section ends. In the buried soil section, the pressure372

is focused only on the local area where the anchor hits, and373

the depression deformation is small. In the same way, the374

force is transmitted to the torsion direction of the structure,375

which can effectively reduce the local damage at the impact376

point. During the entire impact process, the impact site is bent377

under the action of a substantial load, and the axial bending378

moment exerts compressive stress. Under internal pressure,379

the hoop stress generated by the outer armor is transmitted380

to the radial direction, and the adjacent filling is squeezed,381

which drives the internal deformation. The soil absorbs a382

considerable amount of the energy, so the suspended section383

is seriously deformed when it is hit by the anchor, which is 384

more likely to threaten the operation of the submarine cable. 385

C. SUBMARINE CABLE STRUCTURAL SECTION 386

DEFORMATION 387

Figure 7 shows a cloud diagram of the deformation of the 388

submarine cable section at the impact point under different 389

environmental conditions. As shown in Figure 7(a), in the 390

suspended section, the outer sheath of the submarine cable 391

and the outer armor have been peeled off from each other. 392

Also, the outer sheath of the optical unit and the fiber armor 393

are extruded from each other, and the lead sheath outside the 394

copper conductor is squeezed out from the XLPE Layers. 395

As shown in Figure 7(b), for the buried-in-soil section, the 396

submarine cable’s outer sheath and outer armor are squeezed 397

and deformed, while the internal structure is almost intact. 398

These results reveal that when anchors hit the suspended 399

section of the cable, it is easy to lose the ability to protect 400

the inner core of the submarine cable, which results in a 401

significant deformation of the cross-section of the cable body, 402

and the conductor power is significantly attenuated. 403

FIGURE 7. Deformation cloud map of submarine cable sections.

V. MANAGEMENT OF SUBMARINE CABLES IN 404

SUSPENDED SECTIONS 405

The typical suspended section adopts the throwing method 406

to prevent the submarine cable from being mechanically 407

damaged. The main throwing and filling methods include 408

the throwing and filling sandbag method and the throwing 409
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TABLE 2. Equipotent force cloud map for each part of the submarine power cable.
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TABLE 2. (Continued.) Equipotent force cloud map for each part of the submarine power cable.

and filling gravel method. The advantages and disadvantages410

of these two methods are listed in Table 3. The two meth-411

ods are simulated using finite element analysis by adding412

the material of the sandbag and gravel methods to the sus-413

pended area of the cable. The original parameters used in414

the above simulation analysis are changed to simulate the415

anchor damage effect after employing throwing and filling416

method.417

TABLE 3. Advantages and disadvantages of the throw-and-fill methods.

Generally, the dent value of the submarine cable is used to418

evaluate the damage. As shown in Figure 8, when a certain419

mass shoots down the submarine cable at a certain speed, the420

entire submarine cable will have an irreversible dent depth.421

The change in the outer layer deformation is called the dent422

value: the larger the dent value, the more severe the damage.423

When the ratio of the dent value to the outer diameter of the424

submarine cable exceeds 5%, it will threaten the submarine425

cable’s mechanical properties, power transmission, and com-426

munication functions.427

FIGURE 8. Dent prediction model.

A. ANCHOR SPEED 428

Figure 9 shows the effect of anchor speed on the dent value 429

when a 2000 kg anchor hits the submarine cable that employs 430

throwing sandbags and gravel methods at its suspended 431

section. When the anchor speed is less than or equal to 2 m/s, 432

the sandbag and gravel methods result in similar cable’s dent 433

value. 434

Because the impact velocity is small at this time, the influ- 435

ence of soil characteristic is not a decisive factor. With the 436

increase of the anchor speed, the dent value of the submarine 437

cable increases exponentially. Because the anchor’s speed 438

increases and its mass is constant, the energy of the anchor 439

will increase by the square of the speed. Comparing the two 440

filling methods, the anchor damage of the submarine cable 441

is more serious in sandbag environment. With the increase in 442

speed, the protective effect of the sandbag and gravel environ- 443

ments becomes more different. While the elastic modulus of 444

sandbags is low, the elastic modulus of gravel can reach more 445
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than 100 MPa. The rock and soil have a large elastic modulus446

and high hardness. Thus, the rock and dirt are more likely447

to reduce the speed of the impact point, thereby absorbing448

the impact energy and can effectively buffer the mechanical449

damage caused by the anchor. The gravel-fill method is then450

preferred to reduce the risk of anchor damage near nautical451

areas.452

FIGURE 9. Relationship between anchor speed and dent value.

B. ANCHOR WEIGHT453

Figure 10 shows the relationship between the anchor mass454

and the dent value when the anchor hits the submarine cable455

at a speed of 10m/s under different throwing and fillingmeth-456

ods. As the anchor mass increases, the cable sag value also457

increases. However, as the anchor mass rises, the sag value’s458

growth rate decreases, which is opposite to the influence of459

anchor speed on submarine cable damage. By observing the460

change of the sag value under the two throwing and filling461

methods, it is concluded that the protection effect brought by462

the throwing and filling gravel method is better than that of463

the throwing and filling sandbag method. When the anchor464

mass is 400 kg, the difference between the sag values of the465

two methods is slight (0.5327 mm). When the anchor mass is466

2000 kg, the sag value difference between the two methods467

is 1.5544 mm. With the increase of anchor quality, the differ-468

ence in sag values between the twomethods keeps increasing.469

Therefore, when the anchor mass is more significant, and the470

damage to the submarine cable is more serious, the protective471

effect of the gravel filling method on the submarine cable472

is more pronounced. In the two throw-and-fill environments,473

the larger the parameters of the anchor mass and the anchor474

speed, the more significant the protection gap of the throw-475

and-fill method.476

C. BURIED DEPTH477

Figure 11 shows the relationship between the buried depth478

and the damage to the submarine cable is established for the479

FIGURE 10. Relationship between anchor mass and dent value.

FIGURE 11. Relationship between buried depth and dent value.

2000 kg ship anchor hitting the submarine cable at a speed of 480

10 m/s under different soil filling environments. The burial 481

depth (D) shown in the figure is measured as multiple of 482

the outer diameter of the submarine cable. The sag value 483

of the submarine cable decreases with the increase of the 484

buried depth. When the burial depth of the submarine cable 485

is 1.8 times the outer diameter, the damage is almost reduced 486

to zero. The soil in the sandbag environment is more likely 487

to sag when it is impacted than in the gravel environment, 488

and the soil environment with a lower elastic modulus has 489

less influence on the impact of the anchor. Likewise, the 490

shallower the burial depth, the more significant the difference 491

between the sag values of the two methods. When the burial 492

depth exceeds 1.5 times the outer diameter, the dent values in 493

the two throw-fill environments remain the same. Generally 494

speaking, the difference between the dumped soil and the 495

buried depth is slight, and the buried depth has a more appar- 496

ent protective effect on the submarine cable, which is much 497
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more critical than the dumped environment. Consequently,498

when the floating submarine cable is abandoned and filled,499

it is necessary to focus on the buried depth of the submarine500

cable under the dumped soil.501

VI. CONCLUSION502

Based on the finite element analysis software ABAQUS/503

Explicit, this paper simulates the impact of ship anchors on504

the suspended section of a submarine cable. The paper also505

compares and analyzes the effect of the discontinued area and506

the buried soil section. The following conclusions are drawn:507

1) Compared with the buried soil section, when the anchor508

hits the suspended area, the impact process is longer,509

and the time for the structure of the submarine cable510

to change from the elastic to the plastic stages is also511

longer.512

2) By comparing the stress-strain programs of the sus-513

pended section and the buried soil section, it is514

concluded that in the broken section environment, the515

plastic deformation caused by the impact of the anchor516

on the submarine cable is more serious, and the stress is517

mainly concentrated at the impact position and on both518

sides of the suspended section. The plastic deformation519

of the buried-in-soil section is small, and the stress is520

concentrated at the impact point.521

3) The dumping and filling method is adopted to treat522

the suspended section. The study found that the more523

serious the damage to the submarine cable, the more524

pronounced the gap between the protective effect of the525

throwing and filling sandbag method and the throwing526

and filling gravel method.527

4) In the case of the throwing and filling gravel method528

the dent values of the cable are smaller than those found529

from the throwing and filling sandbag method and thus530

provide better protection than the latter method.531

5) In this paper, the numerical analysis of the anchor-532

ing impact of submarine cables under the suspended533

section is established and only the effect of falling534

anchors is considered. Models for dragging anchors535

and hooking conditions can then be analyzed in future536

studies.537
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