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Marine accidents – the role of hydroelasticity

Marine accidents:
• MOL COMFORT 2013 (Whipping)

• MSC Napoli 2007 (Whipping)

• Elastic body response: Springing and whipping 
(60% of fatigue damage).

Whipping

Springing



Literature review

• Elastic responses (springing and 

whipping) of practical importance for 

long slender ships and multi-hulls.

• 3D hydroelasticity using BEM is 

usually employed.

• Flexible responses of damaged and 

grounded ships are not studied.

• The use of acoustic element methods 

is rarely considered.

• Critical review (identify literature gaps)

• Study of the sensitivity of elastic 

responses to loading conditions

• Gain overview of the impact of damages 

and grounding on global responses

using commercial codes.

• Evaluate the effects of resonances on 

intact and damaged ships using BEM and 

the Acoustic Element Method (AEM). 

Thesis objectives

AEM Grounded 

Damaged Wet  

Dry  



• Dry analysis (Block Lanczos):

o Dry eigenmodes: FEM

o [𝑴][
ሷ𝝃] + [𝑲][𝝃] = 0 , [ ሷ𝝃]= 𝜔𝑖

2 𝝃𝑖

• Wet analysis (BEM):

o linear potential flow theory in 

frequency domain

Methodology (I)

3D Hydroelasticity theory Flexible Fluid Structure 

Interactions FFSI (BEM)

Modal displacement

FEM model

Hydro model

−𝜔𝑒
2 𝒎 + 𝑨 − 𝑖𝜔𝑒 𝑩 + 𝒃 + 𝒌 + 𝑪 𝜉 = 𝑭𝑫𝑰

Coupled dynamic equation of motion

Load mapping on FEM 

model

FEA to obtain stress 

response

Dry analysis

Wet analysis

𝜑 = 𝜑𝐼 + 𝜑𝐷 − 𝑖𝜔 

𝑗=1

6

𝜉𝑗𝜑𝑅𝑗

𝝃 motion vector, 𝜑total potential, 𝜑𝐼 Incident potential, 𝜑𝐷 diffraction

potential, 𝜑𝑅𝑗 radiation potential, 𝒎 modal structural mass, 𝑨

hydrodynamic added mass, 𝑩 hydrodynamic damping, 𝒃 structural

damping, 𝒌 structural stiffness, 𝐶 hydrostatic restoring.

ෝ𝑴 mass matrix, ෝ𝑲 stiffness matrix, Ƹ𝝃 eigenvector or mode shape, 𝑖
natural mode number, 𝜔𝑖 eigen angular frequency



• Simpler and faster than BEM

• Acoustic modal analysis solver in 

ANSYS

Methodology (II)

Fully coupled FFSIAcoustic Element Method (AEM)

𝑀𝑆 ሷ𝑢𝑒 + 𝐶𝑆 ሶ𝑢𝑒 + 𝐾𝑆 𝑢𝑒 − 𝑹 𝒑𝒆 = 𝑓𝑆

𝑀𝐹 ሷ𝑝𝑒 + 𝐶𝐹 ሶ𝑝𝑒 + 𝐾𝐹 𝑝𝑒 + ҧ𝜌0 𝑅 𝑇 ሷ𝑢𝑒,𝐹 = 𝑓𝐹

Dynamic equation of motion (structure model)

Wave equation (Fluid domain)

𝑀𝑆 0

ҧ𝜌0 𝑅 𝑇 𝑀𝐹

ሷ𝑢𝑒

0
+

𝐶𝑆 0

0 𝐶𝐹

ሶ𝑢𝑒

0

+
𝐾𝑆 − 𝑅

0 𝐾𝐹

𝑢𝑒

𝑝𝑒
=

0
0

Incompressible fluid

𝑀𝑆 , 𝐶𝑆 , 𝐾𝑆 : structure mass, damping, and stiffness matrices respectively,

𝑓𝑆 : external force vector in the structure, [𝑅]: coupled matrix represents the

coupling conditions on FS interface, 𝑀𝐹 , 𝐶𝐹 , 𝐾𝐹 : : acoustic fluid mass,

damping and stiffness matrix, 𝑓𝐹 : acoustic fluid load vector, 𝑃𝑒 nodal pressure

vector, 𝑢 𝑡 nodal displacement vector

Acoustic Absorption 

surface boundary 

condition 

Fluid 

Structure 

interface

𝑹



• Restricted service slender container 

barge

• FEM elements:
o Mass points (weights)

o Rigid body elements.

o SHELL(181) elements.

o Contact elements.

Case study I (Intact Container barge)

Finite Element Model

𝑴, 𝑪𝑮, 𝑰𝒙𝒙, 𝑰𝒚𝒚, 𝑰𝒛𝒛

𝒙 = 𝟎

𝒛 = 𝟎

𝒚 = 𝟎

𝒛 = 𝟎

𝒛 = 𝟎
𝑹𝒐𝒘 𝟏

𝑹𝒐𝒘 𝟐
𝑹𝒐𝒘 𝟑

𝑹𝒐𝒘 𝟒
𝑹𝒐𝒘 𝟓

𝑹𝒐𝒘 𝟔
𝑹𝒐𝒘 𝟕

𝑹𝒐𝒘 𝟖
𝑹𝒐𝒘 𝟗

𝑹𝒐𝒘 𝟏𝟎
𝑹𝒐𝒘 𝟏𝟏

Length overall (𝐿𝑂𝐴) 100.2m

Breadth molded (𝐵) 11.2m

Depth (𝐷) 3m

Design draught (𝑇𝑓) 2.2m

Containers  92 TEU



• Fully loaded condition (containers)

• Fully loaded by grains

• Ballast condition

• Lightship weight

Case study I : Dry analysis

Loading conditions
Fully loaded “containers”

Weight distribution

Fully loaded “grains”

Weight distribution
Ballast condition

Weight distribution

Fully loaded 

“containers”

Fully loaded “grains”

Ballast condition

Light ship

VBM

VBM



Ballast conditionFully loaded condition

Case study I: wet analysis
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Mode number FL wet Hz B. Wet Hz FL wet/ B. wet

7 0.61 0.78 79%
8 1.37 1.12 123%
9 2.31 1.57 147%
10 2.70 2.34 115%
11 3.02 2.38 127%

• First mode resonance is smaller in

Fully loaded condition.

➢ The most critical mode

• Ballast condition has smaller 

resonance of higher modes 



Ballast conditionFully loaded condition

Case study I: Modal internal loads

• Higher elastic moment and shear force

• Smaller resonance frequencies

• Smaller elastic moment and shear force

• Shifted peaks towards high frequencies

Elastic response
Rigid response

Elastic response
Rigid response

Total modal internal loads at amidship
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Fully loaded condition

Case study I: Elastic moments and stresses

• Rigid response:

➢ Max moment amidship when

𝑳𝒘/ 𝑳𝒑𝒑 = 𝟏

• Elastic response:

➢ Mode 7: 𝑳𝒘 = 𝟑 𝒎

➢ Mode 8: 𝑳𝒘 = 𝟎. 𝟖 𝒎

➢ Mode 9: 𝑳𝒘 = 𝟎. 𝟐 𝒎
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Elastic limit
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Rotation 𝜃°

90.7 𝑀𝑁. 𝑚

≈ 64 𝑀𝑁. 𝑚

Grounding BM

Max still water SBM

Ultimate BM

Draft 1 m at grounding position 

Normal stress in x direction

Grounded condition:

➢ Plastic deformation 

amidship.

➢ Moment less than 

ultimate BM.

Nonlinear analysis:

➢ Used to obtain the UBM 

and Elastic limit.

➢ Geometrical nonlinearity

➢ Material nonlinearity

Grounding static reaction 353.4 𝑡𝑜𝑛

Moment amidship = 𝟕𝟎 𝑴𝑵

Rotational displacement 

Case study II: grounded condition



Case study II: Dry analysis 

Hydrostatic pressure

𝑥, 𝑦, 𝑧 displacements 𝑓𝑖𝑥𝑒𝑑

Mode 4

Mode 5

Mode 6

Mode Prestressed Vacuo Ratio

4 0.79 0.79 100%

5 1.44 1.30 111%

6 2.22 2.19 101%

Hz Hz

• Prestressed analysis displays 

same modal shapes of an 

intact ship.

➢ Linear modal analysis

• Small changes in modal

values.

• Boundary condition 

influences the dynamic 

response

Prestressed hull 



Case study II: Wet analysis

• Wet analysis without Prestresses

• Grounding VBM RAOs are a 

function of grounding reactions.

• The variation of grounding reaction 

for small wave amplitudes is  3% of 

the static reaction.
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Case study III (Damaged elastic analysis, BEM)

• Three damages scenarios

➢ Sagging Deformation

➢ Crack at side shell penetrates 

the side longitudinal 

➢ Collision

• No changes in the dry and wet

eigen modes

-250

-200

-150

-100

-50

0

0 20 40 60 80 100

Z 
d

e
fo

rm
at

io
n

 m
m

# Intact/Deformed Intact/Cracked Intact/Collided

7 100% 102% 100%

8 101% 100% 100%

9 101% 100% 100%

10 100% 100% 101%

11 102% 100% 102%



Case study IV (Damaged elastic analysis, AEM)

• Validation against BEM.

➢ Same mode shapes 

➢ Conservative resonance 

frequency of elastic mode 1

• Damaged AEM (Crack)

➢ Same observation to BEM

➢ Damage does not affect the 

global dry and wet eigen modes 

of the ship structure.

Mode 1

Mode 2
Mode 3

Mode 4

Length = 250 m 

Breadth = 45 m

Depth = 20 m

Draft = 10 m

Wet Acoustic  𝑯𝒛 𝟎. 𝟏𝟗 𝟎. 𝟐𝟕 𝟎. 𝟑𝟕 𝟎. 𝟓𝟑

Wet BEM 𝑯𝒛 0.25 0.27 0.37 0.55

Ratio AEM/BEM 76% 100% 100%96%

𝟖 𝒎

𝟐 𝒎

AEM

BEM

Mode 1 Mode 2 Mode 3

Mode 4



Conclusions

• Loading conditions cause high variation of dry 

eigenfrequencies and wet resonances. 

• Fully loaded condition has the smallest resonance 

frequency and the highest internal modal elastic loads.

• Grounding boundary conditions remarkably change the 

dynamic response.

• Effect of prestress on the dry analysis seem to be 

negligible (Assuming linear modal analysis)

• The AEM gives similar results to the BEM.

• BEM and AEM show no impact of damages on the 

global eigen modes.



Thanks for your attention! 
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