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Alfred Roubos

▪ Port Engineer (17.5 years) Port of Rotterdam Authority

▪ Lecturer PAO (2010)

▪ Researcher TU Delft (2016); 

▪ Doctoral defence Oct. 2019.

▪ Member of several national & international committees 

(CEN, NEN, CROW, PIANC, BS)

Main interests:

▪ Marine structures (e.g. quay walls, jetties and flexible 

dolphins)

▪ Dredging, revetments and bottom protections

▪ Innovations, research & full scale field tests



Content

1. Introduction & motivation

2. Upgrade CROW guideline

▪ Berthing energy and mooring loads 

▪ Modelling flexible dolphins 

▪ Tests

▪ Design approach 

3. Impact of the new CROW guideline 

Questions & discussion (10 min)



What is a flexible dolphin?

Breasting & mooring dolphins, 

slackening structures & crash barriers.

Functions: 

1. Absorb berthing energy.

2. Transfer mooring loads.

3. Protection of vessel.

4. Protection of jetty.

≈ 4.755 in Rotterdam, 693 assets ownend by PoR ; €60.000,-  to €300.000,- per pile



Breasting or berthing dolphin

Mooring dolphin

Platform
Trestle

Typical layout jetty 



 Horizontally loaded flexible dolphin.

Breasting dolphins absorb berthing energy and 
mooring line forces.

Top view berth layout consisting of flexible dolphins
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When a dolphin pile is too short, this results in 
(permanent) displacement of the pile toe and this 
displacement contributes to absorbing berthing 
energy.  

Ekin=1/2Fu
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Dynamic load

Soil reaction

Plooi
Slope 1:3

 Static versus dynamic soil behaviour

 Effects of sloping seabed

 Local buckling 
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What is a flexible dolphin?
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Local buckling sand filled tube (outwards)

Local buckling empty tube (inwards)



Local buckling near wall thickness 
transition (inwards)
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Optimal installation depth?

First CROW design guideline in 2017
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Sufficient fixation
(new ‘5D/2% design criterion’)

 New method included in CROW 2017 design 
guideline : Displacement of the pile head should 
be lower than 2%  compared to an infinite long 
pile, which is modelled as a 5D longer pile. 

This criterion resulted in big discussions: 

 Why 2% and not 5%? 

 Consequence 10m longer piles

 In Rotterdam generally 2 - 6m longer piles. 

How to determine sufficient soil fixation?



Revised CROW Flexible Dolphins in 2024

▪ Berhting energy and mooring loads

▪ Fixation and repetitive loads

▪ Local buckling

▪ Design approach

▪ Lessons learned (beyond scope of this 

presentation)



© PIANC WG33 2002

Berthing energy & mooring loads

▪ New guideline for fender design (PIANC WG211, 2024)

19

© PIANC WG211 2024



CROW 2017 (PIANC WG33): Global safety factor CROW 2024 (PIANC WG211): Load and resistance factor
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Berthing velocity

 Reliability of berthing velocity dominates uncertainty in 

calculating berthing energy for 85% (Ueda et al., 2010)

in which:

Ekin Kinetic energy [kNm] 

M Mass of vessel/water displacement [tonnes]

ν Total translation velocity of centre of mass at time of first contact [m/s]

Cm Virtual mass factor [-]

Cs Ship flexibility factor [-]

Cc Waterfront structure attenuation factor [-]

CE Eccentricity factor [-]

𝐸𝑘𝑖𝑛 = ൗ1 2𝑀𝑣
2 𝐶𝑚𝐶𝑠𝐶𝑐𝐶𝐸



Berthing velocity

 PIANC 2002 (Guidelines for the Design of Fender Systems) is widely 

accepted in the industry.

 Berthing velocity curves and berthing angles are  based on research 

conducted in 1972, (Brolsma et al, 1977)

Absorb ship’s berthing energy and 

reduce berthing impact force Strong negative correlation



Data collection PIANC WG145 

Methods used to collect data:

 Interviews/questionnaires

 Laser docking aid systems

 Portable Pilot Units (PPU)

 Smart dock portable workstation 

Vessel Type Number of ports
Number of collected 

data

Number of data for 

vessels >    30,000 

DWT

Bulk 2 243 243

Container 8 1644 1068

LNG 1 70 70

Oil tanker 3 486 472

Total 14 2443 1853



Measurements Maasvlakte Rotterdam



Measurements Rotterdam  
(Container vessels)

 Sheltered conditions

 Parallel landing

 Mean 3-4 cm/s

 Max 10 cm/s

 Low berthing angle

 3 months of data



Measurements Bremerhaven  
(Container vessels)

Large variation in berthing 

velocity 

 High tidal current

 Angular landing

 Mean 5-6 cm/s

 Max 20 cm/s (2013)

 Max 26 cm/s (2018)

 Very low berthing angle

 8 years of data
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Recommendations in PIANC WG211 for velocities [cm/s]

 PIANC WG211 recommends to use site-specific information e.g. 

a) berthing records/field observations,

b) insights from pilots/masters, 

c) global company records, 

d) speed limits, 

e) operational limits,

f) past service performance. 
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Recommendations in PIANC WG211 for velocities [cm/s]

 PIANC WG211 recommends to use site-specific information e.g. 

a) berthing records/field observations,

b) insights from pilots/masters, 

c) global company records, 

d) speed limits, 

e) operational limits,

f) past service performance. 

 In the absence of site-specific information Table 5.3 of PIANC WG211 

provides recommendations for characteristic berthing velocity.
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Dirk-Jan Jaspers Focks (Witteveen+Bos)

▪ Geotechnical Engineer (18 years) at Witteveen+Bos

▪ Involved in >100 designs of maritime structures 

▪ Lecturer PAO (2010-present)

▪ Co-author of CUR/CROW publications: Handbook Quay 

Walls, Hydraulic Fill manual, Flexible Dolphins

▪ Member of several national committees (NEN, CUR and 

CROW)



Modelling tools dolphins

Various models available:

 Force-equilibrium

 Elasto-plastic spring-models

 Finite Element Method (FEM)

with significant differences in outcome



Pile tests Beneluxhaven
Innovative combination of software and measurements systems

Fibre optic 

strain sensors

0,25mm

Benchmarks:

• Plaxis 3D

• Dsheet

• Blum

DIANA 

Local 

buckling

SAAF

(inclinometers)

Berthing load
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Pile tests Beneluxhaven (static setup)

Measuring pontoon

Frame static mooring loads

Reaction pile

Test pile

Jack screw



Pile tests Beneluxhaven (“dynamic” setup)

22-1-2025



Pile tests Beneluxhaven: Results

Main takeaways:

 Significant differences in results

 Advanced models provided best results

 Most models are allowed, but some 

specific exceptions



Tests in Beneluxhaven

Beneluxhaven (2015) tests formed the basis of:

 Selection on applicable design models

 Their limitations and advantages

 Local buckling criteria

Included in first edition Handbook Flexible Dolphins



Tests in Beneluxhaven

But in Beneluxhaven:

 Repetitive loading was not tested 

 Pile fixity (in relation to pile length) was not tested

Benchmarks in CROW showed effect of repetitive loading

0

100

200

300

400

500

600

700

800

900

1000

0 0,1 0,2 0,3 0,4 0,5

H
o

ri
zo

n
ta

l F
o

rc
e

 [
kN

]

Horizontal displacement [m]

Loading 1

Unloading 1

Loading 2

Unloading 2

Loading 3

Unloading 3

Loading 4

Unloading 4

Loading 5

Unloading 5

-30

-25

-20

-15

-10

-5

0

5

0 20000

Le
ve

l [
m

+N
A

P
]

Bending moment [kNm]

M Pile
(Cycle 1)

M Pile
(Cycle 5)

Resisting
moment



Full scale tests Calandkanaal



Full scale tests Calandkanaal

Length: 48 m

Diameter: 2.4 m

Wall thickness: 25-55 

mm



 Test load ≈ 1820 kN (90% of ULS load)

 Max deformation ≈ 1m. 

 Sensors: 

▪ BOFDA fibre optics

▪ SAAF

▪ water pressure sensors

▪ total station

Full scale tests Calandkanaal

Measurement 

points total station
Bridge-constructie

Jack 2 m

2x GEWI Ø 57,5 mm

SAAF
3x WSM’s

4x glass fiber (strain) 

measurement
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Full scale tests Calandkanaal: results

Repetitive loading : loading step 1
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Repetitive loading : unloading



Full scale tests Calandkanaal: results

Repetitive loading : reloading

 Continuous: measurements

 Dashed: model (Plaxis 3D)
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New design approach

 Repetitive loading behaviour needs to be included: use 2nd berthing impact in design



Fixity criteria in first edition is too conservative

 New guidelines for soil fixation for different 
design methods (e.g. Blum, p-y cures and 
finite element models such as Plaxis)

 ULS geotechnical failure 100% mobilisation 
of passive soil wedge (ULS energy once in 
the service life)

 SLS fixity check: 50% mobilisation of 
passive soil wedge after 2nd berthing 
impact. Except: 

 Blum-method 33% mobilisation

 3D FEM: 50% or vp/h criterion NEN 
9997-1 appendix C.3

d

New design approach

F

h

vp

<50% σp



 Uniformisation

 Less discussions expected on models

 Optimisation: Shorter dolphin piles and smaller 
wall-thicknesses.

d

Shorter pile

Smaller wall 

thickness

AfterPre

Impact update handbook



Value:

 Shorter dolphin piles and smaller wall-thickness.

d

Impact update handbook



Want more information?

▪ CROW Handbook Flexible Dolphins available on “kennisbank”

▪ PAO course “Dolphins &Jetties”

▪ Publications:

Beneluxhaven: 

▪ Van der Meer, Jaspers Focks, Roubos

▪ ISSMGE en Vakblad Geotechniek

Calandkanaal

▪ Sluis, Griffioen, Roubos

▪ ECSMGE en Vakblad Geotechniek



info@crow.nl

info@crow.nl

0318 69 53 00

LinkedIn

nieuwsbrieven

LinkedIn

CROW nieuwsbrieven

Thank you for your attention!

dirk-jan.jaspers.focks@witteveenbos.com
aa.roubos@portofrotterdam.com

mailto:info@crow.nl
mailto:info@crow.nl
https://www.linkedin.com/company/crow/
https://www.crow.nl/nieuwsbrieven
https://www.linkedin.com/company/crow/
https://www.crow.nl/nieuwsbrieven
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Thank you for your attention



info@crow.nl

info@crow.nl

0318 69 53 00

LinkedIn

nieuwsbrieven

LinkedIn

CROW nieuwsbrieven

Bedankt voor je aandacht

mailto:info@crow.nl
mailto:info@crow.nl
https://www.linkedin.com/company/crow/
https://www.crow.nl/nieuwsbrieven
https://www.linkedin.com/company/crow/
https://www.crow.nl/nieuwsbrieven


Delphina
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 Dolphin refers to delphina (Greek): 

 Delph (hollow), delve (dig into the world)

 Dolphins are also installed deeply into the soil. 

 Delphin (Latin) => Dalben (German) => 

Delven (NL)

 Duc dáble (French) & Dukdalf (NL) refer to 

the duke of Alba.

Less plausible

 Shadow of canons installed on marine 

structures looked like a dolphin
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