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Resumen	
	
	Mercados	 emergentes	 como	 la	 energía	 eólica	 marina	 están	 imponiendo	 nuevos	
desafíos	a	la	industria	offshore;	la	competitividad	de	la	energía	eólica	marina	está	
fuertemente	relacionada	con	las	subestructuras	marinas	y	su	logística.	Algunos	de	
los	enfoques	utilizados	para	el	despliegue	de	turbinas	eólicas	en	alta	mar	son	 los	
cimentaciones	 de	 gravedad	 (GBF);	 sin	 embargo,	 el	 sector	 de	 las	 	 renovables	 no	
puede	 asumir	 los	 precios	 	 de	 transporte	 e	 instalación	 típicos	 de	 otras	 industrias	
como	 la	 petrolera.	 Con	 el	 objetivo	 de	 reducir	 los	 costes	 de	 instalación,	 se	 han	
diseñado	 y	 ejecutado	 nuevas	 operaciones	 en	 un	 esfuerzo	 por	 evitar	 el	 uso	 de	
embarcaciones	especializadas	utilizadas	en	la	industria	del	petróleo	y	gas.	
	Una	de	las	singularidades	de	estos	nuevos	diseños,	también	una	de	sus	principales	
ventajas,	es	la	capacidad	de	transporte,	fondeo	autónomo	y	desmantelamiento	con	
la	 única	 asistencia	 de	 remolcadores.	 Esto	 evita	 la	 necesidad	 de	 buques	 de	 carga	
especializados	 lo	 que	 reduce	 los	 costos	 y	 las	 incertidumbres	 económicas	
relacionadas	con	las	fases	de	instalación	y	desmantelamiento.	
Las	 cimentaciones	 autoinstalables	 como	 las	mencionadas	 anteriormente	 también	
utilizan	remolcadores	como	ayuda	externa	para	un	posicionamiento	preciso	sobre	
el	fondo	marino,	este	enfoque	motiva	el	diseño	de	operaciones	que	conjugan	varias	
embarcaciones	o	estructuras	flotantes	unidas	entre	sí	por	líneas	de	amarre	y	fondeo.	
Este	tipo	de	maniobra	no	es	común	y	requiere	un	análisis	extenso,	modelización	y,	
si	es	posible,	entrenamiento	de	la	tripulación.	
En	un	contexto	de	reducción	de	costos,	el	tamaño	de	los	remolcadores	y	las	líneas	
de	amarre	deben	optimizarse	de	acuerdo	con	los	requisitos	operativos.	Idealmente,	
los	 operadores	 buscarán	 el	 uso	 del	 remolcador	más	 pequeño,	 evitarán	 el	 uso	 de	
configuraciones	de	líneas	de	remolque	complejas	y	pesadas	y	perseguirán	el	mejor	
control	posible	utilizando	la	distancia	más	corta	posible	entre	los	remolcadores	y	la	
estructura.	 Por	 otro	 lado,	 los	 equipos	 de	 instalación	 también	 necesitan	 ventanas	
operativas	 lo	más	amplias	posible.	Todos	 los	 elementos	enumerados	pueden	dar	
lugar	a	eventos	de	holgura	enseñada	en	las	 líneas	de	amarre	/	remolque.	En	este	
contexto,	se	debe	evaluar	el	análisis	y	la	predicción	de	la	tensión	de	la	línea.	
.	
Esta	tesis	aborda	el	análisis	de	la	tensión	de	la	línea	de	amarre	como	un	aspecto	clave	
en	el	bucle	en	torno	a	la	optimización	del	diseño	de	los	medios	de	posicionamiento,	
los	costos,	los	requisitos	operativos	y	las	ventanas	climáticas.	
Presenta	una	revisión	de	estrategias	para	analizar	la	tensión	de	la	línea	de	amarre	e	
identificar	 la	 ocurrencia	 de	 carga	 impulsiva	 o	 brusca;	 También	 propone	 una	
metodología	que	define	los	umbrales	de	carga	máxima	para	una	configuración	de	
línea	determinada	y	la	compara	con	la	metodología	que	se	encuentra	en	las	normas	
DNV-GL.	
Para	 lograr	 esto,	 se	 implementa	 un	 simulador	 a	 escala	 global	 con	 énfasis	 en	 un	
dispositivo	dinámico	de	control	y	monitoreo	de	línea	de	amarre.	La	metodología	se	
aplica	y	desarrolla	en	la	ejecución	de	tres	proyectos	reales.	
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Abstract 
	

Emerging	 markets	 as	 marine	 wind	 energy	 are	 imposing	 new	 challenges	 to	 the	
offshore	industry;	Marine	wind	energy	business	competitiveness	is	strongly	related	
to	 offshore	 substructures	 and	 their	 logistics.	 Some	 of	 the	 approaches	 used	 for	
deploying	 wind	 turbines	 offshore	 are	 gravity	 base	 foundations	 (GBF)	 however	
classic	 transport	and	commissioning	costs	 cannot	be	afforded	by	 the	 renewables	
business.	With	the	aim	of	reducing	installation	cost,	new	or	unusual	operations	are	
being	planned	and	executed	in	an	effort	to	avoid	the	use	of	specialized	and	expensive	
vessels	used	in	traditional	offshore	industry	as	oil&gas.		

One	of	 these	 cases	 is	 the	DEMOGRAVI3	project,	 a	Horizon	2020	 funded	 effort	 to	
prove	 the	 feasibility	 of	 a	 singular	 GBF	 design	 through	 the	 construction,	
transportation,	 installation	 and	 exploitation	of	 a	 full-	 scale	prototype.	One	of	 the	
singularities	 of	 this	 design,	 also	 one	 of	 its	 main	 advantages,	 is	 the	 capability	 of	
transport,	self-installation	and	decommissioning	with	the	sole	assistance	of	regular	
tugs.	This	avoids	the	need	for	specialized	heavy	lift	vessels	or	tailored	built	craft,	
thus	 reducing	 both	 costs	 and	 economic	 uncertainties	 related	 to	 installation	 and	
decommissioning	phases.		
Self-installing	foundations	as	the	ones	mentioned	before	also	use	tugs	as	external	
assistance	 for	 precise	 positioning	 over	 the	 seabed,	 this	 approach	 motivates	 the	
design	 of	 operations	 that	 conjugate	 several	 vessels	 or	 floating	 structures	 joined	
together	by	mooring	and	anchoring	lines.		This	type	of	maneuver	is	not	common	and	
requires	extensive	analysis,	modeling	and	if	possible,	training	of	the	crew.			

In	a	context	of	cost	reduction,	vessel	size	and	linking	elements	must	be	optimized	
according	to	operational	requirements.	Ideally,	operators	will	pursue	the	use	of	the	
smaller	 tug,	 avoid	 the	 use	 of	 complex	 and	 heavy	 towing	 line	 set	 ups,	 like	 clump	
weights,	and	have	the	best	control	possible	by	using	the	shorter	distance	between	
tugs	and	the	structure	as	possible.		On	the	other	hand,	installation	crews	also	need	
operational	windows	as	wide	as	possible.		All	the	listed	elements	can	lead	to	taught-
slack	events	on	the	mooring/towing	lines.	In	this	context	line	tension	analysis	and	
prediction	must	be	assessed.			

.	
This	thesis	approaches	the	analysis	of	mooring	line	tension	as	a	key	aspect	on	the	
loop	 around	 optimization	 of	 positioning	 means	 design,	 costs,	 operational	
requirements	and	climatic	windows.		
It	presents	a	review	strategy	to	analyze	mooring	line	tension	and	identify	impulsive	
or	snap	load	occurrence;	it	also	proposes	a	methodology	define	the	maximum	load	
thresholds	for	a	given	line	set-up	and	compares	it	to	the	methodology	found	in	DNV-
GL	standards.		
To	achieve	this	a	global	scale	simulator	is	implemented	with	emphasis	on	a	dynamic	
mooring	 line	 control	 and	monitoring	 device.	 The	methodology	 is	 developed	 and	
applied	on	three	case	studies.	
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1. INTRODUCTION 

		
Floating	structures	are	widely	used	 in	coastal,	harbour	and	offshore	engineering.	
They	are	present	in	any	activity	related	to	marine	structures;	dock’s	or	lock’s	gates,	
barges,	floating	cranes,	floating	terminals,	offshore	structures	or	vertical	caisson	for	
breakwater	construction	are	 just	some	examples.	Even	though	these	applications	
for	floating	structures	can	be	very	different,	most	of	the	difficulties	related	to	their	
use	and	exploitation	are	closely	related.		
These	 structures	 are	 part	 of	 very	 complex	 systems	 affected	 by	 different	 agents.		
There	are	climatic	agents	(wind,	waves	and	currents)	and	those	derived	from	the	
activity	they	were	designed	for	e.g.,	loading,	ballasting	or	towing	lines.	The	reactions	
of	floating	structures	to	the	agent’s	demands	are	frequently	constrained	by	mooring	
lines,	fenders	or	even	the	seabed.	The	operation	of	these	structures	usually	implies	
ballast	 level	 and	 mooring	 line	 tension	 evolution.	 This	 modifies	 its	 inertial	
configuration	 and	 dynamic	 behaviour	 through	 the	 different	 stages	 of	 a	 normal	
operation.	 All	 these	 interrelations	 make	 very	 difficult	 the	 comprehension	 and	
prediction	of	the	response	of	such	systems.		Existing	numerical	and	physical	models	
are	designed	to	study	particular	phases	of	the	operations,	but	none	cover	the	whole	
process	nor	include	the	human	interaction2040.	Load	distribution	changes,	liquid	
ballast	 control,	 mooring	 restrictions	 or	 boundaries’	 spatial	 restrictions	 are	 all	
forcing	related	to	decisions	taken	by	the	human	operator	or	the	operational	system.	
The	lack	of	proper	modelling	of	these	forcing	agents	and	operational	stage	evolution	
during	 simulation	 hinders	 the	 analysis	 and	 correlation	 between	 the	 simulation	
results	and	the	field	data	acquired	from	the	actual	floating	structure,	also	called	full-
scale	prototype.	Moreover,	implementation	of	those	actions	opens	the	possibility	to	
share,	or	export,	instrumental	setup	design	from	model	to	the	full-scale	prototype	
operations.	
The	previous	solutions	described	in	2040	for	floating	structures	simulation	do	not	
cover	all	issues,	so	a	new	approach	is	needed.	
The	use	of	physical	scale	simulator	for	the	analysis	and	optimization	of	inshore	and	
offshore	operations	of	floating	structures	is	a	different	approach.	It	should	include	
the	integration	of	the	operator	of	the	infrastructure	as	a	random	variable	through	
the	implementation	of	use	and	exploitation	agents	and	structure’s	control	systems.		
In	order	to	achieve	that	objective,	non-intrusive	monitoring	techniques	need	to	be	
used,	since	certain	techniques	may	undesirably	affect	the	parameter	to	be	measured	
or	even	modify	the	response	of	the	system	20.	
In	the	same	way,	synchronization	of	monitoring	and	control	systems	represents	a	
challenge	 and	 is	 often	 conditioned	 by	 wired	 communication	 systems.	 Typical	
physical	 models	 of	 floating	 structures	 need	 real-time	 control	 and	monitoring	 of	
attitude,	position,	mooring	line	tension,	structural	responses,	water	pressure,	wave	
overtopping,	accelerations	or	operational	alarms.	This	large	number	of	variables	to	
be	monitored	or	controlled	 leads	 to	use	30	 to	100	data	channels	at	 sample	rates	
between	10	and	100Hz.	The	acquisition	of	all	those	channels	needs	to	be	performed	
assuring	synchronized	and	reliable	data	reception.	
In	the	particular	case	of	a	floating	structure	scale	model,	whose	response	is	highly	

sensible	 to	 inertial	 variations	 40,	 implementation	 of	 on-board	 control	 and	
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monitoring	 systems	 reaches	 a	 high	 level	 of	 difficulty	 due	 to	 the	 large	number	 of	
variables	 involved	 and	 the	 need	 to	 miniaturize	 monitoring,	 control,	 power	 and	
communication	elements	to	avoid	hampering	the	experiment.	
	
One	example	of	this	type	of	challenge	can	be	found	on	Emerging	markets	as	marine	
wind	energy;	Offshore	wind	business	competitiveness	is	strongly	related	to	offshore	
substructures	and	their	logistics.	With	the	aim	of	reducing	installation	cost,	new	or	
unusual	operations	are	being	planned	and	executed	in	an	effort	to	avoid	the	use	of	
specialized	and	expensive	vessels	[1],	[2].	One	of	these	cases	is	the	DEMOGRAVI3	
project,	a	Horizon	2020	funded	effort	to	prove	the	feasibility	of	a	singular	GBF	design	
through	the	construction,	transportation,	installation	and	exploitation	of	a	full-	scale	
prototype.	One	of	the	singularities	of	this	design,	also	one	of	its	main	advantages,	is	
the	 capability	 of	 transport,	 self-installation	 and	 decommissioning	 with	 the	 sole	
assistance	of	regular	tugs.	This	avoids	the	need	for	specialized	heavy	lift	vessels	or	
tailored	built	craft,	thus	reducing	both	costs	and	economic	uncertainties	related	to	
installation	and	decommissioning	phases.		
Self-installing	foundations	as	the	ones	mentioned	before	also	use	tugs	as	external	
assistance	 for	 precise	 positioning	 over	 the	 seabed,	 this	 approach	 motivates	 the	
design	 of	 operations	 that	 conjugate	 several	 vessels	 or	 floating	 structures	 joined	
together	by	mooring	and	anchoring	lines.	In	a	context	of	cost	reduction,	vessel	size	
and	linking	elements	must	be	optimized	according	to	operational	requirements	[3].	
Ideally,	operators	will	pursue	the	use	of	the	smaller	tug,	avoid	the	use	of	complex	
and	heavy	towing	line	set	ups,	like	clump	weights,	and	have	the	best	control	possible	
by	using	 the	shorter	distance	between	 tugs	and	 the	structure	as	possible.	On	 the	
other	hand,	installation	crews	also	need	operational	windows	as	wide	as	possible.		
All	the	listed	elements	can	lead	to	taught-slack	events	on	the	mooring/towing	lines.	
In	this	context	line	tension	analysis	and	prediction	must	be	assessed.			
	

1.1. Objectives 

	
The	 main	 objective	 of	 this	 work	 is	 to:	 	 Design,	 implement	 and	 validate	 a	
methodology	 that	 allows	 analysis	 and	 simulation	 of	mooring	 line	 loads	 on	
floating	structures	during	marine	operations.	
	
To	achieve	such	goal,	the	following	secondary	objectives	must	be	accomplished:	
	

• Development	of	a	scale	simulator	in	which	climatic	agents,	human	operator	
and	operational	means	involved	in	traslation,	sinking	and	re-flotation	of	
floating	elements	are	reproduced.	

• Development	of	miniature	sensor	and	actuators	and	their	respective	control	
systems	that	allows	marine	operations	reproduction.	

• Fabrication	of	a	scale	model	that	integrates	all	sensoring	capabilities	while	
reproducing	boundary	conditions	of	the	study	case.	

• Development	of	instrumental	tools	for	wave	reflection	and	boundary	
condition	control	inside	wave	basins.	
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• Development	and	validation	of	a	real	time	dynamic	mooring	line	monitoring	
and	control	system		

• Review	present	strategies	to	analyse	mooring	line	tension	and	identify	
impulsive	or	snap	load	occurrence	

• Propose	a	methodology	to	identify	snap	load	occurrence	and	define	
maximum	load	capacity	of	a	mooring	system.	

	

1.2. Document structure 

	
	The	document	is	structured	in	6	main	chapters	after	#1:	
	
	Chapter	2	Estate	of	 the	art	 	 revises	 the	different	simulation	approaches	 found	 in	
literature	on	simulation	methodologies	for	marine	operations	with	special	effort	on	
those	methods	that	include	parameter	evolution	as	water	ballast,	structure	position	
and	mooring	line	control.	The	later	part	of	chapter	two	is	focussed	on	mooring	line	
tension	analysis,	design	values	and	snap	load	analysis	and	characterization.	
	
	Chapter	 	 3	 Materials,	 methodology	 and	 results	 is	 divided	 in	 4	 main	 cases	 that	
showcase	the	pace	followed	on	the	development	of	the	thesis.	Chapter	3.1	makes	use	
of	Campamento’s	dry	dock’s	 floating	gate	to	set	up,	 test	and	validate	Global	Scale	
Simulator	methodology.	The	first	steps	on	mooring	line	simulation	and	monitoring	
are	 performed	 on	 this	 chapter,	 identifying	 the	 need	 to	 improve	 the	 simulation	
mooring	 line	 tension	 control	during	 comple	 simulations.	This	need	 is	 fulfilled	on	
chapter	3.2	where	a	hybrid	simulation	device	(SEAMOOR)	is	developed,	tested	and	
validated	at	CEHINAV	towing	tank.	On	Chapter	3.3	the	methodology	,	together	with	
SEAMOOR	 is	applied	 to	a	multi-element	 floating	structure,	validating	 the	method	
and	 later	 proving	 its	 value	 on	 a	 1:1	 scale	 prototype	 in	 the	North	 Sea.	 	 A	 similar	
experiment	is	carried	out	on	chapter	3.4,	being	the	main	difference	the	size	of	the	
structure	to	be	studied	and	while	showcasing	the	limitations	of	the	operation,	brings	
out	the	need	for	a	deeper	analysis	of	mooring	line	tension	and	snap	loading	events	
on	mooring	lines.	Chapter	3.5	is	devoted	to	mooring	line	tension	analysis	,	focusing	
on	 snap	 load	 identification.	The	 author	proposes	 and	 compares	with	 literature	 a	
methodology	to	define	maximum	load	threshold	for	a	defined	mooring	line	set-up.	
	
A	discussion	is	carried	out	on	Chapter	4	and	final	conclusions	on	Chapter	5	
	
The	author	defines	the	future	development	of	the	research	on	chapter	6.	
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2. ESTATE OF THE ART 

Modelling	and	analyzing	mooring	line	dynamic	response	is	a	subject	in	permanent	
scientific	 revision	 for	 the	 last	 40	 years.	 This	matter	 is	 particularly	 important	 in	
Demogravi3	 project	 during	 two	main	 stages	 on	 the	 projects’	 life	 span:	 transport	
afloat	and	installation	phase.	
For	 this	 reason,	 an	 extensive	 review	 about	 impulsive	 load	 treatment	 for	 similar	
offshore	 mooring	 line	 configuration	 was	 carried	 out,	 including	 physical	 and	
numerical	modelling	as	well	as	analytic	approaches	and	common	recommendation	
and	 guidelines;	 unfortunately,	 none	 of	 the	 approaches	 found	on	 literature	 are	 of	
direct	application	to	the	complex	mooring	set	up	design	for	Demogravi3	installation.	
This	 has	 led	 to	 implement	 those	 approaches	 that	 offer	 applicable	 solution	 to	
characterize	 impulsive	 load	 occurrence	 on	 mooring	 line	 tensions	 during	 pre-
installation	 tests.	 Moreover,	 a	 new	 criterion	 has	 been	 suggested	 (geometrical	
elasticity	limit)	due	to	the	simplicity	of	its	concept	and	ease	of	application.		
When	impulsive	loads	occur,	scale	effects	foul	the	registered	value	of	tension.	This	
is	 due	 to	 vertical/transverse	 drag	 loads	 on	 the	 cable	 due	 to	 its	 high	 transverse	
velocity	during	 impulsive	events	and	 the	 impossibility	 to	properly	reproduce	 the	
elasticity	 of	 all	 the	 involved	 components	 (i.e.,	 winch	 and	 tugboat	 stiffness).	 This	
suggests	a	particular	analysis	por	those	tests	where	impulsive	loads	are	detected.	
In	regard	to	the	evaluation	of	dynamic	tension	on	mooring	lines	as	response	to	wave	
actions,	it	was	agreed	to	do	comparison	tests	for	three	mooring	line	configurations	
for	 the	most	 demanding	 orientation	 of	 the	 structure	 related	 to	 incoming	 waves	
(45º).	Verification	tests	for	the	most	probable	orientation	(135)	also	took	place.		
The	mentioned	tests	also	included	the	analysis	of	how	the	installation	of	a	clump	
weight	modifies	the	dynamic	tension	of	mooring	lines	during	installation	stages.	
From	data	measured	of	tests	conducted,	an	analysis	of	the	mooring	lines	response	
against	 45º	 and	 135º	 orientation	 has	 been	 carried	 out	 from	 several	 approaches.	
Firstly,	tension-displacement	response	of	mooring	lines	has	been	analyzed	for	the	
different	 line’s	 configurations.	 Thereupon,	 a	 statistical	 analysis	 is	 performed,	
providing	 typical	 descriptors	 such	 as	maximum	value,	 98th	 percentile,	mean	 and	
mean	1/3,	in	addition	to	a	maxima	analysis	from	a	DNV	methodology	which	fits	data	
to	a	Gumbel	distribution.	Finally,	a	dynamic	response	analysis	based	on	impulsive	
loads	 have	 been	 included,	 with	 impulsive	 load	 detection	 and	 number	 of	 events	
occurred.	Because	impulsive	load	events	induce	the	already	mentioned	uncertainty	
to	 peak	 values,	 this	 analysis	 provides	 a	 tool	 to	 help	 decision	 making	 related	 to	
mooring	line	design	and	its	associate	uncertainty	level.	
In	the	same	way,	as	anchoring	lines	are	designed	to	not	to	make	use	of	axial	elasticity	
of	the	anchoring	line,	thus	relying	on	geometrical	capacity	of	the	line,	elasticity	limit	
for	mooring	line	tension	defines	a	limit	at	which	impulsive,	or	slack-taught,	events	
start	 to	be	present.	That	 limit	 for	 the	used	clumped	weight	mooring	 line	 (76t)	 is	
three	times	larger	than	the	calculated	value	for	250	m	long	line.	
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2.1. Offshore structures and mooring line 

tension simulation.  

	
	
The	 study	 and	 characterization	 of	 the	 response	 of	 a	 floating	 structure	 has	 been	
addressed	 to	 date	 from	 various	 approaches.	 These	 include	 monitoring	 climatic	
agents,	 on-site	 registration	 of	 the	 floating	 structure’s	 response,	 physical	 reduced	
scale	 experimentation	 and	 numerical	 modeling.	 The	 purpose	 of	 this	
characterization	is	to	assess	the	functionality	of	the	particular	operation	for	which	
the	structure	is	designed.		
The	key	 issue	of	an	operation	 is	 that	the	response	of	 the	system	does	not	exceed	
thresholds	that	limit	or	impair	the	performance	of	operations	or	even	damage	the	
structure.	These	thresholds	are	specific	to	each	system	and	operating	media	and	are	
related	to	interaction	with	these	forcers.	
In	general	terms,	floating	structures	often	have	complex	geometries	and	are	used	in	
all	 kinds	 of	 boundary	 conditions	 (bathymetries,	 vertical	 walls,	 other	 floating	
structures,	etc.…).	These	infrastructures	are	requested	by	transient	excitations,	and	
interactions	usually	 include	nonlinear	effects.	This	 fact	does	not	allow	 to	analyze	
analytically	the	system	as	a	whole	(Rodriguez	and	Liu	2000).	Therefore,	the	use	of	
physical	models	and	numerical	models	is	obliged.	
Physical	models	have	traditionally	been	a	key	tool	in	the	design	of	ports,	vessels	and	
all	sorts	of	floating	structures.	The	purpose	of	these	tests	is	therefore	to	know	the	
operation	and	/	or	safety	of	vessels	in	their	berths.	For	this	reason,	representative	
ships	that	will	operate	in	the	port	are	selected.	These	ships	which	are	reproduced	to	
scale,	are	located	in	their	corresponding	berths	and	subjected	to	the	same	wave	in	
the	shaking	test	to	measure	the	movements	of	the	ship	and	to	select	the	forces	in	
their	moorings	and	defenses,	so	comparing	these	values	with	the	ones	considered	
as	acceptable	or	limits,	allow	the	determination	of	their	operability	and	safety.	
	
	
This	technique	presents,	even	today,	different	difficulties	listed	below:	
	
	

• Human	resources	and	the	time	consumed	by	this	type	of	modeling	limits	the	
duration	of	the	trials.	

• The	spatial	densification	of	the	instruments	used	to	record	the	oscillation	of	
the	free	surface	 is	 limited.	The	intended	number	of	sensors	 is	 finite	and	is	
limited	by	the	number	of	sensors	available,	simultaneous	channel	recording	
and	postprocessing	capacity	of	these	time	series.	

• Wave	 generation	 systems	 are	 capable	 of	 generating	 oscillations	 with	
frequencies	lower	than	0.3	Hz	which	passive	and	active	absorption	systems	
are	not	able	to	absorb	adequately.	These	low	frequencies	also	appear	in	the	
test	 vessels	 after	 long	 periods	 of	 generation	 (spurious	waves)	 or	 derived	
from	their	own	natural	resonance	frequencies	of	the	experimentation	areas	
(Cabrerizo	et	al.	2010).	

• Suitable	 test	 scales	 for	 the	 simulation	of	 short	wave	and	 long	wave	 in	 the	
same	model	requires	large	facilities	and	are	outstandingly	complex	to	design	
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and	 implement.	 Geometry	 becomes	 a	 key	 factor	 that	 can	 be	 solved	 with	
technical	precision	milling	proposed	in	recent	studies	to	improve	the	quality	
of	the	test,	but	which	need	a	high	level	of	modernization	(Cabrerizo,	Molina,	
and	Pery	2009).	

• 	
Other	limitations	currently	arising	in	the	implementation	of	this	type	of	testing	is	
the	incorporation	of	agents	of	use	and	exploitation	and	the	operator	intervention	in	
the	modeling	process.		
	
Numerical	 modeling	 is	 very	 versatile	 in	 contrast	 to	 physical	 modeling	 when	
modeling	the	docks	agitation.	Once	the	bathymetry	is	known	and	modeled,	and	once	
the	geometry	of	the	boundary	conditions	is	defined,	many	combinations	of	waves	
and	sea	level	as	the	execution	time	and	post-processing	capabilities	available	can	be	
explored.	 Currently,	 and	 within	 a	 probabilistic	 framework	 it	 is	 the	 most	 used	
technique.	 This	 is	 due	 to	 it	 reports	 lot	 of	 information	 and	 allow	 to	 spread	 large	
numbers	 of	 sea	 states	 from	 instrumental	 records	 at	 sea	 to	 studied	 ports.	 If	 the	
selection	of	sea	states	is	adequate	and	representative	it	will	be	able	to	make	a	rough	
reconstruction	 of	 the	maritime	 climate	 at	 each	 berthing	 and	mooring	 operation,	
which	generally	requires	an	instrumental	calibration	at	the	study	site.	
However,	numerical	models	also	have	limitations	that	result,	among	others	derived	
of	 the	 characteristics	 of	 the	 governing	 equations,	 the	 definition	 of	 the	 boundary	
conditions	 for	 resolution,	 calibration	 of	 these	 limitations	 and	 pretreatment	 and	
post-	modeling.	For	 the	study	of	 the	operability,	 the	main	problem	that	agitation	
numerical	models	present	is	based	on	the	premise	that	there	is	a	clear	and	bijective	
relationship	between	the	allowable	thresholds	of	wave	height	in	the	area	of	study,	
float	or	ship	response	and	loss	of	operational	performance.	This	issue	has	already	
been	addressed	in	previous	sections,	and	the	conclusion	drawn	is	that	the	reference	
values	of	local	agitation	cited	in	the	literature	are	values	that	should	not	be	taken	in	
absolute	terms.	The	operation	is	linked	with	the	response	of	the	vessel	and	is	a	time	
dependent	 response,	 conditioned	by	constraints	of	moorings	and	structures.	The	
movements	of	the	vessel,	as	the	oscillations	of	the	sea,	have	a	stochastic	nature,	and	
also	 require	 a	 probabilistic	 treatment.	 Assuming	 that	 the	 magnitude	 of	 the	
amplitude	of	a	wave	means	a	boundary	between	the	functionality	or	not	of	a	docking	
operation,		we	will	be	simplifying	an	enormously	richer	problem.	To	assume	which	
statistical	 descriptors	 of	 wave	 have	 statistical	 equivalence	 with	 descriptors	
representing	loss	of	yield,	it	is	required	a	deeper	characterization	of	the	response	of	
vessels	which	face	the	forcing	agents	in	an	elevated	sample	of	mooring	lines,	such	
as,	waves	and	wind.	Currently	there	are	no	dilated	records	of	time	to	formalize	this	
relationship	or	implanted	monitoring	schemes	that	can	provide	information	in	this	
sense.	
	
The	oscillatory	movement	associated	with	waves	in	incompressible	Newtonian	fluid	
can	 be	modeled	 by	 the	Navier-Stokes	 equations.	 These	 incorporate	 the	 basics	 of	
conservation	of	mass	and	linear	momentum.	The	boundary	conditions	at	the	free	
surface	guarantee	 the	existence	of	an	 interface.	Similarly,	 continuity	of	 the	stress	
tensor	 through	 the	 free	 surface	 is	 ensured.	 Both	 hypotheses	 are	 necessary	 to	
establish	 the	 position	 of	 the	 free	 surface.	 Both	 the	 Navier-Stokes	 equations	 and	
boundary	conditions	at	the	free	surface	are	nonlinear	(Puertos	del	Estado	2011).	In	
general	terms,	turbulence	is	assumed	to	be	negligible,	since	the	computational	effort	
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required	 to	 solve	 the	 three-dimensional	 problem	 of	 propagation	 of	 the	 wave	 is	
extremely	high.	For	modeling	in	restricted	domains	and	researcher	character	may	
be	incorporated	in	the	resolution	of	equations,	but	for	the	field	of	management	and	
consultancy	its	cost	is	hardly	acceptable.	
For	the	study	of	agitation	there	is	available	an	extensive	catalog	of	models,	but	at	the	
port	 area,	models	 based	 on	 the	 equation	 of	 the	mild-slope	 (sloping)	 and	models	
based	 on	 Boussinesq	 equation	 are	 the	 most	 commonly	 used.	 In	 both	 cases	 the	
governing	 equations	 are	 integrated	 vertically,	 thereby	 reducing	 the	 initial	 three-
dimensional	problem	to	a	two-dimensional	problem.	The	equation	of	the	mild-slope	
is	 usually	 applied	 exclusively	 to	 varying	 background,	 reflective	 contours,	 linear	
wave	theory	and	regulate	wave	while	Boussinesq	is	often	applied	to	irregular	waves	
in	relatively	shallow	water.	From	the	methodological	point	of	view,	the	analysis	of	
shortwave	and	longwave	it	 is	still	usually	studied	separately	being	the	long	wave	
analysis	generally	linear,	so	the	possible	links	between	movements	associated	with	
long	and	short	wave	have	not	so	far	been	considered	in	modeling	(Rodríguez	and	
Liu	2000).	
	
	

2.1.1. Simulation methodologies 

 

Physical modelling 

Stage	simulation	with	fixed	boundary	conditions	and	test	parameters.	There	is	no	
analysis	of	stage	interfaces	
Do	not	include	the	operator	as	an	agent	
Moderate	to	high	intrusiveness	of	sensor	and	actuator	systems	
The	physical	modelling	involves	design	and	construction	of	scale	model,	
generation	of	environment	in	an	appropriate	facility,	measuring	responses	of	the	
model	subjected	to	the	scaled	environment	and	scaling	up	of	the	measured	
responses	to	the	design	values.	The	purpose	of	duplicating	the	environment	
experienced	by	an	offshore	structure	in	a	small	scale	is	to	be	able	to	reproduce	the	
responses	that	the	structure	will	experience	when	placed	in	operation	in	the	
offshore	site.	This	enables	the	designers	to	verify	their	design	methods	and	take	
any	necessary	corrective	actions	for	the	final	design	of	the	structure	before	it	is	
released	for	construction.	The	physical	model	also	allows	the	proof	of	the	concept	
for	a	new	and	innovative	design	for	a	particular	application	as	well	as	verifies	the	
operational	aspects	of	a	designed	structure.	For	a	successful	physical	modelling,	the	
following	areas	should	be	known:	

• Similarity	laws	for	modelling	
• Froude	number	and	related	scaling	
• Reynolds	number	and	its	effect	
• Scaling	of	a	hydro	elastic	model	
• Important	components	of	a	wave	basin	
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• Modelling	of	environment	
• Instrumentation	requirements	and	measurement	accuracy	
• Modelling	difficulties	and	distortion	in	scaling	
• Data	analysis	and	reporting	

 

Purpose of Physical Modelling 

One	 of	 the	 principal	 benefits	 of	 model	 testing	 is	 that	 valuable	 information	 is	
provided	which	 can	 be	 used	 to	 predict	 the	 potential	 success	 of	 the	 prototype	 at	
relatively	small	investment.	The	physical	model	provides	qualitative	insight	into	a	
physical	 phenomenon,	 which	may	 not	 be	 fully	 understood	 currently.	 The	 use	 of	
models	is	particularly	advantageous	when	the	analysis	of	the	prototype	structure	is	
very	 complicated.	 In	 other	 situations,	models	 are	 often	 used	 to	 verify	 simplified	
assumptions,	which	are	inherent	 in	most	analytical	solutions,	 including	nonlinear	
effects.	 An	 example	 of	 this	 is	 the	 discovery	 of	 slow	 drift	 oscillation	 of	 a	moored	
floating	tanker	through	model	testing	before	a	theory	describing	the	second-order	
oscillating	drift	force	and	the	associated	motion	was	derived.	Model	test	results	are	
also	employed	in	deriving	empirical	coefficients	that	may	be	directly	used	in	a	design	
of	 the	 prototype.	 Therefore,	 the	 following	 list	 gives	 the	 principal	 benefits	 to	 be	
gained	from	a	model	test:	

• Validate	design	values	
• Obtain	empirical	coefficients	
• Substantiate	analytical	technique	
• Problem	difficult	to	handle	analytically	
• Verify	offshore	operation,	such	as,	a	specific	installation	procedure	
• Evaluate	higher	order	effects	normally	ignored	in	the	analysis	
• Investigate	unpredicted	or	unexpected	phenomena	

	

Modelling and Similarity Laws 

It	is	important	to	have	a	clear	understanding	of	the	scaling	laws	before	the	model	
measurements	may	become	meaningful.	Why	do	we	need	scaling	laws?	We	can	cite	
the	following	reasons	for	scaling	laws:	Testing	is	generally	done	in	a	small	scale;	the	
scaling	laws	allow	scaling	up	of	the	measured	data	to	full	scale.	Modelling	laws	relate	
the	behaviour	of	a	prototype	to	that	of	a	scaled	model	in	a	prescribed	manner.	The	
problem	in	scaling	is	to	derive	an	appropriate	scaling	law	that	accurately	describes	
this	similarity.	In	modelling	a	prototype	structure	in	a	small	scale,	there	are,	at	least,	
three	areas	where	attention	must	be	given	so	that	the	model	truly	represents	the	
prototype	behaviour	-	structure	geometry,	fluid	flow	and	the	interaction	of	the	two.	
Therefore,	we	shall	seek	similarity	in	the	structure	geometry,	similitude	in	the	fluid	
kinematics	and	the	similitude	in	the	dynamics	of	the	structure	subjected	to	the	fluid	
flow	around	it.		
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Geometric Similitude 

Geometrically	 similar	 structures	 have	 different	 dimensions	 but	 have	 the	 same	
shape.	In	other	words,	a	model	built	for	testing	in	a	small	scale	must	resemble	the	
prototype	 in	 shape,	 especially	 the	 submerged	 sections.	 At	 least,	 the	 important	
submerged	elements	must	be	modelled	accurately.	This	can	be	easily	achieved	if	we	
assume	that	a	constant	scale	ratio	exists	between	their	linear	dimensions		

𝑙𝑝
𝑙𝑚

= 𝑎	

where	 lp	and	 la,,	 are	 any	 two	 corresponding	 homologous	 dimensions	 of	 the	 two	
structures	 namely,	 prototype	 and	 model,	 respectively	 and	 a	 is	 the	 scale	 ratio	
between	them.	In	this	case,	we	say	that	the	two	structures	are	geometrically	similar.	
The	ratio	of	 the	 two	similar	dimensions	(e.g.,	diameter	and	 length	of	a	particular	
member)	 will,	 therefore,	 remain	 constant	 and	 establishes	 the	 scale	 factor	 for	 a	
model.	This	factor	will	be	defined	as	E,	throughout	this	book.	
 

Kinematic Similitude 

The	kinematic	similitude	is	achieved	in	the	model	if	the	ratio	of	the	fluid	velocity	
and	fluid	acceleration	are	preserved.	Thus,	the	ratio	of	the	prototype	velocity	to	the	
corresponding	model	velocity	will	be	a	prescribed	constant.	This	applies	to	all	
velocities	including	fluid	particle,	wind	speed,	towing	speed,	model	velocity	in	a	
particular	direction,	etc.	Similarly,	the	ratio	of	the	acceleration	will	be	a	different	
constant.	Their	relationships	will	be	determined	from	the	scaling	laws.	When	these	
laws	are	satisfied	for	velocity	and	acceleration,	the	model	is	considered	
kinematically	similar	to	the	full-scale	structure.	
 

Hydrodynamic Similitude 

Consider	the	masses	of	two	similar	structures	in	similar	motions.	Nothing	that	the	
induced	force	may	be	written	using	the	Newton’s	law	as	the	product	of	mass	and	
acceleration,	 all	 corresponding	 impressed	 forces	must	be	 in	 a	 constant	 ratio	 and	
similar	 direction.	 Therefore,	 geometrically	 similar	 structures	 in	 similar	 motions	
having	similar	mass	systems	are	similarly	forced.	When	the	model	is	forced	similar	
to	the	prototype,	the	model	is	considered	dynamically	similar	to	the	prototype.	The	
chosen	scaling	laws	establish	this	scaling	relationship	for	the	model.	In	order	for	a	
model	 to	 truly	 represent	 the	 full-scale	 structure,	 all	 three	conditions,	namely	 the	
geometric,	kinematic	and	dynamic	similarities	must	be	maintained.	Then	only	the	
model	 test	 data	 may	 be	 scaled	 up	 to	 the	 full	 scale	 without	 any	 distortion.	
Hydrodynamic	scaling	laws	are	determined	from	the	ratio	of	forces.	Table	13.1	gives	
the	most	common	scaling	laws	from	the	fluid	structure	interaction	problem.	Several	
ratios	 may	 be	 involved	 in	 a	 particular	 scaling.	 One	 of	 these	 may	 be	 more	
predominant	 than	 others.	 The	 dynamic	 similitude	 between	 the	 model	 and	 the	
prototype	is	achieved	from	the	satisfaction	of	these	scaling	laws.	In	most	cases	only	
one	 of	 these	 scaling	 laws	 is	 satisfied	 by	 the	 model	 structure.	 Therefore,	 it	 is	
important	to	understand	the	physical	process	experienced	by	the	structure	and	to	
choose	the	most	important	scaling	law,	which	governs	this	process.	
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Table 1 Common dimensionless quantities in offshore engineering 

	
	
In	previous	 table,	D	=	member	diameter,	T	=	wave	period,	g	=	gravity,	𝜐	=	kinematic	
viscosity,	 p	 =	pressure,	 E	=	modulus	 of	 elasticity	 and	 fe=	vortex	 (eddy)	 shedding	
frequency.	The	Froude	number	applies	to	gravity	waves.	The	Reynolds	number	is	
related	to	the	drag	force	in	the	structure.	The	Euler	number	is	not	as	important	as	
these	quantities,	except	for	vertically	 loaded	long,	slender	structures.	The	Cauchy	
number	plays	an	important	role	for	an	elastic	structure,	such	as,	compliant	towers,	
risers	and	 tendons.	The	Keulegan-	Carpenter	number	 is	very	 important	 for	small	
structural	members	where	forces	are	computed	based	on	hydrodynamic	inertia	and	
drag	 coefficients.	 	The	 Strouhal	 number	 is	 the	 non-dimensional	 vortex	 shedding	
frequency	and	should	be	considered	for	a	moving	structure	when	the	flow	past	a	
structural	member	separates	and	produces	vortices	past	the	structure.		
The	typical	current	or	wave-structure	interaction	problem	involves	Froude	number,	
Reynolds	number	and	Keulegan-Carpenter	number.	For	structures	that	are	subject	
to	deformation,	Cauchy	number	should	additionally	be	considered.	For	structures	
vibrating	in	fluid	medium,	the	Strouhal	number	is	also	included.		
The	frequency	of	vortex	shedding,	fe	from	a	stationary	circular	cylinder	of	diameter	
D	in	a	fluid	stream	of	velocity	u	has	been	shown	to	be	a	linear	function	of	Reynolds	
number	Re		over	a	wide	range.	A	relationship	between	the	Strouhal	number	St	and	
Reynolds	number	Re	exists	in	steady	flows.	It	is	generally	accepted	that	St	=	0.2	in	
the	range	2.5	x	102	<	Re	<	2.5	x	105.	Beyond	this	range,	St	increases	up	to	about	0.3	
and	then,	with	further	increase	in	Re,	the	regular	periodic	behaviour	of	u	in	the	wake	
behind	the	cylinder	disappears.	Some	variation	in	this	trend	has	been	observed	in	
experiments	by	several	investigators,	particularly,	outside	the	constant	range	of	St.		
In	 the	 offshore	 structure	 problem,	 the	 most	 common	 among	 the	 dimensionless	
scaling	 laws	 presented	 in	 Froude’s	 law.	 The	 Reynolds	 number	 is	 also	 equally	
important	 in	 many	 cases.	 However,	 Reynolds	 similarity	 is	 quite	 difficult,	 if	 not	
impossible,	to	achieve	in	a	small-scale	model.	Simultaneous	satisfaction	of	Fr	and	Re	
is	 even	 more	 difficult.	 The	 Froude	 law	 is	 the	 accepted	 method	 of	 modelling	 in	
hydrodynamics.	
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Froude Model 

The	 Froude	 number	 has	 a	 dimension	 corresponding	 to	 the	 ratio	 of	u&/(gD)	as	
shown	in		
.	Defining	Fr	as	the	Froude	model	must	satisfy	the	relationship:	

𝐹' =
𝑢&

𝑔𝐷	

𝑢(&

𝑔𝐷(
=
𝑢)&

𝑔𝐷)
	

Assuming	a	scale	factor	of	h	and	geometric	similarity,	the	relationship	between	the	
model	 and	 full-scale	 structure	 for	 various	 parameters	 may	 be	 established.	 The	
variables	chosen	are	the	most	common	ones	that	are	encountered	in	the	offshore	
structure	testing.	For	a	scale	factor	of	1:50	and	1:100	for	a	model,	the	multiplying	
factors	for	these	variables	are	also	shown	in	the	table.	For	scale	factors	other	than	
these,	 this	 table	 may	 be	 easily	 converted	 to	 yield	 the	 multiplying	 factor	 for	 the	
desired	responses.	Thus,	for	a	Froude	model,	the	scaling	of	the	model	response	to	
the	prototype	values	is	straightforward.	There	are	instances,	however,	where	this	
scaling	may	not	be	achieved	simply.	A	few	examples	will	be	cited	later	where	this	
table	 is	not	directly	applicable	and	possible	 remedies	or	corrections	 that	may	be	
adopted	for	the	above	method	will	be	discussed.	One	should	note	that	fluid	density	
and	 viscosity	 are	 different	 between	 the	 model	 and	 prototype,	 even	 though	 the	
difference	 is	 generally	 small.	 This	 difference	 is	 often	 ignored	 due	 to	 small	
corrections.	However,	the	scaled-up	values	may	be	corrected	by	the	ratio	of	these	
quantities	if	desired.	A	few	structure	responses	are	also	included	in	the	table.	Their	
values	at	different	scale	factors	are	listed.	This	is	an	exercise	to	illustrate	what	scale	
factor	 for	 a	 particular	 test	 requirement	 may	 be	 appropriately	 chosen	 and	 what	
becomes	of	the	magnitudes	of	quantities	in	the	model	scale.	Such	a	table	will	guide	
the	user	to	choose	the	most	appropriate	scale	given	the	limitation	of	a	chosen	testing	
basin	and	measurements.		

Reynolds Model  

If	a	Reynolds	model	is	built,	it	will	require	that	the	Reynolds	number	between	the	
prototype	and	the	model	be	the	same.	Assuming	that	the	same	fluid	is	used	in	the	
model	system	(viscosity	ratio	=	l),	this	means	that:	

𝑢(𝐷( = 𝑢)𝐷)	
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Table 2 Scaling of variables using Froude law 

	
If	a	scale	factor	of	h	is	used	in	the	model,	then	this	equality	is	satisfied	if	

𝜆𝑢( = 𝑢)	
In	other	words,	the	model	fluid	velocity	must	be	h	times	the	prototype	fluid	velocity.	
In	 general,	 this	 is	 difficult	 to	 achieve,	 especially	 if	 a	 small-scale	 experiment	 is	
planned.	 It	 also	 points	 out	 the	 difficulty	 of	 satisfying	 both	 the	 Reynolds	 and	 the	
Froude	number	simultaneously.	
On	 the	other	hand,	 if	 the	Froude's	 law	 is	used	 in	modelling,	 the	distortion	 in	 the	
Reynolds	 number	 is	 large.	 As	 noted	 earlier,	 for	 a	 Froude	 model,	 the	 Reynolds	
number	scales	as:		

𝑅𝑒( = 𝜆&/+𝑅𝑒(	
Therefore,	 the	 larger	 the	scale	 factor,	 the	 larger	 is	 the	distortion	 in	 the	Reynolds	
scaling.	In	fact,	it	is	possible	that	the	model	flow	will	be	laminar	while	the	prototype	
flow	 falls	 in	 the	 turbulent	 region.	 Experiments	 have	 shown	 that	 the	 flow	
characteristics	 in	 the	 boundary	 layer	 are	most	 likely	 to	 be	 laminar	 at	 Re	 <	 lo5,	
whereas	 the	 boundary	 layer	 is	 turbulent	 for	Re	>	 lo6.	 In	 this	 case,	 two	different	
scaling	laws	apply,	(namely,	both	Froude	and	Reynolds),	which	cannot	be	satisfied	
simultaneously.	(Use	of	different	fluids	to	match	the	Reynolds	number	may	not	be	
practical.)	In	this	case,	it	is	most	convenient	to	employ	Froude	scaling	and	to	account	
for	the	Reynolds	disparity	by	other	means.	There	are	several	methods	that	may	be	
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used	 to	 account	 for	 the	 distortion	 in	 the	 Reynolds	 scaling	 for	 a	 Froude	 model:	
Maximise	scale	of	the	model	to	simulate	the	prototype	effect	closer	Correct	Reynolds	
effect	in	scaling	up	of	data	to	full	scale	Trip	the	incoming	flow	by	roughing	the	model	
surface	in	the	forward	area	Induce	turbulence	in	the	flow	by	external	means	ahead	
of	the	model	the	larger	the	model,	the	closer	is	the	flow	simulation.	This	is,	however,	
difficult	to	achieve	for	offshore	structures.	Sometimes,	fluid	of	lower	viscosity	than	
water	is	used	to	increase	the	value	of	Reynolds	number	in	the	model.	For	equality	of	
both	Froude	and	Reynolds	number,	a	fluid	whose	kinematic	viscosity	is	about	1/𝜆&/+	
of	that	of	water	should	be	used.	When	h	is	large,	such	as	for	offshore	structures,	this	
is	impossible	to	achieve.	One	method	of	achieving	a	proper	Reynolds	number	effect	
at	 the	 boundary	 layer	 is	 to	 deliberately	 trip	 the	 laminar	 flow	 in	 the	 model	 by	
introducing	roughness	on	 the	surface	of	 the	 forward	part	of	 the	model.	Then	 the	
model	 in	most	part	will	see	turbulent	 flow.	This	works	for	a	 long	model,	because	
once	the	flow	regime	is	turbulent,	the	drag	effect	is	only	weakly	dependent	on	the	
Reynolds	number.	In	testing	tanker	models,	external	means,	such	as	studs,	pins	or	
sand-strips	attached	near	the	bow,	are	often	used	to	induce	turbulence.	Flow	can	
also	be	tripped	ahead	of	the	model	by	introducing	a	mesh	barrier	submerged	from	
the	 surface.	 In	 towing	 tests,	 with	 horizontally	 long	 structures,	 such	 as,	 ships	 or	
barges,	the	skin	friction	resistance	is	comparable	to	the	wave-making	resistance	and	
is	dependent	on	Reynolds	number.	Thus,	towing	resistance	depends	on	both	Froude	
and	Reynolds	law.	Corrections	are	made	in	the	friction	factor	(which	is	known	as	a	
function	of	Reynolds	number)	based	on	the	respective	Reynolds	number	before	the	
data	on	model	towing	resistance	is	scaled	up	to	the	prototype	value.	If	this	difference	
is	 ignored	 in	 scaling,	 the	 (scaled	 up)	 prototype	 data	 will	 generally	 be	 non-
conservative.	
 

Cauchy Model 

Let	us	now	consider	another	type	of	structure	where	the	flexibility	of	its	members	
becomes	important.	In	this	case,	the	member	is	expected	to	undergo	deformation	
due	 to	 the	 interaction	with	waves	 and	 this	 effect	 should	be	 accounted	 for	 in	 the	
model	for	proper	simulation.		
It	is	often	desired	to	test	structures	to	determine	stresses	generated	in	its	members	
due	 to	 external	 forces,	 for	 example,	 from	 waves.	 It	 is	 well	 known	 that	 for	 long	
slender	 structures,	 the	 stiffness	 of	 the	 structure	 is	 important	 in	 measuring	 the	
response	of	the	structure	model	in	waves.	In	this	case,	the	elasticity	of	the	prototype	
should	be	maintained	in	the	model.	Hydro-elasticity	deals	with	the	problems	of	fluid	
flow	past	a	submerged	structure	in	which	the	fluid	dynamic	forces	depend	on	both	
the	inertial	and	elastic	forces	on	the	structure.	Therefore,	in	addition	to	the	Froude	
similitude,	the	Cauchy	similitude	is	desired.		
The	Cauchy	similitude	requires	that	stiffness,	such	as	in	bending,	of	a	model	must	
be	related	to	that	of	the	prototype	by	the	relation:	

(𝐸𝐼)( = 𝜆,(𝐸𝐼))	
where	 E	 =	modulus	 of	 elasticity	 and	 I	 =	moment	 of	 inertia.	 This	 provides	 the	
deflection	in	the	model	which	is	l/h	times	the	deflection	in	the	prototype	(Froude’s	
law);	also,	stress	must	be	similarly	related,	such	that,	𝜎( = 𝜆 𝜎()a,	=	ha,	(Table	3).	
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Table 3. Scaling of structure stiffness parameters for combined Froude/Cauchy scale 

	
	

	
	

Numerical modelling 

	
Over	the	last	years	numerical	modelling	has	proved	to	be	a	valuable	tool	for	floating	
structure	 analysis	 and	 their	 response	 to	 climatic	 agents.	 Nowadays	 there	 are	 a	
number	of	available	software	to	model	the	behaviour	of	floating	objects,	including	
non-linear	 affection	 from	 mooring	 lines	 and	 fender	 restrictions.	 (DNV:SESAM,	
WAMIT).	 However,	 the	 requirements	 imposed	 to	 these	 models	 to	 properly	
reproduced	all	involved	phenomena	are	Apart	from	the	fact	that	the	operator	cannot	
be	 included	 in	 the	 numerical	 simulation,	 purely	 numerical	 models	 present	 the	
following	problems	related	to	this	study	‘s	objectives:		

• Air/water	water	/solid	interfaces.	Numerical	models	cannot	correctly	
reproduce	complex	interfaces	present	during	fluid	structure	interaction	in	
particular	conditions	related	to	semi-submersible	structures.	

• Problems	related	to	highly	nonlinear	phenomena	and	impulsive	
forces/reactions	as	impacts.	Non-linearities	appear	when	there	is	an	impact	
between	the	structure	and	a	rigid	boundary	or	when	the	elastic	capacity	of	a	
mooring	line	is	extinguished.	

• High	computational	requirements	and	time		
• Not	possible	to	implement	all	the	boundary	conditions	required	to	include	

human	operator	interaction	
	

Other	available	option	is	to	deploy	a	simulator	as	the	electronic	bridge	simulators	
used	 for	 ship	 handling	 training.	 By	 itself,	 this	 complex	 equipment	 covers	
considerably	more	intended	training	events	and	is	more	ready	to	use	than	to	resort	
to	the	services	of	a	real	ship,	often	unavailable	now.	The	associated	software	is	able	
to	simulate	various	kinds	of	ships	movements	and	manoeuvres	in	different	weather	
or	 sea	 state	 conditions.	 The	 electronic	 bridge	 simulator	 is	 very	 suitable	 for	
conducting	 especially	 teamwork	 training	 in	 relative	 short	 intense	 sessions.	
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Moreover,	a	trainee	wrong	individual	action	or	bridge	team	delayed	decision	is	not	
subject	to	any	ship	real	damage,	the	events	as	such	being	possible	to	be	assessed	and	
analysed	afterwards	in	order	to	establish	their	causes	and	how	to	be	avoided	in	the	
future.	In	addition,	the	bridge	simulator	can	be	connected	to	an	electronic	engine	
room	 simulator	 and	 so	 creating	 the	 possibility	 to	 train	 simultaneously	 and	
realistically	trainee	teams	as	a	ship	complete	operating	watch.	 
However,	 the	 mathematical	 equations	 which	 control	 the	 electronic	 bridge	
simulators	are	describing	more	or	less	approximately	the	structure's	behaviour	in	
different	manoeuvring	situations,	a	lot	of	situations	being	impossible	to	be	properly	
numerically	 simulated	 because	 of	 the	 involved	 too	 complex	 hydrodynamic	
phenomena	affecting	the	ship’s	manoeuvrability.		
	
As	a	conclusion,	existing	methodologies	do	not	cope	with	necessary	requirements	
that	motivate	the	present	work.	
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2.2. Mooring line tension Analysis.  

Emerging	 markets	 as	 marine	 wind	 energy	 are	 imposing	 new	 challenges	 to	 the	
offshore	industry;	Marine	wind	energy	business	competitiveness	is	strongly	related	
to	offshore	substructures	and	their	logistics.	With	the	aim	of	reducing	installation	
cost,	new	or	unusual	operations	are	being	planned	and	executed	in	an	effort	to	avoid	
the	 use	 of	 specialized	 and	 expensive	 vessels	 [1],	 [2].	 One	 of	 these	 cases	 is	 the	
DEMOGRAVI3	 project,	 a	Horizon	 2020	 funded	 effort	 to	 prove	 the	 feasibility	 of	 a	
singular	 GBF	 design	 through	 the	 construction,	 transportation,	 installation	 and	
exploitation	of	a	full-	scale	prototype.	One	of	the	singularities	of	this	design,	also	one	
of	 its	 main	 advantages,	 is	 the	 capability	 of	 transport,	 self-installation	 and	
decommissioning	with	the	sole	assistance	of	regular	tugs.	This	avoids	the	need	for	
specialized	heavy	 lift	 vessels	or	 tailored	built	 craft,	 thus	 reducing	both	 costs	and	
economic	uncertainties	related	to	installation	and	decommissioning	phases.		
Self-installing	foundations	as	the	ones	mentioned	before	also	use	tugs	as	external	
assistance	 for	 precise	 positioning	 over	 the	 seabed,	 this	 approach	 motivates	 the	
design	 of	 operations	 that	 conjugate	 several	 vessels	 or	 floating	 structures	 joined	
together	by	mooring	and	anchoring	lines.	In	a	context	of	cost	reduction,	vessel	size	
and	linking	elements	must	be	optimized	according	to	operational	requirements	[3].	
Ideally,	operators	will	pursue	the	use	of	the	smaller	tug,	avoid	the	use	of	complex	
and	heavy	towing	line	set	ups,	like	clump	weights,	and	have	the	best	control	possible	
by	using	 the	shorter	distance	between	 tugs	and	 the	structure	as	possible.	All	 the	
listed	elements	 lead	 to	 taught-slack	events	on	 the	mooring/towing	 lines.	 	On	 the	
other	hand,	installation	crews	also	need	operational	windows	as	wide	as	possible.	
In	 this	 context	 line	 tension	analysis	 and	prediction	must	be	assessed.	 	 Snap	 load	
events	 are	 complex	 to	model,	maximum	 achievable	 loads	 depend	 on	 the	 system	
stiffness	as	a	whole	and	that	is	both	difficult	to	model	and	to	achieve.	The	aim	of	this	
work	is	to	define	a	maximum	set	up	load	in	order	to	avoid	the	occurrence	of	such	
events	due	to	the	uncertainty	associated	to	loads	during	installation.	
Several	 studies	 on	 snap	 load	 events	 assessment	 of	 vertical	 lines	 as	 [4],	 [5]	 and	
recommended	practices	[6].		
Several	 authors	have	worked	on	 the	 subject,	modelling	 the	phenomena	both	nu-
merically	and	using	physical	scale	models,	obtaining	good	agreement	between	ex-
perimental	 and	 numerical	 results.	 Numerical	 models	 are	 usually	 formulated	 by	
allowing,	as	example,	for	the	following	[7],[8]:	
•	 Three-dimensional	motion	
•	 Large	displacements	
•	 Inclusion	of	forces	due	to	the	weight	of	the	cable,	buoyancy,	drag	and	added	
mass.	
•	 Non-uniform	 cables.	 Capacity	 to	 include	 any	 subsystems,	 such	 as	 hanging	
clump	weights. 	
•	 Axial	stiffness	of	the	cable	operating	in	alternating	taut-slack	conditions.	
	
However,	taut-slack	events	imply	high	transverse	velocities	of	the	line	at	mid-point,	
thus	 increasing	 relevance	 of	 the	 drag	 and	 added	 mass	 forces	 on	 the	 maximum	
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tension	values.	Viscous	drag	coefficients	are	affected	by	scale	effects	often	found	in	
Froude	models.	 Given	 that	 drag	 coefficient	 are	 driven	 by	 Reynolds	 number	 and	
scaling	factor	between	model	and	prototype	is	λ2/3,	tension	values	for	impulsive	
load	processes	need	to	be	adjusted	for	each	event.	This	individual	analysis	is	out	of	
the	scope	of	these	tests	Moreover,	impulsive	loads	are	also	dependent	on	structural	
stiffness	of	the	structure	and	the	model	tugboats.	Modelling	the	stiffness	of	tugboats	
nor	 DEMOGRAVI3	 structure	 is	 out	 of	 the	 scope	 of	 these	 tests	 thus	 inducing	
uncertainty	 to	 impulsive	 or	 slack-taut	 registered	 values	 but	 not	 so	 on	 the	
occurrence.	
This	work	approaches	the	analysis	of	mooring	line	tension	as	a	key	aspect	on	the	
loop	 around	 optimization	 of	 positioning	 means	 design,	 costs,	 operational	
requirements	and	climatic	windows.		
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3. MATERIALS, METHODOLOGY 
AND RESULTS. 

	

3.1. Control of a cable restrained single body 

floating structure 

3.1.1. Historical background 

In	the	middle	of	the	70’s	energy	crisis,	natural	gas	became	an	immediate	response	
to	global	demand.	One	of	its	characteristics	is	its	low	price	at	production	source	and	
the	high	added	value	involved	within	its	transport.	The	main	reason	for	this	relies	
in	the	complexity	of	its	liquefaction,	transport	and	later	gasification.	
	
All	 these	 processes	 presented	 a	 clear	 business	 and	 industrial	 development	
opportunity	back	in	those	days	and	LNG	tanker	design	and	construction	seemed	to	
be	the	field	for	investment.	One	of	the	initiatives	was	developed	in	southern	Spain,	
under	 protection	 of	 the	 Spanish	 Government	 and	 the	 technical	 and	 economic	
resources	of	Spanish	Banks	and	Engineering	companies,	 the	company	was	called	
Crinavis.	Its	goal	was	to	produce	the	cryogenic	equipment	required	to	transport	LGN	
at	-165ºC,	the	spherical	reservoirs,	all	required	equipment	plus	the	installation	of	
them	inside	a	vessel.		
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Figure 1 Project layout poster 

	
To	build	 the	tankers	 the	procedure	eluded	using	heavy	cranes	by	assembling	the	
spheres	 and	 the	 hull	 inside	 a	 basin	 using	 the	 element’s	 self-flotation.	 A	 small	
prototype	of	5000cubic	meters	was	built	as	a	technology	demonstrator,	Sant	Jordi,	
a	110	LOA	vessel.	Even	cryogenic	transport	devices	and	building	procedures	were	
patented.		

	
Figure 2 Scale vessel. Sant Jordi 

The	 original	 shipyard	 design	 included	 two	 well	 defined	 zones:	 One	 called	 the	
cryogenic	 zone,	 located	 in	 the	 northern	 part	 of	 the	 site	 where	 tanks	 would	 be	
produced	(containing	the	north	and	cross	basins,	the	two	that	were	built),	and	the	
other	 in	 the	 south	 called	 the	 ship	 zone,	 where	 vessels	 (containing	 the	 future	
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southern	dike,	which	was	never	built)	were	built.	In	Figure	3	a	perspective	of	the	
proposed	facilities	is	shown.	The	works	were	never	completed	in	its	entirety.	
	

	
Figure 3 Project layout 

	
The	project	was	even	approved	by	classification	societies	and	after	two	years	of	its	
beginning	the	shipyard	started	the	construction	in	September	1974.	Unfortunately,	
due	to	economic,	political	and	market	reluctance	and	 lack	of	confidence,	Crinavis	
disappeared	soon	after	the	shipyard	construction	was	finished.	
	
	
	

3.1.2. Project description and actual use and needs. 

The	facilities	remained	abandoned	until,	in	August	1996,	Cernaval	SA	was	awarded	
the	 concession	 for	 the	 occupation	 of	 a	 51,200	m2	 area	 for	 the	 construction	 and	
operation	of	a	ship	repair	centre	with	the	installation	of	a	floating	dock	in	the	port	
facilities	at	Campamento.	In	those	days,	the	dry	dock	(North	Dock)	was	being	used	
as	repair	wharf.	Soon	afterward	the	floating	gate	and	the	pumping	facilities	were	
refurbished,	and	the	dry	dock	became	fully	functional	again	providing	Cernaval	S.A.	
with	a	380	m	long	and	50	m	wide	dry	dock	with	hearth	at	elevation	-7.00	m	in	one	
of	the	busiest	marine	traffic	areas	worldwide.	
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Figure	4	Campamento	facilities	 in	2009.	Left	(red):	Floating	dry	dock,	centre:	dry	
dock	basin	and	floating	gate,	right:	Campamento	Basin,	designed	to	dry	construction	
of	unique	works	as	the	Monaco	Dock	or	Adriatic	LNG	platform		
	
Its	strategic	location	in	Gibraltar	Strait	means	a	continuous	demand	for	the	company	
with	figures	between	70	and	110	clients/assignments	per	year.		
	
This	new	use	of	the	facility	implies	a	completely	different	operational	demand	for	
the	 drydock’s	 gate,	 since	 opening/closing	 operations	 have	 raised	 from	 proper	
figures	 of	 a	 construction	 shipyard	 (less	 than	 five	 per	 year)	 to	 those	 of	 a	 repair	
business.	This	 increased	and	different	demand	forces	the	shipyard	to	operate	the	
gate	 as	 soon	as	possible	once	 the	work	 is	 finished	 in	order	 to	 allow	 the	vessel	 a	
prompt	return	to	its	duties/business.	Because	of	climatic	agents	in	Algeciras	Bay,	
operation	of	the	floating	gate	is	not	feasible	100%	of	the	time	and	lack	of	appropriate	
tools	 to	 identify	 when	 the	 operation	 was	 feasible	 and	 globally	 safe	 has	 led	 to	
structural	damage	that	promoted	operational	failure	and	repair	needs	to	the	gate	
and	the	water	sealing	system.	
	
	

3.1.3. Objectives. Define and optimize operational thresholds 

to reduce operational and structural damage risk 

The	 main	 objective	 of	 this	 study	 is	 to	 offer	 the	 operator	 of	 the	 facility	 a	 set	 of	
objective	tools	to	evaluate	and	predict	when	the	opening	and	closing	of	the	gate	can	
be	performed	within	safety	margins.	This	set	of	tools	can	be	simplified	into	two,	a	
prediction	system	for	climatic	agents	in	the	area	of	interest	and	sufficient	knowledge	
of	the	gate	operational	thresholds.	
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The	prediction	tool	is	already	available	in	SAMPA,	therefore	the	main	objective	is	to	
define	 actual	 operational	 thresholds	 and	 secondarily	 evaluate	 different	
modifications	 to	 the	 structure	 or	 the	 operational	 procedures	 to	 extend	 those	
thresholds	and	enlarge	operational	windows.	Once	this	knowledge	is	passed	on	to	
the	operator	operational	and	structural	risks	can	be	minimized.	
	

3.1.4. Geographical description 

Campamento	Area	 is	 located	 in	 the	north-east	side	of	Algeciras	Bay,	 less	 than	10	
nautical	miles	away	from	the	Strait	of	Gibraltar.	This	Bay	provides	natural	shelter	
waters	for	cargo	vessels	right	in	one	of	the	busiest	marine	routes	in	the	world,	one	
of	the	two	entrances	into	the	Mediterranean.	Approximate	figures	of	traffic	through	
the	strait	are	100.000	vessels	per	year	of	which	nearly	30.000	sail	into	the	bay	for	
loading,	unloading	or	bunkering	purposes.	
	

	
Figure	5	Marine	traffic	density	during	2014.	Source	www.Marinetraffic.com	
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3.1.5. Climatic agents description and analysis. Instrumental 

system and marine climate 

This	 section	 provides	 a	 statistical	 characterization	 of	 the	 predominant	 climatic	
agents	in	the	study	area.	To	do	this,	first,	a	deep-water	analysis	of	wave	regimes	is	
carried	out	of	recorded	date	by	the	Alboran	wave	buoy	of	the	Public	Agency	State	
Ports,	anchored	to	-530	m	depth	at	coordinates	N	36	267,	5033	E	and	a	temporary	
coverage	1997-2006;	other	data	from	buoys	that	have	been	anchored	in	the	Bay	of	
Algeciras	in	the	past	are	also	used.	

Figure 6 Algecias Bay Nautical Chart. Circle marks Campamento 
Area's location 
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At	present	there	is	a	directional	wave	buoy	installed	off	Punta	Carnero	and	tide	level	
station	 (Mareographer	 supplies	wave	height	 and	 tide	 level)	 in	Gibraltar	Refinery	
dock.	 In	 addition,	measurement	 of	 currents	 and	waves	 have	 been	 conducted	 for	
several	months	near	Campamento	facilities.	
	

• Statistical	characterization	of	the	prevailing	waves	in	deep	water	
	
The	calculation	of	average	regimes	for	significant	wave	height	corresponding	to	the	
directions	of	 interest	 from	Alboran	buoy	data	has	been	made	admitting	 to	 fit	 the	
triparametric	 Weibull	 distribution	 whose	 general	 expression	 has	 the	 following	
form:	

𝐹(𝐻) = 1 − 𝑒𝑥𝑝9−:
𝐻 − 𝐴
𝐵 =

-

>	

	
Where	A,	B	and	C	are	the	parameters	of	position,	scale	and	shape	respectively,	and	
whose	estimate	was	carried	out	by	the	least	squares	method.	
Table	2	shows	 joint	probability	 for	Peak	Period	and	Significant	Wave	Height	and	
Table	3	Significant	wave	versus	incident	wave	direction,	both	from	Alboran	Buoy	
data.	It	can	be	noted	that	95	%	of	the	time,	significant	wave	heights	are	less	than	1.6	
m	and	more	frequent	peak	periods	are	between	4	and	8	s.	
	
SIGNIFICANT	WAVE	HIGHT	–	PEAK	PERIOD	(%)	

Hmo(m
)	

Tp(s)	 TOTA
L	0-2.0	2.0-4.0	

4.0-
6.0	

6.0-
8.0	

8.0-
10.0	

10.0-
12.0	

12.0-
14.0	

14.0-
16.0	

16.0-
18.0	

18.0-
20.0	

20.0-
22.0	

0.0-0.5	 0,776	 7,758	 13,056	 9,381	 2,407	
0,80
2	

0,11
6	

0,03
2	

0,01
3	

0,05
8	

0,03
2	 34,47	

0.5-1.0	 -	 17,13
9	

18,91
2	

10,15
8	

1,87
0	

0,51
1	

0,05
2	

0,04
5	 -	 -	 -	 48,69	

1.0-1.5	 -	 0,569	 5,305	 4,095	 0,802	
0,13
6	

0,00
6	

0,00
6	 -	 -	 -	 10,92	

1.5-2.0	 -	 -	 0,550	 1,624	 0,453	
0,13
6	 -	 -	 -	 -	 -	 2,76	

2.0-2.5	 -	 -	 0,091	 1,029	 0,388	
0,15
5	

0,02
6	 -	 -	 -	 -	 1,69	

2.5-3.0	 -	 -	 -	 0,304	 0,285	
0,09
7	

0,01
3	 -	 -	 -	 -	 0,70	

3.0-3.5	 -	 -	 -	 0,065	 0,201	
0,01
3	

0,00
6	 -	 -	 -	 -	 0,28	

3.5-4.0	 -	 -	 -	 0,013	 0,155	
0,05
8	

0,00
6	 -	 -	 -	 -	 0,23	

4.0-4.5	 -	 -	 -	 -	 0,10
4	

0,01
9	 -	 -	 -	 -	 -	 0,12	

4.5-5.0	 -	 -	 -	 0,006	 0,078	
0,01
9	

0,00
6	 -	 -	 -	 -	 0,11	

5.0-5.5	 -	 -	 -	 -	 0,01
9	 -	 -	 -	 -	 -	 -	 0,02	

TOTAL	 0,78	 25,47	 37,91	26,68	 6,76	 1,95	 0,23	 0,08	 0,01	 0,06	 0,03	 100	
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SIGNIFICANT	WAVE	HIGHT	–	-MEAN	WAVE	DIRECTION	%	

Hmo	
[m]	

DirM	
TOTAL	

N	 NNE	 NE	 ENE	 E	 ESE	 SE	 SSE	 S	 SSW	 SW	 WS
W	 W	 WN

W	 NW	 NNW	

0.0-
0.5	 0,026	0,032	0,116	0,621	3,009	6,599	6,793	4,238	3,468	3,824	3,720	1,333	0,440	0,149	0,065	0,032	34,47	

0.5-
1.0	 0,052	0,104	0,388	1,268	6,755	11,639	 3,766	0,873	0,899	2,032	11,167	 6,431	2,562	0,543	0,142	0,071	48,69	

1.0-
1.5	 -	 0,006	0,116	0,304	2,582	3,364	0,414	0,084	0,116	0,155	2,284	0,964	0,395	0,123	0,006	0,006	10,92	

1.5-
2.0	 -	 -	 -	 0,032	1,294	1,100	0,104	0,006	0,013	-	 0,194	0,013	0,006	-	 -	 -	 2,76	

2.0-
2.5	 -	 -	 -	 0,006	0,964	0,595	0,039	-	 0,006	-	 0,078	-	 -	 -	 -	 -	 1,69	

2.5-
3.0	 -	 -	 -	 0,006	0,446	0,226	0,013	0,006	-	 -	 -	 -	 -	 -	 -	 -	 0,70	

3.0-
3.5	 -	 -	 -	 -	 0,233	0,052	-	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0,28	

3.5-
4.0	 -	 -	 -	 0,006	0,188	0,039	-	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0,23	

4.0-
4.5	 -	 -	 -	 -	 0,097	0,026	-	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0,12	

4.5-
5.0	 -	 -	 -	 -	 0,110	-	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0,11	

5.0-
5.5	 -	 -	 -	 -	 0,019	-	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 0,02	

TOT
AL	 0,08	 0,14	 0,62	 2,25	 15,70	

23,6
4	

11,1
3	 5,21	 4,50	 6,01	 17,44	 8,74	 3,40	 0,82	 0,21	 0,11	 100	
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The	fit	parameters	of	each	sectors	and	their	frequency	of	occurrence	are	included	in	
Table	4	

Table 4 Average directional regimes for significant wave height. Alborán Sea 
Buoy. Weibull distribution parameters. 

Direction	 WSW	 SW	 SSW	 S	 SSE	 SE	 ESE	 E	
Prob	[%]	 7.88	 16.08	 4.41	 2.81	 3.33	 8.58	 22.42	 14.94	
A	 0.50	 0.40	 0.17	 0.17	 0.15	 0.28	 0.20	 -0.05	
B	 0.17	 0.26	 0.29	 0.28	 0.26	 0.13	 0.53	 1.18	
C	 2.16	 1.35	 1.36	 1.20	 1.07	 0.62	 1.02	 1.30	
	
Average	wave	height	in	the	Bay	of	Algeciras	
To	characterize	the	average	regime	of	significant	wave	height	near	the	port	facilities	
of	 Campamento	was	 numbered	with	 the	 instrumental	 data	 from	 the	 scalar	 buoy	
place	in	Campamento.	The	buoy	has	been	operational	only	certain	periods	of	time,	
so	that	the	reliability	of	the	analysis	is	limited.	Fig.	18	shows	the	location	of	the	buoy	
in	 the	Bay	 of	 Algeciras.	 The	 scalar	 buoy	 registers	 Campamento	wave	 height	 and	
wave	period	near	local	facilities.	
In	 the	 following	sections	a	brief	description	of	wave	conditions	measured	by	 the	
buoy	is	made.	
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Figure 7 Wave buoy location inside Algeciras Bay. 

Campamento	buoy	was	located	in	front	of	the	dry	dock	facilities,	Fig.	19	(latitude	
36º9.7'N	 -	 5º23.3'W)	 about	 40	 m	 deep.	 The	 analysed	 monitoring	 period	 begins	
November	6,	2002	until	April	20,	2004.	
	

	
Figure 8 Campamento buoy location. 
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Although	the	monitoring	period	is	not	long	enough	for	a	representative	analysis,	it	
does	offer	a	first	approximation	of	the	mean	wave	conditions	at	that	location.	
Table	5	shows	the	percentage	of	time	that	the	significant	wave	height	exceeds	0.30	
m,	0.50	m	and	0.80	m,	respectively	shown.	These	data	were	obtained	with	all	logged	
data.	It	is	observed	that	approximately	30	%	and	7	%	of	the	year	significant	wave	
height	of	0.30	and	0.50	m	are	overcome.	
	
Table 5 Campamento wave buoy exceedance analysis 

	
	
Table	6	shows	the	crosstab	Hs-	Tp	log	entry	for	Campamento	buoy,	where	there	can	
be	identified	period	waves	(less	than	4	s)	whose	origin	can	be	the	waves	generated	
by	local	winds	inside	the	Bay.	If,	with	this	in	mind,	we	only	consider	the	data	with	
greater	 than	 4	 s	 periods	 of	 absence	 rates	 somewhat	 lower	 height	 waves	 are	
obtained.		
 

Table 6 crosstab Hs-Tp log entry for Campamento Buoy 

	
	
It	 is	noteworthy	that	data	 from	Campamento	buoy	belong	to	a	time	in	which	Isla	
Verde	 Break	 water	 was	 not	 yet	 built,	 so	 the	 boundary	 conditions	 today	 are	
differently	because	the	diffracted	waves	would	be	reflected	in	the	dike	may	increase	
somewhat	the	wave	height	in	the	NE	area	of	the	Bay	of	Algeciras	
	
Therefore,	 in	 order	 to	 maximize	 operational	 capabilities	 of	 the	 facilities,	 wave	
conditions	to	be	studied	could	be	resumed	in	the	following	parameters:	

Hs[m]≤=1	
5≤	Tp[s]	≤12	
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3.1.6. Infrastructure description  

	
In	Figure	9	and	Figure	10	cross	section	of	the	gate	describes	the	bedding	slab	and	
guides	where	the	caisson	is	supported.	The	threshold	element	consists	of	a	U-
shaped	concrete	slab	that	supports	the	caisson,	and	bottom	guide	walls	on	the	
sides	of	1.25	m	high,	which	aim	to	limit	the	lateral	movement	of	the	gate.	

	
Figure 9 Cross-section of floating gate 

	

	
Figure 10 Cross-section of bottom-slab guiding walls 

	
The	consequences	of	these	collisions	are	damage	in	both	the	caisson	fenders	and	
bottom	guides	structural	elements.	
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• Floating	gate	description		
	
The	 drydock	 gate	 is	 composed	 of	 a	 reinforced	 concrete	 caisson	 11.5m	high,12m	
wide	and	52m	long	with	a	total	dry	mass	of	4300t	the	caisson	is	mobile	and	has	a	
number	of	pumps	to	regulate	the	internal	water	level	(Ballast)	to	control	its	stability	
and	flotation.	
	

	
	

	
	
	

3.1.7. Analysis of a typical operation  
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The	 operation	 of	 this	 gate	 is	 performed	 by	 pulling	 winches	 from	 two	 berthing	
dolphins.	One	of	them,	aligned	with	the	south	side	of	the	dock,	guides	the	door	and	
the	other	serves	to	make	the	throw	from	the	gate	to	open	it.	
	
Briefly,	the	closing	of	the	drydock	is	performed	as	follows:	
	
First:	Unballasting	of	the	caisson	until	flotation	is	achieved	using	the	pumps	until	it	
is	about	40	cm	above	the	concrete	guide.	

	
	

	
	
	
2nd:	Displacement	of	floating	caisson	using	winches		
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Once	the	repaired	vessel	has	been	towed	outside	and	a	new	vessel	is	inside	de	dock’s	
basin	the	caisson	is	transferred	to	its	closed	position	by	pulling	on	the	towing	cables.		
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 56 

And	then	closing	and	ballasting	of	the	gate	in	its	final	position	takes	place	
	

	
	

	
	
During	 the	 opening	 and	 closing	 of	 the	 gate,	 the	 floating	 element	 undergoes	
movements	mainly	surge,	heave,	pitch	and	yaw,	as	a	result	of	 its	 interaction	with	
towing	 lines,	 wind	 and	 waves.	 These	 movements	 produce	 frequent	 collisions	
between	the	gate	and	the	concrete	bed,	vertical	bottom	guides	and	dock	walls.	
	
	

3.1.8. Operational thresholds 
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Operation	may	be	limited	due	to	operational	limits	of	the	gate	or	because	of	security	
reason	related	to	in/outgoing	vessels	from	the	dry-dock’s	basin.		
	
Operational	 thresholds	 related	 to	 the	 operation	 of	 docking-undocking	 a	 vessel	
inside	of	 the	 facility	depends	on	the	particular	vessel	 type	and	tug	configuration;	
This	is	beyond	the	shipyard’s	duties	or	capabilities	of	improvement	and	therefore	
scape	the	scope	of	this	case	study.	
	

3.1.9. Integral monitoring of an opening-closing operation of 

the floating gate at Cernaval Shipyard in Campamento 

Marine	 operations	 in	which	 floating	 structures	 are	 involved	 are	 always	 singular	
even	when	 it	 is	 the	same	 type	of	 structure,	particular	boundary	conditions	make	
each	 operation	 unique	 in	 itself.	 Nowadays	 boundary	 conditions	 are	 not	 just	
geometrical	restrictions	as	draught	or	presence	of	nearby	structures;	local	climatic	
agents,	 operational	 aids,	 process	 strategy,	 decision	 making	 algorithms,	 operator	
experience	 and	 mood	 all	 play	 an	 equally	 important	 role	 in	 the	 success	 of	 the	
operation.	 Therefore,	 it	 is	 important	 to	 acquire	 in	 depth	 knowledge	 of	 all	 these	
aspects	 of	 our	 particular	 facility	 or	 operation.	 Provided	 that	 the	 floating	 gate	 is	
already	in	service,	a	field	campaign	in	which	all	these	parameters	can	be	monitored	
is	an	invaluable	tool	to	develop	a	faithful	simulator	
	
	
	
Monitoring	Field	campaigns	had	the	following	objectives,		

• To	monitor	a	number	of	entire	operations	by	means	of	registering	climatic	
agents,	operational	agents	(human	interaction)	as	well	as	the	floating	gate	
inertial	status	and	response	to	agents.	

• To	develop	a	field	study	of	the	rig/manoeuvring	setup	and	all	the	procedures	
carried	out	by	the	crew.	As	it	has	been	stated	before,	human	interaction	and	
mooring	rig	set	up	can	be	responsible	of	great	differences	in	the	response	of	
the	 floating	 gate	 to	 climatic	 agents.	 For	 this	 reason,	 a	 complete	 and	
synchronized	log	is	taken	of	all	the	activities	and	orders	executed	by	the	crew.		

• To	obtain	valuable	data	about	construction	details,	towing	line	set	up,	and	
operational	manager	decision	making	strategies		

	
	
Analysis	of	operator’s	duties	and	its	impact	on	the	maneuver	result.	
	

Before	field	campaigns	were	designed	a	meeting	between	the	operator	and	the	
HRL	 team	 was	 conducted	 so	 as	 much	 experience	 as	 possible	 about	 normal	
operation	of	the	gate	and	qualitative	operational	thresholds	and	failure	modes	
could	be	transferred	into	field	campaign	design.	
As	a	result	of	that	interaction,	it	was	defined	what	variables	had	to	be	
measured:	

• Floating	gate	response	by	means	of	6	degrees	of	freedom	(6DOF)	
monitoring	
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• Towing	line	tension		
• Ballast	tanks	water	level	
• Wave	and	current	monitoring	during	the	operation.	
• Accelerations	to	try	to	identify	impulsive	reactions	due	to	collisions	

 
 
	

3.1.10. Climatic agents description during the monitored 

operation 

	
As	 mentioned	 before	 climatic	 agents	 	 affect	 condition	 the	 operationality	 of	 the		
facility.	 	 Main	 agents	 were	 monitored	 	 using	 existing	 instrumental	 systems	
integrated	 in	 the	 Port	 management	 system	 or	 by	 installing	 special	 instruments	
dedicated	to	the	field	survey		
	

• Sea	level	
	
Puertos	del	Estado	maintains	a	Miros	Radar	tidal	gauge	at	Algeciras	Bay	Port	Authority.	Its	location	
is	1	mile	north-west	of	the	area	of	interest.		
	
For	the	particular	day	of	the	field	monitoring,	tide	level	variation	was	smaller	than	70	cm.	Even	
though	this	tidal	run	may	seem	small	compared	to	other	port	in	the	Atlantic,	the	tide	is	taken	into	
account	when	planning	the	opening	or	closure	of	the	gate..	The	following	figure	presents	registered	
tidal	level	during	field	monitoring.	

	
Figure 11 Tidel level registered in Algeciras Bay during April 8th 2011 

	
	

• Waves	and	currents	
	
The Port Authority of Algeciras Bay installed an acoustic Doppler wave and current meter (Nortek AWAC-
AST) to monitor wave height, period and direction as well as current direction and magnitude during one 
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of the field campaigns.  This instrument is capable of measuring directional wave spectra and current 
direction and velocity  of user defined divisions of the water column 
 

	
Figure 12 Awac location in regards to dry-dock basin 
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Figure 13 Wave descriptors obtained from AWAC-AST during the opening and closing 

operation of April 8th 2011. 

 

	
Measured	currents	had	variable	direction	and	speeds	lower	tan	0,1	m/s	and	were	
considered	to	be	neglegible	for	the	operation	
	

3.1.11. Monitoring of floating gate parameters and coercion 

systems during the opening/closing manoeuvre 

• Liquid	ballast	
	
Instrumental	 measuring	 system.	 Ballast	 level	 was	 monitored	 using	 differential	
pressure	 sensors	 on	 each	 ballast	 tank.	 Pressure	 values	 were	 registered	 using	
Dewetron	DEWE	43	acquisition	system		
	

• Towing	lines		
	
	
Instrumental	 measuring	 system.	 Towing	 cable	 tension	 was	 recorded	 using	 a	
dynamometer	in	the	opening	line.	Due	to	operational	restriction	only	this	line	could	
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be	measured.		Unfortunately	data	could	not	be	logged	directly	by	the	computer	and	
a	video	of	the	display	was	recorded.	
	

	
Figure 14 20t Video snap-shot showing load cell used to monitor towing line tension 

	
• 6DOF	Dynamic	response	monitoring	of	the	gate	

	
Inertial	and	Artificial	visión	system’s	description	
XYZ	acceleration	were	measured	using	a	Xsens	Mti	accelerometer,	this	instrument	
was	 chosen	 because	 it	 complies	 with	 the	 expected	 range	 of	 acceleration	 to	 be	
measured	but	also	outputs	attitude	parameters	(Roll,	Pitch	Yaw)	so	this	important	
variables	 are	 obtained	 from	 two	 different	 sources.	 Its	 main	 specifications	 are	 a	
smple	rate	of	100	Hz	and	a	range	of		
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Figure 15 X-Sens MTI inertial Measurement Unit used for field test. 

	
Target	description	and	possitioning	

	
Fig. 1: Camera positions during field monitoring campaign. 
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Figure 16 Snap-shot of camera position 1 taken to verify target visibility and vision 

angle 

	
	

	
Figure 17 Roll angle data recorded during opening operation. Comparison between 

inertial system and videoimagery system. 
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Figure 18 Pitch angle data recorded during opening operation. Comparison between 
inertial system and videoimagery system. 

	

	
Figure 19Yaw angle data recorded during opening operation. Comparison between 
inertial system and videoimagery system. 

	
	

	 	

3.1.12. Field test results 

• Dynamic	response:6DOF	
	
In	 Figure	 13	 spectral	 parameters	 of	 state	 of	 sea	 waves	measured	 by	 the	 AWAC	
during	 the	 morning	 of	 08/04/2011	 are	 shown,	 while	 the	 video-monitoring	
campaign	of	the	gate	was	carried	out.	AWAC	position	shown	in	Fig.	6.	The	direction	
of	swell	is	200	°,	ie	S20ºW,	the	peak	period	is	between	6	and	8	s.,	And	the	significant	
wave	height	is	about	0.3	m,	with	a	maximum	height	of	0.4-0.5	m.	The	mean	wave	
height,	corresponding	to	a	significant	wave	height	of	0.3	m,	is	approximately	0.3	/	
1.6	=	0.19	m.	
The	measured	angles	of	pitch	and	yaw	have	an	absolute	value	of	about	0.5	°-1	(from	
+	0.5	°	to	-0.5º).	Considering	that	the	caisson	has	a	 length	of	52	m,	the	difference	
between	the	highest	and	lowest	end	position	of	the	drawer	would	be:	
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• For		1º:	 	 	522 ∙ sin 1º = 0.45	𝑚	
• For	0.5º:	 	 	522 ∙ sin 0.5º = 0.23	𝑚	

	
With	these	data,	we	can	say	that	the	movements	of	bow-stern	of	the	caisson	were	
between	0.23	and	0.45	m.	If	the	average	wave	height	was	around	0.19	m,	the	peak	
periods,	from	6	to	8	s.,	And	as	it	can	been	seen,	the	amplification	factor	of	movements	
for	 these	periods	 is	between	1	and	2,	 as	expected	movements	of	 the	gate	during	
measurements,	would	be	between	0.19	and	0.40	m.	
	

• Towing	lines	tension	
Towing	lines	had	different	behaviour	depending	if	they	were	pulling	the	caisson	or	
restraining	it.	
	
Pulling	of	the	caisson	was	achieved	by	tensioning	the	cables	to	7-10	t	and	letting	it	
get	sag	because	of	the	weight	of	the	cable	and	the	catenary.	Figure	20	shows	a	
record	of	operators	actions	over	winch	control	and	the	reaction	of	the	system.	A	
sudden	increase	of	the	tension	happens	when	the	winch	reels	in	and	letting	the	
tension	decrease	until	the	next	impulse	from	the	winch.	
	

	
Figure 20 Action over winch and tension functions (up, down respectively) 
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3.1.13. Global operational simulation of the floating gate. 

Physical	modelling	is	usually	employed	to	test	particular	phases	of	a	manoeuvre.	In	
some	cases	this	 fulfils	all	requirements	 imposed	by	operators	or	designers	but	 in	
many	others	there	are	stage	interphases	that	imply	great	uncertainties.	One	of	the	
issues	that	global	scale	simulation	pretends	to	solve	is	the	reproduction	of	an	entire	
operation	including	all	important	phases.	Of	same	importance	is	the	need	to	include	
a	human	operator	,	acting	as	another	agent	and	treated	as	a	random	variable.	This	
to	improvements	allow	the	study	and	optimization	of	operational	thresholds,		
	
	
The	experiment	has	the	following	objectives:	

• Demonstrate	repeatability.		
• 	Dynamic	response	characterization	of	the	floating	element	under	variable	

coercion	conditions		
• Evaluation	of	the	operator	influence		
• Evaluation	of	inertial	and	towing	line	setup	modification		
• Evaluation	of	multiple	operational	windows	in	a	single	sea	state	

	
Description	of	the	test	facilities	
	
The	available	facilities	to	undergo	the	development	of	a	scale	simulator	is	the		wave	
basin	at	the	Harbour	Research	Laboratory	of	the	Technical	University	of	Madrid.	It	
is	32	meters	long,	11	meters	wide	and	has	a	total	depth	of	1.3	meters.	It	is	equipped	
with	 a	 multidirectional	 wave	 generation	 system	 which	 includes	 dynamic	 wave	
absorption.		
The	wavemaker	comprises	2	modules	each	having	eight	individual	paddles	that	can	
move	independently	to	one	another,	driven	by	an	electric	servo	through	a	gearbox	
and	rack	and	pinion.		
The	AC	Servo	motors	are	controlled	by	intelligent	digital	drives.	Each	drive	provides	
all	the	gain	and	damping	for	the	motor	to	ensure	that	the	paddle	accurately	follows	
the	position	demand	signal	that	is	produced	by	the	Signal	Generation	Computer	
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Figure	21.-Wave	generation	system.	Paddles	
	
The	following	table	provides	the	wave	generation	system	specifications:	

Width	 Paddle:	0.68	m	
Module:	5.44	m	

N.	Modules	 2	
Maximum	water	depth	 1.0	m	
Paddle	stroke	 1.1	m	
Paddle	velocity	 0.72	m/s	
Paddle	force	 1.85	kN	
Nominal	motor	power	 1.13	kw	

Wave	Height	

Limited	 by	 either	 the	 wave	 breaking	 or	 the	
performance	 of	 the	 wavemaker:	

	
where	H:	crest	to	trough	wave	height;	L:	wave	
length;	D:	water	depth.	

Table	7.-	Wave	generation	system:	specifications.		
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Figure 22 Performancee figures for the wave maker 

	
	
	
The	 chief	 advantage	 of	 a	multi	 element	wavemaker	 over	 a	 simple	 one	 is	 that	 by	
varying	the	phases	between	adjacent	paddles,	waves	can	be	generated	at	an	angle	
instead	of	only	in	a	direction	normal	to	the	wavemaker.		
As	indicated	before,	wave	generation	system	is	provided	with	a	dynamic	absorption	
system,	 which	 prevents	 waves	 that	 are	 reflected	 back	 from	 a	 model	 being	 re-
reflected	back	from	the	paddle.	Dynamic	wave	absorption	is	achieved	by	measuring	
the	 wave	 height	 at	 each	 paddle	 and	 manipulating	 this	 signal	 to	 produce	 an	
Equivalent	 Paddle	 Position	 Signal	 (EPP).	 The	 EPP	 can	 be	 considered	 to	 be	 the	
position	the	paddle	would	normally	have	to	be	in	to	produce	the	measured	water	
level	without	any	reflection.	The	difference	between	the	EPP	signal	and	the	Demand	
Input	Position	(DIP)	signal	is	due	to	the	wave	reflected	back	to	the	paddle,	which	
either	 increases	 or	 decreases	 the	 water	 level.	 By	 modifying	 the	 Demand	 Input	
Position	 signal	 to	 take	 into	 account	 this	 difference,	 the	 reflected	 wave	 can	 be	
absorbed.	
	
A	wavemaker	 gain	 calibration	 has	 to	 be	 done	 in	 order	 to	 obtain,	 for	 each	wave	
generation	case,	a	coefficient	of	amplification	or	reduction	of	the	theoretical	wave	
height	generated.	In	case	of	random	waves,	the	final	purpose	of	the	calibration	is	
getting	a	determined	spectrum	at	the	objective	point.		
	
Experimental	design	

• Scale	selection	
	
To	 define	 the	 final	 scale	 of	 the	 physical	model	 for	 the	 global	 scale	 simulator	 the	
following	steps	where	fulfilled:	
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1. 	Wave	 climate	 analysis	 at	 the	 location,	 with	 particular	 interest	 on	 wave	

direction	and	ideal	test	cases	selection.	Main	parameters	are	Wave	Direction	
W_Dir[º]	=200,	Significant	Wave	Height	Hs[m	]≤0,1	and	Peak	Period	Tp[s]	
5≤Tp≤12	

	
2. Water	column	depth	at	area	of	interest	and	bathymetry.	As	it	can	be	noted	in	

the	following	figure,	water	depth	at	the	dry	dock	entrance	is	8,25m	with	a	
nearly	level	bottom	in	the	surroundings	at	a	depth	of	8,5m.	This	fact	would	
make	model	bathymetry	construction	faster	cheaper	and	easier	by	using	the	
bottom	 of	 the	 basin	 as	 the	 sea	 floor.	

	
Figure 23 Wave direction in relation to the case study facility 

3. 	Taking	into	account	HRL	basin	restriction	h≤1m	and	the	bathymetry	level	at	
8,5	m.	A	maximum	scale	factor	of		λ:1:8,5	could	be	used	if	only	this	parameter	
was	taken	into	account.	

	
	
4. Structure	dimensions.	Floating	gate	is	52	LOA	and	4300t	displacement.	The	

following	table	relates	Length	and	displacement	for	different	scale	factors	λ.		
Since	thebeam	of	the	wave	basin	is	11m	and	the	incident	wave	direction	is	
200º	 Fit	 of	 the	 model	 inside	 the	 basin	 has	 to	 include	 all	 the	 relevant	
surrounding	 areas	with	 relevant	 influence	 on	wave	 transformation	 in	 the	
boundaries	of	the	operational	area.	This	elements	together	with	the	floating	
gate	area	have	approximate	dimension	of	200	x	70	meters	at	an	angle	of	200º	
The	 following	 table	 relates	 floating	 gate	 dimensions	 and	 displacement	 to	
different	scale	values	

	
	

	
λ	 Length	[m]	 Displacement	

[t]	
Water	 depth	
[m]	
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1	 52,000	 4300,000	 8,500	
5	 10,400	 34,400	 1,700	
8,5	 6,118	 7,002	 1,000	
15	 3,467	 1,274	 0,567	
20	 2,600	 0,538	 0,425	
22	 2,364	 0,404	 0,386	
40	 1,300	 0,067	 0,213	

	
5. Wave	generation	system	capacity	is	defined	in	Figure	22,	taking	into	account	

system’s	 performance	 and	 Table	 8	 in	 which	 maximum	 significant	 wave	
height	and	boundary	peak	periods	to	be	tested	are	scaled	to	different	ratios,	
proper	 wave	 generation	 is	 achieved	 for	 λ=22	 and	 larger	 scales,	 λ=40	 for	
example	 will	 provide	 with	 low	 energy,	 very	 short	 waves	 that	 would	 not	
simulate	an	adequate	wave	field	in	the	area	of	interest	due	to	merging	and	
transformation	into	longer	waves.	

	
Λ	 Wave	 height	

[m]:0.8	
Wave	 period	
[s]:5	

Wave	 period	
[s]:10	

1	 0,800	 5,000	 10,000	
5	 0,160	 2,236	 4,472	
8,5	 0,094	 1,715	 3,430	
15	 0,053	 1,291	 2,582	
20	 0,040	 1,118	 2,236	
22	 0,036	 1,066	 2,132	
40	 0,020	 0,791	 1,581	

Table 8 Maximum wave height and boundary peak periods at different scales 

	

	
	

Figure 24 Wave Generator maximum performance chart 
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6. Regarding	 floating	 structure	 design,	 selected	 scale	 must	 be	 sufficient	 to	
provide	 enough	 room	 inside	 the	 model	 to	 host	 power	 supply	 batteries,	
monitoring	 sensors,	 ballast	 and	 towing	 line	 actuators	 as	 well	 as	
communication	 systems.	 All	 this	 systems	 need	 to	 be	 installed	 inside	 the	
model	without	 interfering	 or	modifying	water	 ballast	 tank	 dimensions	 or	
ballast	level	in	to	assure	proper	behaviour.	Due	to	the	size	of	the	floating	gate,	
at	 the	 date	 of	 design,	 HRL	 monitoring	 and	 control	 system	 development	
required	a	scale	of	λ:25	or	larger.	

7. Boundary	structure	fit	inside	wave	basin.	Due	to	the	size	of	the	floating	gate,	
the	 area	 of	 interest	 (200x70m),	 the	 angle	 of	 wave	 incidence	 and	 the	 dry	
dock’s	internal	basin	dimensions	(380x50m)	fitment	of	the	model	layout	into	
HRL	 3D	 basin	 was	 not	 possible	 if	 the	 boundary	 structures	 were	 to	 be	
modelled	entirely.	To	solve	this	the	internal	basin	was	analysed	to	asses	on	
weather	it	could	be	shortened	to	100x52m.	The	following	fact	can	be	derived	
from	that	analysis:		

• In	most	cases	basin	is	opened	to	allow	a	ship	to	exit	and	a	new	one	to	
sail	in,	this	has	a	significant	impact	on	incoming	energy	since	most	of	
the	basin	entrance	is	blocked	by	the	vessel.	

• The	basin	entrance	is	partially	or	totally	blocked	by	the	floating	gate	
and	the	dolphin	near	the	entrance	during	the	operation.	

• Wave	 period	 of	 wind	 generated	 waves	 inside	 the	 dry-dock	 basin	
(T[s]<4s]	do	not	have	an	affection	over	vessels	or	floating	gate.	

Taking	all	these	facts	into	account	it	was	decided	to	shorten	the	basin.	Since	
no	 vessel	would	 be	 used	 for	 the	 simulation,	 energy	 dissipation	 inside	 the	
remaining	basin	was	to	be	solved.	
	

	After	several	scale	layouts	fitment	it	was	decided	that	λ:22	coped	with	all	physical	
demands	while	maintaining	economical	and	operational	viability.	The	final	layout	is	
defined	in	Figure	25	
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Figure 25 Map and bathymetry of the location. Red rectangle marks the area to be 
modeled. 

	
	
Static	model	

 

	
Figure 26 Model plan inside HRL 3D basin. Blue for passive absorption structures, grey 
for vertical structures and yellow for floating gate 

	
Once	the	model	design	is	outlined,	vertical	structures	(grey	structure	on	Figure	26	
Are	 placed	 according	 to	 prototype	 drawings.	 See	 Figure	 27	 Vertical	 walls	 are	
plywood	caissons	filled	with	gravel	and	fixed	to	the	floor	and	to	near	caissons.	
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Boundary	condition	structures	calibration	
	

	
Figure 27 Construction of the boundary structure. 

As	it	was	stated	before	sea	bed	is	considered	flat,	so	the	floor	of	the	basin	models	it.	
Because	the	drydock’s	internal	basin	is	1,5	meter	higher,	high	density	polystyrene	
of	the	right	thickness	was	glued	to	the	basin’s	floor	(white	material	with	gravel	sacs	
on	top	in	Figure	27	
The	floating	gate	is	guided	along	its	opening	and	closing	displacement	by	to	concrete	
walls	 as	 described	 in	 Figure	10,	 these	 guides	have	been	modelled	using	wooden	
strips.	
Apart	 from	 vertical	 structures,	 a	 close	 look	 at	 satellite	 images,	 and	 later	 during	
monitoring	field	campaign,	rouble	mound	structures	were	identified	on	both	sides	
of	 the	 dock’s	 entrance.	 Modelling	 the	 response	 of	 rouble	mound	 breakwaters	 is	
different	 to	 scaling	 it.	Being	physical	modelling	 an	 approach	of	nature	 in	 a	 finite	
basin	or	flume,	one	of	the	main	tasks	is	to	assure	that	the	response	obtained	from	
the	model	structure	is	not	distorted	by	scale	effects.	For	this	particular	application,	
friction	and	viscosity	play	a	not	negligible	role	 in	scaled	porous	media,	making	 it	
difficult	 to	 get	 natural	 granular	materials	 to	 reproduce	 the	desired	properties	 in	
prototype,	 such	 as	 porosity	 or	 reflection	 and	 transmission	 coefficients	 (Pérez,	
2008).	
Materials	coming	from	crushing	can	have	the	required	size	and	shape	coefficient,	
but	 are	 usually	 contaminated	 with	 fine	 aggregate.	 This	 circumstance	 makes	 the	
porous	medium	properties	vary	during	the	trial	and	so	porosity	is	not	homogeneous	
across	the	medium.		Another	option	is	the	use	of	granular	material	from	beaches	and	
river	beds.	This	material	is	cleaner	or	easier	to	classify	by	size.	The	problem	arises	
from	the	fact	that	the	legislation	prevents	the	extraction	and	sale	of	these	granular	
materials,	and	its	shape	coefficients	differ	from	those	of	prototype	(Molina,	2005).	
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To	 overcome	 this	 the	 study	 of	 new	 materials	 for	 the	 modelling	 of	 prototype	
characteristics	and	behaviour	was	accomplished.		
	
Leaving	aside	active	wave	absorption,	available	literature	offers	several	techniques	
to	 obtain	 effective	 passive	 wave	 absorbers.	 Nejadkazem	 (2008),	 Lebey	 (2001),	
Losada	(1993)	
Following	 our	 HRL´s	 guidelines	 for	 improving	 modelling	 procedures	 and	
techniques,	the	aim	of	this	work	is	to	provide	a	tool	to	make	model	design	easier.		
The	 objective	 is	 to	 characterize	 a	 common	 and	 widely	 spread	 porous	 polymer,	
(polyurethane	 filter	 foam)	 in	 different	 applications:	 To	 achieve	proper	 boundary	
conditions,	 reproducing	 reflection	 and	 transmission	 coefficients	 of	 partially	
reflective	structures	or	configuring	an	absorption	beach.		
	
The	mentioned	polymeric	foam	is	worldwide	availabe	and	its	multiple	uses	grant	it	
a	long	time	availability;	some	of	those	uses	are:	

 
• Automotive	industry:	air	cooling	and	combustion	filters.	
• General	Industry:	Air	conditioning,	cooling	systems,	agricultural	machinery,	

aquariums	and	swimming	pools.	Also	used	as	wind-stopper	for	microphones	
• Packaging. 

 
• The	typical	 technical	specifications	 for	ether	based	polyurethane	 foam	are	

the	following:	
• Density	26-33	kg/m3	
• Compression	strength	40%:	3-3.5	kPa	
• Elongation:	100-400	%	
• Tensile	strength:	60-250kPa	
• Porosity:	90%	
• Pore	size:	10-90	Pores	Per	Inch	(P.P.I.)	
• Self-buoyant	

	
The	foam	can	be	found	in	blocks,	being	the	most	popular	dimensions	2x1x0.5	m.	The	
average	cost	ranges	from	300	to	400	€/m3	depending	on	pore	size	(prices	as	of	June	
2010).	
	
Several	of	its	properties	are	of	great	interest	to	physical	modelling:	Its	light	weight	
makes	it	simple	to	move	in	and	out	of	basins	and	wave	flumes;	It	is	isotropic	and	
maintains	its	properties	though	the	expected	lifespan	(longer	than	10	years.	After	
84	 months	 of	 use,	 no	 cloggage	 due	 to	 algae	 or	 fungus	 has	 been	 observed).The	
material	is	easily	cut	with	hot	or	oscillating	wires,	enabling	the	use	of	CNC	machinery	
to	obtain	any	desired	shape	or	profile.		
	
The	experiments	were	performed	in	the	wave	flume	at	HRL,	whose	dimensions	are	
52	 m	 long,	 1	 m	 wide	 and	 1.60	 m	 high.	 The	 wave	 maker	 capabilities	 include	
generation	from	0.05	to	3	Hz	and	dynamic	wave	absorption.	The	far	end	of	the	flume	
has	a	polyurethane	foam	absorption	beach	with	a	parabolic	ended	profile;	behind	
the	 wave	 maker,	 a	 plane	 slope	 beach	 made	 of	 the	 same	 material	 avoids	 water	
spilling.	 Due	 to	 the	 buoyancy	 and	 low	 compressive	 and	 tensile	 strengths	 of	 the	
material,	the	profile	to	be	tested	has	to	be	constrained	in	a	rigid	structure.	For	the	
purposes	of	this	test,	a	stainless	steel	cage	was	designed	and	built.	It	is	fully	modular	
in	order	to	adjust	to	different	slope	angles	and	material	thicknesses.	Minimal	cross	
section	was	pursued	to	make	reflection	from	the	cage	negligible.		
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The	experimental	set-up	also	included	a	set	of	8	wave	probes	(1	to	8)	in	the	seaward	
side	of	the	studied	profile,	to	perform	reflection	coefficient	analysis,	and	one	single	
gauge	(9)	behind	the	porous	media.	(Fig.	1)	
	

	
Figure 28 Test layout. Configuration IV 

 	
Test	planning	and	procedure.	

	
The	 test	consisted	 in	 the	evaluation	of	 reflection	and	 transmission	coefficients	of	
different	geometrical	configurations	under	a	wide	range	of	regular	wave	conditions.			
The	first	parameter	to	be	fixed	is	water	depth;	taking	into	consideration	the	width	
of	the	flume	(1	m)	and	the	size	of	commercial	blocks	(2x1x0.5	m),	a	water	column	
(h)	of	0.5	m	was	chosen.		
Literature	on	characterization	of	porous	media	suggest	using	Iribarren	number	(Ir)	
as	the	key	parameter	for	slope	profiles	and	B/L,	or	KB,	for	vertical	surfaces	(being	
B,	thickness	of	porous	media,	L,	wave	length,	K,	wave	number	(Allsop,1988;	Madsen,	
1983).	 Taking	 this	 into	 account,	 as	 well	 as	 water	 depth,	 the	 following	 H-T	
combinations	were	tested	(Table	1).					
	
	

Table 9 Wave height H for the different wave conditions tested, in meters. 

Steepnes	(H/L)	 0.02	 0.04	 0.06	 0.08	 0.10	

T(s)	 	 	 	 	 	

0.6	 0.011	 0.022	 0.033	 0.045	 0.056	

0.85	 0.022	 0.045	 0.067	 0.090	 	

1	 0.030	 0.060	 0.090	 0.121	 	

1.5	 0.056	 0.113	 0.197	 	 	

2	 0.081	 0.162	 	 	 	

2.5	 0.105	 0.209	 	 	 	

3	 0.128	 	 	 	 	

	
	
• Geometric	variables.				

Width	(B):	The	width	of	the	porous	media	ranged	from	0.1	to	2	times	the	incident	
wave	length	L.	
Slope	angle	(θ):	Apart	from	vertical	configuration	(I	&	II),	two	different	slopes	were	
tested	1:4	&	2:3(V:H)	(configurations	III	&	IV)	

• Back	wall	 imperviousness;	 an	 impervious	 back	wall	was	 installed	 for	 null	
transmission	(P	&	IP.	Pervious	and	Impervious	respectively)		

• Pore	size:	Two	different	foams	were	used,	10	&	30	PPI	
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As	a	resume,	the	test	can	be	divided	in	four	configurations:	I:	vertical,	impervious	
wall;	II:	vertical,	III:	slope,	impervious	wall,	and	IV:	slope.	(Figures	1	&2)	
	
	
	

				 		 	
Figure 29 Configurations I, II & III. Black vertical stripe represents impervious wall. 

		
	 	 	
 
 

 
Reflection	analysis.	
      	
To	evaluate	the	response	of	the	porous	media	to	incident	waves	three	methods	were	
used.	Two	of	 them	are	based	on	Mansard	&	Funke	 (1981)	 least	 squares	method,	
HRWallingford	 HR_DAQ	 (2010)	 and	 Baquerizo	 (1995).	 The	 third	 one,	 LASA-V	
(Medina	2001),	was	also	used	as	an	example	of	anon	linear	time	domain	method	
(Local	Approximation	using	Simulated	Annealing).	Due	to	the	large	number	of	tests	
to	 be	 post-processed	 (550)	 a	 software	 package	 in	Matlab©	was	 developed.	 It	 is	
based	on	Baquerizo´s	method	with	three	wave	gauges,	 it	has	been	named	ARECO	
(Analysis	 of	 REflection	COefficient).	 ARECO	 requires	 a	 fixed	 labeling	 for	 the	 files	
containing	the	time	series	at	each	wave	gauges	and	outputs	a	set	of	folders	and	files	
containing	numerical	and	graphical	results.			
Table	2	contains	a	brief	list	of	the	capacities	for	each	method.	
	

Table	2.	Principal	characteristics	of	the	reflecction	analysis	method	used.	
	
HR-DAQ	 ARECO	 LASA-V	

	
Fixed	outputs		
Uses	four	wave	
gauges		
Sensible	to	probe	
spacing	
User	defined	
energy	threshold		
User	friendly		
Can	only	perform	
one	test	at	a	time	
It	is	a	frequency	
domain	method	

	
Customizable	in	and	
outputs		
Outputs	ETAi	&	
ETAr		
Can	use	3	or	more	
wave	gauges	
Sensible	to	probe	
spacing	
The	analysis	is	
performed	over	a	
user	defined	
bandwidth.		
It	is	a	frequency	
domain	method		
	

	
High	computer	
demand	
Non	linear	
analysis		
Highly	tunable		
Probe	spacing	is	
not	critical		
Time	domain	
method	
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As	 it	 can	be	noted	on	Table	2	both	methods	based	on	Mansard	&	Funke	method	
require	a	precise	control	of	probe	spacing.	The	optimal	distance	between	probes	
may	 not	 be	 the	 same	 for	 different	 frequencies,	 which	 requires	 continuous	
displacement	of	wave	probes	and	an	increased	possibility	of	error	during	the	test.	
To	 avoid	 this,	 a	 cradle	 with	 eight	 wave	 gauges	 was	 installed	 in	 the	 flume,	 thus	
reducing	the	number	of	probes	to	be	moved.	A	set	of	four	spacing	configurations	was	
also	 found	 to	 be	 enough	 for	 the	wave	 periods	 tested.	 Table	 3	 contains	 the	 four	
configurations	for	wave	gauge	spacing	used.	

	
Table	3.	Different	configurations	of	wave	gauge	spacing	for	different	wave	

periods,	in	meters.	
	

Configuration	 X12	 X13	 X14	 X15	 X16	 X17	 X18	

1	 0.056	 0.155	 0.240	 0.524	 0.640	 1.100	 1.800	

2	 0.056	 0.155	 0.282	 0.524	 0.640	 1.100	 1.800	

3	 0.112	 0.215	 0.320	 0.524	 0.640	 1.100	 1.800	

4	 0.120	 0.215	 0.320	 0.524	 0.640	 1.100	 1.800	

	

	Partial	results	
The	following	figures	(Figures	3	&	4)	show	the	results	for	configuration	III	using	30	
PPI	and	10	PPI	adjusted	to	Seelig´s	empirical	equation	(Eq.	[1])	(Seelig,	1981).	The	
figures	include	the	two	slopes	tested	and	those	periods	with	a	significant	number	
of	data.	Note	the	difference	of	the	Rc	values	obtained	between	10	&	30	PPI	media.	

				 	 	 	 	[1]
		

	

	

Figure 30 Reflection coefficients obtained for configuration III using 30 PPI media 
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Figure 31 Reflection coefficients obtained for configuration III using 10 PPI media. 

 

Figure	30	and	Figure	31	show	results	obtained	for	configuration	I	for	both	30	&	10	
PPI	media	adjusted	to	Madsen	theoretical	equation	(Madsen,	1983)	(see	Equations	
[2],	[3]	&	[4]).	

	

				 	 	 	 [2]
 

where	

	 	 	 	 [3]
 

and	

	 	 	 	 [4]	

	

with	n	and	f	being	porosity	and	friction.	
 

	

Figure	32	Reflection coefficients obtained for configuration I using 30 PPI media. 
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Figure	33	Reflection	coefficients	obtained	for	configuration	I	using	10	PPI	media.	

 
 
	

 

	

As	per	the	north	side	of	the	dock’s	gate,	wave	reflection	is	controlled	by	the	passive	
absorption	beach	at	the	far	end	of	the	basin.	
	
	
Water	level	gauges	in	3D	basin	
	
The	wave	probes	comprise	two	parallel	stainless	steel	rods	with	a	plastic	head	and	
foot.	The	head	is	fixed	to	the	calibration	stem	and	a	mounting	block	that	allows	the	
calibration	 stem	 to	 be	 fixed	 to	 any	 vertical	 surface	 is	 supplied.	 Tripods	 are	 also	
available	for	use	in	basins.	The	probe	lengths	used	are	300	and	600	mm.	
The	 wave	 probe	 monitor	 is	 a	 simple	 and	 reliable	 device	 for	 measuring	 rapidly	
changing	water	levels.	It	operates	by	measuring	the	current	that	flows	between	two	
stainless	 steel	wires	 that	are	 immersed	 in	water.	This	 current	 is	 converted	 to	an	
output	voltage	that	is	directly	proportional	to	the	immersed	depth.	
Each	 wave	 probe	 monitor	 contains	 the	 energizing	 and	 sensing	 circuits	 for	 the	
operation	of	one	wave	probe.	In	addition	to	this,	each	monitor	contains	the	circuits	
required	to	compensate	for	the	resistance	of	the	cable	that	is	connected	to	the	probe.		
In	order	to	avoid	polarity	effects	at	the	probe	surface,	a	high	frequency	square	wave	
voltage	is	used	to	energize	the	probe.	The	oscillator	that	produces	this	square	wave	
may	be	set	to	one	of	six	different	frequencies.	This	allows	probes	to	be	used	close	
together	without	causing	any	interference.	
The	current	 in	each	probe	 is	detected	by	measuring	 the	voltage	drop	across	 two	
resistors.	Because	the	measured	voltage	is	alternating,	the	signal	is	fed	to	a	precision	
rectifier	to	produce	a	DC	voltage	proportional	to	the	wave	height.	This	signal	feeds	
a	small	centre-zero	balance	indicator	and	a	BNC	socket	on	the	front	of	the	panel.	The	
signal	is	also	fed	to	a	preset	gain	stage	that	may	be	set	for	a	gain	of	between	0.5	and	
10.	
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Figure 34.- 600 mm wave probe 

	
Figure 35.-Capacitive sensors used in the wave gauges 
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Figure 36. - 300 mm wave gauge. 

Controls	on	the	front	of	each	wave	probe	module	enable	the	output	signal	to	be	set	
to	zero	for	any	given	initial	depth	of	probe	immersion.	This,	together	with	the	gain	
adjustment,	produces	a	full-scale	output	of	±10V	for	all	waves.	
Calibration	 from	 wave	 height	 to	 output	 voltage	 is	 performed	 by	 measuring	 the	
change	in	output	voltage	for	different	water	depths.	This	operation	is	facilitated	by	
means	of	a	calibrated	stem	which	 is	attached	to	the	wave	probe	and	which	has	a	
series	of	accurately	spaced	holes	drilled	along	its	length.	Due	to	the	high	number	of	
probes	and	their	location,	calibration	is	done	by	rising	and	lowering	the	water	level	
in	the	basin.	
	
Instrument	calibration	and	linearity	
The	analysis	programs	assume	a	linear	relationship	between	the	parameter	being	
measured	 and	 the	 output	 signal	 of	 the	 instrument.	 Two	 calibration	 factors	 are	
applied	 by	 the	 program	 to	 the	 data	 to	 give	 the	 values	 in	 the	 appropriate	 format	
required	by	the	analysis	routine.	
During	 data	 collection	 the	 “raw	 data”	 values	 (typically	 in	 volts)	 are	written	 to	 a	
binary	format.	
During	data	analysis,	the	raw	data	are	first	converted	to	calibrated	values.	

	
Where	model	value	is	the value	in	real	units	and	model	calibration	factor	is	the	value	
in	units/volt.		
For	prototype	analysis:	

	
Most	 instruments	 do	 not	 have	 a	 perfectly	 linear	 relationship	 between	 input	 and	
output.	In	addition,	wave	measuring	instruments	may	have	a	calibration	factor	that	
varies	with	water	 temperature	or	 conductivity	 and	 so	 it	 is	 essential	 to	 carry	out	
regular	calibration	of	all	instruments.	
Recording	a	number	of	signal	output	voltages	( )	for	different	model	input	values	(
)	does	this.	The	calibration	routine	takes	these	 	( )	readings	and	calculates	

the	calibration	coefficient	and	the	Goodness	of	Fit	using	linear	regression	analysis.	
The	Goodness	of	Fit	is	the	square	of	the	correlation	coefficient.	
The	formulae	for	the	Calibration	Factor	and	the	Goodness	of	Fit	are	given	below:	

Model value=Model calibration factor×(datavalue (involts)-zero value(involts)

= ´ -Prototypevalue Model value model prototypescale factor

x
y N 3N ³
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For	most	tests,	a	Goodness	of	Fit	that	is	better	than	0.99	will	be	acceptable	with	a	
minimum	of	3	calibration	points	over	the	working	range.	
	
	
	
	
Dynamic	model	
	
Based	on	the	monitored	operation	and	its	requirements,	the	simulator	must	fulfil	
the	following	capabilities:		

• liquid	 ballast	 monitoring,	 control	 and	 flooding	 alarm	 system;	 impact	
detection	systems;		

• towing	lines	tension	monitoring	and	control;		
• autonomous	power;		
• wireless	communication;		
• 6DOF	monitoring;		
• operator’s	action	log		
• synchronized	database.	

	
Inertial	parameters	and	Specifications	
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Geometrical	features	(No	water	in	the	cells):	
• Length	(Y)	=	2,363	m	
• Width	(X)	=0,545	m	
• Heigth	(Z)	=	0,522	m	
• Mass	=	4307	t	/(1,025*223)=0,3939	t	
• Gravity	center:	(x=1,181;	Y=0,272;	Z=227)	m	
• Inertia	respect	the	coordinate	system	in	the	centre	of	gravity	

o Gravity	center:	(x=0;	Y=0;	Z=0)	m	
o Inertia	moments	

§ Ixx=0,534	kg	m2	
§ Iyy=4,690		kg	m2	
§ Izz=4,619	kg	m2	

o Giration	Radii	
§ GRx=0,254	m	
§ GRy=0,718	m	
§ GRz=0,718	m	

	
	
	
	

3.1.14. SRECMOCOS		

	

	
This	system	consists	of	a	WSAN	based	System	(Wireless	Sensor	and	Actuator	
System)and	a	Monitoring	and	Control	System,	as	shown	in	Figure	37.	
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Figure 38 SRECMOCOS system scheme 

	
In	 general,	 WSAN	 are	 based	 on	 modules	 or	 nodes	 equipped	 with	 one	 or	 more	
sensors,	basic	smart	data	processing,	data	storage	capabilities,	a	power	supply,	a	
wireless	communication	 interface,	and	some	kinds	of	actuators.	Usually,	 they	are	
low	power	devices	oriented	to	perform	distributed	sensing	and	actuation	tasks	[4]	
There	are	several	specific	characteristics	of	the	instrumental	system	developed.	The	
first	one	is	that	the	sensor	and	actuator	nodes	are	all	in	a	nearby	area,	that	is,	both	
on-board	of	 the	floating	structure	and	on-shore	 infrastructure.	The	second	one	 is	
that	the	WSAN	is	used	on	a	laboratory	model,	instead	of	on	the	real	system,	but	using	
the	same	techniques	and	methodology	than	can	be	used	in	field	operation,	in	order	
to	obtain	useful	and	extrapolated	information,	as	mentioned	before.		The	third	one	
is	that	the	system	is	human	operated,	this	implies	real-time	sensing	and	actuating,	
with	 a	 very	 high	 data	 transfer	 rate	 compared	 to	 typical	 WSAN	 applications.	
Moreover	there	are	restrictive	requirements	of	synchronization	among	WSAN	and	
others	 existing	 systems	 at	 HRL-UPM,	 such	 as	 Video	 Monitoring,	 Optical	 6DOF	
Tracking	System	and	Wave	Generation	System.	It	has	been	also	taken	into	account	
other	aspects	such	as	the	cost,	hardware	availability,	modularity,	adaptability	and	
easy	prototyping.		
WSAN	System	
To	reproduce	the	operation	of	the	dry-dock	described	in	section	II,	there	have	been	
defined	the	following	functions	for	this	system:	acquiring	data	from	sensors,	sending	
this	 information	via	 short-range	wireless	 communications	 to	 the	Monitoring	 and	
Control	System	and	performing	control	actions.		
It	 consists	 of	 on-board	 and	 on-shore	 sensor	 and	 actuator	 nodes.	 There	 are	 four	
independent	nodes	in	on-board	side.	Specifically,	there	are	two	Movement	Detection	
nodes	 that	measure	accelerations	 in	order	 to	monitor	caisson	movements	and	 to	
detect	impacts.	There	is	one	Winch	Controller	node,	which	actuates	on	the	on-board	
winch	that	controls	the	mooring	line	used	to	pull	the	caisson	from	the	dock	to	the	
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garage	area.	This	node	also	measures	the	mooring	line	tension,	by	means	of	a	micro-
loadcell	 installed	 in	 an	 ad-hoc	 mechanical	 design.	 The	 last	 one,	 the	 Ballasting	
Controller	node,	actuates	 the	water	pumps	 for	 filling	and	pumping	out	 the	water	
ballast	from	the	caisson,	measures	the	water	level	in	each	of	its	six	independent	cells	
by	means	of	a	differential	pressure	sensor	and	detects	cell	water	overflow	by	means	
of	 an	 optical	 sensor.	 This	 node	 has	 smart-sensor	 features	 [5][6],	 automatically	
stopping	the	filling	pump	of	a	cell	if	water	overflow	is	detected	and	notifying	it	in	
real	time	to	the	Monitoring	and	Control	System	via	the	wireless	communication.		
On-shore	nodes	are	two	winch	controllers,	similar	to	the	on-board	one.	They	control	
two	mooring	lines	used	to	pull	the	caisson	from	the	garage	area	to	the	dock	entrance,	
and	measure	the	mooring	lines	tension,	by	means	of	a	micro-loadcell.	
Monitoring	and	Control	System	
The	functions	of	this	system	are:	acquiring	and	storage	data	from	the	WSAN	System	
and	sending	control	actions	to	it.	Besides,	it	has	a	GUI	(Graphical	User	Interface)	to	
visualize	the	different	types	of	variables	involved	in	the	operation	and	the	different	
control	options.	
This	system	consists	of	a	wireless	communications	gateway,	named	Local	Gateway	
and	a	Monitoring	and	Control	Software	tool	for	system	control,	monitoring	and	data	
management.		
The	Local	Gateway	receives	data	from	all	the	sensor	nodes	and	transmits	actuating	
commands	to	them,	both	the	on-board	and	on-shore	nodes.		
The	Monitoring	and	Control	Software	stores	the	received	data	in	a	local	database	
and	 sends	 the	 control	 commands.	 This	 	 tool	 displays	 the	 information	 received,	
allowing	real-time	human	interaction	and	can	also	process	and	analyse	the	data.	In	
order	 to	achieve	a	human	 interaction	 in	 the	 laboratory	model	similar	 to	 the	 field	
operation,	the	control	interface	is	also	replicated	in	a	hardware	control	console.	This	
console	reproduces	the	actual	control	system	used	in	field	operations.	(See	Figure	
39)	
	

	 	
Figure 39 User interface for user control of ballast and winches. 
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All	 data	 (information,	 warnings	 and	 actuating	 commands)	 are	 time-stamped	 in	
order	to	allow	data	post-processing	synchronization.	
There	 is	 also	 an	 external	 Database	 Server	 for	 remote	 database	 management.	 It	
provides	secure	remote	monitoring	and	ubiquitous	data	processing	services.	The	
remote	 database	 management	 system	 is	 based	 on	 our	 previous	 work	 [7].	 This	
Database	Server	was	based	on	a	modular	design.	It	was	developed	to	manage	several	
databases	from	different	monitoring	sites	or	laboratories.	In	this	system,	it	has	been	
implemented	a	local	database	and	duplicated	it	 in	a	remote	server.	This	database	
redundancy	adds	backup	capabilities	 to	 the	 system.	Any	 remote	database	can	be	
simultaneously	accessed	from	different	places	via	computer	or	any	mobile	device.	
This	 allows	 long	 distance	 collaboration	 among	 several	 laboratories	 and	 harbour	
facilities.	
	
Floating	Structure	Model	Description	
Scale	model	for	the	closing	gate	is	designed	to	assure	geometric	similitude	for	the	
complete	structure,	 including	 internal	water	ballast	cells.	 It	 is	a	2.36x0.54x0.52m	
caisson	 made	 of	 marine	 plywood	 and	 carries	 weights	 for	 mass	 and	 inertial	
similitude.	 Final	model	weight	 is	 393kg,	 including	WSAN	 system.	 The	 caisson	 is	
divided	into	6	main	cells	that	host	each	a	ballasting	and	un-ballasting	system,	ballast	
level	gauges	and	over-flooding	alarm	sensors.	Two	inertial	units	are	installed	in	bow	
and	stern	cells,	while	power	batteries	and	main	control	and	communication	units	
have	been	installed	35¡Error!	No	se	encuentra	el	origen	de	la	referencia.	in	the	
central	cells.	On	board	winch	is	directly	bolted	to	the	caisson	top	slab.	Placing	of	lead	
balance	weights,	batteries	and	 instruments	has	been	designed	 to	achieve	 inertial	
similitude,	so	the	naval	behaviour	of	the	caisson	is	similar	to	the	prototype.	Ballast	
control	system’s	pumping	rates	have	been	calibrated	to	the	exact	value	monitored	
during	field	campaign.	Steel	cables,	winding	rates	and	maximum	allowable	tension	
of	towing	winches	are	also	scaled.	20	
	

• SRECMOCOS	Instrumental	System	
	
There	 are	 a	 wide	 variety	 of	 commercially	 available	 sensor	 nodes	 [9][10]	 but,	
because	 of	 the	 specific	 requirements	 of	 this	 system,	 they	 become	 expensive	 and	
difficult	 to	 adapt.	 So,	 an	 ad-hoc	 system	 has	 been	 designed	 with	 the	 following	
characteristics:	 modular	 design,	 for	 ease	 of	 reuse,	 affordable	 cost,	 hardware	
availability	and	ease	of	deployment.	
WSAN	system	
Design	of	 the	ad-hoc	 system	requires	proper	development	of	different	 fields	 like	
wireless	 communications,	 synchronization	 techniques,	 floating-structure	 scale	
model	design	and	non-intrusive	hardware	for	sensors	and	actuators	management.	
The	system	proposed	is	based	on	wireless	network	architecture	for	data	transfer,	to	
avoid	 affecting	 the	 inertial	 behaviour	 of	 the	 floating	 structure	 with	 a	 wired	
communication	between	Monitoring	and	Control	System	(on-shore)	and	on-board	
WSAN	System.	
In	 this	 system,	 there	 is	 a	 high	 data	 transfer	 rate	 requirement	 for	 real	 time	
monitoring	of	variables	such	as	accelerations.	They	have	to	be	acquired	at	sample	
rates	up	to	100Hz.	There	are	also	a	large	number	of	information	channels,	up	to	36	
(6	channels	for	2	acceleration	sensors,	18	channels	for	caisson	ballasting	control,	6	
channels	for	mooring	line	control	and	6	channels	for	the	Optical	Tracking	System).		
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Current	 Technology	 allows	 implementation	 of	 low/ase	 d	 power	 and	 short/ase	 d	
range	radio	 transceivers	ase	don	standard	protocols	such	as	ZigBee	or	Bluetooth	
(BT).	 Although	 ZigBee	 is	 usually	 more	 suitable	 for	 Wireless	 Sensor	 Networks	
Networks	 [11][12]	 the	mentioned	high	data	 rate	necessary	 to	 acquire,	 store	 and	
display	data	in	real-time	makes	BT	the	adequate	technology	for	this	application.		
	
Regarding	WiFi,	it	meets	the	high	data	rate	requirements	but	it	has	a	higher	power	
consumption.	Furthermore,	at	the	time	of	the	development	of	the	project,	there	were	
less	availability	radio	chipset	and	at	a	higher	cost.	Currently,	available	WiFi	radio	
chipsets	could	be	a	feasible	option.	
BT	operates	in	the	unlicensed	2.4GHz	ISM	(Industrial,	Scientific	and	Medical)	band	
and	may	 support	up	 to	3Mbps	data	 rate	 in	2.1	version	and	EDR	 (Enhanced	Data	
Rate)	mode	with	10-100m	transmission	range,	versus	250Kbps	ZigBee	typical	data	
rate.	A	BT	device	 (working	as	network	master)	can	connect	only	up	 to	7	devices	
(slaves)	at	the	same	time,	versus	the	theoretical	65,536	devices	supported	by	ZigBee	
[13].	The	data	rate	requirements	may	also	limit	the	maximum	number	of	connected	
nodes	to	each	BT	master	device	to	less	than	7	slave	devices.		However,	this	can	be	
easily	 overcame	by	means	 of	multiple	 receivers	 or	multiplexing	 techniques	 [14].	
Therefore,	 it	 is	possible	to	create	a	large	network	with	star	topology	by	means	of	
several	 sub-networks	 with	 star	 topology	 (see	 Figure	 40).	 This	 topology	 adds	
flexibility	 to	 the	 system,	 allowing	 increasing	 the	 number	 of	 connected	 nodes	 by	
increasing	the	number	of	BT	master	devices.		
	

	
Figure 40 SRECMOCOS network topology 

	
In	our	system,	3	BT	devices	have	been	used	on	the	Monitoring	and	Control	System,	
working	as	network	masters.	No	more	than	2	Movement-Impact	Detection	nodes	
and	no	more	than	3	Winch	Controller	nodes	have	been	connected	to	each	BT	master	
device,	in	order	to	obtain	a	real-time	acquisition	data	rate.	As	a	master,	BT	adapters,	
model	F8T017,	from	Belkin	have	been	used.	
On	 the	WSAN	 side,	BT	devices	 have	been	 implemented	by	WT-11	modules	 from	
Bluegiga.		
A	trigger	signal	synchronizes	the	data	acquisition	from	all	nodes	of	the	system.		
The	 synchronization	 is	 performed	 via	 several	 315MHz	 RF	 (Radio	 Frequency)	
modules	 based	 on	 PT2262/PT2272	 encoder/decoder	 chipset	 from	 Princeton	
Technology.	The	trigger	signal	is	sent	to	all	receivers	from	a	single	transmitter.	All	
nodes	in	the	system	have	a	receiver	module.	In	this	way,	each	node	begins	acquiring	
data	at	the	same	time.	Thus,	the	information	is	generated	with	a		unique	time-stamp.		



 88 

As	described	above,	WSAN	System	consists	of	a	set	of	nodes	based	on	Arduino	[15],	
which	 is	 an	 available,	 flexible	 and	 affordable	microprocessor	 based	 open	 source	
hardware	platform	
Movement-Impact	Detection	node.		
	
This	node	acquires	3-axis	acceleration	data	at	100Hz	sample	rate	and	transfers	this	
information	over	a	BT	link	to	the	Monitoring	and	Control	System.	It	combines	an	
Arduino	 Mini	 board	 (as	 the	 control	 unit),	 an	 Inertial	 Measurement	 Unit	 (IMU)	
MinIMU-9	v2	board	from	Pololu	(as	the	3-ais	acceleration	sensor)	and	the	already	
mentioned	WT-11	BT	module	(as	the	transceiver).		
.		
The	Inertial	Measurement	Unit	MinIMU-9	v2	is	a	compact	board	that	combines:	

- 3-axis gyroscope 

- 3-axis accelerometer 

- a 3-axis magnetometer 

- This complete combination gives an inertial measurement unit (IMU) as result.  

These	sensors	operate	at	voltages	below	3.6	V,	which	can	make	interfacing	difficult	
for	microcontrollers	operating	at	5	V.	The	MinIMU-9	v2	addresses	these	issues	by	
incorporating	 additional	 electronics,	 including	 a	 voltage	 regulator	 and	 a	 level-
shifting	 circuit,	while	keeping	 the	overall	 size	 as	 compact	 as	possible.	The	board	
ships	fully	populated	with	its	SMD	components,	including	the	L3GD20	and	LSM303,	
as	shown	in	the	product	picture.		

	
Figure 41. – Inertial measurement unit (MinIMU-9 v2) gyro, accelerometer and 

compass. 

The	pins	descriptions	of	the	picture	above	are:		
- SCL: level-shifted I2C clock line. High is VIN, Low is 0 V.  

- SDA: level-shifted I²C data line: High is VIN, Low is 0 V. 

- GND: the ground (0 V) connection for powering supply.  

- VIN: main power supply connection (2.5 – 5.5 V)  

- VDD: alternative power supply connection when interfacing a 2.5-3.3 V system.  
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The	gyroscope	and	the	accelerometers	have	several	configurable	options,	including	
dynamically	selectable	sensitivities	for	the	gyro,	accelerometer,	and	magnetometer,	
as	well	as	a	choice	of	output	data	rates	for	each	sensor.	The	two	integrated	circuits	
can	be	accessed	through	a	shared	IC/TWI	interface,	allowing	all	three	sensors	to	be	
addressed	 individually	 via	 a	 single	 clock	 line	 and	 a	 single	 data	 line.	 The	 nine	
independent	rotation,	acceleration,	and	magnetic	readings	will	provide	all	the	data	
needed	 to	 make	 an	 attitude	 and	 heading	 reference	 system	 (AHRS).	 With	 an	
appropriate	algorithm,	the	calibration	is	done	and	the	data	can	be	used	to	calculate	
the	orientation	of	the	MinIMU-9	v2	board;	the	gyro	can	be	used	to	very	accurately	
track	rotation	on	a	short	timescale,	while	the	accelerometer	and	compass	can	help	
compensate	for	gyro	drift	over	time	by	providing	an	absolute	frame	of	reference.	
The	 respective	 axes	 of	 the	 two	 chips	 are	 aligned	 on	 the	 board	 to	 facilitate	 these	
sensor	fusion	calculations.	
General	specifications	are	shown	below:		

- Dimensions: 25 mm × 13 mm × 3 mm 

- Weight without header pins: 1.0 g  

- Operating voltage: 2.5 V to 5.5 V 

- Supply current: 10 mA 

- Output format (I²C): 

§ Gyro: one 16-bit reading per axis 

§ Accelerometer: one 12-bit reading (left-justified) per axis 
§ Magnetometer: one 12-bit reading (right-justified) per axis 

§ Barometer: 24-bit pressure reading (4096 LSb/mbar) 

- Sensitivity range (selectable): 

§ Gyro: ±250, ±500, or ±2000º/s 

§ Accelerometer: ±2, ±4, ±8, or ±16 g 
§ Magnetometer: ±1.3, ±1.9, ±2.5, ±4.0, ±4.7, ±5.6, or ±8.1 gauss 

§ Barometer: 260 mbar to 1260 mbar (26 kPa to 126 kPa) 

	
	Ballasting	Controller	node.	
This	node	controls	six	LVM	Niagara	in	line	filling	pumps	and	six	Attwod	Tsunami	
T500	 drain	 pumps	 for	 ballasting	 the	 caisson.	 The	 water	 level	 in	 each	 of	 its	 six	
independent	 cells	 is	 measured	 by	 means	 of	 a	 Honeywell	 26PC	 Series	 analog	
differential	pressure	sensor	with	0-0.07	bar	range.	An	ad-hoc	board	amplifies	the	
output	voltage	of	 the	 sensor	and	digitalizes	 it	by	means	of	a	12-bit	ADC121S101	
Analog/Digital-Converter.		
Pressure	gauges	are	strategically	placed	around	the	model	for	measuring	pressure	
levels.	These	gauges	are	differential	type	with	piezoresistive	bridge	circuit	and	a	0-
0.1	psi	full-scale	span.		
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Figure 42. - Internal circuit diagram of pressure gauges.  

	
Figure 43. – Differential pressure gauge with 0-1 psi span. 

These	pressure	gauges	will	be	connected	to	SRECMOCOS	data	acquisition	system,	so	
the	 voltage	 signal	 received	 will	 be	 converted	 to	 physics	 units	 in	 order	 to	 post-
process	the	information.		
	
	
Finally,	cell	water	overflow	detection	 is	done	with	a	digital	Honeywell	LLE	 liquid	
level	optical	sensor.	
The	enhanced	series	of	liquid	level	sensors	incorporates	a	photo-transistor	trigger	
which	provides	a	digital	output	that	denotes	the	presence	or	absence	of	liquid.	
The	mode	of	operation	is	derived	from	the	principle	of	total	internal	reflection.	An	
LED	and	photo-transistor	are	housed	within	a	plastic	dome	at	the	head	of	the	device.	
When	no	liquid	is	present,	light	from	the	LED	is	internally	reflected	from	the	dome	
to	 the	 photo-transistor.	 When	 water	 covers	 the	 dome	 the	 refractive	 index	 at	
boundary	changes,	allowing	LED	light	to	escape.	Thus	the	amount	of	light	received	
by	the	phototransistor	is	reduced	and	the	output	switches,	indicating	the	presence	
of	liquid.	
The	table	containing	these	gauges	specifications	is	shown	below:		
	

Technical	specifications	
Operation	mode	 User	defined	single	point	on/off	switch	
Repeatability	(mm)	 	1	
Hysteresis	(mm)	 2	(dependent	on	liquid)	
Response	time	 Rising	liquid	level	-	 	

Falling	 liquid	 level	 -	 	max	 in	 ethanol	
(response	dependent	on	viscosity)	

Operating	temperature	(ºC)	 Standard	temperature:	-25	to	80ºC	
High	temperature:	-40	to	125	ºC	

Storage	temperature	(ºC)		 Standard	temperature:	-30	to	85ºC	

±

50 sµ
1 s
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High	temperature:	-40	to	125	ºC	
Supply	Voltage		 +5	Vdc	to	+12	Vdc	 5%	

Table 10.- HONEYWELL LLE Optical level switches specifications.	

	
	

	
Figure 44 Optical level switches. 

 

	
	
The	control	unit	is	based	on	the	Arduino	Mega	board,	and	communicates	with	the	
Monitoring	and	Control	System	via	the	WT-11	BT	link.		

	
Figure 45 Cross section of model gate containing ballast control system and onboard 
winch 

• Dynamic	mooring	line	control.	Winch	Controller	nodes.	
	

±



 92 

This	node	controls	towing	lines	by	means	of	a	set	of	the	stepper	motors	(Size	23-88)	
that	 pull	 the	 line	 to	 move	 the	 caisson.	 This	 motor	 includes	 the	 motor	 driver	
controlled	by	a	PWM	signal	from	an	Arduino	Mini	board,	which	acts	as	the	control	
unit	of	 the	node.	The	winch	control	system	allows	 four	different	states:	 free	reel,	
blocked,	reel	in	and	reel	out.		
The	mooring	line	tension	is	measured	by	means	of	a	Honeywell	FSG-15N1A	sensor	
installed	 in	 an	ad-hoc	mechanical	design	 (Figure	46).	Total	 tension	 range	 can	be	
mechanically	adjusted	from	0	to	20N	by	moving	the	sensor	away	from	the	cantilever	
fulcrum.	
The	node	communicates	with	the	Monitoring	and	Control	System	via	the	WT-11	BT	
link.	
As	described	above,	there	are	three	of	these	units,	one	on-board	and	two	on-shore.	
The	 system	 at	 this	 stage	 can	 not	 be	 considered	 as	 a	 hybrid	 model,	 there	 is	 no	
feedback	from	the	load	sensor	to	cope	for	axial	stiffness	of	the	line	or	its	mass	per	
unit	length.	
This	 is	 solved	 by	 using	 a	 commercial	 chain	 with	 a	 mass	 per	 unit	 length	
correspmnding	to	1.22	scale.		
Axial	stiffness	modelling	is	not	modelled	for	the	towing	line	but		for	an	elastic	strobe	
at	with	the	cable	is	attached	to	in	the	prototype.		

	
Figure 46 Mechanical device for winch tension measurement and control. In this figure 

the on-board winch is shown 

• Motion	Capture	Cameras:	OptiTrack	
	
With	the	aim	of	capturing,	measuring	and	evaluating	with	exact	precision	the	six	
degrees	 of	 freedom	 in	 the	 models,	 HRL	 instrumentation	 includes	 a	 system	
constituted	by	 three	 components:	 eight	 led	 cameras,	 four	hub	 concentrators	 and	
specific	software.		
The	following	sheets	show	the	technical	specifications	of	the	principal	components:		
	
Table 11 Cameras specifications. Motion capture system 

Led	Cameras	Specifications	
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Camera	Body:		 Width	x	height	x	depth:	53.8	mm	x	81	mm	x	
42.4	mm.	
Weight:	187	g		
Mounting:	1/4”-20	tripod	thread	
Status	Indicators:	2	digit	numeric	LEDs,	and	1	
bicolor	status	LED	

Led	Ring	(removable):	 28	LEDs	
850	nm	IR	
Adjustable	brightness,	strobe	or	continuous	
illumination	

Lens	&	Filter:	 Default	Lens:	5.5mm	F#1.8.	[Horizontal	FOV:	
56°;	Vertical	FOV:	46°]	
Optional	Lens:	8mm	F#1.8.	[Horizontal	FOV:	
42°;	Vertical	FOV:	34°]	
M12	Lens	Mount	
Adjustable	focus	w/	spring	assist	
800nm	IR	long	pass	filter	

Image	Sensor:		 Pixel	Size	:	4.8	µm	×	4.8	µm	
Imager	Size	:	6.144	mm	×	4.9152	mm	
Imager	Resolution	:	1280	×	1024	(1.3	
Megapixels)	
Frame	Rate:	30-120	FPS	(adjustable)	
Latency:	8.3	ms	
Shutter	Type:	Global	
Shutter	Speed:	Default:	500	µs;	Minimum:	20	
µs;	Maximum:	7.5	ms	(at	120	FPS)	

Table 12 Hub concentrator specifications. Motion capture system.	

Hub	Concentrator	Specifications	
Dimensions	and	weight:		 Width:	138.9	mm.	Height:	40.9	mm;	Depth:	92.5	

mm.	Weight:	0.4	kg	

USB	Signaling	Rates	 480	Mbit/s	(hi-speed),	12	Mbit/s	(full	speed),	
1.5	Mbit/s	(low	speed)	

USB	Ports	 1	Uplink	(Standard	B	Female)	
6	Downlink	(Standard	A	Female)	

Status	LEDs	 Power	
Uplink	port	status	
Downlink	port	status	
Sync	activity	



 94 

	

The	optihub	concentrator	allows	capturing	a	big	volume	of	information	and	the	
ability	to	integrate	their	motion	capture	system	with	other	hardware	acquisition	or	
control	systems.		
	
In	addition,	the	capture	motion	system	has	a	software	engineered	to	track	objects	in	
6DoF	for	real-time	and	offline	workflows.	This	software	will	be	used	for	calibration	
and	data	acquisition	will	be	carried	out	by	SRECMOCOS	system.		
	
Collected	data	will	be	acquired	by	and	processed	with	 the	SRECMOCOS	software	
developed	by	HRL.	
	
	

• Monitoring	and	Control	System	
As	 mentioned	 before,	 it	 consists	 of	 the	 Local	 Gateway	 and	 the	 Monitoring	 and	
Control	Software.	

Compatible	3D	Viewing	
Systems	

Stereographics	CrystalEyes	
NuVision	60GX	
NuVision	APG6000	
Refresh	Rates:	60	FPS,	90	FPS,	96	FPS,	100	FPS,	
120	FPS,	200	FPS,	Custom	

Sync	Input	Sources	 Internally	Generated	
Cascaded	output	
External	digital	input	
Software	trigger	(from	PC	via	USB)	

External	Sync	Input	 Opto-isolated	Input,	(LV)TTL	compatible	
[Vil(max)	:	0.8V;	Vih(min)	:	2.5V;	Vih(max)	:	13V]	
Max	Freq	:	10kHz	
Divider:	1:1	–	1:15	
Trigger	Modes	[Rising-Edge;	Falling-Edge;	
Either-Edge;	High-Level	Gated;	Low-Level	
Gated]	
Trigger	Delay:	0	–	65ms	
Trigger	Rate:	8	–	100	Hz	

External	Sync	Output	 LV-TTL	Digital	Output	
Types:	exposure	pulse;	external	sync	input	
pass-through;	recording	active	—	level	output;	
recording	active	—	frame	pulse	
Polarity:	normal	/	reverse	
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The	Local	Gateway	has	been	 implemented	with	 three	BT	devices,	model	F8T017	
from	Belkin,	using	a	star	topology.		
Monitoring	and	Control	Software	has	been	developed	in	Java	language.	It	opens	a	
serial	 communication	 with	 each	 node	 through	 the	 Local	 Gateway.	 This	 serial	
communication	allows	receiving	data	and	sending	commands.	Therefore,	they	have	
been	defined	two	types	of	frames	for	communications	in	this	system:	a	data	and	a	
command	frame.	

	
Figure 47 Data frame schemes used 

The	 data	 frame	 contains	 information	 with	 sensor	 measurements	 and	 actuators	
states.	It	starts	with	three	synchronization	bytes.	The	frame	has	a	variable	
	number	of	fields	of	variable	number	of	bytes	each.	Every	field	is	defined	by	a	field	
length	byte	at	first	and	the	information	bytes	next.	The	frame	ends	with	a	stop	byte.	
There	are	defined	up	to	three	types	of	fields:	identifier,	information	and	time-stamp	
field.	The	command	frame	has	the	same	structure	but	without	the	time-stamp	field.	
See	Figure	47.	
	
	
Monitoring	and	Control	Software	has,	also,	a	GUI	to	visualize	the	different	types	of	
received	data	and	to	control	the	different	actuators	involved	in	the	operation.	This	
GUI	has	been	developed	 in	 Java	 language	and	consists	of	one	window	to	manage	
experiment	variables	as:	 experiment	 time	and	current	 time,	 experiment	name	or	
storage	 path.	 There	 is	 a	 second	 window	 with	 buttons	 to	 control	 the	 different	
actuators	(filling	and	drain	pumps,	and	stepper	motors).	In	addition,	this	window	
can	 show	 overfilling	 and	 impacts	 alarms.	 There	 are	 two	 more	 windows	 with	
graphical	 presentations	 about	 the	 measure	 of	 water	 level	 (in	 each	 of	 the	 six	
independent	cells	of	the	model)	and	mooring	lines	tension.	See	Figure	48	
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Figure 48 Computer user interface showing ballast level and towing line tension 

The	external	Database	Server	is	the	platform	for	remote	database	management.	It	
uses	the	open	source	MySQL	Server	5.0	in	an	Ubuntu	12.4	LTS	(Long	Time	Service)	
machine.	 Access	 to	 the	 database	 content	 is	 secured	 with	 HTTPS	 and	 secure	
authentication.	Therefore,	only	authorized	users	may	be	given	access	permissions.		
All	stored	data	 is	 time-stamped	and	associated	to	a	specific	experiment,	allowing	
compare	results	among	different	tests.	
	

	
Experiment	phases	
	
Dynamic	response	evaluation	to	sea	states	and	variable	coercion	conditions	
The	main	objective	is	this	test	stage	is	to	gather	information	of	the	response	of	the	
system	 to	 a	 range	 o	 feasible	 sea	 states	with	wave	 periods	 ranging	 from	 5	 to	 10	
seconds	 and	 wave	 height	 up	 to	 1,5	 meters.	 By	 processing	 this	 data	 operational	
thresholds	will	be	established	for	the	standard	set-up	and	two	tidal	levels	(High	and	
low	tide).		
Influence	of	the	operator’s	characteristics	on	the	operation	results	
Five	different	operators	perform		the	same	experiment	five	times.	Operators	have	
the	same	experience	and	instructions.		Chosen	operator	are	two	females	and	three	
males.		
Assesment	on	the	influence	of	inertial	and	operational	modifications	over	operational	
thresholds.	
This	phase	will	 focus	on	the	evaluation	of	a	modification	of	the	Xcg	inertia(pitch)	
and	a	towing	line	set-up	modification	in	regards	to	operational	thresholds.	
	
Table 13 Complete test cases list. Test cases ended in "1" (excluding 21) are later 
included cases were more definition was needed. 

Test	
Id.	N.	

Tpt	
(s)	

Hpt	
(m)	

Tpmod	(s)	 Frecmod	
(Hz)	

Hmod	
(m)	

1	 5	 .2	 1.07 0.938 0.009 
2	 5	 .4	 1.07 0.938 0.018 
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2_1	 5	 .6	 1.07 0.938 0.027 
3	 6	 .2	 1.28 0.782 0.009 
4	 6	 .4	 1.28 0.782 0.018 
5	 6	 .6	 1.28 0.782 0.027 
6	 7	 .2	 1.49 0.670 0.009 
7	 7	 .4	 1.49 0.670 0.018 
8	 7	 .6	 1.49 0.670 0.027 
81	 7	 .8	 1.49 0.670 0.036 
9	 7	 .1	 1.49 0.670 0.045 
10	 8	 .2	 1.71 0.586 0.009 
11	 8	 .4	 1.71 0.586 0.018 
12	 8	 .6	 1.71 0.586 0.027 
121	 8	 .8	 1.71 0.586 0.036 
13	 8	 1	 1.71 0.586 0.045 
14	 9	 .2	 1.92 0.521 0.009 
15	 9	 .4	 1.92 0.521 0.018 
16	 9	 .6	 1.92 0.521 0.027 
161	 9	 .8	 1.92 0.521 0.036 
17	 9	 1	 1.92 0.521 0.045 
18	 9	 1.5	 1.92 0.521 0.068 
19	 10	 .2	 2.13 0.469 0.009 
20	 10	 .4	 2.13 0.469 0.018 
21	 10	 .6	 2.13 0.469 0.027 
211	 10	 .8	 2.13 0.469 0.036 
22	 10	 1	 2.13 0.469 0.045 
23	 10	 1.5	 2.13 0.469 0.068 

	
	

3.1.15. Analysis procedures 

• Rainflow	analysis	
	
Rainflow	application	techniques	for	the	analysis	of	forcing	and	response	ranges.	
The	two	main	characteristics	of	an	oscillation	are	its	magnitude	and	period,	as	was	
indicated	numerous	times	throughout	the	text.	Although	the	magnitude	has	always	
been	the	protagonist	in	the	design	and	verification	of	structures	in	the	last	twenty	
years	 the	 frequency	domain	has	 received	 considerable	 attention	 in	 the	design	of	
offshore	structures,	It	is	common	to	use	the	wave	number,	its	height	and	period	as	
the	basis	flow	structure	interaction	(see	(Goda	2010)).	It	is	therefore	important	to	
define	precisely	the	scope	and	meaning	of	time.	Traditionally,	methods	of	ascending	
passage	or	falling	zero	have	been	used	to	these	definitions,	ie,	a	wave	starts	when	
the	zero	 level	 is	exceeded	 (up	or	down)	and	ends	when	 the	next	 junction	 (up	or	
down	)	it	is	produced	by	the	reference	level.	
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Recently,	 the	 rainflow	 concept	 has	 appeared	 as	 a	 powerful	 complement	 to	 the	
traditional	 concept	 of	 wave,	 and	 there	 has	 been	 a	 revolution	 in	 some	 areas	 of	
specialization,	 such	 as	 fatigue,	 where	 the	 rainflow	 analysis	 is	 now	 commonly	
accepted.	
For	the	analysis	of	the	dynamic	response	of	the	ship,	forced	by	the	waves,	it	will	be	
analysed	from	the	perspective	of	rainflow	technique.	It	has	already	been	noted	by	
some	researchers,	as	in	(Johannesson	1999;	Castillo	et	al	2012;.	Group	and	others	
2000;	I	Rychlik,	Leadbetter,	and	others	2000),	the	rainflow	matrices	are	appropriate	
than	 classical	 waves,	 because	 they	 consider	 a	 more	 realistic	 information	 and	
complete	 the	 historical	 record.	 For	 this	 analysis	 the	 methodology	 developed	 by	
(Gomez	et	al.	2013)	aligned	with	the	above	mentioned	authors	apply.	In	this	analysis	
cycles	in	forcing	the	float	response	compared.	
	

	
Figure 49 Rainflow cycle definition. (Gomez et al. 2013)	

	
Figure 50 Definition of magnitude of wave height and period , according to the method 
of counting proposed by (Gomez et al. 2013) 

	

	
The	 definition	 by	 rainflow	 counting	method	 according	 to	 (Igor	 Rychlik	 1987)	 is	
illustrated	in	Figure	162.	Once	you	have	selected	a	relative	maximum,	for	example,	
point	A	 in	 the	same	 figure,	we	get	 the	points	before	and	after	 intersection	of	 the	
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series	at	the	same	level	(points	B	and	C),	we	calculate	the	minimum	values	of	the	
series	at	intervals	of	B	to	A	and	from	A	to	C,	that	is,	the	E	and	D,	respectively,	and	last	
points,	the	maximum	of	the	two	minima	(D),	which	provides	the	minimum	level	is	
determined	𝑀!	
!	"#	Associated	with	the	selected	maximum	𝑀!	(𝑋𝑡!)	(Point	A).	
Accordingly,	the	magnitude	of	the	oscillation	rainflow	Hr	(Figure	162)	is	defined	as	
the	difference	between	the	maximum	and	minimum	coordinates	of	the	endpoints.	
The	period	of	oscillation	in	rainflow	the	proposed	methodology	for	the	analysis	of	
oscillatory	forcing	and	response	according	to	the	original	rainflow	definition	given	
by	 (Matsuishi	 and	Endo	1968)	 as	 the	 time	 required	 to	 close	 a	 hysteresis	 loop	 is	
defined.	The	beginning	of	this	cycle	is	a	relative	maximum	and	the	end	is	the	point	
at	which	 the	 signal	 reaches	 the	 same	 level	 of	 relative	maximum	 in	 the	 direction	
where	the	rainflow	cycle	is	configured.	
The	following	figure	shows	the	topological	representation	of	the	range	of	oscillation	
shown	by	technique	rising	zero	crossings	and	through	techniques	rainflow.	

	
Figure	51	Topological	representation	methods	upward	zero	crossing	against	
rainflow	obtained	from	the	time	series	of	tide	gauge	at	Port	of	Malaga.	(Gomez	et	
al.	2013)	
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• Multi-parameter	analysis	
	
	
In	this	section	we	describe	the	analyses	carried	out	for	the	variables	that	have	been	
monitored	during	the	tests.	The	post-processing	description	is	arranged	around	the	
variables	monitored,	and	an	example	of	the	kind	of	information	that	is	gathered	in	
the	post-processing	sheets	is	also	shown	(see	¡Error!	No	se	encuentra	el	origen	
de	la	referencia.).	
	
Caisson’s	Initial	and	Final	Positions	

• Gate’s	position	layout	

	
Figure	52.-	Gate’s	initial	and	final	position	layout	

• Gates’s	initial	and	final	6DoF	
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Figure	53.-	Caisson’s	initial	and	final	6DoF	

	
	Winch	Load	
Winch	load’s	post-process	results	are	given	for	the	three	winches	together	as	well	
for	each	independent	single	line:	

• Winch	load	time	series	

	
Figure	54.-	Winch	load	time	series	

Basic	statistics	

	
Figure	55.-	Winch	load	basic	statistics	

Winch	load	spectrum	
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Figure	56.-	Winch	load	spectrum	

Spectral	parameters	

	
Figure	57.-	Winch	load	spectral	parameters	

Acceleration	time	series	(for	each	direction	and	the	module	of	the	resultant)	
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Figure	58.-	Acceleration	time	series	on	x-axis	
	

	
	

Basic	statistics	(x,	y	directions	individually	and	module)	

	
Figure	59.-	Basic	statistics	of	acceleration	records	
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X-Y	scatter	and	joint	probability	

	
Figure	60.-	X-Y	accelerations	directional	plot	and	joint	probability	

Energy	spectral	density	

	
Figure	61.-	Spectral	energy	density	from	the	acceleration	records	
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Spectral	parameters	

	
Figure	62.-	Spectral	parameters	from	the	acceleration	records	

	
Caissons	and	tugboats	6DoF	(X-,	Y-	and	Z-	Positions	and	roll,	pitch,	yaw)	
6DoF	position	time	series	

	
Figure	63.-	Caisson’s	X-	position	over	time	

6DoF	positions	statistics	

	

	
Figure	64.-	Caisson’s	X-	position	statistics	

• Caisson’s	and	tugboats’	6DoF	spectral	density	
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Figure	65.-	Caisson’s	X-	spectral	density	

• Caisson’s	6DoF	spectral	parameters	

	
Figure	66.-	Caisson’s	X-	spectral	parameters	
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• Caisson’s	6DoF	bivariate	trajectories	and	trajectory’s	joint	probability	(X	vs.	
Y,	X	vs.	Z,	Y	vs.	Z,	roll	vs.	Z,	pitch	vs.	Z	and	yaw	vs.	Z)	

	
Figure	67.-	Joint	probability	for	the	X-	and	Y-	trajectories	followed	by	the	caisson	

• Gate’s	roll,	pitch	and	yaw	response	versus	winch	load,	and	joint	probability	

	
Figure	68.-	Caisson’s	roll	versus	winch	1	load	plot	and	joint	probability	plot	
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• Caisson’s	 x-,	 y-	 and	 free	 draught	 positions	 versus	 winch	 load,	 and	 joint	
probability	

	
Figure	69.-	Caisson’s	x	position	versus	winch	2	load	plot	and	joint	probability	plot	

• Tugboat’s	 roll,	 pitch	 and	 yaw	 response	 versus	 winch	 load,	 and	 joint	
probability		

	
Figure	70.-	Roll	versus	winch	load	plot	and	joint	probability	plot	
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• Caisson’s	cell	ballast	level	time	series	versus	vertical	speed	and	free	draught	

	
Figure	71.-	Caisson’s	vertical	speed	versus	cell	ballast	

	

• Cell	state	

	
Figure	72.-	Cells	state	(in,	out)	
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3.1.16. Study results 

	
A	single	report	has	been	produced	for	each	test.	The	document	includes	9	pages	
with	post-processing	products	described	before.		
The	report	contains	a	general	sheet	with	free	surface	statistical	and	spectral	
parameters	as	well	as	statistical	descriptors	for	winch	line	tension	and	6DOF	
displacements	and	accelerations.	
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The	next	sheet	contains	a	general	figure	showing	X	and	Z	displacements	(X-
horizontal-opening	displacement	and	Z	vertical	displacement-bottom	clearance).	
The	next	figures	contain	accelerations	and	oscillation	along	each	reference	axe.	
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M1 M0 Hm0 Tm Tm10 Tp

_ 0.0001 0.0007 0.1022 6.4703 0.1323 9.0996

MEAN MAX MIN VAR 2PRCNTL 98PRCNTL MEAN1/3 UNITS
SL_T 6.9357 13.2739 0.985 6.1077 2.0694 11.0197 9.5111 [s]
SL_H 0.061 0.1542 0.0101 0.0011 0.0114 0.1378 0.1 m

MEAN MAX MIN VAR 2PRCNTL 98PRCNTL MEAN1/3 UNITS

Line 3_ 1.0286 13.48 0 3.8296 0 8.2677 2.8664 tn

Line 2_ 476.629 5359.3088 0 309476.0328 76.2503 2004.2943 1027.1235 tn

Line 1_ 508.1272 3594.6583 0 359075.684 10.8929 2245.8989 1208.5469 tn

Z Acc_ 0 4.1161 −5.6905 0.0775 −0.5033 0.5465 0.2273 m/s2

Y Acc_ 0 1.1407 −1.577 0.0084 −0.1793 0.1926 0.0861 m/s2

X Acc_ 0 2.3225 −0.9305 0.0154 −0.2572 0.2587 0.1263 m/s2

Yaw_ −0.0001 1.8927 −1.4501 0.2141 −0.9608 1.0467 0.4914 degrees

Pitch_ 0 1.4848 −1.5009 0.201 −0.985 1.0216 0.4631 degrees

Roll_ 0.0006 4.3493 −3.7968 0.7917 −2.0225 2.1396 0.8614 degrees

Y Pos_ 0 0.2815 −0.4305 0.0059 −0.1887 0.1616 0.0755 m

PAC

Sp e c tral Parame te rs

Free Surface
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Winch	actuators	sheet	contains	the	general	X-Z	figure	and	two	more	figures.	The	
first	one	showing	individual	winch	tension	and	at	the	bottom	the	action	record	of	
each	winch	together	with	total	water	ballast	in	the	caisson.	
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Next	three	sheets	contain	in	depth	analysis	of	X,	Y	and	Z	accelerations.	The	first	
figure	shows	the	entire	acceleration	time	series	and	statitscal	analysis	of	the	whole	
tests.	The	algorithm	also	includes	a	POT	analysis	to	identify	high	values,	which	are	
strongly	related	to	collision	between	caisson	and	rigid	boundaries.	
Next	figures	show	spectral	and	rainflow	analysis	of	the	variable.	
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Last	three	sheets	contain	in	depth	analysis	of	Roll,	Pitch	and	Yaw	rotations.	The	
first	figure	shows	the	entire	rotation	time	series	and	statitscal	analysis	of	the	
whole	tests.	The	algorithm	also	includes	a	POT	analysis	to	identify	high	values,	
which	are	strongly	related	to	collision	between	caisson	and	rigid	boundaries.	
Next	figures	show	spectral	and	rainflow	analysis	of	the	variable.	
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The	first	tests	were	conducted	to	determine	if	consistency	exists	between	similar	
experiments	and	results	can	be	reproduced.	To	probe	this	two	test	under	WC04	
(Hs:0,4[m]-Tp:6[s])	and	WC121	(Hs:0,8[m]-Tp:8[s])		were	repeated	10	times	each	
and	their	outputs	compared.	Figure	73	presents	spectral	analysis	results	for	WC04	
tests.	It	can	be	clearly	noted	how	X	and	Y	are	similar	during	the	7	tests	analysed.	
Accelerations	on	the	Z	axes	present	a	slight	dispersion	due	to	the	slight	difference	
of	test	duration	while	Hm0	and	Tm	and	Tp		values	are	within	10%	variation.		
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Figure 73 Spectral analysis of XYZ accelerations registerd during WC04 tests 

A	similar	analysis	can	be	obtained	from	Figure	74	with	very	low	dispersion	on	
pitch	angle	spectrum	and	slight	diferencies	on	roll	and	yaw	angle	spectra.	
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M1 M0 Hm0 Tm Tm10 Tp
_accxz7 0.0259 0.024 0.6196 0.4751 1.0811 18.8219

_accxz6 0.0312 0.0282 0.6721 0.4682 1.1055 19.1008

_accxz5 0.0321 0.0286 0.6766 0.4557 1.1235 20.4651

_accxz4 0.0293 0.0299 0.6915 0.4946 0.9795 19.8354

_accxz3 0.0332 0.0324 0.7205 0.4968 1.0235 19.388

_accxz2 0.0266 0.0247 0.6292 0.4657 1.075 19.2433

_accxz1 0.0335 0.0269 0.6561 0.429 1.2467 18.9603

_accy:7 0.0016 0.0021 0.1817 0.5113 0.765 7.9587

_accy:6 0.0028 0.0026 0.2027 0.4094 1.0975 7.9833

_accy:5 0.0025 0.0026 0.2021 0.457 0.983 7.9833

_accy:4 0.0026 0.0026 0.2043 0.448 1.015 8.1344

_accy:3 0.0023 0.0027 0.2082 0.5141 0.8435 8.0081

_accy:2 0.0017 0.0022 0.1897 0.5155 0.7449 8.0834

_accy:1 0.0027 0.0026 0.202 0.4132 1.0761 7.9833

_accx:7 0.0013 0.0056 0.2982 1.5041 0.2391 8.1344

_accx:6 0.0014 0.0058 0.3057 1.4155 0.2427 7.9833

_accx:5 0.0015 0.006 0.3109 1.4221 0.2451 8.0581

_accx:4 0.0017 0.0062 0.3139 1.2715 0.2753 8.4268

_accx:3 0.0015 0.0066 0.3261 1.6389 0.2204 8.2121

_accx:2 0.0012 0.0057 0.3012 1.6251 0.2108 8.3181

_accx:1 0.0014 0.0058 0.3047 1.3913 0.2471 8.2913
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Figure 74 Spectral analysis of roll, pitch and yaw oscillations registered during WC04 
tests 

	
Dynamic	response	evaluation	to	sea	states	and	variable	coercion	conditions	
	
The	main	objective	is	this	test	stage	is	to	gather	information	of	the	response	of	the	
system	 to	 a	 range	 o	 feasible	 sea	 states	with	wave	 periods	 ranging	 from	 5	 to	 10	
seconds	and	wave	height	up	to	1meter.		This	test	will	also	help	define	operational	
thresholds	by	offering	inputs	to	the	defined	verification	equation.	On	Figure	75	the	
number	of	impacts	between	the	floating	gate	and	the	botom	slab	is	presented.	This	
parameter	is	critical	for	the	operability	of	the	dry-dock	since	damage	to	the	bottom	
seal	could	be	damaged.		
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M1 M0 Hm0 Tm Tm10 Tp
_yaw8 0.01 0.1504 1.5514 10.7641 0.0668 20.732
_yaw7 0.0069 0.0903 1.2019 9.8924 0.0762 21.6256
_yaw6 0.0091 0.1331 1.4593 10.9049 0.0685 20.732
_yaw5 0.0095 0.1312 1.4488 10.3355 0.0727 20.3949
_yaw4 0.0091 0.1296 1.44 9.5983 0.0699 21.4408
_yaw3 0.0089 0.1185 1.3771 9.1909 0.0751 20.732
_yaw2 0.0076 0.1038 1.2886 10.4158 0.0735 20.2304
_yaw1 0.0085 0.1114 1.3352 10.1329 0.0762 19.9093
_pitch8 0.0067 0.0526 0.9177 3.1361 0.1282 8.6205
_pitch7 0.0059 0.0458 0.8558 3.0447 0.128 8.7103
_pitch6 0.0061 0.0476 0.873 2.9451 0.1277 8.6503
_pitch5 0.0067 0.0497 0.8914 2.7672 0.1347 8.5617
_pitch4 0.0067 0.0506 0.8996 2.802 0.1317 8.8642
_pitch3 0.0074 0.057 0.9551 3.0244 0.1295 9.2227
_pitch2 0.0065 0.052 0.9122 3.2826 0.1247 8.3899
_pitch1 0.0062 0.0487 0.8824 3.2582 0.1266 9.0562
_roll8 0.0254 0.3988 2.5259 5.2609 0.0637 18.7207
_roll7 0.0147 0.2236 1.8916 4.5296 0.0659 20.0686
_roll6 0.019 0.2873 2.1439 4.7621 0.0662 22.1998
_roll5 0.0223 0.3085 2.2215 4.3275 0.0723 19.2967
_roll4 0.0235 0.3705 2.4346 4.9915 0.0633 19.5982
_roll3 0.0252 0.3843 2.4796 5.3515 0.0656 18.7207
_roll2 0.0174 0.2724 2.0877 5.0768 0.064 19.1494
_roll1 0.0184 0.2648 2.0585 4.4891 0.0693 18.4454
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Figure 75 Number of bottom slab impacts for each test case in Stage 1 

	
Figure 76 Number of lateral impacts for each test case in Stage 1 
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• Assessment	on	the	influence	of	inertial	and	operational	modifications	over	
operational	thresholds.	
	

This	phase	focus	on	the	evaluation	of	a	modification	of	the	Xcg	inertia(pitch)	and	a	
towing	line	set-up	modification	in	regards	to	operational	thresholds.	
	
	
Inertia	around	Y	axes	was	increased	by	5%	changing	some	of	the	lead	ballast	used	
for	mas	and	inertial	calibration.	Tests	as	in	stage	1	were	repeated	and	its	results	
compared.	Figure	77		shows	bottom	slab	impacts	for	these	tests.	It	can	be	noted	a	
reduction	on	impacts	on	for	lower	periods	and	significant	wave	heights	while	
results	for	higher	energy	sea	states	are	similar	on	both	cases.		
	
The	operational	modification	of	towing	lines	set	up	consist	on	routing	the	cables	
through	bollards	in	a	way	that	transverse	angles	are	increased	and	operator	has	a	
higher	control	of	yaw	angle	and	sway	displacement.	For	these	tests	analysis	is	
focused	on	Y	axes	impacts.	

	
Figure 77 Number of bottom slab impacts for each test case in Stage 2. Inertial 

modification of the floating gate 

As	it	can	be	noted	from		Figure	78,	operational	modification	does	not	present	a	
direct	benefit	toward	impact	number.	
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Figure 78 Number of lateral impacts for each test case in Stage 2 
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3.2. Dynamic mooring line tension control and 

simulation. SEAMOOR 

Mooring	 lines	are	part	of	a	wide	variety	of	marine	structure	systems	both	 in	and	
offshore.	 	 Some	of	 these	 systems	may	 include	multibody	mooring	 configurations	
during	installation	or	normal	operation	stages;	Design	of	these	structures	frequently	
requires	the	use	of	physical	scale	models	at	different	stages.	Testing	procedures	are	
well	described	in	literature	(Chakrabarti,	1994)	or	even	part	of	the	ITTC	procedures.	
However,	 it	 is	 very	 often	 that	 no	 facility	 can	 accommodate	 the	 system	 at	 a	
recommended	scale	(l<50)	or	no	material	can	be	found	to	ensure	similitude	criteria.	
Offshore	 deep	moored	 structures	 are	 a	 typical	 example,	 ultradeep	waters	 in	 the	
range	of	1000-3000m	cannot	be	modeled	and	 tested	at	 current	 facilities	without	
some	truncation	of	the	anchoring	lines.		
Another	example	of	the	modelling	difficulties	imposed	by	mooring	lines	is	present	
on	 the	 mooring	 requirements	 of	 some	 operations	 involving	 floating	 bodies	 and	
mooring	 lines	 of	 variable	 length;	 it	 is	 difficult	 to	 find	 an	 existing	 material	 that	
complies	with	similitude.	
All	 these	 reasons	have	 led	 research	 groups	worldwide	 to	work	on	hybrid	model	
testing	 using	 3DOF	 active	 actuators	 using	 floating	 body	 position	 as	 input	 to	 a	
numerical	model	 and	 a	 PID	 system	 as	 control	 algorithm	 (Cao	 et	 al.	 2013).	 Later	
results	are	promising	but	still	need	some	further	development	to	be	used	reliably	in	
model	testing.	(Moen,	F.S.	2014)	
If	we	follow	the	classical	approach	to	achieve	similarity,	that	is	to	apply	Froude	and	
Cauchy	 criteria,	 we	 need	 to	 achieve	 similitude	 through	 geometry,	mass	 per	 unit	
length	and	material	stiffness.	Since	the	probabilities	of	finding	a	material	that	fulfils	
the	aforementioned	requirements	for	a	certain	scale	are	low,	the	common	practice	
is	to	search	for	mass	and	geometry,	modelling	mooring	line	stiffness’	by	the	use	of	
springs	at	one	of	the	ends.	
By	using	the	proper	spring	setup	it	is	possible	to	achieve	nonlinear	elastic	response	
to	cope	with	polymer	and	steel	combination	of	mooring	lines,	however,	it	is	a	time	
consuming	procedure	of	trial	and	error	and	it	is	only	valid	for	fixed	length	mooring	
lines.	
Within	 the	 scope	 of	 global	 scale	 simulation	 of	 multi	 element	 moored	
vessels/structures	where	complete	operations	are	modelled,	fixed	length	mooring	
lines	are	no	longer	an	option.		
This	work	describes	 a	new	approach	based	on	 a	hybrid	 system	 that	models	 line	
stiffness	of	a	variable	length	mooring	line.	
	
	

3.2.1. Objectives 
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To	design,	build,	test	and	validate	a	system	that	controls	cable	length	and	tension	
in	such	way	that	axial	elongation	due	to	actual	load/length	is	provided	by	the	
winch.	
To	fulfil	the	main	objective	the	following	tasks	need	to	be	accomplished:	

• Design	and	build	a	device	that	is	capable	of	modify	mooring	line	length	
while	measuring	axial	force	on	the	line.	The	system	measurement	needs	to	
be	free	of	errors	derived	from	actuator	motion	of	external	acceleration	
imposed	to	the	whole.		

• Implementation	of	a	programmable	logical	control	unit	capable	of	acquiring	
and	processing	load	and	winch	position	data	to	output	real	time	orders	to	
the	winch.	

• Static	validation	of	the	system		
• Dynamic	validation	of	the	response	
• Dynamic	validation	of	the	system	in	a	scale	test.	

	

3.2.2. Methodology 

	
The	mathematical	scope	of	 the	problem	is	 to	reproduce	Hook’s	 law	 in	a	dynamic	
system.	 The	 actual	 version	 uses	 a	 C	 programed	 micro-controller	 to	 solve	 the	
classical	equation	for	a	damped	oscillator	

Eq.	1		 	 	 		𝑓 = 𝑚�̈� + 𝑐�̇� + 𝑘𝑥	
The	response	of	the	device	to	static	and	dynamic	loading	was	be	compared	to	that	
of	a	suitable	steel	spring.	Tests	stages	are	listed	below	

Test	
stage	#	

Description	

0	 Instrumental	set	up	installation	/calibration	

1	 Static	validation	of	tension/deformation	

2	 Dynamic	validation	of	damping	response	(dry)	

3	 Dynamic	validation	of	damping	response	(moored	vessel)	

4	
Dynamic	validation	of	mooring	line	attached	to	a	vessel	forced	by	
waves	(10	freq.).	Carriage	installed		

5	
Dynamic	validation	of	mooring	line	attached	to	a	vessel	forced	by	
current.	Carriage	installed	

6	
Dynamic	validation	of	mooring	line	attached	to	a	vessel	forced	by	
waves	(10	freq.).	Vessel	installed		

7	
Dynamic	validation	of	mooring	line	attached	to	a	vessel	forced	by	
current.	Vessel	installed	
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3.2.3. Materials 

	
Dynamic	mooring	system	is	composed	of	a	servo	motor	closed	looped	controlled	by	
a	load	cell.	The	mechanical	design	minimizes	masses	suspended	by	the	load	cell	with	
the	 aim	of	 reducing	 the	 reactions	 of	 that	 suspended	mass	 to	 vessel	motions	 and	
accelerations	on	the	load	cell.		
Hardware	specifications:	

• Maximum	work	load	on	the	line:	20N	
• Safe	work	load	on	the	line:	50N	
• Total	travel	length	120mm	

	
Figure 79 Left side of the mechanical device (SeaMoor). Note how the string goes from 
the drum to a pulley attached to a load cell and exits through a low friction guide. 
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Figure 80 Right side view of the SeaMoor device. 

3.2.4. Test set up 

The	device	has	been	installed	vertically	on	the	towing	carriage,	in	substitution	of	the	
steel	spring	and	the	dynamometer	usually	employed.		
The	high	Young’s	modulus	line	reeled	in	the	drum	is	attached	to	the	bow	of	a	well	
characterized	vessel.	The	set-up	 is	preloaded	by	a	known	weight	pulling	a	 string	
attached	to	the	vessel’s	stern.	
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Figure 81 Test set up from stages 3 till 7.  

3.2.5. PLC program 

Control	program		solves	winch	position	by	integration	of	�̈�,	that	is,	the	system	has	
instant	value	for	the	tension/force	(𝑓)	on	the	string,	
Since	 	 	 	 	𝑓 = 𝑚�̈� + 𝑐�̇� + 𝑘𝑥	
It	is	possible	to	 derive		 	�̈� = 0

)
− 1

)
�̇� − 2

)
𝑥	

And	integrate	�̈�	twice		to	obtain	𝑥	,	once	position	is	calculated,	the	plc	commands	
the	winch	to	reach	that	position.		
Complete	script	can	be	found	as	an	annex.	

3.2.6. Tests performed 

	
Multiple	weights	for	static	loading	of	conventional	system	are	tested	to	select	and	
characterize	tension/deformation	properties	of	the	spring	used.	The	same	tests	will	
be	performed	to	calibrate	K	value	of	the	dynamic	mooring	system.	

• Loads	tested:	10,	50,	100,	200,	300,	500,	800,		900,	950,	960	gr	

	
Multiple	weights	are	used	as	load	for	conventional	system,	the	weight	is	released	
from	 a	 non	 equilibrium	 position.	 Load	 and	 displacement	 are	 monitored	 to	
characterize	 damping	 properties	 of	 the	 spring	 used.	 The	 same	 tests	 will	 be	
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performed	 to	 calibrate	 damping	 parameter	 (C	 value)	 of	 the	 dynamic	 mooring	
system.		

• Loads	tested:	200,	300,	500,	800,	gr	

	
Validation	 of	 damping	 coefficient	 obtained	 in	 previous	 stage	 with	 the	 system	
installed	on	a	moored	vessel	 set-up.	Classic	 spring	 system	and	dynamic	mooring	
responses	will	be	compared	and	matched.	The	test	consist	on	decay	test,		measuring	
load	on	the	towing	line	and	displacement	of	the	vessel	after	the	system	is	released	
from	a	non	equilibrium	position.		

• Loads	tested:	50,	100,	200,	500,		gr	

	

3.2.7. Results 

	
Due	to	the	nature	of	the	tests,	simple	static	calibration	procedure	of	hook’s	K	
parameter	of	the	device	to	meet	the	steel	spring’s	measured	value	worked	as	
planned.		
Dry	calibration	of	damping	C	was	also	possible,	however	it	was	noted	that	for	stage	
3,	mass	(M)	and	damping	values	(C)	found	in	Eq.1	need	to	be	those	measured	on	the	
test	 set	up.	Total	mass	would	 the	 result	of	 adding	vessel	displacement	and	stern	
string	counter	weight,	and	C		would	need	to	be	calibrated	from	the	planned	decay	
test,	using	steel	spring	test	values	as	an	initial	value.	
Once	classic	spring	set	up	test	runs	were	completed,	the	set	up	was	installed	on	to	
the	towing	carriage	and	lines	were	connected.	The	C	code	with	the	initial	parameters	
was	loaded	on	to	the	plc	and	the	set	up	was	ready	for	testing.	The	initial	step	was	to	
let	 the	 system	 settle	 to	 equilibrium	 position.	 The	 whole	 system	 never	 achieved	
equilibrium.	 The	 opposite	 occurred	 every	 time	 even	 if	 the	 vessel	 was	 gently	
accompanied	reach	equilibrium.	A	clear	example	of	the	behavior	can	be	observed	in	
the	following	figures	4	and	5	
	

	
Figure 82  sway displacement of the vessel. 
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Figure 83 Load and position values recorded by SeaMoor device. Orange ellipse marks 

when the line is slack. 

The	vessel	is	guided	by	the	operator	to	the	equilibrium	position.	That	occurs	from	
17:52:10,	at	17:52:35	some	load	is	starting	to	be	transferred	to	the	line	attached	at	
the	bow	and	by	17:52:45	the	system	is	unattended.		
It	can	be	noted	that	load	registers	oscillation	as	soon	as	some	force	is	transferred	to	
the	device,	that	oscillation	ranges	from	0	(slack	line)	to	the	increasing	load	ramp,		up	
to	the	theoretical	equilibrium	value.	After	the	system	is	left	unattended,	registered	
load	shows	further	oscillations	of	the	system	from	0	(slack	line)	to	2kg.	
The	problem	seems	to	be	an	over-reaction	of	the	algorithm	when	load	is	applied,	
letting	out	more	cable	than	need	and	making	the	load	on	the	cell	become	close	to	0.		
Please	note	how	vessel	position	(figure	4)	is	not	phased	with	load	or	position	series	
registered	at	the	device.	
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3.2.8. Annex PLC script 

	

#include	<FlexiTimer2.h>	

#include	<SPI.h>	

#include	<Servo.h>		

Servo	myservo;		//	create	servo	object	to	control	a	servo		

int	pos	=	0;				//	variable	to	store	the	servo	position		

float	calpol	=	11111.11;	

void	setup()		

{		

		pinMode(30,	INPUT);	

		pinMode(31,	INPUT);	

		FlexiTimer2::set(40,	servo_control);	//	T	ms	period	

		Serial.begin(115200);	

		SPI.begin();	

	

		//	ADC121S101	Analog	Devices	ADC.	

		//	At	CPOL=1	the	base	value	of	the	clock	is	one.			

		//	For	CPHA=1,	data	is	captured	on	clock's	rising	edge	and	data	is	propagated	on	a	falling	
edge.	

		SPI.setDataMode(SPI_MODE2);	

		SPI.setClockDivider(SPI_CLOCK_DIV32);	

		pinMode(A3,	OUTPUT);	

		myservo.attach(5);		//	attaches	the	servo	on	pin	9	to	the	servo	object		

		//myservo.write(100);	

		//delay(1000);	

		FlexiTimer2::start();	

}		
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void	loop(){	

}	

float	M	=	22.0;	

float	K	=	160.0;	

float	C	=	20.0;	

double	a	=	0;	

double	a_p	=	0;	

double	a_int	=	0;	

double	v	=	0;	

double	v_p	=	0;	

double	v_int	=	0;	

double	x	=	0;	

double	x_int	=	0;	

byte	high;	

byte	low;	

double	data	=	0;	

double	dataraw	=	0;	

long	offset	=	1650;	

void	servo_control(){	

		/*	

		if(digitalRead(30)	==	HIGH){	

			offset	+=	4;		

			Serial.println("++++++++	30");	

		}	

		if(digitalRead(31)	==	HIGH){	

			offset	-=	4;		

			Serial.println("--------	31");	

		}	
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		*/	

		digitalWrite(A3,	LOW);//Select	the	module	to	Read	from	

		high	=	0x00;	

		low	=	0x00;	

		high	=	SPI.transfer(0x00);	

		low	=	SPI.transfer(0x00);	

		digitalWrite(A3,	HIGH);	

		dataraw	=	low+high*256;	

		data	=	9.800000*(dataraw-380)*0.000445;	

a	=	(1/M)*data	-	(K/M)*x	-	(C/M)*v;	

		a_int=	((a-a_p)/2	+	a_p)*0.04	+	a_int;	

v=a_int;	

		v_int	=	((v-v_p)/2	+	v_p)*0.04	+	v_int;	

		x=v_int;	

			

		a_p=a;	

		v_p=v;	

myservo.write(-calpol*x+offset);	

}	

	

3.3. Multi Floater System. METMAST 

3.3.1. Introduction 

The	main	purpose	of	these	experiments	is	the	analysis	of	the	viability	,	the	insight	of	
the	process	 and	 the	design	of	 a	 singular	maneuver:	 the	 self-installation	of	 a	GBS	
(Gravity	Based	Structure)	for	a	meteorological	tower	at	deep	waters	avoiding	the	
need	of	using	large	pontoons	and,	therefore,	significantly	reducing	the	cost	of	the	
operation.	 For	 doing	 so,	 different	 tugboats’	 schemes	 and	 mooring	 lines	
configurations	 for	 the	 coercion	 of	 the	 GBS	were	 evaluated,	 in	 order	 to	 assure	 a	
precise	control	of	the	transition	from	the	sea	surface	to	the	underwater	and	final	
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placement	of	the	model	on	the	seabed	(see	Figure	116).	The	installation	process	is	
controlled	through	a	Global	Simulation	approach	in	which	the	operator	supervises	
the	 ballasting	 process	 and	 can	 control	 and	 visualize	 the	 same	 actuators	 and	
variables	than	in	the	real	operation.	
	

	
Figure 84.-General scheme of the Metmast experiments. 

The	following	objectives	are	pursued	in	this	Chapter:	
• To	apply	the	Global	Simulation	approach	to	a	multi-element	floating	system,	

analyzing	the	response	to	wave	frequency	variations.	
• To	design	and	optimize	the	mooring	system	configuration.	
• To	select	the	tugboat	scale	and	tugs	bollard	pull.	

3.3.2. Description of the experiments 

3.3.2.1. Scale selection 

Length	 scales	 used	 in	 physical	 hydrodynamic	 long-wave	 models	 vary	 widely	
(Hughes,	1975).	When	determining	scale	transformation	ratio	of	physical	models’	
criteria	 of	 similitude	must	 be	 accomplished.	 They	 are	 also	 known	 as	 scale	 laws,	
which	represent	the	mathematical	conditions	that	must	be	met	by	ratios	of	certain	
parameters	between	prototype	and	model,	which	cannot	be	altered	without	altering	
the	underlying	physical	 conditions.	The	above-mentioned	ratios	are	expressed	 in	
the	following	form:	

	mod

prototype

el

X
N

X
=
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In	 this	 type	 of	 structure	 dominant	 phenomena	 are	 correctly	 scaled	 applying	
simultaneously	 Froude	 and	 Reynolds	 criteria.	 Since	 this	 is	 only	 possible	 in	
prototype,	 scale	 selection	shall	be	made	so	 that	 results	are	 similar	or	 the	scaling	
errors	are	known.	For	the	particular	case	of	wave	forces	on	vertical	cylindrical	piles,	
Chakrabarty	obtains	similar	results	for	Cd	in	prototype	and	1:50	scale,	as	shown	in	
Figure	85.	

 

Figure 85.-Drag coefficients for smooth circular cylinder. Font: Offshore Structure Modeling (Chakrabarti,1994).  

Geometrical	similarity	aids	in	visual	recognition	of	the	processes	as	they	occur	in	the	
model.	When	model	and	prototype	are	geometrically	similar,	they	are	undistorted	
models,	because	the	vertical	and	horizontal	scales	are	the	same,	and	they	represent	
the	true	geometric	reproduction	of	the	prototype.		
Kinematic	similarity	indicates	a	similarity	of	motion	between	particles	in	model	and	
in	 prototype.	 As	 the	 ratio	 that	 is	 obtained	 is	 constrained	 by	 the	 mathematical	
relationship	for	wave	motion,	we	will	make	use	of	it	to	determine	the	wavelength	
and	period	that	is	going	to	be	generated.	The	scale	relationship	between	the	length	
and	wave	period	scales,	in	order	to	satisfy	kinematic	similarity	is	given	by:	

	
For	practical	purposes,	Ng	=	1,	and	by	changing	the	order	of	the	terms:	

	
As	we	are	working	with	undistorted	models,		

	
Dynamic	similarity	means	that	there	must	be	constant	prototype-to-model	ratios	of	
all	masses	and	forces	acting	on	two	geometrically	and	kinematically	similar	systems.	
The	 Froude	 and	 Reynolds	 numbers	 are	 important	 to	 coastal	 engineers	 because	
similarity	of	one	of	 these	numbers,	combined	with	geometric	similarity,	provides	
the	 necessary	 conditions	 for	 hydrodynamic	 similitude	 in	 the	majority	 of	 coastal	
models.	
Inertial	forces	are	always	present	in	flow	problems.	A	parameter	that	expresses	the	
relative	influence	of	 inertial	and	gravity	forces	in	a	hydraulic	flow	is	given	by	the	
Froude	number:	
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Or	

	
The	Froude	Number	is	usually	the	most	important	criterion	to	be	considered	when	
designing	a	offshore	scale	model.	Requiring	that	the	Froude	number	be	the	same	in	
the	model	as	in	the	prototype:	

	
This	leads	to:	

	

	
Thus,		

	
When	viscous	forces	dominate	in	a	hydraulic	flow,	the	important	parameter	is	the	
ratio	of	inertial	to	viscous	forces,	known	as	Reynolds	number,	and	given	by:	

	
Reynolds	first	used	this	number	to	distinguish	between	laminar	and	turbulent	
flows.	Similitude	is	achieved	when	Reynolds	number	is	the	same	in	the	model	as	in	
the	prototype:	

	

	

	
Replacing	NT	and	NV	with	their	equivalent	ratios,	we	can	obtain	the	Reynolds	time	
scale	that	depends	on	fluid	properties:	

	
According	to	the	previous	statements	it	can	be	concluded	that:	

	
	

	
Where:	
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2 2

3

Inertial Force
Gravity Force

LV VFr
L g gL

r
r

= = =

2
2 VFr
gL

=

p m

V V
gL gL

æ ö æ ö
=ç ÷ ç ÷ç ÷ ç ÷

è ø è ø

p p p

m m m

V g L
V g L

=

1V

g L

N
N N

=

V g LN N N=

2 2inertial forces
viscous forces

LV LV
VL

r r
µ µ

= =

p m

LV LVr r
µ µ

æ ö æ ö
=ç ÷ ç ÷

è ø è ø

p p p p

m m m m

V L
V L

r µ
r µ

æ öæ öæ ö
=ç ÷ç ÷ç ÷

è øè øè ø

1V LN N N
N

r

µ

=

( )2L
t

N N
N

N
r

µ

=

TN 50=

50VN =
50H h LN N N= = =



 135 

§ T:	Wave	period,	and	test	time	

§ L:	Wave	length	

§ h:	Water	depth	 	

§ V:	Flow	speed	

Model	must	reproduce	the	total	mass	of	the	structure	according	to	the	weight	scale	
and	also	the	mass	moments	of	inertia	about	the	different	axis	according	to		

	

where	 	is	the	prototype-to-model	scale	ratio	of	mass	moment	of	inertia,	and	

	and	 	are	the	scale	ratios	of	the	total	mass	and	material	density,	
respectively.		
Water	depth	at	prototype	location	is	49	meters,	whereas	basin	depths	at	HRL-UPM	
is	up	to	1.0	m.	Therefore,	model	scale	regarding	drought	can	be	1:40	or	larger.	On	
the	simulation	of	the	planned	installation	procedure,	the	modelled	area	occupied	by	
tugs	and	tow	lines	must	be	considered.	The	required	area	for	a	1:50	scale	is	to	be	
defined	but	expected	to	be	close	to	11x11	m2	 .	Taking	all	 these	facts	 into	account	
1:50	is	the	chosen	scale.	Using	this	scale	factor	also	assures	that	wave	forces	on	
the	caisson	are	correctly	modelled	under	Froude’s	criteria.	

3.3.3. Model design and construction 

Main	prototype	element	is	a	meteorological	tower	for	a	wind	farm	in	Inch	Cape.	It	is	
a	GBS	composed	of	four	main	elements:	caisson,	pile,	deck	and	lattice	(see	Figure	
86).	Lattice	is	91	m	long	(94	considering	the	upper	antenna)	and	it	is	supported	on	
a	steel	circular	pile	with	variable	diameter	from	3.5	m	to	2.8	m.	The	pile	is	embedded	
in	the	foundation	caisson,	which	is	17	m	height	and	has	a	32	x	32	m	section.	Deck	is	
2.35	m	high	and	it	operates	as	a	transition	platform	between	pile	and	 lattice	and	
allows	 placing	 instrumentation	 on	 it.	 Thickness	 of	 caisson’s	 walls	 is:	 0.60	m	 for	
exterior	walls,	0.25	m	for	inner	walls	and	1.00	m	for	the	central	cell	where	the	pile	
is	mounted.		
Model	 is	 designed	 and	 constructed	 such	 that	 it	 does	 reproduce	 the	 geometry	
according	to	the	length	scale,	the	total	mass	of	the	structure	according	to	the	weight	
scale	and	the	mass	moments	of	inertia	into	different	axis.	
The	model	is	built	at	1:50	scale.	Caisson	and	monopole	are	reproduced	within	1%	
tolerance	including	geometrical	and	inertial	parameters.	Chosen	materials	for	the	
caisson	are	aluminum	for	external	walls,	PVC	for	internal	walls	and	lead	ingots	for	
ballasting	and	inertial	adjustments.	The	pile	is	modelled	by	means	of	a	PVC	tube	of	
the	proper	wall	thickness.	Deck	and	lattice	are	scaled	in	its	inertial	parameters,	not	
geometrically	as	they	are	not	to	be	forced	by	wave	actions.		

Element	 Material	 Main	characteristics	
(model)	

Caisson	 Aluminium	 0.34	m	x	0.645	m	x0.670	m	
Pile	 PVC	 1	m	length	
Deck	 Extruded	polystyrene	 Triangular	shape,	0.05	m	

high	
Lattice	 Carbon	fibre	 1.80	m	length	

( ) ( )2 5
Im m L LN N N N Nr= =

ImN

mN Nr
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Table 14.-Main materials and dimensions of the GBS model.  

Its	 inner	 part	 is	 divided	 into	 49	 cells	 of	 different	 dimensions	 according	 to	 their	
position,	which	distribution	is	shown	in	Figure	87.	
Monitoring	and	control	communications	are	performed	by	Bluetooth	connections,	
whereas	power	for	the	sensors	and	actuators	is	supplied	by	Li-po	batteries.		

	
Figure 86.- General arrangement of the GBS.  
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Figure 87.- Inner cells distribution plan view 

Apart	from	the	GBS,	tugboats	and	mooring	lines	need	also	to	be	modelled	and	
included	in	the	Global	Simulation	of	the	operation.	
Tugboats	in	prototype	will	be	anchored	to	the	seabed.	Due	to	the	boundaries	of	the	
wave	basin,	an	equivalent	mooring	system	has	been	conceived	to	simulate	the	real	
anchor	 system.	 It	 is	 called	 the	 SMART	method	 (Chakrabarti,	 2005,	 Handbook	 of	
Offshore	Engineering).	It	consists	of	a	combination	of	lines	from	the	model	to	a	fixed	
point	on	a	vertical	pole,	with	a	specified	weight	fastened	on	the	line.	In	these	works,	
the	vertical	pole	is	fixed	to	a	tripod	located	in	the	wave	basin,	and	the	other	end	of	
the	line	is	connected	to	the	tugboat.	Figure	88	shows	the	mooring	line	arrangement	
in	model.	
	

 

 

Figure 88.- Left: SMART (Simple Mooring and Riser Truncation) method scheme; Right: Implemented SMART 
method in the model. 

The	 restoring	 force	 of	 the	 SMART	 system	 follows	 the	 desired	 stiffness	
characteristics	 of	 the	 non-linear	 mooring	 line.	 Four	 variables	 are	 considered:	
distances	A,	B,	C,	and	the	suspended	weight	m.	By	adjusting	them,	the	characteristics	
of	the	desired	mooring	line	can	be	modelled.	The	weight	contributes	to	a	realistic	
inertia	load	of	the	hanging	chain,	which	generally	is	absent	in	the	simulation	with	
springs.	The	final	dimensions	and	angles	used	in	the	model	can	be	seen	in	Figure	89.	

	

B C 

m 
	



 138 

	
Figure 89.- Model dimensions of the mechanism that forms the SMART anchoring system 

Figure	90	shows	the	calibration	runs	performed	to	verify	the	calibration	
parameters	used	to	simulate	the	anchor	line	from	the	tugboat	to	the	seabed.	

 

Figure 90.- Theoretical (red) and measured (blue) response of the SMART anchoring system. Blue measured 
tensions, red theoretical values. 

The	installation	of	the	GBF	in	the	seabed	is	controlled	by	means	of	ropes	that	are	
hosted	into	the	tugboats.	Every	single	tugboat	is	provided	with	a	winch	that	modifies	
length	and	tension	of	the	rope,	according	to	the	needs	at	each	step	of	the	process.	
Tensions	are	measured	by	a	load	cell	and	an	IMU	is	placed	on	the	tugboats	in	order	
to	register	their	motions.		
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Tow	and	mooring	lines	are	modelled	for	reproducing	the	properties	of	those	used	
in	the	prototype.	Tugboats	are	scaled	to	maintain	their	inertial	properties,	in	order	
to	ensure	that	they	are	stable	enough	to	resist	the	pull	force	of	the	winch.	Tugboats	
are	not	supplied	with	a	motor	because	propulsion	is	not	needed	to	perform	these	
tests.		

3.3.4. Instrumentation 

Instrumentation	will	 be	 strategically	 placed	with	 the	 aim	 of	measuring	 different	
variables.	Specifically,	gauges,	sensors	and	actuators	have	been	displaced	as	follows:	

• 8 wave gauges to measure wave field in the test area. 

• Optitrack system (motion capture cameras system). 

• Instrumentation in GBS model:  

• 17 pressure gauges disposed in the group of cells.  

• 1 accelerometer inside the caisson  

• 1 accelerometer at the deck 

• 17 reversible pumps. 

• 17 solenoid valves. 

• IR markers for the motion capture cameras  

• Instrumentation in tugs models:  

• IMU on the tugboat  

• Dynamic Mooring line Control (DMC) system: consisting of a load cell device, 
winch, and software control unit, it provides precise tension measurements and 
model deformation of the mooring lines.  
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Figure 91.-Top: Dynamic Mooring lines Control system. Bottom: Actuators and sensors scheme in a tugboat 

model.  
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Figure 92.- Instrumental scheme in the GBF model. 
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Data	information	provided	by	the	instrumentation	and	gauges	is	directly	related	to	
the	particular	 targets	of	 the	 tests	 that	will	 be	 carried	out	 are	 summarized	 in	 the	
following	table:	

Instrument	 Magnitude	measured	 Variables	 Objective	

Level	probes	 Water	level	(free	
surface)	 	 Wave	field	in	the	test	

area	

Pressure	gauges	 Maximum	pressure	 	 Ballasting	level	in	cells		

Motion	capture	
cameras	

Displacements	and	
attitude	

Roll,	Heave,	Pitch	
Yaw,	Sway,	Surge	

Dynamic	monitorization	
while	sinking		

Accelerometers	 Accelerations	
	

	
Accelerations	

DMC		 Tensions	 	 Winches	tension	

Table 15.- Magnitudes measured by instruments and information target.  

3.3.4.1. Data acquisition and processing 

system 

The	data	 acquisition	 software	HR-DAQ	 is	 a	Windows	based	data	 acquisition	 and	
analysis	program	that	is	suitable	for	64	analogue	input	channels.	It	is	used	to	collect	
and	analyse	data	from	several	instruments	at	HRL-UPM,	in	particular	used	with	level	
gauges.		
The	program	is	project	based	and	is	split	into	three	directions:		

• Calibration	and	scaling	of	inputs.		

With	an	own	calibration	 routine,	 the	 level	gauges	are	 lifted	and	 lowered	and	 the	
input	 voltage	 signals	 are	 recorded	 against	 the	 prototype	 or	 model	 value	 that	 is	
entered.	After	three	calibrations,	the	goodness	of	fit	is	calculated	by	the	least	squares	
method	and	the	raw	calibration	data	and	the	calibration	scaling	factors	are	saved	to	
a	file	specifically	named.			

• Data	acquisition	

Raw	data	is	collected	and	stored	in	ASCII	format	for	specified	periods	of	time	and	
frequencies.	During	data	collection,	the	software	displays	the	time	remaining	for	the	
test	together	with	a	graphical	display	of	the	channels	being	acquired	in	real	time.	At	
any	time	the	acquisition	can	be	aborted	with	the	data	acquired	so	far	being	retained	
on	the	 file.	Finally,	 the	collected	data	set	 is	saved	to	a	 file,	which	 is	automatically	
named	within	the	project	hierarchy.		

• Data	analysis	

After	collecting	data,	the	software	is	used	to	perform	a	number	of	analysis	routines.	
The	 principal	 analysis	 program	 includes	 two	 routines:	 a	 Fast	 Fourier	 Transform	
spectral	analysis	and	a	statistical	analysis.	The	analysis	results	include	a	summary	
of	 the	 test	 conditions,	 data	 validation	 checks	 and	 the	 statistical	 and	 spectral	
parameters	in	addition	to	a	table	containing	the	following	parameters:	frequency	or	
period,	energy	density,	spectral	moments,	significant	wave	heigh	and	mean	period.	
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HR-DAQ	is	also	able	to	perform	a	reflection	analysis	on	the	data	registered	by	the	
wave	probes.	This	analysis	allows	determining	the	best	spacing	of	the	wave	probes	
for	a	given	frequency	range	and	performs	outputs	of	incident	and	reflected	spectra	
and	reflection	coefficient.	Besides,	the	data	series	are	exported	as	.csv	format	files	
for	their	analysis	by	other	programs.		
Apart	 from	 HR-DAQ,	 the	 system	 SRECMOCOS	 (Small	 scale	 REal-time	 Caisson	
MOnitoring	 and	 COntrol	 System)	 was	 also	 used.	 It	 is	 an	 instrumental	 system	
developed	 at	 HRL-UPM	 for	 the	 monitoring	 and	 control	 of	 floating	 structures.	 It	
comprises	 sensors	 to	 monitor	 agents	 and	 reactions,	 as	 well	 as	 actuators	 for	
performing	pertinent	actions	after	processing	the	sensors	data.		
SRECMOCOS	 conjugates	 fully	 synchronized	 control,	 monitoring	 and	 wireless	
communication	systems	in	a	real	time	basis,	offering	the	possibility	to	register	and	
simulate	all	the	parameters	involved	in	port	operations.	This	approach	offers	a	step	
forward	 into	 a	 monitoring	 strategy	 to	 be	 included	 in	 monitoring,	 simulation,	
prediction	and	exploitation	protocols.		
SRECOMOCS	 system	 comprises	 three	 modules:	 sensors,	 control	 system	 and	
communication	 system.	 Sensors	 communicate	 directly	 with	 the	 control	 module,	
which	is	a	PC-based	software	developed	in	Java	over	Linux.	The	communication	and	
actuation	control-modules	are	connected	via	Bluetooth.	The	received	data	is	stored	
in	a	data	base	for	post-processing	and	can	be	exported	to	standard	formats.		

	
Figure 93. – SRECMOCOS system chart. 

3.3.4.2. Selection of test cases 

With	 the	 purpose	 of	 determining	 and	 optimizing	 the	 installation	 process	 of	 the	
structure,	 tests	 cases	 were	 chosen	 according	 to	 the	 allowable	 weather	 window.	
From	hindcast	 data	 a	 particular	 analysis	was	 carried	 out,	 considering	 a	weather	
window	from	April	to	September.		
From	joint	probability	table	of	significant	wave	height	and	peak	period,	tests	cases	
were	selected	considering	the	iso-probability	contours.	Starting	from	the	one	having	
the	highest	probability,	tests	cases	were	performed	with	combinations	of	Hs	and	Tp	
belonging	to	this	iso-probability	contour.	In	case	that	the	failure	region	is	not	found	
on	this	curve,	the	process	was	repeated	with	data	pertaining	to	the	following	iso-
probability	 contour.	 Other	 case,	 if	 any	 of	 the	 combinations	Hs-Tp	 causes	 failure,	
intervals	were	discretized	into	more	points.	This	way	delimiting	the	failure	region	
will	 be	 more	 accurately.	 This	 process	 will	 be	 repeated	 for	 every	 iso-probability	
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curve,	giving	as	results	a	joint	probability	table	with	a	higher	discretization	in	the	
region	of	failure.	

	
Figure 94. – Joint probability and failure region.  

3.3.5. Tests 

3.3.5.1. Preliminary tests 

Several	tests	were	carried	out	initially	in	order	to	reach	the	optimum	elastic	capacity	
of	the	lines	so	behavior	of	the	global	system	during	GBS	installation	become	safer.	
This	 goal	 would	 be	 through	 the	 strategy	 of	 modifying	 inertial	 properties	 of	 the	
mooring	 lines	 by	 increasing	 the	 total	weight	 of	 the	 cable.	 These	 tests	 led	 to	 the	
conclusion	 that	 the	 optimum	 solution	 would	 be	 increasing	 the	 cable	 weight	 by	
adding	a	suspended	clump	weight.	In	addition,	the	best	location	of	this	clump	weight	
was	found	to	be	at	L/4	from	the	caisson	to	the	tugboat.	That	is,	the	configuration	to	
be	tested	with	3	tug	boats	should	have:		

• 10	t	clump	weight	
• L/4	from	the	caisson	to	the	tugboat	

Different	values	of	pre-tension	were	given	to	the	mooring	lines.	The	optimal	value	
was	found	to	be	10	t.	

3.3.5.2. Three tugboats configuration tests 

A	general	layout	in	model	of	these	configuration	tests	is	shown	in	Figure	95.	As	it	
can	be	 seen,	 two	 tugboats	 are	moored	 to	 the	bow	side	of	 the	 caisson,	where	 the	
waves	come	from,	in	an	angle	of	60	degrees	with	respect	the	plane	of	symmetry	of	
the	 caisson,	 whereas	 one	 single	 tugboat	 is	 moored	 to	 the	 stern	 to	 provide	 the	
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operation	with	stability.	The	angle	between	every	two	mooring-lines	is	120º	(see	
Figure	96).	

	
 Figure 95.- Layout of the tugboats in relation to the caisson within the wave basin. HRL-UPM.  

	
Figure 96.- Distances between the caisson and the tugboats. Scale 1:50. 

Tests	 begin	 with	 the	 mooring-system	 setup	 obtained	 from	 preliminary	 tests:	
pretension	 10t	 and	 clump	 weight	 of	 10	 t	 at	 L/4	 from	 caisson.	 Dimensions	 and	
weights	are	shown	in	Table	16	for	units	in	model.	The	specifications	given	below	
correspond	to	the	mooring-lines	that	connect	the	caisson	to	the	tugboats.		

Element	 Mooring-line	(Cable)	
Length	[cm]	 196	

Diameter	[mm]	 0.1	
Table 16.- Technical specifications of the mooring system in model units 
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Figure 97.- Mooring line configuration for 3-tugs configuration.  

Mooring	lines	are	given	a	pretension	of	10	t,	which	is	equivalent	to	78	g	in	model.	
The	mooring	line	configuration	(2	moored	to	the	bow,	1	to	the	stern)	tested	has	been	
referenced	as	0º,	since	the	caisson’s	bow	and	the	wave	front	are	parallel	(see	Figure	
98).	Tests	are	performed	at	a	water	depth	of	1.04	m	in	model	(51.86	m	in	prototype),	
which	corresponds	to	the	Mean	Sea	Level.		

	
Figure 98.- Rotation angle given to the mooring system with respect to the wave front. 

Irregular	time	series	corresponding	to	a	JONSWAP	spectrum	are	generated	and	
three	tests	are	carried	out	per	case.	The	test	setup	can	be	summarized	as	follows:		
Test	

Number	
Wave	front	
incidence	[º]	

Pretension	
[t]	

Sea	States	
Prototype	H[m]	T[s]	

Sea	Level	 Repetitions	

1	 0	 10	 H2T7	 MWL	
(51.86	m)	 3	

2	 0	 10	 H2T8	 MWL	
(51.86	m)	 3	

3	 0	 10	 H2T9	 MWL	
(51.86	m)	 3	

4	 0	 10	 H2T10	 MWL	
(51.86	m)	 3	

5	 0	 10	 H2T12	 MWL	
(51.86	m)	 3	

Table 17.- Starting conditions of the 3 tugboats configuration tests. 
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3.3.5.3. Four tugboats configuration tests 

A	general	layout	of	this	alternative	configuration	is	given	in	Figure	99.	As	it	can	be	
seen,	 it	 is	 a	 4-tugs	 configuration,	 with	 two	 tugboats	moored	 to	 bow	 side	 of	 the	
caisson,	crossing	with	a	pennant	bridle,	and	with	the	other	two	lines	starting	from	
corners	at	stern	side.		

	
Figure 99.- Four tugboats configuration proposed for the GBS installation. 

	
 Figure 100.- Layout of the 4 tugboats in relation to the caisson within the wave basin. HRL-UPM.  
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Figure 101.- Distances between the caisson and the 4 tugboats. Scale 1:50. 

	
Figure 102.- Mooring line configuration for 4-tugs configuration.  

Tests	begin	with	the	following	mooring-system	setup:	pretension	5	t	and	no	clump	
weight.	 Dimensions	 and	 weights	 may	 be	 found	 in	 Table	 18	 for	 units	 in	 model.	
Specifications	given	below	correspond	to	the	mooring-lines	that	connect	the	caisson	
to	the	tugboats.		
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Element	 Mooring	line	(Cable)		
Length	[cm]	 494	

Diameter	[mm]	 0.1	
Table 18.- Technical specifications of the mooring system in model units  

Considering	a	0º	orientation	as	the	one	with	the	bow	facing	the	wavefront,	45º	and	
90º	 orientations	 are	 given	 by	 counter-clockwise	 rotation.	 From	 previous	
experiences	with	other	tests	carried	out	for	Moray	Offshore	MetMast	project,	it	was	
found	that	45º	and	90º	orientations	present	higher	values	of	tensions	derived	of	yaw	
attitude.	 Because	 of	 that,	 45º	 and	 90º	 are	 the	 orientations	 selected	 for	 these	
installation	tests	configurations.		
Tests	are	performed	at	a	water	depth	of	1.04	m	in	model	(51.86	m	in	prototype),	
corresponding	to	the	Mean	Sea	Level.		

	
Figure 103.- Rotation angle given to the mooring system with respect to the wave front. 0º reference. 

	
Figure 104.- Rotation angle given to the mooring system with respect to the wave front. 90º reference. 

	
	
	
	

The	test	setup	can	be	summarized	as	follows:		
Test	

Number	
Wave	front	
incidence	[º]	

Pretension	
[t]	

Sea	States	
Prototype	H[m]	T[s]	

Sea	Level	 Repetitions	
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1	 45	 5	 H2T7	 MWL	
(51.86	m)	 3	

2	 45	 5	 H2T8	 MWL	
(51.86	m)	 3	

3	 45	 5	 H2T9	 MWL	
(51.86	m)	 3	

4	 90	 5	 H2T7	 MWL	
(51.86	m)	 3	

5	 90	 5	 H2T8	 MWL	
(51.86	m)	 3	

6	 90	 5	 H2T9	 MWL	
(51.86	m)	 3	

Table 19.- Starting conditions of the 4 tugboats configuration tests. 

3.3.6. Results and discussion 

3.3.6.1. Results for the three tug boats 

configuration 

Mooring	line	tension	is	monitored	at	each	of	the	three	tugs.	Post-processing	is	
performed,	and	maximum	values	registered	can	be	represented	for	each	case.	
These	values	are	given	in	table	and	figures	below:	

	
Figure 105.-Maximum tension values registered, 3 tugs configuration, boat 1.  
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Figure 106.-Maximum tension values registered, 3 tugs configuration, boat 2.  

	
Figure 107.-Maximum tension values registered, 3 tugs configuration, boat 3.  

TUG	BOAT		 Peak	Period	Tp	[s]	 Maximum	Load	(t)	

Boat	1	 8	 22.18	
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Boat	2	 12	 23.23	

	

Boat	3	 8	 22.17	

Table 20.- Maximum winch load values registered. 3-tugs configuration, 0 º orientation. 

3.3.6.2. Results for the four tug boats 

configuration  

Towing	line	tension	is	monitored	at	each	of	the	four	tugs.	Post-processing	is	
performed,	and	maximum	values	registered	can	be	represented	for	each	case	and	
each	orientation	tested.	Results	are	given	in	figures	below:	

	
Figure 108.-Maximum tension values registered, 4 tugs configuration, 45º orientation, boat 1.  
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Figure 109.-Maximum tension values registered, 4 tugs configuration, 45º orientation, boat 2.  

	
Figure 110.-Maximum tension values registered, 4 tugs configuration, 45º orientation, boat 3.  
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Figure 111.-Maximum tension values registered, 4 tugs configuration, 45º orientation, boat 4.  
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TUG	BOAT		
(45º	
orient)	

Peak	Period	Tp	
[s]	

Maximum	Load	
(t)	

	

Boat	1	 9	 15.55	

Boat	2	 7	 32.93	

Boat	3	 7	 45.84	

Boat	4	 7	 18.08	

Table 21.- Maximum winch load values registered. 4-tugs configuration, 45 º orientation. 

	
Figure 112.-Maximum tension values registered, 4 tugs configuration, 90º orientation, boat 1.  
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Figure 113.-Maximum tension values registered, 4 tugs configuration, 90º orientation, boat 2.  

	

	
Figure 114.-Maximum tension values registered, 4 tugs configuration, 90º orientation, boat 3.  
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Figure 115.-Maximum tension values registered, 4 tugs configuration, 90º orientation, boat 4.  

TUG	BOAT		
(90º	
orient)	

Peak	Period	Tp	
[s]	

Maximum	Load	
(t)	

	

Boat	1	
7	 23.23	

Boat	2	
9	 36.97	

Boat	3	
8	 38.17	

Boat	4	
7	 15.28	

Table 22.- Maximum winch load values registered. 4-tugs configuration, 90 º orientation. 

3.3.7. Discussion 

Different	 mooring	 configurations	 for	 the	 GBS	 installation	 have	 been	 tested	 and	
analyzed:	

• Tests for 3-tugs configuration and 0º orientation were carried out, with a clump 
weight and pretension given on mooring lines. Tests cases for this configuration 
were 3 repetitions for Hs=2 m with peak period values of 7, 8, 9, 10 and 12 s.  

• Tests for 4-tugs configuration and 45º and 90º orientation were carried out, with 
no clump weight and 5 t of pretension on mooring lines. In this configuration Hs=2 
m was tested with peak period values of 7, 8 and 9 s.  
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• Maximum winch load values registered on mooring lines for the 3-tugs 
configuration with clump weight do not exceed 25 t.  

• Maximum winch load value registered on mooring lines for the 4-tugs 
configuration is:  

o 32.93 t for the 45º orientation, for H2T7. It is registered at boat 2.  
o 38.17 t for the 90º orientation, for H2T8. It is registered at boat 3.  

• Maximum values on mooring lines for the 4-tugs is 47t for sea states with Hs[m]=2 
and Tp[s] between 7 s and 9 s. 

• For less energetic sea states with a lower value of Hs, tensions on mooring lines 
will reach lower values than the registered in these tests.  

	

3.4. Multi Floater System. DEMOGRAVI3 

3.4.1. Introduction 

The	main	purpose	of	these	experiments	is	the	analysis	of	the	viability	,	the	insight	of	
the	process	and	the	design	of	a	singular	maneuver:	the	installation	of	a	selft-buoyant	
GBS	(Gravity	Based	Structure)	for	a	wind	turbine	prototype	at	44	LAT	water	depth	
(Aguçadoura,	 in	 the	 Portuguese	 Atlantic	 Coast)	 avoiding	 the	 need	 of	 using	 large	
pontoons	and,	therefore,	significantly	reducing	the	cost	of	the	operation.		
The	 Demogravi3	 is	 composed	 of	 three	 octagonal	 concrete	 caissons	 attached	
together	by	 a	 steel	 tripod	which,	 at	 the	 same	 time,	 is	 linked	 to	 the	wind	 turbine	
tower.	 Between	 the	 tripod	 and	 the	wind	 turbine	 tower,	 an	 intermediate	 deck	 is	
installed	(see	Figure	116)	
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Figure 116.-Front view of the Demogravi3. 

Simulation	 of	 installation	 phase	 was	 conducted	 through	 specific	 tests	 which	
simulated	 key	 aspects	 of	 the	 installation	 process	 (top	 slabs	 immersion	 and	 final	
placement).	 Global	 operation	 simulation	 allows	 incorporating	 the	 operator	 in	
maritime	 operation	 progress,	 both	 for	 actuating	 as	 a	 supervisor	 and	 for	making	
decisions	 about	 the	 operation	 progress	 and	 taking	 action	 if	 needed.	 Three	main	
steps	in	the	installation	process	are	distinguished	(see	Figure	117):	

• Step	0.	Structure	positioned	above	the	target.		
• Step	1.	Top	slabs	immersion		
• Step	2.	Final	placement.		
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Figure 117. Main installation steps.  

	
Figure 118. View of a pre-installation test set-up.  

The	installation	involves	the	following	features:	
• Demogravi3	structure	and	ballasting	operations		
• Tug	boats,	mooring	lines	and	coercions		
• Sea	level	and	metocean	conditions		

Global	simulation	implies,	in	general,	making	an	accurate	simulation	and	modelling	
of	all	elements	implicated:	

• Model:	structure,	instrumentation	and	bedding	layer.		
• Mooring	system:	tug	boats,	mooring	lines	and	dynamic	winches.		
• Site:	depth	and	metocean	conditions.		
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In	this	Chapter,	main	objective	is	to	define	tug	specifications	in	terms	of	bollard	pull	
and	allowable	town	line	tension,	focusing	on	the	pre-installation	tests	(Stage	0),	in	
which	impulsive	loads	(slack-taut	phenomena)	were	identified	for	the	most	loaded	
tug:	the	one	facing	incoming	waves.	The	objective	is	to	define	the	optimum	mooring	
set	up	for	the	installation	operation	by: 

• Help	 revise	 and	 define	 impulsive	 load	 definition	 criteria	 on	DG3	mooring	
lines	under	wave	induced	drift.	

• Evaluation	of	the	dynamic	tension	on	mooring	lines	as	a	response	to	wave	
induce	drift	of	the	structure	over	different	mooring	line	configurations.	

• Evaluating	 how	 the	 installation	 of	 a	 clump	 weight	 modifies	 the	 dynamic	
tension	of	mooring	lines	during	installation	stages.	

3.4.2. Description of the experiments 

3.4.2.1. Scale selection 

Different	aspects	should	be	taken	into	account	when	selecting	the	model	scale.	On	
the	one	hand,	 it	 is	necessary	 to	consider	 the	physical	 limitations	of	3D	basin	and	
facilities.	 Instrumental	capabilities	of	HRL-UPM	make	it	possible	to	build	a	model	
without	instrument	mass	and	dimensions	compromising	results	up	to	1:75	scales.		
On	 the	 other	 hand,	 in	 this	 type	 of	 structure,	 dominant	 phenomena	 are	 correctly	
scaled	by	applying	Froude	criteria	so	general	characteristics	were	be	analyzed	for	
an	adequate	scale	selection.		
The	model	was	 scaled	 under	 Froude	 criteria	 together	with	 geometric	 similarity,	
which	ensures	kinematic	similarity.	In	addition,	the	model	must	reproduce	the	total	
mass	of	the	structure	according	to	the	weight	scale	and	also	the	mass	moments	of	
inertia.		
Water	depth	at	prototype	location	is	44	meters	LAT,	whereas	basin	effective	depth	
at	the	HRL-UPM	is	1	m.	Besides,	tugs	and	mooring	need	to	be	considered,	as	well	as	
the	space	needed	to	install	the	instrumentation	for	the	simulation.	In	conclusion,	the	
following	modelling	considerations	are	taken	into	account:		

• Froude	criteria	
• Water	depth	at	location:	44	m	LAT	
• Basin	effective	depths:	1.0	m	(3D	basin	at	HRL-UPM)		
• Shape	and	size	of	the	structure		
• Mass	distribution		
• Mooring	configurations		
• Instrumentation	placement		
• Tugs	and	tow	lines	area	required		

Based	on	previous	experimental	experience	at	the	HRL-UPM,	on	the	literature	and	
on	the	aforementioned	constrains,	the	scale	factor	selected	is	1:50.		
Hence,	main	scales	ratios	are:	
NH,	Nh,	NL	=	50				(H:	wave	height,	h:	water	depth,	L:	wave	length)	
NT,	Nv	=	 				(T:	wave	period,	v:	flow	speed)	50
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The	model	is	designed	and	constructed	such	that	it	does	reproduce	the	geometry	
according	to	the	length	scale,	the	total	mass	of	the	structure	according	to	the	weight	
scale	and	the	mass	moments	of	inertia	into	different	axis.		
Apart	from	the	aforementioned	scale	principles,	the	model	must	reproduce	the	total	
mass	of	the	structure	according	to	the	weight	scale	and	also	the	mass	moments	of	
inertia	about	the	different	axis	according	to:	

𝑁𝐼𝑚 	= 	𝑁𝑚	(𝑁𝐿)2 	= 	𝑁𝜌(𝑁𝐿)5	
where	NIm	is	the	prototype-to-model	scale	ratio	of	mass	moment	of	inertia,	and	Nm	
and	Nr	are	the	scale	ratios	of	the	total	mass	and	material	density	respectively.	

3.4.2.1.1. Model design and construction 

The	 Demogravi3	 structure	 can	 be	 divided	 into	 foundation,	 tripod,	 tower,	 and	
nacelle.	 Every	 element	 of	 the	 structure	 is	 studied,	 designed	 and	 constructed	 in	
model	in	such	a	way	as	to	achieve	and	maintain	the	following	characteristics:	

• density,	inertia	and	mass	properties		
• dynamic	response		
• instrumentation		

Demogravi3	model	is	about	2	m	high,	1	m	wide	and	94	kg	weight,	and	can	be	divided	
into	 caissons,	 tripod,	 deck	 and	 wind	 turbine.	 The	 following	 table	 collect	 the	
materials	used	both	in	prototype	and	in	the	model:	

 Materials 
Element Prototype Model 
Caissons Concrete Aluminium + methacrylate 
Tripod Steel Glass fibre + PVC+aluminium 
Tower Steel Carbon fibre 
Nacelle Various PVC 

Table 23. Materials for the model construction. 

The	Demogravi3	foundation	is	composed	of	three	caissons	with	octagonal	base,	as	a	
result	of	a	chamfered	squared	base.	In	model,	these	caissons	are	built	in	aluminum	
following	the	scaled	geometrical	similitude.	They	are	380	mm	high.	Main	outer	side	
lengths	are	280.67	mm	and	143.78	mm	(chamfers).	Caissons	are	covered	with	a	top	
slab	with	same	dimensions	and	a	 lower	slab	with	side	 lengths	of	312.15	mm	and	
175.26	mm	(chamfers).		
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Figure 119. Model caisson assembly.  

The	inner	distribution	is	specifically	designed	as	part	of	the	strategy	for	installing	
the	instrumentation	and	batteries.	This	design	is	carried	out	ensuring	a	mass	and	
inertial	similitude	with	the	prototype	design,	as	well	as	a	scaled	approximation	of	
the	inner	cells	geometry.		
The	ballasting	system	in	model	is	developed	so	that	it	is	capable	to	reproduce	the	
ballasting	 sequence	 programmed	 for	 the	 installation	 process	 of	 the	Demogravi3.	
The	ballast	system	consists,	per	caisson,	of	a	valve	per	group	of	cells,	a	general	shut-
off	valve	and	a	general	pump.	In	each	group	of	cells,	moreover,	a	pressure	sensor	is	
installed.		
Inner	 cells	 in	 model	 are	 built	 in	 methacrylate	 and,	 as	 in	 prototype,	 cells	 are	
hydraulically	connected	in	groups.	A	top	slab	built	in	extruded	polystyrene	is	placed	
over	the	cells	for	placing	the	ballasting	instrumentation,	as	shown	in	Figure	120.	

	 	
Figure 120. Inner cells in model, with a top slab for instrumentation.  

A	total	of	6	valves	and	6	pressure	sensors	are	 installed	in	every	caisson	(one	per	
group	of	cells),	plus	a	central	pump.	Location	of	these	instruments	is	shown	in	a	plan	
view	in	Figure	121.	Nomenclature	used	is	aBALLmn	for	valves/pumps	and	sPREmn	
for	pressure	sensors.	First	digit	(m)	indicates	caisson	where	instrument/sensor	is	
installed	(m=1,2,3)	and	the	second	digit	(n)	indicates	number	of	the	sensor.	Number	
“0”	in	second	digit	indicates	the	condition	of	being	the	general	pump	of	the	caisson.		
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Figure 121. Location of pressure sensors and valves in Demogravi3 foundation in model. 

Group	of	cells	are	named	according	to	the	pressure	sensor	and	valves	included	in	
them.	This	fact	facilitates	the	data	acquisition	control	and	post-processing	and	
visualization.	In	the	following	figure,	“CELL”	indicates	group	of	cells	with	a	
common	instrument	and,	as	in	previous	paragraph,	first	digit	indicates	the	caisson	
and	the	second	one,	the	corresponding	instrument.		
Local	reference	system	employed	in	tests	is	shown	in	Figure	122.	

	
Figure 122. Local axes in Demogravi3 foundation.   
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Modelled	 tripod	 was	 designed	 to	 completely	 fulfil	 geometrical	 similitude	 with	
prototype	design	and	it	is	mainly	made	of	glass	fibre.	It	is	designed	to	withstand	the	
strains	induced	by	the	system	and	to	transmit	them	to	the	caissons.	Each	caisson	
joint	is	attached	to	the	top	centre	of	a	caisson	whereas,	on	the	other	end,	the	top	of	
the	shift	is	linked	to	the	wind	turbine	tower.		

	
Figure 123. Modelled tripod executed.  

The	wind	 turbine	was	 built	 using	 two	 different	 components:	 tower	 and	 nacelle.	
Tower	has	been	modelled	carbon	fibre	in	a	conic	shape.	It	is	about	1250	mm	high	
with	 29-31	mm	 diameter.	 Nacelle	 is	modelled	 by	 a	 160x115x80mm	 plastic	 box,	
where	WiFi	 transmitters	 and	 an	 accelerometer	 are	 placed	 in.	 The	 wind	 turbine	
blades	are	not	part	of	the	physical	model,	although	their	mass	and	inertia	have	been	
considered	for	scaling	the	model	according	to	the	aforementioned	principles	of	mass	
and	moment	of	inertia.		

	
Figure 124. Modelled wind turbine (tower and nacelle). 
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Four	 tug	 boats	 have	 been	 designed	 and	 assembled	 at	 the	 HRL-UPM	 for	 this	
particular	experiment.	Their	RAOs	have	been	defined	theoretically	and	used	for	the	
inertial	calibration	of	the	modelled	boats.	
The	hulls	have	been	built	by	an	external	fabricator	under	HRL-UPM	specifications.	
Before	 final	 attachment	 of	 the	 deck,	 made	 of	 wood,	 the	 inertial	 calibration	 is	
accomplished.	 Finally,	 the	 instrumentation	 is	 installed,	 and	 the	modelled	 boat	 is	
sealed	and	calibrated.		

	

	 	
Figure 125. Fabrication of modelled tugboats  

The	tugboats	were	moored	to	the	structure	and	anchored	to	the	seabed.	Plan	layout	
of	the	proposed	configuration,	where	lines	were	set	at	a	90º	angle	to	each	other,	is	
shown	in	Figure	126.	In	prototype,	mooring	lines	were	designed	to	measure	from	
160	m	to	250	m	long,	whereas	anchoring	lines	were	considered	to	measure	200	m	
long.		

	
Figure 126. Tug boats configuration. 
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Due	to	the	boundaries	of	the	wave	basin,	small	scale	tugboats	cannot	be	anchored	
to	the	seabed	as	it	would	typically	be	in	prototype.	Therefore,	an	equivalent	mooring	
system	to	simulate	the	real	anchor	system	has	been	conceived	and	was	used	in	the	
experiments.	 It	 is	 called	 the	 SMART	 method	 (Chakrabarty,	 2005,	 Handbook	 of	
Offshore	Engineering)	and	consists	of	 a	 combination	of	 lines	 from	 the	model	 to	a	
fixed	point	on	a	vertical	pole,	with	a	specified	weight	fastened	on	the	line.	In	these	
works,	 the	 vertical	 pole	 is	 fixed	 to	 a	 tripod	 located	 in	 the	wave	 basin	 (or	 to	 the	
vertical	wall	if	no	space	is	available)	and	the	other	end	of	the	line	is	connected	to	the	
tugboat.	Due	 to	 the	need	of	 extending	 the	 calibrated	 range	of	 the	 anchoring	 line	
beyond	 geometry	 related	 elasticity,	 an	 appropriate	 spring	 was	 also	 included	
between	the	clump	weight	and	the	 fixed	point	 in	 the	smart	system.	The	set-up	 is	
shown	in	Figure	127.	

	
Figure 127. SMART (Simple Mooring And Riser Truncation) method scheme  

Calibration	results	of	the	anchor	line	are	shown	in	Figure	128.	The	system	models	
the	theoretical	response	of	the	anchor	line	up	to	130	t	of	horizontal	pull.	

	
Figure 128. Anchor line calibration results 

	

m1

spring
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Mooring	lines	characteristics	are,	in	prototype:		

- Cable	6x36+IWRC,	52	mm,	11.30	kg/m,	160	m	or	250m	long.		

Mooring	lines	were	accurately	modelled	and	controlled;	lines	are	modelled	by	1	mm	
plastic	covered	steel	wire	with	distributed	weights	to	get	4.5	gr/m.	Axial	elasticity	
is	 modelled	 using	 HRL	 Dynamic	 Mooring	 line	 Control	 system	 (HRL-UPM-DMC)	
which	 operates	 the	 stern	 winch	 on	 the	 tug	 vessels	 and	 accounts	 for	 cable	
deformation	due	to	cable	tension.	
Clump	weights	were	installed	in	mooring	lines	if	needed	in	order	to	improve	their	
stiffness	properties.	Based	on	previous	experiences,	they	are	installed	at	L/4	from	
the	structure,	where	L	is	the	mooring	line	length.		
During	these	tests	three	different	configurations	were	used.		

• Simple	mooring	line	of	160m	long	
• Simple	mooring	line	of	250m	long	
• 160	m	long	mooring	line	with	an	8t	clump	weight	located	at	37,5	m	from	the	

structure.	

	

Figure 129. Initial configuration. No clump weight. L=160m 

	

Figure 130. L=250m configuration No clump weight. 
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Figure 131. 8 ton Clump weight configuration. L=160m 

	

	
Figure 132. Clump weights (m2) for mooring lines. 

As	part	of	the	calibration-validation	analysis,	mooring	line	response	to	sway	
displacement	was	numerically	analyzed	for	different	lengths	(160	m	and	250	m)	
and	several	clump	weights	(5	t,	8	t,	10	t	and	no	mass).	Figure	133	represents	
mooring	line	tension	related	to	sway	displacement	from	equilibrium	position	of	
the	structure	connected	to	four	tugs.		
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Figure 133. Sway displacement vs. tension for mooring line configurations. Figure includes simple mooring line of 

160 and 250 m long and 160m line with 5,8 and 10 t. clump weights installed. 

Please	note	differences	in	initial	tensions	for	simple	lines	versus	those	with	a	clump	
weight.	 250m	 long	mooring	 line	 is	 able	 to	 cope	with	 3m	of	 displacement	 before	
changing	 the	 principal	 source	 of	 its	 elastic	 behavior	 from	 that	 associated	 to	
geometry	to	axial	elasticity	(EA).		
In	case	of	clump	weight	equipped	lines,	its	“geometrical”	elasticity	behavior	copes	
with	 sway	 displacement	 from	 4-10	 meters	 and	 the	 transition	 to	 axial	 elasticity	
happens	along	a	larger	displacement	(2-4	m	in	case	of	clump	weight	lines	versus	0,2-
0,5m	in	case	of	simple	lines)	thus	allowing	for	a	longer,	higher	damped,	response.	
	

3.4.2.2. Instrumentation 

The	 instrumental	 system	 of	 the	 Demogravi3	model	 is	 designed	 to	 be	 physically	
independent	 from	 the	 acquiring	 data	 system,	 which	 not	 only	 enhance	 its	
maneuverability,	but	also	eliminates	the	possible	interferences	of	the	cables	in	the	
dynamic	 response	 of	 the	 model.	 The	 communication	 between	 the	 instrumental	
records	and	the	acquiring	data	systems	is	carried	out	via	WiFi.	
The	model	design,	in	particular	the	instrumental	layout	and	the	experimental	data	
itself	is	directly	related	to	the	particular	targets	of	the	present	works.	In	this	sense,	
Table	24	sums	up	the	instrumental	devices,	the	number	of	channels	used	by	each	
group	of	them,	the	magnitude	and	variables	measured	and	their	objective	within	the	
scopes	of	the	project:	

Location Objective Instrument/Device Number 
of devices 

Number 
of 

channels 

Magnitude 
measured Variables 

Basin Wave field Level gauges 8 8 Water level 
(free surface) h (t) 

Mooring 
lines 

Winch loads, 
position and 

status 

Dynamic mooring 
line control system 1 per line 3 (per 

line) Tension 
Loads 

Position 
Status 
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Tug boats Tug boats 
attitudes IMU 1 per boat 3 (per 

boat) Attitudes Roll, pitch, 
yaw,  

DG3 
(tripod) 

Foundation 
attitudes 

Optitrack (Motion 
Capture Cameras) 1 6 Displacements 

and attitudes 

Roll, pitch, 
yaw posx, 
posy, posz 

DG3 
(nacelle) 

Accelerations 
at nacelle IMU 1 3 Accelerations ax, ay, az 

DG3 
(caissons) Cell ballast Pressure sensors 

Valves 

6 
p.sensors 
7 valves 

(per 
caisson) 

7 (per 
caisson) 

Water pressure 
Total ballast 

Pressure 
Valve state 

Table 24. Magnitudes measured by instruments and information target. 

A	general	instrumental	layout	is	shown	in	Figure	134	and	Figure	135.	

	
Figure 134. Instrumental scheme of Demogravi3 model (1).  
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Figure 135. Instrumental scheme of Demogravi3 model (2).  

For	the	tugboats,	the	Dynamic	Mooring	line	Control	(DMC)	system	designed	at	the	
HRL-UPM	was	used.	It	was	already	explained	for	the	MetMast	experiments,	and	
allows	a	robust	scaled	simulation	of	the	longitudinal	elastic	behavior	of	the	
mooring	lines.	
In	addition,	waterproof	HD	cameras	were	implemented	for	monitoring	movements	
of	the	structure	in	real	time	and	recording	the	experiments.	

3.4.2.3. Data acquisition and processing 

system 

Data	acquisition	is	performed	through	two	main	acquisition	systems:	HR-DAQ	and	
W2SAN.	

• HR-DAQ:	registers	and	acquires	 level	gauges	measurements.	This	 is	a	data	
acquisition	software	developed	by	HR-Wallingford	and	already	explained	for	
the	MetMast	experiments.	

• W2SAN	(Wired-Wireless	Sensor	and	Actuator	Network)	system.	It	comprises	
three	modules:	sensors,	control	system	and	communication	system,	which	is	
based	on	wireless	communication	protocols.	W2SAN	has	been	developed	By	
HRL-UPM	and	it	is	capable	of	managing	data	from	a	variety	of	instruments,	
depending	on	the	physical	tests	being	conducted.	In	these	works,	it	registers	
and	 acquires	 data	 from	 the	 accelerometers,	 pressure	 transducers	 and	
Optitrack	 measurements	 and,	 at	 the	 same	 time,	 controls	 the	 dynamic	
mooring	line	control	system	of	tugboats.		
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Once	information	is	acquired,	it	is	sent	in	real	time	to	the	Global	Analysis	Platform	
for	mETOcean	Networks	(GuAPETON)	where	data	is	stored	in	a	Cassandra	database.	
GuAPETON	is	a	framework	developed	by	the	HRL-UPM,	with	the	following	features:	

• Data	storage:	Information	is	stored	in	a	Cassandra	database.	Cassandra	is	a	
NoSQL	database	with	no	single	point	of	failure	and	data	replication.	

• Data	 analysis:	 At	 this	 stage,	 the	 framework	 allows	 for	 basic	 analytics	 of	
acquired	data.	

• Data	visualization:	Both	real	time	and	historical	data	can	be	viewed	through	
a	web	page	designed	for	laptops	and	mobile	phones.	

• Data	broadcast:	Test	reports	can	be	downloaded	and	alarms	are	sent	to	users	
whenever	a	defined	condition	occurs.	

• Data	exportation:	Acquired	data	can	be	exported	to	HRL-TATo	or	calibrated	
CSV	files.	
	

	
Figure 136. Data acquisition and management scheme (GuAPETON).  

In	order	to	perform	a	more	detailed	post-processing	of	acquired	data,	it	is	exported	
from	 GuAPETON	 framework	 to	 the	 HRL-TATo	 (Test	 Analysis	 Tool),	 which	 is	 a	
software	tool	developed	by	HRL-UPM	that	defines	a	standardized	file	format	(.xml	
and	CSV)	to	store	all	data	and	metadata	from	an	acquisition	(test)	and	also	provides	
a	set	of	tools	to	analyse	acquired	data.	This	tool	allows	the	user	to:	

• Pre-process.	
• Visualize	
• Analyse	
• Export	graphs	as	PDF	files.		

Post-processing	 sequence	 is	 summarized	 in	 Figure	 137.	 Acquisition	 files	 are	
uploaded	 to	 the	database	managed	by	Cassandra	architecture,	 from	where	TATo	
reads	acquisition	files,	produces	standardized	files	and	starts	post-processing	when	
running.	After	a	first	processing	of	data,	relevant	graphics	and	tables	of	results	are	
summarized	in	templates	created	by	HRL-UPM,	which	are	appropriately	revised	and	
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analyzed.	These	 results	 are	 employed	 afterwards	 as	 input	data	 for	 the	 advanced	
post-processing	and	reporting.	
	

	
Figure 137. Workflow of data post-processing by TATo. 

3.4.2.4. Selection of test cases 

Orientations	 considered	 in	 pre-installation	 tests	 to	 study	 the	 influence	 of	 wave	
incidence	 in	 the	 structure	 response	 are	 graphically	 summarized	 in	 Figure	 138.	
During	a	previous	testing	stage,	45º	orientation	registered	the	worst-case	scenario	
for	mooring	line	design	based	on	maximum	cable	tension	measured	on	the	tug	boats	
dynamic	winches.	Because	of	drift	caused	by	wave	action,	the	vessel	facing	incoming	
waves	registers	the	higher	loads.	Based	on	these	results,	tests	will	focus	on	45	º	and	
135º	orientations.	
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Figure 138. Installation tugboats orientations and selection of cases.  

Limiting	values	of	significant	wave	height,	peak	period	and	wind	speed	constitute	
the	constraints	for	the	installation	process.	For	selecting	these	values,	most	frequent	
sea	 states	 for	 operative	 wave	 conditions	 were	 analyzed.	 These	 sea	 states	 were	
characterized	by	JONSWAP	spectrum	and	can	be	obtained	from	a	climate	analysis	
previously	 performed	 in	mean	 regime.	 Therefore,	 Hs-Tp	 combinations	 and	main	
wave	directions	were	considered	in	this	study.	Figure	139	shows	the	Hs-Tm	scatter	
diagram	for	mean	regime,	with	Tp	values	in	red.	
Representative	cases	were	selected,	covering	the	whole	range	of	significant	wave	
height	and	peak	period	values	for	main	wave	directions.		
The	peakedness	factor	of	JONSWAP	spectrum	was	be	obtained	following	the	DNV	
Recommendations,	as	stated	in	OS-J101	Design	of	Offshore	Wind	Turbine	Structures	
with	the	expression:	

𝛾 =

⎩
⎪
⎪
⎨

⎪⎪
⎧ 5																																																	𝑓𝑜𝑟					

𝑇𝑝
Z𝐻6

	≤ 3.6																										

exp95.75 − 1.15
𝑇(
Z𝐻6

> 										𝑓𝑜𝑟			3.6 ≤
𝑇𝑝
Z𝐻6

> 5																									

1																																																		𝑓𝑜𝑟				
𝑇𝑝
Z𝐻6

≥ 5																														

	

	
Figure 139. Hs-Tm omnidirectional scatter (mean regime). Source: D2.1 Basis of Design.  
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Sea	states	finally	selected	are	marked	in	grey	in	the	following	tables,	for	both	45º	
and	135º	orientations.		

Hs[m	
]		

Tp[s]	
1 1,5 2 2,5 3 

 

7           
	

 

9           
	

 

11           
	

 

13      	

Table 25. 45º Orientation tested sea states tested  

Hs[m	]		
Tp[s]	 2 2,5 3 

 

7  	 	
	

	

9  	 	
	

	

11  	 	
	

	

Table 26. 135º Orientation tested sea states   
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3.4.3. Tests results. Statistical approach 

The	following	figures	and	tables	show	statistical	analysis	applied	to	the	mooring	line	
tension	corresponding	to	tug	boat	facing	incoming	waves.	As	specified	before,	two	
orientations	are	analyzed:	45º	as	being	the	most	demanding	configuration	and	135º	
as	verification	of	the	most	probable	installation	scenario	
The	numbers	in	the	table	correspond	to	the	statistical	value	of	each	sea	state.	Please	
note	 that	 some	 cells	 are	 tinted	 yellow;	 these	 cases	 have	 data	 over	 or	 near	 the	
calibrated	limit	value	for	anchoring	line	modelling.		
Notation	in	tables	and	graphics	are	according	to	the	tests	naming:	O[º]_P[t]_W[t],	
where	O[º]	indicates	orientation	in	degrees,	P[t]	indicates	pretension	value	in	tons	
and	W[t]	indicates	clump	weight	value	in	tons.	CONF[conf]	indicates	configuration	
of	mooring-anchoring	lines	(C[m]=250	mooring	line	with	a	spring	in	the	anchor	line;	
D[m]=160	mooring	line	with	a	spring	in	the	anchor	line).		
Maximum	 registered	 load	 analysis	 shows	 how	 maximum	 registered	 loads	 are	
diminished	as	the	elastic	capacity	of	the	mooring	line	increases.	So,	maximum	loads	
are	higher	for	160	m	long	simple	mooring	line.		
Given	the	tugboats	bollard	pull	(80	t)	maximum	values	registered	for	160m	long	line	
would	be	beyond	that	threshold	for	Hs[m]	equal	or	greater	than	1,5m.	For	250m	
long	mooring	line	sea	states	Hs[m]=1.5m	represent	the	limit	to	match	the	bollard	
pull,	and	adding	an	8t	clump	weight	would	extend	the	threshold	Hs[m]=2m.	 	For	
135º	orientation	loads	on	the	clumped	mooring	line	are	reduced	by	30%	to	40%		for	
Hs[m]=2m		
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3.4.3.1. Maxima winch line tension 

	

	

	
Figure 140 Maxima recorded values for the mooring configurations tested. Orientation: 45º. Values in yellow cells 

correspond to test cases where maximum instrumental threshold was surpassed. 

	

Figure 141 Maxima recorded values for the mooring configurations tested. Orientation: 135º. Values in yellow 
cells correspond to test cases where maximum instrumental threshold was surpassed. 
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T13

045_P4_W0 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 ---- 83 ---- ---- ---- 
9 50 116 137 ---- ---- 

11 70 118 138 178 ---- 
13 75 99 ---- ---- ---- 

045_P4_W0 (CONFC) 
T\H 1 1,5 2 2,5 3 

7 ---- 60 105 ---- ---- 
9 26  86 102 131 ---- 

11  38 81 96 129 160 
13  30 70 ---- ---- ---- 

045_P10_W8 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 ---- 39 99 ---- ---- 
9 16  24 94 156 ----  

11 17 55 83 133 168 
13 18 35 ---- ---- ---- 
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Maximum	value	 for	 the	 registered	 load	series	does	not	provide	sufficient	data	 to	
allow	proper	comprehension	of	how	the	system	behaves	as	a	whole.	During	tests,	
particularly	those	of	higher	energy	sea	states,	mean	or	base	loads	where	found	to	be	
smaller.	Therefore,	 the	 statistical	 analysis	 of	 the	 time	 series	was	 completed	with	
percentile	 98,	mean	 and	mean1/3	 descriptors	 in	 an	 attempt	 to	 provide	 a	 global	
overview	of	a	complex	system	composed	of	5	floating	bodies	of	different	masses	and	
dynamic	responses	connected	to	each	other	and	the	sea	bed.	

3.4.3.2. 98th percentile winch line tensions 

	

	

	
Figure 142 Percentile 98 of recorded values for the mooring configurations tested. Orientation: 45º.Values in 

yellow cells correspond to test cases where maximum instrumental threshold was surpassed. 
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045_P4_W0 (CONFD) 
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045_P4_W0 (CONFC) 
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Figure 143 Percentile 98 of recorded values for the mooring configurations tested. Orientation: 135º.Values in 

yellow cells correspond to test cases where maximum instrumental threshold was surpassed. 

Comparison	of	this	statistical	descriptor	takes	upfront	a	factor	of	2	between	
maximum	and	percentile	98	values	for	the	same	tests.	This	leads	to	think	that	high	
frequency	loads	correspond	to	maximum	recorded	values.	

3.4.3.3. Mean winch line tensions 

	
Figure 144 Mean recorded values for the mooring configurations tested. Orientation: 45º. Values in yellow cells 

correspond to test cases where maximum instrumental threshold was surpassed. 

045_P4_W0 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 ---- 9 ---- ---- ---- 
9 7 10 14 ---- ---- 

11 7 10 13 19 ---- 
13 6 9 ---- ---- ---- 

 	 	 	 	 	
 

 
045_P4_W0 (CONFC) 

T\H 1 1,5 2 2,5 3 
7 ---- 10 16 ---- ---- 
9 6 10 14 20  ---- 

11 6 9 13 19 24 
13 5 8 ---- ---- ---- 

      
 	 	 	 	 	

045_P10_W8 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 ---- 15 19 ---- ---- 
9 12 13 19 23  ---- 

11 12 14 17 21 27 
13 12 13 ---- ---- ---- 
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Figure 145 Mean recorded values for the mooring configurations tested. Orientation: 135º. Values in yellow cells 

correspond to test cases where maximum instrumental threshold was surpassed. 

3.4.3.4. Mean 1/3 winch line tensions 

	

	

	

	
Figure 146 Mean 3 recorded values for the mooring configurations tested. Orientation: 45º. Values in yellow cells 

correspond to test cases where maximum instrumental threshold was surpassed. 

	
Even	though	initial	mooring	line	tension	in	calm	water,	is	different	for	each	of	the	
mooring	line	configurations	tested,	mean	values	for	Hs[m]	up	to	2m	show	similar	
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045_P10_W8 (CONFD) 
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13 13 16 ---- ---- ---- 
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figures	for	45º	orientation,	being	just	slightly	higher	for	Hs[m]	greater	than	2m	and	
mooring	configurations	without	clump	weight.	

	
Figure 147 Mean 3 recorded values for the mooring configurations tested. Orientation: 135º. Values in yellow 

cells correspond to test cases where maximum instrumental threshold was surpassed. 

Values	for	135º	orientation	follow	a	similar	trend	to	45º	orientation.	

3.4.3.5. DNV approach 

Apart	from	classical	statistical	analysis,	Offshore	Standard	DNV-OS-E301	of	October	
2010	 describes	 a	 methodology	 for	 mooring	 line	 design	 for	 floating	 moored	
structures.	This	methodology	identifies	local	maxima	values	as	the	maximum	value	
between	two	successive	global	mean	up-crossings:	

	

It	is	based	on	the	assumption	that	maxima	values	distribution	fits	to	a	3	parameter	
Weibull	distribution:		

 

or,	for	an	increasing	number	of	events,	as	it	is	our	case,	to	a	Gumbel	distribution.	
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Gumbel	fitting	of	load	data	monitored	during	tests	can	be	seen	in	the	examples	
shown	in	Figure	148	to	Figure	151.	

	
Figure 148. Top: Local max data for load distribution. Bottom: Local max. mooring load data fit to Gumbel 

distribution. MPM for 0,110 kg model value (approx. 14.07 t prototype). Test case: CONFC_H1.5T9_O45_P4_W0. 
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Figure 149. Top. Local max data for load distribution. Bottom: Local max. mooring load data fit to Gumbel 
distribution. MPM for 0,128 kg model value (aprox 16.37 t prototype). Test case: CONFD_H2T9_O45_P4_W0. 
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Figure 150. Top. Local max data for load distribution. Bottom: Local max. mooring load data fit to Gumbel 
distribution. MPM for 0,065 kg model value (aprox 8.31 t prototype). Test case: CONFD_H2T7_O135_P10_W8. 

	
Figure 151. Top. Local max data for load distribution. Bottom: Local max. mooring load data fit to Gumbel 

distribution. MPM for 0,05 kg model value (aprox 6.39 t prototype). Test case: CONFD_H2.5T11_O135_P10_W8. 

Besides,	reference	values	derived	using	this	procedure	have	been	obtained	and	are	
displayed	in	the	following	charts	and	figures.	
	

	
Figure 152. Load reference values as per DNV-OS-E301. Orientation: 135º. Values in yellow cells correspond to 

test cases where maximum instrumental threshold was surpassed. 

Reference	values	obtained	applying	 this	methodology	are	similar	 to	mean	values	
discussed	previously,	between	4	and	8	times	smaller	than	maxima	values	registered	
and	about	50%	of	mean1/3	values.	
	
	

0135_P10_W8 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 ---- ---- 8.38 ---- ---- 
9 ---- ---- 7.94 6.40 ---- 

11 ---- ---- ---- 6.42 6.66 
13 ---- ---- ---- ---- ---- 
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Figure 153. Load reference values as per DNV-OS-E301. Orientation: 45º. Values in yellow cells correspond to test 

cases where maximum instrumental threshold was surpassed. 

	
	 	

 
045_P4_W0 (CONFD) 

T\H 1 1,5 2 2,5 3 
7 --- 14.32 21.80 ---- ---- 
9 9.19 14.31 20.75 ---- ---- 

11 9.44 13.56 16.45 23.30 ---- 
13 9.07 11.14 ---- ---- ---- 

 
045_P4_W0 (CONFC) 

T\H 1 1,5 2 2,5 3 
7 ---- 16.24 26.2 ---- ---- 
9 7.73 14.12 22.98 21.17 ---- 

11 7.92  15.22 21.17 29.65 39.42 
13 7.39 13.80 ---- ---- ---- 

 045_P10_W8 (CONFD) 
T\H 1 1,5 2 2,5 3 

7 --- 15.82 22.22  ---- 
9 12.17 14.68 21.01 28 ---- 

11 12.14 14.95 19.8 22.5 33.9 
13 12.05 14.53 ---- ---- ---- 
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3.5. Dynamic Mooring Line Tension analysis. 

Maximum load threshold definition.  

As	it	was	noted	on	the	previous	chapter	(3.4),	statistical	analysis	does	not	properly	
characterize	the	load	phenomena	registered:	An	overview	of	the	simple	tension	plot	
of	the	tug	facing	the	incoming	waves	shows	load	processes	that	suggest	a	different	
analysis	in	search	for	impulsive	loads.		
During	the	execution	of	the	tests,	and	the	later	data	processing,	load	time	series	were	
found	to	be	the	response	to	different	sources.	When	analyzing	a	low	energy	sea	state	
test,	 three	 different	 frequency	 response	 ranges	 have	 been	 found	 after	 a	 detailed	
study	of	the	energy	spectrum	on	different	test	cases.		
The	first	one,	from	0	to	0.1	Hertz	(model	time)	contains	the	lower	frequency	related	
to	sway	displacement	of	the	whole	system	forced	by	waves,	having	a	peak	at	0.02	
hertz.	
The	second	range	goes	from	0.1	to	3	hertz.	It	matches	with	wave	period	and	tug	boat	
pitch.	
All	 the	 energy	 above	 5	 Hertz	 can	 be	 considered	 as	 white	 noise,	 provided	 it	 is	
practically	a	flat	spectrum.	

	
Figure 154. Winch load for boat number 1. The top figure shows the complete time series for the given test. The 

bottom one shows a zoom of the same signal. 

This	behavior	is	also	present	in	higher	energy	sea	states	but	load	cycles	that	could	
be	considered	impulsive	were	found	in	the	tension	time	series.	Correct	modelling	of	
impulsive	 load	 systems	 requires	 a	 different	 modelling	 approach	 for	 structural	
elements	which	is	out	of	the	scope	of	this	tests.		
This	kind	of	load	cycles	on	mooring	lines	imply	transverse	velocity	of	the	cable	from	
slack	to	taut	conditions.	Because	of	dissimilar	cable	rigidity	and	Reynolds	numbers	
between	model	(Re<102)	and	prototype	(Re<106),	transverse	loads	due	to	drag	and	
vortex	induced	vibrations	cannot	be	modelled.		
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For	this	reason,	the	time	series	have	been	evaluated	under	different	impulsive	load	
cycle	detection	criteria	to	help	the	design	team	define	operational	thresholds	during	
pre-installation	stage.		
To	be	able	to	apply	the	different	criteria,	the	raw	signal	is	filtered	to	subtract	low	
frequency	(trend)	signal	and	white	noise.	

	
Figure 155. Filters applied to raw signal 

The	following	figure	shows	low	frequency	trend	over	raw	signal	from	a	low	energy	
sea	state	test	(Hs[m]=1,	Tp[s]=11).	

	
Figure 156. Low frequency trend over raw signal for (Hs[m]=1, Tp[s]=11). 

This	procedure	is	mandatory	for	sea	state	tests	where	wave	drift	and	structure’s	
sway	have	greater	influence,	for	example	for	(Hs[m]=1,5,	Tp[s]=7).	
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Figure 157. Low frequency trend over raw load series (top).  Raw series and normalised load series in green 
colour (bottom). (Hs[m]=1,5, Tp[s]=7). 

3.5.1. Slack-Snap criteria 

A	snap	load	is	defined	as	a	spike	in	tension	as	a	mooring	line	re-engages	immediately	
following	a	slack	condition,	typically	of	very	short	duration.	This	can	occur	due	to	a	
combination	of	light	pre-tension,	shallow	water	depth	and	large	platform	motions	
in	response	to	a	survival	storm	condition	or	in	our	particular	case	due	to	coupled	
tugboat	and	Demogravi3	motions.	In	the	context	of	marine	operations,	DNV	(1996)	
defines	a	criterion	 to	avoid	snap	condition	on	a	crane	wire	 lifting	or	 lowering	an	
object	into	the	sea	as		

𝐹cde ≤ 𝐹𝑠𝑡 

where	F	denotes	the	line	tension	and	subscripts	denote	dynamic	or	static	
components.	Given	that	the	total	force	on	the	wire	is		

𝐹fgfhi = 𝐹jf 

For	Hsu	et	al.,	a	snap	condition	implies	a	slack	condition,	i.e.	total	force	on	the	line	
becomes	zero.	A	revision	of	the	rules	by	DNV	(DNV	2011)	modifies	the	first	equation	
to	allow	for	a	10%	margin	for	safety,	thus:		

𝐹cde ≤ 0.9𝐹jf 

So,	 to	 identify	slack	events,	 load	time	series	have	been	analyzed	using	0.9Fst	and	
0.8Fst	criteria.	Procedure	is	shown	in	Figure	158.	
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Figure 158. Slack detection flow chart for 10% of the mean load. Procedure for 20% of mean load is equivalent. 

3.5.2. Outlier (snap) detection 

Peak	identification	as	outliers	has	also	been	implemented.	For	this	purpose	Tukey’s	
k	parameter	has	been	employed	as	a	factor	of	mean	trend	of	the	load	series.	K	values	
of	 1,5	 and	 3	 are	 used	 in	 conjunction	 with	 load	 series	 trend	 instead	 of	 quartile	
difference.	Procedure	is	described	in	Figure	159.	
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Figure 159. Snap detection flow chart for load values over 150% of mean trend. Procedure for 300% of mean load 

is equivalent. 

3.5.3. Geometrical elasticity limit 

Mooring	line	set-up	elasticity	can	be	considered	to	be	the	sum	of	in	line	elasticity,	
due	to	length	(L)	and	EA	of	each	particular	cable,	plus	a	geometrical	component	due	
to	the	weight	of	the	cable	or	the	added	clump	weight.	Analysis	of	any	mooring	line’s	
tension/elongation	diagram	shows	two	different	behaviors,	so	for	lower	elongation	
values	tension	is	mainly	due	to	geometrical	condition	of	the	 line	while	 for	higher	
elongations	and	load	values	the	line	gets	straightened	and	response	is	linear	and	a	
function	of	L	and	EA.	
To	define	this	limit,	the	linear	response	of	the	line	is	fitted	to	a	straight	line	(similar	
to	EA)	in	order	to	define	mooring	line	deflection	for	T=0	ton.	Even	though	it	is	clear	
that	cable	elongation	is	present	for	the	whole	range	of	use	of	the	line,	this	value	is	
used	as	a	criteria	to	define	the	limit	between	geometrical	elasticity	predominance	
and	in	line	elasticity	of	the	cable.	



 192 

	
Figure 160. Geometrical elasticity limit for different configurations. Value is noted with a small circle for each 

configuration. Doted red line indicates the value for 8t CW configuration as an example. 

GEOMETRICAL ELASTICITY LIMIT  

CONFIGURATION KN 

L160 m CW0 180 

L250 m CW0 243  

L160 m CW5 t 583 

L160 m CW8 t 767 

L160 m CW10 t 879 

Table 27. Limits for different configurations analysed. Bold figures represent values for tested configurations. 

Tension	values	above	these	thresholds	must	be	further	analyzed	since	small	
displacement	may	result	in	high-impulsive	loads.	

3.5.4. Experimental limit 

Experimental	set	up	used	in	the	model	has	validation	limits	for	mooring	–anchoring	
line	tension	being	the	lowest	the	one	defined	by	anchoring	line	modelling.	Any	data	
over	this	value	(120t)	is	beyond	calibration	of	the	tug’s	anchor	line	and	should	not	
be	taken	straight.	

3.5.5. Dynamic analysis output 

Implementation	of	the	aforementioned	criteria	is	resumed	for	each	test,	Figure	161	
with	a	chart	resume	and	for	all	cases	in	Figure	40	and	Figure	41		
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Figure 161. Impulsive load detection figure and resume chart. 

 

Figure 162. Impulsive load detection figure, detail (1). 
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Figure 163. Impulsive load detection template, detail (2). 

	
Figure 164. Impulsive load detection template, detail (3). 

Each	one	of	the	four	graphs	represent	data	for	each	of	the	analysis	criteria	described	
before.	 The	 chart	 on	 the	 right	 hand	 side	 gathers	 the	 number	 of	 events	 for	 each	
criteria.	
The	following	chart	resumes	all	events	recorded	in	every	test	for	simple	comparison.	
The	analysis	shows	how	the	amount	of	 impulsive	events	detected	 increases	with	
wave	period	and	wave	height.		



 195 

	
Figure 165. Impulsive load events recorded in every test. Orientation 135º. Red colour represents event 

occurrence, darker red means higher amount of events identified. 

The	evaluation	of	these	analysis	follows	a	similar	pattern	to	what	can	be	found	on	
the	 analysis	 of	 maximum	 tension	 values.	 Number	 of	 identified	 events	 for	 each	
parameter	increase	as	significant	wave	height	(Hs[m])	and	peak	wave	period	(Tp[s])	
are	increased.		
In	the	same	way,	as	the	global	elasticity	of	the	line	is	increased	(in	terms	of	elastic	
limit	and	its	related	deformation,	see	Figure	35),	identified	events	decrease.	For	45º	
orientation,	the	presence	of	a	clump	weight	reduces	drastically	the	number	of	events	
in	comparison	 to	simple	 line	configurations.	 	Test	 for	135º	orientation	register	a	
smaller	number	of	 identified	events,	but	 the	 improvement	 is	not	as	significant	as	
that	found	when	installing	a	clump	weight.	
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Figure 166. . Impulsive load events recorded in every test. Orientation 45º. Red colour represents event 

occurrence, darker red means higher amount of events identified



 197 

 

	



 198 

4. DISCUSSION  

Multiple	 tests	 for	 three	 mooring	 line	 configurations	 and	 45º	 have	 been	 run.	
Analysis	of	 tension	 time	 series	by	 simple	 statistical	 analysis	 shows	 that	 simple	
mooring	lines	outputs	maximum	values	in	excess	of	120t	before	reaching	desired	
operational	 thresholds	(Hs[m]>=2m,	Tp[s]=(7-13))	while	98th	percentile	values	
are	between	45%	and	60%	of	the	maximum	for	each	test	and	mean	tension	values	
are	 between	 15%	 and	 30	 %.	 This	 is	 due	 to	 the	 presence	 of	 impulsive	 loads	
promoted	by	insufficient	capacity	of	the	mooring	lines	to	stop	the	structure’s	sway	
displacement	before	extinguishing	its	geometrical	elasticity.	This	elasticity	is	due	
to	cable	mass	and	mooring	line	geometry	(catenary).		
Because	 statistical	 analysis	 does	 not	 provide	 a	 satisfactory	 information	 about	
mooring	line	loading	process,	impulsive	loads	detection	criteria	has	been	applied.	
Results	 after	 this	 further	 analysis	 verify	 the	presence	of	 impulsive	 response	 in	
time	series	and	reinforces	the	need	for	adding	geometrical	elasticity	of	mooring	
lines.	
By	adding	a	clump	weight	to	the	mooring	line,	elasticity	is	improved,	and	tension	
values	 are	 reduced.	 Impulsive	behavior	 still	 occurs	but	 the	 threshold	 for	 these	
events	is	above	Hs[m]=2m.	
Additional	 tests	 were	 run	 for	 135º	 orientation,	 as	 it	 is	 the	 most	 probable	
installation	scenario.	Only	one	mooring	line	configuration	was	tested	(L[m]=160	
&	Clump	weight	[t]=8).	The	fact	that	the	mooring	line	connected	to	the	tug	facing	
the	waves	was	 crossed	 and	 applying	 a	 torsion	moment	 around	 vertical	 Z	 axis,	
forces	the	structure	to	rotate	during	sway	motions,	thus	reducing	the	load	on	the	
mooring	line	by	damping	the	impulsive	load.		
DNV	approach	provides	values	closer	to	the	mean	statistical	values	obtained	from	
monitored	data	than	to	other	statistics	related	to	higher	end	description,	even	in	
cases	of	lower	wave	heights	where	no	impulsive	loads	are	registered.		
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5. CONCLUSIONS 

 

	
The	 present	 thesis	 develops	 a	 new	 methodology	 to	 undergo	 reduce	 scale	
operational	test	focused	on	the	integration	of	actors	and	operational	processes	in	
the	simulation	tests.	This	concept	has	been	termed	“global	small-scale	operations	
simulation”.	This	methodology	goes	beyond	normal	practices	in	marine	operation,	
allowing	 integral	 analysis	 of	 singular	 operations.	 The	 developed	 system	 can	
simulate	 complete	 operations	 or	 sequences	 regardless	 of	 the	 modifications	
applied	during	different	phases	of	the	manoeuvre,	and	is	capable	of	including	all	
the	actions	that	may	be	performed	by	the	human	operator.	The	simulator	has	the	
following	capacities:	

	
§ It	is	possible	to	modify	inertial	parameters	of	the	vessel	and	its	evolution	

during	the	operation;	
§ The	mooring	layout	and	tension	is	controlled	during	the	manoeuvre;	
§ The	development	of	a	Wireless	sensor	and	actuator	network	has	allowed	

a	non-intrusive	and	synchronised	monitoring	of	all	agents	and	structural	
responses,	and	evolution	of	boundary	conditions;	

§ It	allows	offers	the	possibility	to	include	a	human	operator	and/or	all	the	
actions	 derived	 from	 human	 decisions	 based	 on	 the	 information	 on	
monitored	variables	obtained	from	full	scale	processes;	

The	implementation	of	the	simulator	offers	the	opportunity	to	try	new	solutions	
on	 existing	 or	 new	 structure	 without	 risking	 the	 structure’s	 integrity	 or	 even	
human	 lives.	 The	 use	 of	 the	 simulator	 is	 not	 limited	 to	 threshold	 analysis	 of	
operation	 viability,	 it	 can	 also	 be	 used	 to	 train	 human	 crews	 on	 particular	
operations	thus	reducing	the	risk	involved.	
	
On	the	particular	case	study,	Cernaval	floating	gate	was	designed	for	a	different	
use	 with	 different	 operational	 demands.	 Actual	 knowledge	 of	 operational	
thresholds	 by	 the	 operator	 relies	 on	 the	 past	 ten	 years	 experience,	 being	
completely	dependent	on	the	 infrastructure’s	master.	This	work	offers	them	an	
objective	 criteria	 to	 define	 operational	 thresholds	 and	 therefore	 predict	 new	
operational	windows.	
	
	
The	 system	 was	 validated	 with	 field	 data	 obtained	 from	 an	 actual	 operation.	
Similar	behaviour	was	monitored.	
	
Two	 different	 modifications	 were	 tested	 in	 the	 aim	 of	 improving	 operational	
thresholds.	 The	 inertial	 modification	 probed	 to	 be	 a	 positive	modification	 but	
being	a	small	inertial	change	(5%)	operational	improvement	was	limited	to	low	
energy	sea	states.	Modification	of	 towing	 lines	set	up	did	not	have	a	significant	
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impact	 on	 operationality	 even	 though	 it	 reduced	 yaw	 oscillation.	 Further	
progresses	
	
Through	the	progress	of	the	present	work	several	projects	that	included	singular	
offshore	operations	were	analysed.		That	analysis	identified	some	operations	that	
could	not	be	performed	safely	by	a	human	operator	due	because	of	the	complexity	
and	the	need	for	a	real	time	processing	of	the	information	registered	by	sensors.	
Since	the	system	implemented	in	this	work	gathers	all	monitored	information	in	
a	real	time	basis	and	at	the	same	time	guides	the	operator’s	actions,	it	is	possible	
to	design	a	computer	script	that	can	perform	a	real	time	analysis	of	the	incoming	
information	to	take	immediate	decision	based	on	a	user	defined	algorithm.	This	
would	 also	 contribute	 have	 safer	 operation	 in	which	 success	 does	 not	 rely	 on	
human	experience,	mood	or	subjective	perceptions.	
	
The	 instrumental	 system	has	 proved	 to	 be	 reliable	 but	 in	 need	 of	 experienced	
operators	and	technicians.	In	order	to	ease	new	implementation	on	future	projects	
and	share	this	system	with	collaborators	the	hardware	should	be	re-designed	as	
plug&play	with	a	simpler,	and	user-friendlier,	configuration	software.			

Different	mooring	configurations	for	the	GBS	installation	have	been	tested	and	are	
analyzed	 in	 this	 document	 in	 order	 to	 provide	 information	 to	 the	 client	 about	
mooring	lines	loads	registered.		

• Tests	for	3-tugs	configuration	and	0o	orientation	were	carried	out,	with	a	
clump	weight	and	pretension	given	on	mooring	lines.	Tests	cases	for	this	
configuration	were	3	 repetitions	 for	Hs=2	m	with	peak	period	values	of	
7,8,9,10	and	12	s.		

• Tests	for	4-tugs	configuration	and	45o	and	90o	orientation	were	carried	
out,	with	no	clump	weight	and	the	lowest	value	of	pretension	on	mooring	
lines.	In	this	configuration	Hs=2	m	was	tested	with	peak	period	values	of	7,	
8	and	9	s.		

• Maximum	winch	 load	 values	 registered	 on	mooring	 lines	 for	 the	 3-tugs	
configuration	with	clump	weight	do	not	exceed	25	t.		

• Maximum	 winch	 load	 value	 registered	 on	 mooring	 lines	 for	 the	 4-tugs	
configuration	is:		

o	32.93tforthe45oorientation,forH2T7.Itisregisteredatboat2.		

o	38.17tforthe90oorientation,forH2T8.Itisregisteredatboat3.		

• Maximum	values	on	mooring	lines	for	the	4-tugs	is	47t	for	sea	states	with	
Hs[m]=2		

and	Tp[s]	between	7	s	and	9	s.		

• -		For	less	energetic	sea	states	with	a	lower	value	of	Hs,	tensions	on	
mooring	lines	will		

reach	lower	values	than	the	registered	in	these	tests.		
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3.1 DG3	

In	order	to	evaluate	the	dynamic	response	of	the	GRAVI3	and	towing	lines	in	the	
stage	previous	to	the	sinking	maneuver,	two	possible	configurations	with	3	
tugboats	each	are	tested:	Configuration	1	with	a	single	caisson	facing	the	
oncoming	waves	and	Configuration	2	with	two	caissons	on	the	front	side.	Towing	
lines	are	pre-tensed	with	a	load	of	5ton	in	both	Configurations.		

One	of	 the	main	 conclusions	of	 the	 experiments	 is	 that	 the	 towing	 line	 system	
behavior	is	dependent	on	the	angle	of	incidence	of	wave	attack:		

• Accelerations	at	Nacelle	are	similar	in	both	Configurations,	being	slightly	
higher	 in	 Configuration	 2	 (always	 lower	 than	 3.6m/s2).	 They	 are	
dependent	on	wave	height	and	specially	on	wave	period.		

• Surge	and	sway	of	the	GRAVI3	CoG	show	little	dependence	on	wave	period	
but	are	more	 influenced	by	wave	height.	Configuration	2	allows	a	better	
positioning	 of	 the	 GRAVI3	 but	 the	 surge	 amplitudes	 of	 20m	 suggest	 an	
increase	in	the	pre-loading	for	a	more	effective	coercion	of	the	structure.	
Roll	 and	 pitch	 are	 similar	 in	 both	 Configurations	 (maximum	measured	
amplitude	 of	 ±.0.7o	 and	 ±5o	 respectively)	 and	 directly	 proportional	 to	
wave	 height	 and	 wave	 period.	 Yaw,	 better	 coerced	 in	 Configuration	 2	
(maximum	measured	amplitude	of	±7o),	 shows	no	 clear	dependence	on	
wave	period.		

• Forces	and	moments	on	caisson-box	embedment	are	directly	proportional	
to	wave	height	but	no	clear	relation	with	peak	period	was	found	further	
than	 an	 amplification	 for	 T=9s	 related	 to	 heave	 natural	 period	 of	 the	
GRAVI3.	Maximum	peak	XY	force	of	6000KN	is	achieved	in	Configuration	1	
(50%	 reduction	 in	 Configuration	 2)	 and	maximum	 peak	 XY	moment	 of	
20000KN∙m	 is	 achieved	 in	 Configuration	 2	 (30%	 reduction	 in	
Configuration	1).		

•	Winch	load	measurements	are	high,	with	a	maximum	peak	of	more	than	360tons	
in	Configuration	1	and	a	maximum	peak	of	less	than	190	tons	in	Configuration	2.	
As	expectable	Configuration	2	allows	a	reduction	in	the	tension	of	the	towing	lines.	
Winch	loads	show	little	dependence	on	wave	period	but	are	more	influenced	by	
wave	height.		

Due	to	the	high	winch	loads	registered	at	the	experiments	for	both	Configurations,	
a	detailed	study	is	required	for	further	stages	of	the	project	aimed	to	introduce	
high	elasticity	mooring	systems	and	pre-loading	combinations	in	order	to	reduce	
peak	tension	on	the	towing	lines.	That	would	avoid	increasing	tugboats	size	and	
would	improve	the	feasibility	of	the	maneuver.		

	
	
3.5		
Modelling	and	analyzing	mooring	line	dynamic	response	is	a	subject	in	permanent	
scientific	revision	 for	 the	 last	40	years.	This	matter	 is	particularly	 important	 in	
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Demogravi3	project	during	two	main	stages	on	the	projects’	life	span:	transport	
afloat	and	installation	phase.	
For	this	reason,	an	extensive	review	about	impulsive	load	treatment	for	similar	
offshore	 mooring	 line	 configuration	 was	 carried	 out,	 including	 physical	 and	
numerical	 modelling	 as	 well	 as	 analytic	 approaches	 and	 common	
recommendation	and	guidelines;	unfortunately,	none	of	the	approaches	found	on	
literature	 are	 of	 direct	 application	 to	 the	 complex	 mooring	 set	 up	 design	 for	
Demogravi3	installation.	This	has	 led	to	 implement	those	approaches	that	offer	
applicable	 solution	 to	 characterize	 impulsive	 load	 occurrence	 on	mooring	 line	
tensions	 during	 pre-installation	 tests.	 Moreover,	 a	 new	 criterion	 has	 been	
suggested	 (geometrical	 elasticity	 limit)	due	 to	 the	 simplicity	of	 its	 concept	and	
ease	of	application.		
When	impulsive	loads	occur,	scale	effects	foul	the	registered	value	of	tension.	This	
is	due	 to	vertical/transverse	drag	 loads	on	 the	cable	due	 to	 its	high	 transverse	
velocity	during	impulsive	events	and	the	impossibility	to	properly	reproduce	the	
elasticity	of	all	the	involved	components	(i.e.,	winch	and	tugboat	stiffness).	This	
suggests	a	particular	analysis	por	those	tests	where	impulsive	loads	are	detected.	
In	regard	to	the	evaluation	of	dynamic	tension	on	mooring	lines	as	response	to	
wave	 actions,	 it	 was	 agreed	 to	 do	 comparison	 tests	 for	 three	 mooring	 line	
configurations	 for	 the	most	 demanding	 orientation	 of	 the	 structure	 related	 to	
incoming	waves	(45º).	Verification	tests	for	the	most	probable	orientation	(135)	
also	took	place.		
The	mentioned	tests	also	included	the	analysis	of	how	the	installation	of	a	clump	
weight	modifies	the	dynamic	tension	of	mooring	lines	during	installation	stages.	
From	data	measured	of	tests	conducted,	an	analysis	of	the	mooring	lines	response	
against	45º	and	135º	orientation	has	been	carried	out	from	several	approaches.	
Firstly,	tension-displacement	response	of	mooring	lines	has	been	analyzed	for	the	
different	 line’s	 configurations.	 Thereupon,	 a	 statistical	 analysis	 is	 performed,	
providing	typical	descriptors	such	as	maximum	value,	98th	percentile,	mean	and	
mean	1/3,	in	addition	to	a	maxima	analysis	from	a	DNV	methodology	which	fits	
data	 to	 a	 Gumbel	 distribution.	 Finally,	 a	 dynamic	 response	 analysis	 based	 on	
impulsive	loads	have	been	included,	with	impulsive	load	detection	and	number	of	
events	 occurred.	 Because	 impulsive	 load	 events	 induce	 the	 already	mentioned	
uncertainty	to	peak	values,	this	analysis	provides	a	tool	to	help	decision	making	
related	to	mooring	line	design	and	its	associate	uncertainty	level.	
In	 the	 same	way,	 as	 anchoring	 lines	 are	 designed	 to	 not	 to	make	 use	 of	 axial	
elasticity	of	 the	anchoring	 line,	 thus	relying	on	geometrical	capacity	of	 the	 line,	
elasticity	limit	for	mooring	line	tension	defines	a	limit	at	which	impulsive,	or	slack-
taught,	events	start	to	be	present.	That	limit	for	the	used	clumped	weight	mooring	
line	(76t)	is	three	times	larger	than	the	calculated	value	for	250	m	long	line.	
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6. FUTURE WORK 

The	work	on	previous	chapters	is	the	result	of	nearly	a	decade		of	research	and	
development	 of	 a	 simulation	 approach	 that	 has	 proven	 to	 be	 valid	 for	 non-
standard	 marine	 operations,	 including	 all	 possible	 agents	 and	 stages	 of	 a	
maneuver.	The	fact	that	the	operator	is	part	of	the	simulation	is	at	the	same	time	
an	advantage	and	something	to	solve,	in	an	attempt	of	letting	full	control	to	the	
objective	 criteria	 of	 a	 computer.	 Being	 able	 simulate	 the	 exact	 response	 of	 a	
mooring	line	is	a	step	forward.	The	main	path	that	needs	to	be	further	developed	
towards	 that	objective	 is	 to	 improve	 the	capabilities	and	range	of	validation	of	
SEAMOOR;	first	improving	the	firmware	so	multi	parameter	response	of	mooring	
lines	can	be	simulated	and	second,	performing	a	broader	range	of	test	including			
transverse	towing	line	viscous	interaction	with	surrounding	water.	
	
Some	companies	have	also	showed	their	interest	on	SEAMOOR	as	an	improvement	
over	their	winch	control	software	for	tug	boats.	This	approached	also	need	to	be	
addressed.	
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