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CHAPTER 9

INTERNATIONAL
CONVENTIONS,
LEGISLATION,
REGULATIONS
AND
CO-OPERATION

9.1
International co-operation
and conventions

Shipping is an mternational activiry and
co-operation to enhance safety and uni-
forrnity has long been in progress, Fxten-
sive international co-operation evalved,
however, only alter the United Nations'
decision o create an Inle-Governmental
Maritime Consultative Organisation
(M), The firstworking meeting ol the
Organisation was held in 1959,

Theauthority of the Orpanisation was
expanded m 1982 and its name was
changed to the Intermational Maririme
Organisation (IMO), IMO has its perma-
nenl administrative olfice in London and
consisted in Seplember 1994 of 149
Member States.

Heading the IMO is its Assembly,
which meets ance every second year, A
Council normally meets twice each year,
The Council acts as the IMOs governing
body and consists of 32 elected Member
States. The 1MO is a technical organisa-
tion and most ol s work s carded oul in
a number of commiltees and sub-com-
mittees. The structure of the Orpanisa
tiom is subject to changes as new de.
mancds arise.

The Organisation’s twao mast impor-
tant technical bodies are the Maritime
Sulery Committee (MSC) and the Marine
Covironment Protection Comoiliee
(MEPCD).

The M5C, which is responsible [orall
safety matters except marine pollution,
has the following sub-commitrees with
specific areas of expertise;

*  Ship Design and Bquipment
+  Siability and Load Lines and Fishing

Vessels' Salely
= Tire Protection
+  Safety of Navigation
» Bulk Liquid and Gases
»  Dangerous Goods, Solid Cargoes and

Comtainers
+ Standards of Training and Watch-

keeping
+  FBlag State Implementation
= Fadio Communications and Search

and Bescue

The work of the MSC is generally
identified by its goal of fostering and
enthancing several intermational conven-
tions related to matitime safery The re-
sull is rellected, inter alia, in the Tnterna-
Lional Convention for the Satety of Life at
Sea (SOLAS), the International Conven-
tion on Load Lines (ILLC), the Interna-
tional Convention on Standards of Train-
ing, Certification and Walchkeeping [or
Seafarvers (STCW), the Convention oo
the Tntermational Regulations for Pre-
venting Collisions ar Sea (COTRER) and
the International Conwention on Ton-
nage Measurement of Ships,

Comvenlions enter into foree when
they have been ralilied either by a spec-
ified number of Contracling Govern-
ments, or Confracting Governments with
acombined merchant tonmage constitut
ingnot less than a specified percentage of
the gross tonnage of the worldsmerchant
Teet.

Most ol the convenlions are conlinu-
ously under development as the work
within the TMO progresses and is updat-
ed by Amendments, and as new issues
need attention whenever deemed appin-
priate by Contracting Governments.
Amendments to technical requirements
and repulations enter into force automat-
ically alier s cerlain period and are bind-
ing on stales which have ratilied the
Convention itself. A number of mini-
mum performance standards, guidelines,
interpretations and other recommenda-
tions are issued as Assembly Resolutions.
These are recommended for implemen-
Lation but are not binding on Member
States unless explicilly relerred to in the
texts af the Convenlions.

The 1960 S0LAS convention, the
first to he adopted under the auspices of
the IMCOD, entered into force in 1985 Tt
replaced earlier conventions of 1914,
1929 and 1948, The present version was
adopted in 1974 and entered into force in
1980, The Convention has been, and
continues w be, modilied and amended
and two Protocols {1978 and 1988) have
heen adopted to respond to incressed
safety needs and o allow for technical
development. Amendments made in
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1988, known as "SOLAS 907 increased
the requirements as (o damage stability
of new passenger ships and n 1992
similar requirements were extended 1o
existing passenger ships,

1MO Conventions do not generally
have retroactive effect and the require-
nents applicable to a ship are therefore
those which were in [orce ar the tirme the
ship was built. However, in recenl years
certain requirements have been made
applicable retroactively for existing ships.

Problems related ro the elfective im-
plementation and application of TMO's
instruments by certain member states
have been recognised by the Organisa-
tion and 4 special sub-commitree on Elag
State Implementation has heen estab
lished to develop ways of ensuring com-
pliance with the Convenrions and other
relevant instruments.

Inresponse to the ESTOMNIA accident
and upon the initiative of the Secretary-
General ol the TMO, a Panel of Fxperts
was seLup in December 1994 wnder the
supervision ofa Steering Committes, open
to all Member Governnents and interna
tional organisations concerned, The Pan-
els tasle was to review all safety aspects of
ru-ro ships and advise the MSC of any
action required (Chaprer 197,

Telecommunicarion at sea is regulat-
ed hy rules and regulations issued by
another UN organisation, the Tnterna-
tional Telecommunication Union (1113
This body co-ordinates the global tele-
mIIUIlL1niCETiD]1 llelwurk‘? ;-311!:[ Services
and isresponsible [or repularing the stand-
ards of all kinds ol telecommunication, 4
commirtee within TTU deals with all
matters relaled to radio communicarion,
inchiding allocation of [requencies and
the technical properties ol transmissions
formaritime radio, It lays down perform-
ance standards for marilime radio equip-
ment and also issues certificates for the
personnel of ship stations and ship land
stations. TTU publishes the Tnternationsl
Badio Regulations and many maritime
radio catalogues, e.g. the List ol Coast
Slations, the List of Ship Stations, the Tist
ol Radio Determination and Special Serv-
ice Stations.
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Another UN organisation, the Tnee-
narional Labour Organisation (1100), deals
with certain matters relating to shipping,
such as crew accominodation, working
conditions and health.

The Commission ol the Furopean
Communities has also taken action Lo
increase safety at sea, primarily by urging
its Member States o be mare active in
1O% work towards higher safety stand
ards, requitements [or increased portstate
contral and other efforts made Lo reduce
accidenrs 1elaled 1o human error,

The Organization for Economic Co-
operationand Development (OECT) has
expressed concern aboul safety at sea
and has also stressed that ships must
comply with intemational requirements.
The use of sub-standard ships in trans
port is regarded as unacceprable from the
point of view of economic equalily since
it leads ro distortion of competition.

Regional co-operation belween the
states surrounding the Ballic Sea led to
the Helsinki Convention [or the Trotec-
Hom of the Marine Environment of the
Baltic Sea Area, HELCOM 1974, which
entered into force in 1982, The Conven-
tion is, however, insolar it addresses ship -
ping, binding only upon ships flying the
[lags of the Ballic Sea states. MO has
issued a recomumendarion that the Con-
vention should also be respected by ships
of ather nativnaliries,

An agreement, the Paris Memoran-
dum of Understanding (MOTI) on Port
State Control, which was conchuded in
1880 by the Maritimne Authorities of 14
European states, look effectin 1982 This
agreement provides for port state contral
with a view Lo ensuring that, without
discrimination as to flag, [oreign mer
chant ships visiting the porls of a Mem-
her State comply with the standards laid
down in the relevant instruments, The
MOU requires, among other things, that
a Member State achieves an anmual total
ol inspections corresponding to 25 per
cent of the estimated number of individ-
ual [oreign merchant ships entering its
ports during a 12-month period. Such
Inspection is primarily a visit on board to
checle the velevant certificates and docu-

tments and, in case of doubt, to carry ot
u more detailed inspection,

similaragreements have subsequent-
ly been adopted in other regions as well,
IMO% Assembly resolution A787(19) re-
commends inter alia that Member States
alsa include operational checls on the
competence of the crew during port state
comittol inspections,

9.1
National maritime
administration and
legislation

The United Narions Conlerence on the
Law ol the Sea (UNCLOS) stipulates that
the Nag stare has the main responsibility
[orenacring legislalion to ensure the safe-
ty of its ships. States that have ralified a
Convention are required to introduce the
Comventions requirements inlo their owm
nationial legislarion or to muke equiva-
lent arrungements, Some nations have
added requirements over and ahove those
of the Conventions. The peneral philos-
ophy is, however, that the minimum
tequirements should be stringent enough
lor world-wide acceptance. A state’ na
tional regulations apply only Lo ships
flying the flag of that stare.

Convenlions normally permit the
administration of a state to delegare cer-
tain functions, required by the Conven-
tion, Lo authorised organisations, usually
classilication socictics. Nevertheless, the
responsibility for ensuring the ships' com-
pliance with Convention requircments
remains entirely with the state adminis-
tration on whose behalf the organisations
act,

The Estonian administration

The Fstonizn Mational Maritime Board
has four departments: General Depart-
ment, Maritime Safety Depactment, Coast
Guard Department (until 17 April 1995)
and Lighthouse and Hydrography De-
partinent.

The Maritime SafeLy Department con-
sists ol the Fleer Section and rwo sections



with service functions, Ship Control Serv-
ice and Tilor Service.

The Ship Control Service, which was
established in April 1994, consists ol
eight sections, Mavigation and Commu-
nications Section, Technical Section and
six larbour Master Sections (five sec-
tions on the coast, and one on inland
waterways). The Pilot Service is respon-
sible for pilotage in the Fstonian inland
&P,

The main tasks ol the Coast Guard
Department are the szarch [urand rescue
of humans ar sea, the localisation and
combating of pollution at sea, surveil-
lanwe of the purposeful exploitation of
Cstonian waters and surveillance of ships’
safety

The Fleet Seclion is responsible for
the maintenance of the Oeel of the Esto-
nian Mational Maritime Administration.

The Maritime Board has authorised
six classificarion socieries, all members ol
TACS {on  LACS see 9.3), to perform
statutory surveys under the SOLAS,
MARPOL, Load Line, lonnage and COT-
RECG Conventions and o issue the relar-
ed certificates.

The Finnish administration

The Finnish Maritime Administration
consists of the Head Olfice and four
Maritime Thsricts. The Marilime Ad-
ministration is an independent body re-
porting Lo the Ministry of Transport and
Communications. The Head Office is
divided into [ive departments, one of
which is the Maritime Satery Depart-
ENE,

The Maritime Salery Deparlment su-
pervises thar shipsare properly construct-
ed, equipped, manned and operated. The
depariment takes care of internations]
vo-operation related ro ship safety and
marine pollution.

The department is divided into the
Ship Inspection Section and Ship Tech-
mical Section. The Inspection Section han-
dlesseafarers competence, manning, life-
saving, navigation and radic matters. The
lechnical Section handles conslruction,
stability, load line, fire salety, wnnage
measurement, dangerous carpoes and pol-

lation prevention matters. The depart-
ment is manned by 33 persons.

‘There are 25 inspectors, organised in
four districts, for surveys of Finnish lag
vessels and for port state control of loe-
elpn ships.

Finland has authorised four classili-
calion societies, belonging ro TACS, to
carry oul surveys for compliance with
the S01AS, MARPOL and Toad Tine

COMVEMTIONS.

The Swedish administration

The Swedish Maritime Administraton,
with headquarters in Nocrkaping, is or-
ganised mto six departments, one of
which is the Maritime Salety Inspector-
Ale.

The Maritime Safety mspectorate is
headed by the Director of Maritime Safe-
ty, appointed by the Govermment, The
Inspectorate has approximately 140 em-
ployees, of whom just under hall work in
the head office. The rest are divided be-
tween the regional nspectorate Areas
and the Hotterdam office.

The lnspection Department at head
office was al the time of the ESTONIA
accident divided to four sections: the
Ship Technical Section, the Ship Opera-
rional Section, the lovestigating Section
and the Planning Section. An interna-
tional secrerariar within the depariment
handles intermational matters related Lo
sulety and marine pollution prevention,
including co-ordination of Sweden’s par-
ticipationinthe work of IMO, The organ-
isarion has subsequently been expanded
with a pollution prevention section and a
qualiry secrion.

Inspection and relaled works have
largely been delegated to the megional
Inspectorate Areas,

The Administrafion has authorised
five classilication societies, members of
TACS, o perlorm surveys and nspec-
rioms required by the SOLAS, Load Tine
and MARPOL Conventions. The right ta
issue the relevant certilicates has in some
cases heen delegated 1o the classilication
society and in other cases been retained
by the Administration.

The master of the ship is required by

law to report incidents on a standard
form ro the Marine Accident Investiga-
tion Section.

9.3
Classification societies

The lirst classification society was [ormed
inn the mid-18th century to give under-
wrilers independent information about
the condition of ships intended to he
insured. Several other classification soci-
eties were formed al the beginning of the
19th cemtury

The maim purpose of a classification
society is to perform neutral surveys and
inspections. A classification society is
engaped [ora given ship by the shipown-
er from the desipn stage of the newhuild-
g, through the construction phase and
subsequently throughout the life of the
ship, A classification, carried out by a
recognised snciety, is normally 1 reguire-
ment of insurance companies. A classili-
calion society’s requirements, valid al the
time ol building a vessel, generally apply
to the vessel thronghout her life, Retroac-
tive application ol new requitements has
not heen practised although some move-
ment in that direction has recently taken
place.

Classificarion societies are generally
organized as non-profit organisationsand
charpe shipyards and shipowners for their
services al cost. A classification society
performs independent research into ship
design and safety [or the development of
appropriate rules.

Classificarion societies are also in-
volved, depending on their resournces,
competence and world-wide coverage,
in performing, on behalf of administra-
tions, the statutory surveys required by
the wvarious inlernational conventions.
The arrangements are agreed between
the national administration in question
and the society and deline the level of
delegation and issuance of certilicates,

The eleven major classificalion socie-
ties have a co-operative organisation, the
Internagional Association of Classilica-
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tion Societies (TACS), which co-ordinates
the policy of the societies, co-ordinates
exchange of experience and Lechnical
kmowledge and issues unitied recom-
mendations for the standard o be ap-
plied in essential lechnical matters, Bu-
reau Veriras is one of the members of
IACS. Several other, national, classifica-
tion societies exist which are nor meim-
bers of TACS and which do not qualify for
such mermbership,

Classilication societies have from Lime
te time and in particular at the beginning
ofthe 1990s been criticised regarding the
quality und integrity of their worl. The
TACS has therelore developed a quality
assurance concept which all the member
socleties st comply with, Individual
classification societies have also institug-
ed extensive internal training and devel-
opment ol work procedures in order 1o
increase the effectiveness of their wor,

9.4
The relationships between
owner, shipyard,
administration and class

Ships have traditionally been buile in
close co-operation hetween the owner,
the shipyard, the flag administration and
the classification saciety. Before a build-
ing contract is signed, an outline specili-
cation is developed by the owner or the
yard or both parties wogether. Alter a
contracthas been agreed a detailed build-
ing specification is developed by the two
parties n co-operation, This specifica-
tion is sufficiently detailed Lo specify all
essential features of the newbuilding, but
is still flexible enongh to allow the yard 1o
[ind practical design solutions.

The yard produces drawings for the
newbuilding. Major drawings are exam-
ined by the classification society for com-
pliance with its building requirements
and — where applicable and based om
authorisation — with international con-
ventions. The owner has the rght to
examine all drawings in which he might
have an interest. Revisions Lo the draw-
lngs are often made during this work
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which eventually results in drawings ap-
proved by the owner and the classifica-
Lion society

Drawings specifying the safery and
secommodation standard will alse no-
mally have Lo be approved by the flag
state administrarion,

The shipyard builds the ship accond-
ing to the approved drawings, Thie to the
complexity of a large ship and the [t
that ollen only one ship is to be built ta
the drawings, drawings for every detail
are oot in practice produced. Some de-
tails are therefore often left open to the
workmanship ol the yard and the inspec-
tion hy the classification society and the
UWTET,

Artendance by the clussification soci-
ety during the building normally also
includes inspection of important sub
contractors’ products ar their works, In-
spection at the yard imcludes general
visual inspection of all essential warl for
compliance with approved drawings and
detailed inspection or non-destructive
testing ol ilems that may call for such
attention. The surveyor at the yard is the
representative of the classification socie
ty. The surveyors task is to ascertain thar
the ship is built according to the rules hur
normally, however, he isnot in a position
te make detailed examination of every
stnall section ol the ship. The responsi-
bility for adeguate workmanship and
compliance with the approved plans and
drawings still remains with the shipyard.

The owner may have his own inspec-
tors and will often huve more inspection
capacity on a particular newbuilding than
the classification society has. The owner’s
nspectors will ofien perform detailed in-
spection of the workmanship and will
also cover areus where the classification
society has no specific requirements, The
owmers nspection team often includes
the captainand the chielenpineer who are
selected w become the master and the
chief engineer of the ship when delivered.

When the ship is completed, sea Lrials
take place in accordance with a pro-
gratnme agreed between the yard, the
ownerand the classification society. Afrer
successful trials and any required sup-

plementary work, the ship is delivered o
the owner. The yard will be closely relat-
ed with the ship during a subsequent
guarantee period, notmally one year,

The classification society will follow
up the ship in accordance with its re-
quitements and practice. The work is
often divided into annual portions on a
rolling time schedule of maximum live
years. The anmual surveys are made in
conjunction with annual dockings of
ships for which this frequency is ve-
quired, or in conjunction with afloar
underwater surveys of ships lor which
this procedure has heen approved.

The co-operation between the classi-
fication society and the owner is a com-
mercial one, designed Lo assist the owner
to obtain a ship of good class and to
demenstrate during the life of the ship
that the standard required by the rulesis
Inaintained,

9.5
The impact of the
HERALD OF FREE
ENTERPRISE accident on
the development of safety
regulations

In 1987, the ro-10 pussenger ferry 1IER-
ALD OF FREE ENTCRPRISE capsized
and [oundered just ourside Zeebrupge
Harbour, Belgium, with heavy loss of life,
The vessel had left the harbour with the
bow doors open. When the ship in-
creased speed, the bow wave exceeded
the freeboard and water started to enter
the lower vehicle deck through the open
bow doors. Tn less than two minutes, ar
lzast 500 ¢ of water had acoumulated on
the vehicle deck and the vessel capsized.
Though ro-ro vessels had been lost
prior to the HERALTY OF FREEE ENTEE-
PRISE disaster, this aceident drew re-
newed attention to the need [or improv-
ing the salety of ro-ro vessels. Probleins
of the inadequare stability of such vessels
when damaged had long been recog
nized, bul the need for practical and
efficient Lransport seems to have Lken



priorily over safety considerations.

The lIERAL DOFFREEENMTERPRISE
accident triggered anintense waorld-wide
discussion on all aspects of vo-ra safery.
Tmproved damage stability standards for
existing vessels were belng proposed with
the aim of introducing these intermation-
ally via the TMC} network ol convention
requiTements.

ln the disoussion, the large, open
vehicle space near the waterline was gen-
erally considered the main problem with
regard Lo damage stability in the design of
ro-to ferries. I the external watertight
integrity of the vehicle space s breached,
unfavonrahle circumstlances may initiare
an ingress of water Lo the vehicle deck.
water isfree ro flow over the unsubdivid-
ed deck and large free surfaces are guick-
Iy lormed, leading to the loss of stability
and to lisL ln a heeled comdition, the [ree
surface is reduced and some stahility is
regained, but usually a smalllistis enough
to immerse the car deck. Progressive
flooding is lkely to starl and the list
quickly develops ro a capsize.

The risk of collision was considered
the most serious threat to the watertight
integrity of the vehicle space thouph sta-
tistically ro-ro shipshad been involved in

lewwr collisions, Numerous other possible
ways of losing watertight inlegrity were
listed including weather damage due to
wave [orces, The research was direcled o
generaling data to suppart the develop-
ment of new damage stability standards
for roro passenger ferries, but  other
suhjects were also studied. As far as the
Cormission is aware, very little atren-
tion was paid to the wave Impact forces
on the bow doors and the strength of the
locking devices.

One of the main items emerging from
the discussions following the HERALL
(1 FREE ENTERTRISE accident was the
very modest [ormal requirements for the
damage stability of passenger shipsin the
final stage of llooding. A damaged ro-ro
passenger vessel with o minimum free-
board and rransverse residual metacen-
Lric height would be unlikely Lo survive
in anything but calm conditions. This
had already been demomstrated in the
early seventies by damage stability model
experiments, and was later confirmed in
several extensive series of similar rests
after the HERALD OF FREE ENTER-
PRISE accident. The new Lests also indi-
caled that even rhe residual siability cri-
Leria in SOLAS 90 would give sulliclent

profection against capsizing for a rypical
damaped ro-ro passenger vessel only in
waves with a significant height of less
than about 1.5 m. The chances of surviv.
alimproved , in peneral, signilicantly with
increasing residual [reeboard and mera-
ceniric height.

Sincea characteristic ro-ro passenger
vessel sinking involves rapid heeling, the
evacualion of large numbers of passen-
gers from a high-sided jumhe ferry, per-
haps in rough weather or at night, was
considered a major problem. Tt was point
ed out that “ro-ro [erries have no ransi-
tion between survivable accidents and
complete disaster™. The minimum re-
guiremnent should be that a leery during
the looding stage should stay sulliciently
upright for sullicient time to give the
passenpers and crew a fair chance to
evacuare.

Many devices including different
sponsons and movable, partialbulkheads
on the vehicle deck were developed and
tested in model experiments Lo improve
the damage survivability of existing ro-ro
passenger vessels, but none of these de-
vices ohtained general acceptance.
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CHAPTER 10

HISTORY OF
RO-RO FERRY
TRAFFIC IN THE
BALTIC SEA

10.1
Introduction

From about 1960 the ro-ro ferry trallic
between south-west Finland and the
Stockholm region in Sweden developed
extranrdinarily last vegarding nmumbher of
ships built [or the Leade, their increase in
size, capacity and comlort and the namber
of passenpers and vehicles carried, The
development was spurred by the compe-
tition berween rhe two major shipping
company groups engaged in the trade,
Viking Line and Silja Line, both under
mixed Finnish and Swedish ownership.
Inseveral respects it probably progressed
faster than international regulations and
the classification societies could accom-
madate, The rate of developrment during
the 1970s and 1980s has generally been
considered to lack equivalence in any
commparable trade.

Understanding of this development
has been considered important for ap-
preciation of the oversll circumstances of
the ESTOMIA accident. A separate study
of the history of this [erry trallic was
therefore commissioned from a consuli-
ant company, ATC Support AR, The study
is included in the Supplement.

10.2
Development of the traffic

Scheduled steamer trallic has long exist-
ed between Helsinld and Stockholm.
Passenger and cargo seTvices were gener-
ally separate. A small number of cars
could be carried on the steamers, being
lifted on board in the traditional manner.

On 1 June 1939 the shipping compa-
ny 5F Line, Mariehamn, Aland, intro-
duced a ro-ro passenger service between
Aland and the Swedish mainland, north
of Srockholm, Arabout the same tme the
project was joined by anather Marie-
hamn-based shipping company, Rederi
AB Sally

Oiuly four days after the firstvo-roline
opened, acompeting service on the same
route was starled by the Swedish Rederi
AB Slite.

One ol the vessels used for these first

ro-ro-lines was a converted railway ferry
and the other one was a coaster, rebuill to
allow ro-ro handling of cargo and the
carriuge ol passengers, Passenger com-
fort was nol considered important since
the voyages lasted only a few hours. The
rratfic was greatly dependent on tourism
and during the [irst lew years it was
suspended during the winter,

[he three shipping companies in-
volved in the first ro-ro wallic between
Aland and the Swedish mainland later
[ormed the joint marketing company
Viking Line, one of the leading compa-
nies in the development of the trallic
hetween south-west Finland and the
Stockholm region.

The concept proved successful, and
purpose-bmilt ro-ro ferries were ordered,
‘The fivst one, SKANDIA, was delivered in
May 1961 to the comperitor 5ilja Rederd
AB, u company jointly owned by Bore
Line AB, Finska Angfartygs AB and Red-
eri AB Svea.

SKAMNDIA could carry 100D passen-
gers and was built with a [ull-size car
deck, served hy bow and stern ramps,
The ship was put in service belween
11elsinki and Stockholm. In May the [ol-
lowing year a sister ship, the NORDIA
was delivered.

Mew ships were added every year to
meet the increasing demand for trans
port herween the dillerent ports in south-
west Finland and the Steckhelm region,
The standard of rhe vessels improved.
Sire and engine power increased, and
[rom 1963/1966 the maffic could be main-
tained regularly also in winter.

The ro-ro service quickly hecame an
indispensable ransport element, prima-
rily for the Finnish export industry, which
could now provide deliveries to Sweden
and onwards to western Curope i a safe,
convenient and reliable manner.

Various factors conrributed o make
the lerey traffic viable, The lower demand
for Lrucking transport during the peneral
summer vacaticn period was compen
sated for by wourist travel during that
season. Taking the car on a fip fo ones
neighbouring country became a conven-
ient, economical and practical arvange-
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ment. The large number of Finnsh peo
ple working in Sweden and the many
[amily relatiomships between people liv-
ing on both sides of the Ballic added
the need for passenger transport. Differ-
ences hetween prices in the Lwo coun-
tries of daily commodities made “shop-
pingtrips” economical, as did the oppor-
tuniries to buy tax-lree poods on board,

In the 1870z the demand for confer-
ence facilities increased rapidly amongst
Swedish companies. The ferry compa-
nies responded, and wirh a combination
of lower prices than shore-hased [acili-
Liesand the adventure of a sea voyage, the
[erries soon hecame 2 popular alterna-
live. Existing ferries were rebuilt and
extensive conference areas were incompo-
rated in the design for newbuildings,

The ferries built [rom rhe mid-1980s
had conlerence facilities and restaurants,
bars, shopping arcades and entertain:
menl areas with few equivalents ashore
in the two countries,

The hasis for the ro-ro ferry traffic
between the two countries thus steadily
increased as the table below shows,

Table 10.1 Annual traffic volume.

1960 1975 1994
Fassengers 300,000 2,800,000 6,000,000
Cars 30,000 300,000 400,000
Trucks 900  loo,0oD 140,000

The competition demanded a steady in-
crease of comfort and ship size. The
ferries were very attractive on the see-
ond-hand marler and the financial risk
involved in ordering more newbuildings
with more arractive feamres was low
Mearly fifty ferries were built for the trade
between 1960 and 1990 and the general
period in service was only aboul seven
years, Considerable development took
place vapidly as experience accumulared
and opportunities Le introduce improvead
concepts were [requent.
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10.3
Cargo deck arrangement

‘The cargo deck arrangement has remained
gencrally unchanged since the building
of SKANDIA, Tmprovements have heen
introduced regarding access and safety
arrungements. Hoistable car decks, cov-
ering parl ol the carge deck, were gener-
ally included so Lo Increase the capacity
during runs when passenger cars domi-
nated.

Stern ramps and stern openings have
increased in size but the desipn has re-
mained the same, 1.e. in lowered position
the ramp gives vehicles access to and
when raised seals the car deck.

Access Lo the car deck via a forward
ramp became desirable to eliminate the
need for turning long vehicles on the car
deck and rthus w redwee the Lime re-
guired for cargo handling, The concept
was knowm from railway ferries and some
cargo vessels,

The outer enclosure of a bow opening

the bow door — can be arranged either
asa pair of clam doors, hinged at the sides
and opened sideways, vrasa visor, hinged
at the upper deck and epened upwards,
Figures 10.7 and 10.2 show various bow
door and ramp amangements.

‘The visor concept became quite com-
mon [rom the 1960s. Clam doors were
initially considered more complicared and
hefore 1985 were ncorporated only in a
small number of lerries. Most larger fer-
ries huilt sinee then, however, have clam
doors,

The length of the ramp was deter-
mined by the distance to the landing on
the jetty and the position of the hinges.
The position of the hinge point was in
turn determined by the desire to have the
ramp serve as an upper collision bull-
head. The 50LAS requirerment on ramp
position with regard Lo the rules for an
upper extension ol the collision bulk-
head was, however, often disregarded.
The history of compliance with this re-
quirement is covered in Chapler 1B

‘The available deck height was ollen
Loo Llow to allow the ramp to be raised L
a closed position, The solufons devel-

oped were then either to let the ramp
protrude above weather decl level and
be enclosed in a housing, or ro divide the
ramp intoe two sections with a hinge
arcangement in between, Thewnsorhous
ing arrangement was less complicared
and was generally selected, It had, howe-
ever, the disadvantage that the visor and
the ramp were then mechanically inter-
comnected, a major disadvantage that
was only fully realised as a consequence
of the FESTOMNIA accident.

Clam doors, serving as the ouler en-
closure, have the advanrage that sealoads
are absorbed into the shiph structure.
Although damage to clam doors has heen
recorded it has therefore very seldom
heen of a critical nature.

Wisors on the other hand may under
unfavourahle sea conditions be exposed
to sea loads in the opening direction.
‘This has resulted in several cases in the
visor moving to more or less open posi-
tion (see Chapter 11). Where the visor
accommaodales the wp of the ramp, the
risk is imminent that the ramp will be
forced open, if the visor attachments fail
totally and the visor falls ofl In such a
case, if the vessel has no watertight doors
aft of the ramp, water will be free to enter
the car deck as was the case in the ESTO
MLA accident.

Tuble 102 gives an overview of the
ferries placed inlo service on the route by
Silja Line and Viking Line between 1959
and 1993 with the type of original bow
enclosre and ramp stowage solulion
selected in each case. Side doors and
slern ramps are not mentiomed.

10.4
The Tallinn=Stockholm
ro-ro ferry operations

Ferty operation between Tallinn and
Stockholm was initated in 1989 while
Estonia was still an innn‘r‘pm'arfd Tejion
within the Sovier Union. The endeavour
Lo re-establish regular vessel maffic he-
tween Fstonia and Sweden vesulred n
signing a General Agreement between the
Cstonian Transport Committee and Mord-

steom & Thulin AR on 28 Aupost 1989,

The Agreement provided the basis for
starling joint ferry operations, including
the principles lor the necessary invest-
ment in relaled infrastucture, Tt was
stipulated that the Estonian side would
undertake the reconstruction of the ter-
minal in Tallinn and Mordsteom & Thu-
lin wonld undertale w0 provide a termi-
nalin Stockholm. The agreement provid-
ed that the Fstline Marine Company Lim-
ited would be granted the concession [or
operating the ferry line for the first ten
YEALS,

For the joint undertaking on the Es-
tonian side, Fstline Eesti was established
in Movember 1989 by the transport en-
terprises which were under Fstonian ju-
risdiction. Tn Qorober 1992, under the
condifions of regained independence, the
Government of Estonia re-formed the
erterprise into the company E-Tine Tim
ited and appointed the Estonian Ship-
ping Company (ESCO) to represent the
state in operating the Tallinn—5tockhalm
services, The decision was made with
reference to the General Apreement men-
tioned above,

Regular ferry service on the route
started on 17 June 1990 and was carried
oul by N&T EstLine AB, a fully-owned
subsidiary ol Mordstrom & Thulin AR, in
co-operation with a consortivin of small-
er tourist-related Cstonisn-government-
owned companies. The teallic was car-
ried in the MORD ESTONIA, a o-ro
passenger ferry with capacity for 1060
passengers, owned by Mardstrim & Thu
lin and registered in Sweden, The vessel
was operated and manned by N&T Fst-
Ling AD. The NORD ESTONIA departad
every second day [rom Tallinnand Stock-
holm respectively.

The ferry line was considered Lo be of
the greatest importance to Cstonia. [Ls
establishment was opening the country
westwards and giving opportunities Lo
establish commercial as well as other
relations with other countries, an essen-
tial [actor in creating new prospects for
the country

Traflic was maintained by the NORD
FSTOMIA [orabout two and a half years,
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Table 10.2 Original bow arrangements.

Sifa Lme  Year  Viking Line

Birger [arl 1959 [Wiking, Slite)
Bore %60 -
Skandia VI 1961 {Bope)
Nordia VI, Svea Jal 1982  —
Floia 1963 (Blandsfaran, Panny R)
limatar 1964 Apolla VI, (Dratten)
(Halmia Y1) 1965  —
Fomnia VI 1966
Botnia V1 1967 Kapella W, (Yishy V1)

— 1968 [iiking 2 )
&= |969
Flaria YI 1970 Apallo YR, Viking | VB, Marella Y|
971 =

Rallotar (D, Svea Regina (0 1972 Yiking 3 VA, Diana VR
Bore | VR 1973 Viking 4 VR, Aurella VR
' — 1974 Viking 5 VR, (Viking 6 VI)
Svea Corona VI, Wellama V1 1975 -
Bore Sear ¥l
: ~ 1976 (Apallo 1)
— 1977 (Hlandsfirjan V1)
- Im -
- 1979 Diana Il VR, Turella YRE
— 1980 Rosella VRB, Viking Song VI,
Viking Sally VR, Viking Saga VI
Finlandia VB 198 '
Silvia Regina VRB
— 192 (Aurella VI, Blandsfirian VR)
— 193 (Alandsfirjan VR)
~ 1984 (Blandsfirjan VR)
Svea (D 1985 Mariella VRE, (Alandsfirjan VI)
Wellamo (D 1986 Olympia VAB
- 197 (Alandsfirjan Y1)
— 1988 Amorella (D
- 1989 Athena (D, Gnderella (0,
Isabella (D
Silja Serenade CD 1990 Halypsa (D
Sja Symphony €0 1991 —
ey o L R
Sija Europa CO 1993 —
Silla Scandinavia (D

Notes  Ships in brackets { ) not purpose-built for the service,

B = Ramp as outer bow onclosure,

0 = (am Doors.

¥ = Independent Yisor. No housing for accommodating top of ranip.

Vi = Visor and box-like housing for stowing ramp.

VEB = Visor and box-like housing for stowing ramp and a separate barrier.
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il she was replaced by the ESTONTA
on 1 February 1993,

On 2 September 1994 the passenger
ferey DIANA T (see 3.1.1) was hare-
boat-chartered by ESCO. The purpose
was Lo expand the ferry service berween
Tallinn and Stockholm with one daily
departure in each direction. This did not
come shout, however, due to the ESTO-
MIA accident,

The DIANA 1, after considerable
upprading including permanent closure
of the bow visor and forward ramp, was
pur nte service in November 1994 un-
der the name of MARE BALTICUM, Tn
August 1996 she was replaced by the
REGLINA BALTICA,



CHAPTER 11

BOW DOOR
FAILURES AND
INCIDENTS

1.1
General

A number ol incidents invalving failure
or part-lailure of bow visor attachment
devices have occurred in the Baltic Sea
and the North Sea during the history of
the ro-ro ferries. The ships involved have
all been under the survey of one of four
major classification societies. The [ol-
lowing list of some of these incidents
includes two involvng vessels equipped
with clam doors, It is especially nored
that many of the incidents occired dur-
ing the [irst year of the vessels operation,

With two exceplions, the list contains
omly Swedish and Finnish vessels and is
not complete, Tt may be concluded thiat
simnifar incidents have occurred in other
arcas of the world, Tr is, however, worth
noting that the extensive flare in the bow
profile ol the vessels has in several in-
stances been blamed as a contributing
factor. Terries buill lor Baltic Sea opera-
tors had at the time a more pronounced
how flare profile than ferries built for
other services,

After the ESTONTA accident admin
istrations and classification societies per-
[oemed extensive surveys of the condi-
tion of locking devices and hinges on all
ro-ro ferries within their territory, The
results showed a rather high [requency of
defects of varying degrees ol severily,
needing corrective worlk. One of the clas-
sification societies reported that some
kind of defect, e.g. cracks or deformation
ol locking devices, was foumd in ahour 30
per cent ol the ferries inspected, Most of
the delects were, however, relatively small.

Ll
A brief history of
incidents

VISEY, a passenger fervy bl in 1972 —
whilst proceeding from Nymishamn ro
Visby in Decemnber 1973 — hita couple of
heavy waves which caused the visor to
open. The ship was turned and returned
salely Lo Nymdshamn. 1L was concluded
that the locking devices were oo weal,

and heavier devices were installed. The
matter was dealo with in correspondence
between the Swedish Maritime Adminis-
tration and the classification society in-
volved and informarion was received cthal
the society had substantially increased
the steength requirements, The effect of
extensive [lare in the bow contour was
also discussed.

STEMA SAILER, & cargo lerry built in
1973, experienced heavy weather and
head sea in January 1974 Speed was
recuced bur the visor locking devices
failed. The ramp remained intacl and the
ship tumed and headed forshelter. Towas
noled in the investigation thar a similar
incident had happened earlier and that a
sister vessel under another flag had also
had a similar incident.

4m administration reporl concluded
inter alia that “nearly all locking devices
of bow doors on existing vessels are Loo
weak” and recommended thar the ad-
ministration should fivst investigate how
such should be designed and built, and
thereafler inspecl existing vessels (see
15.13).

SVEA STAR, a passenger lerry built in
1968, experienced heavy weather in May
1974, A heavy wave lifted the visor. Wa-
ter collected in the visor but the ramp
remained closed. The ship momed and
regained port

WELLAMO, a passenger ferry built
in 19753, encountered a south-westerly
storm on a scheduled voyage from Hel-
sinld to Stockholm on a December night
in 1275, Abour 10 nautical miles south ol
the Bengtskir lighthouse the officer of
the watch noted that the bow visor lifted.
He woke up the master, The visor was
Muminated withan Aldis lamp and about
[ive minutes later the visor litted again.
Speed was immediately reduced from
about eight knots o three knots. The
master and the chiel engineer inspected
the wisor and due to the damape and the
storm the masrer decided to turn baclk wo
Helsinli.

Mext momming in Helsinki it was ob-
served that the locking clears were tom
awity and the arms of the visor were parthy
broken. Side plating on both sides of the
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visor was dented, a5 was a light bullthead
inside the visor. There was s small hole on
the rankrop, caused by pounding of the
visor, The local structure at the locking
devices was reinforced, the arms were
repaited and reinlvrced, side plating was
remewed and the bow visor hull was re-
paived on both sides. The bullkhead was
reinforced with stilleners. Two sister ves-
sels were similarly reinforced,

FINLANDIA, a passenger ferry buill
in 1981 on a scheduled vovage from
Helsinki to Stackholm in the sutumn of
1981 encountered heavy south-westerly
seas south of Hanko, Nexl morning in
Stockholm, the visor did not open and
severe damage was [ound including dent-
ed stucture on the port side and rwo
broken locking bars on the centre line,

The visor had lifred a fewr centimetres
and moved to starhoard. Thus, addition-
al locating homns were fitted on both
sides and the srructure on the back was
reinforeed, Tocking devices were also
reinforced, A sister vessel was similarly
reinforced.

SAGA STAR, u cargo and passenger
ferry built in 1981, was about ro depart
from port in May 1982, When the visor
was being lowered the port side hinge
failed, resulting n failure also ol the
starboard side hinge, and the visor [ell
down. The ship was allowed w sail a
couple of voyages withoutl visor until
repairs had been perlormed.

VIKING  SAGA, a passenger ferry
built in 1980, was extensively damaged
on the fore part and on the lower port
side of the bow visor south of Hanke in
October 1984, on a scheduled voyage
lrom [elsinld ta Stockhobm, The nci-
dent took place when the vessel was
runmning at 16 kmats in heavy bow seas
with a wind speed of aboul 14 mds. Next
moming in Stockhelm it was observed
that a large part of the port visor shell
consruction together with a horizontal
platform had been dented. A locating
horn on the port side was hent rowards
the centre line and side lnckings were
damaged. Several stiffeners, heams, large
arcas ol shell plating and pait of the
platform were renewed. The visor con-

148 FESTONIA — FINAL REPORT

struction was nol reinforced, since the
incident was considered typical heavy
weather damage.

SIENA JUTLANDICA, a passenger
ferry built in 1983, experienced in Oclo-
ber 1984 lailure of the visor hinges dur-
ing normal opening, The main reason [or
failure of the hinges was cracks in the
welds. The hinges were reinforced, also
on a sister vessel,

IIY¥TCH, a passenger ferry built in
1973, encountered heavy seas with a
wind speed of about 18 m/s an a sched-
uled voyage from Leningrad ro Stack-
holm in December 1984, Ar a speed of
abour 17 knols, one of the visor decls
hinges failed [ully, the other partly and all
visor locking devices broke. The visor
hung on the hinge and moved up, down
and sideways every time the seas lifted
the visor. The incident was quickly ob-
served from the bridge, speed was signif-
icantly reduced and the vessel 1 to
more sheltered walers. The vessel was
alsoinvolved in anincident in September
14986 al a speed of ahout seven knots. In
this case, three visor locking bolls broke
and other damage occurred. The strue-
ture of the how visor and hinges was
reinforced, locking devices were replaced
by significantly stronger ones and side
locating horns were litted in 1989,

MARIELLA, & passenger ferry built in
1885, experienced heavy seas on asched-
uled voyage [rom Helsinld to Stockholm
in Movember 1983, The starboard hinge
brackets sheared, Both starboard and port
hinge beams were almost fully cut. Lock-
ing devices and the hydraulic actoatars
[uiled and the visor was [orced open,
Indications of brittle fraciure were subse-
quently noted in shorn-off locking bars,
The incident occurred atabout 13 knots,
Speed was signilicantly reduced when
the incident was visually ohserved from
the bridge, whilst the vessel continued
her voyage in more sheltered waters.

The visor was temiporarily repaired
immediately afrer rhe incident. Perma.
nent repairs, inchiding heavy reinforce-
ments of the lacking devices and appro-
priale struchures, were carried out later,
Reinforcements were made [or instance

ak the lower locks of the visor and below
the upper locking devices. Additional
locating horms were litled on each side
and the stmcture on the backs of these
was reinforced with stilfeners. A sister
vessel was similary reinforced,

TOR HOLLANDIA, a passenger ferry
built i 1973, in heavy weather during
the winter of 1986/87, experienced [ail-
ure ol the visor bottom attachments and
one decl hinge, The condition was ob-
served visually from the bridge and rapid
evasive action prevented an accident.
Extensive reinforcements were made in
conjunchon with the repair.

FINNHAMSA, a passenger ferry buile
in 1965, lost her clam doors in January
1977 in heavy wealher close 1o the Hel-
sinki lghthouse. The doors were not
properly secured. When it was noted that
the clam doors were about 0.5 m open,
the vessel was stopped in order Lo pet the
doors closed, Heavy seas had, however,
already rom off the doors. The vessel
retumned to Helsinki.

STLJA EUROPA, a passenger fervy built
in 1993, damaged her port clam door
during the same night or moming as the
ESTONLA sank. The damage was noted
after arrival in Stockholm on 29 Seplem-
ber 1994, when efforts were made o
open the bow doors, The starboard bow
door opened as normal, while the port
side door could be opened only about
0.4 m, Among the damage were denred
plates in the hinge arm and in a support
frame, The exact lime of the damage is
not known. The shipowner claims that
the damage ocouwrred during the ESTO-
MNIA rescue operation,

Table 11.1 shows a summary of
known bow visor incidents which oc-
curred hefore the ESTON LA accident and
involved passenger ferries built from 1975
Lo 1986 for the Finlund-Sweden traffic,
The list ncludes «ll passenger ferries
built between 1975-1986 origimally for
the traffic even il they had not been
invalved in such incidenrs, The table
indicates  whether the how visor has
been reinlorced since the incident. The
information lor sister vessels is given in
the same box. After 1086, all passenger



Table | 1.1 Damage to and reinforcement of bow visors of passenger ferries
originally built for the Finland—Sweden traffic 19751986,

Vessel Built Baw doar’ [ncident Yisor reinforced
" fvea Corona 1975 T After Wellama incident
Wellamo [975 ¥l IL12.1975 After incident
Bore Star 1975 ¥l After Wellama incident
| Yiking § 1975 VR
Diana I 1979 R January 1993
Viking Sally 1980 VR
Turella 1979 VRB
Rosella 1960 YRE
Viling Sang 1 R |
Yiking Saga | 980 Wi 20.10.1984
" Finlandia 1981 VB | Autumn 1981 Mter incident
Silvia Regina 1981 YAB After Finlandia incident
Hariella T 19es JRE TILI98S | After incident
Olympia 1986 YAE After Mariella incident
Syea 1985 [} '
Wellama [986 i} =

"Woundered as ESTONIA

ferries built [or the Finland ro Sweden
traffic have had clam doors (Table 10,23,

1.3
The DIANA 1l incident

In January 1993 there was o perfod of
heavy weather in the southern Baltic Sea.
Diuring this period the Polish ro-ro [ecry
JAN HEWELIUSZ capsized in the eady
morning of 14 January, DIANATL a Swed-
ish-flagped nearsister vessel ro ESTO-
MIA, operated under charter on the romute
berween Trelleborg in southern Sweden
and Rostock in Germany. She normally
mmade two double day trips ac [ull speed
and one double night rip with reduced
speed each day According to availuble
information, ot the night of the founder-
ing of JAN HEWELIUSZ no abnormali-
ties were noticed as the DIANA 1T made
the rrip from Rostock o Trelleborg at low
speed. She made the scheduled day and
night trips on 14 and 15 January in bad
but improving weather conditions. -
ing the moming of 16 January, whilst the
vessel wasenroure ro Trelleborg, the chiel
ollicer to be relieved and the one starting
his Lour ol duty made a joint inspection
round throughout the vessel, whereupon
they noticed damage to the visor locking

“hee Table 10,2,

ArTANEEInenLis.

Since the visor design of DIANA T was
the same as thal of ESTONIA, the Com-
mission has further investigated this dam-
age and the repair work {Supplement),

Burean Veriras was called upon when
the vessel arrived in Trellehorg. The sur-
vy report in the Supplement showes thal
the starbeard locking device lng waslost,
the bottom lock was bent and irs welds
cracked and the port side locking device
Tup was bent and its weld cracked. Figure
11.1 shows the damage at the site of the
starhoard wisor lup. The damage was
repaired by normal procedures, to what
was estinated o he equivalent Lo the
original standard,

The survey report, when read at the
Bureau Veritas regional office in Gothen-
hurg, wus nol considered to indicare a
serious incident. No initiative was there-
fore taleen to investigate the matter for
ther, nor was any general action taken,

The repaived side locking Iug mounting
site was surveyed after the ESTONLA acci-
dent, The survey showed repair by mulliple
welding of the cracked hap weld sites, and
Toeal backing plates had heen added. Some
old cracks were also detected,

The visor mating lug to the hattom
lock of DLANA L was also recovered with
the bottom locking bolt. The lacking halt

had extensive wear on its upper forward
sectorinalocation mating with the eye of
the hig that had alse worn, The visor
mating hig also showed marks [rom over-
loading in tension, as its eye had been
extended by stretching at the all tip of the
lug. Strengthening plates had been added
Lo the mating hig both tostreng then Qs tp
and to add vertical rigidity to its allach-
menl Lo the visor structure. IL s ool
lenown when these reinforcements were
installed. The bolt of the borrom locl was
made of high-sirength steel grade ap-
proximately 700 MPa ultimate strength,
and the visor mating lug was of mild steel,
The Commission has not been able to
verify whether the local olfice of the
Swedish Maricme Administration was
informed of the DIAMA Tincident. From
the vessel it is claimed that information

Figure 11.I Loss of the starboard
visor locking lug of DIANA I
in January 1993

Lug site

was given to the Administeation by way
of a telephone call one of the st days
alter the incident, and that the inspector
answering the call was sarisfied with the
way Lhe repairs had been carried out. The
Administration on the other hand claims
that no inlocnation on the incident was
received until alter the BESTONIA acei-
dent. An inspector [rom the Administra-
tion visited the DIANA II about one
month afrer the visor incident. He was
called to survey a ganpway and claims
that at the time of the visit, he had oo
information on any damage to or repair
ol the bow visor or its attachmenis.
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CHAPTER 12

OVERVIEW OF
SEPARATE
INVESTIGATIONS

12.1
Determination of sea
loads on the visor by

model tests

12.1.1
Test program

Extensive model tests ordersd by the
Commission have been performed at the
maritime research centre, S5PA laborato
ries. The main purpoese of the test pro
gramme was Lo determine the wave im.
pact loads on the visor at the speed, on
the heading and under the wave condi-
tionsin which the ESTONLA was likely to
have been operating at the time ol the
visor filure. In addition, the influence of
varialions in some of these parameters
was tested. The model test results have
further heen compared to compurer sim-
ulatioms of wave loads as summarised in
12,2, 5574 s complete Lest report is ap-
pended in the Supplement.

A 1035 scale model of the ESTOMIA
was built and equipped with propulsion
units and controllable rudders. The bow
visor was made separare from the hull
and attached with a six-component bal-
ance to messure ntegrated forces and

rmoments on the visorin all six degrees of
[reedom. The static weight ol the visor
was excluded from the measurements
and the moments were translermed 1o the
centre position of the visor hinge axis.

Sea load tests were carried out both in
the towing Lank (177, for head sea condi-
rions, and in the Marifime Dynamics
Iahoratory (MDL) [or oblique sea condi-
tions. The model was in both cases self
propelled. Tong-vrested irregular waves
were generated according to the JOMN-
SWAL wave spectrurm.

The model resrs emphasised the de-
termination of extreme values and the
statistical distriburion of loads. Two ol
the conditions were therefore rested in a
large number ol repeated nswith slight-
ly madified wave amplitudes and phase
lags

The test programme in irregular seas
consisted of the conditfions given in Table
121,

A peak period of 8.0 s for the wave
spectrum was used for all conditions
except for the last one which used a
period of 8.3 5. This last condition was at
the time assumed Lo be the most proba-
bl comdition in which the bow visor of
the ESTONIA failed.

Table 12.1 Test programme at the S5PA laboratories,

Significant Wave Height, H
Heading Speed, ¥ Hominal Measured at bow | Moasured fime
Towing Tank:
Head sea; 1840° 10 knots 40 m fm 30 min
|B0® 15 knots 40 m 39%m 320 min
[80° 19 knots 40 m 30 m 10 min
[80* [0 knots 5.5 m 5l m 60 min
|80® 15 knots 55m 5lm 40 min
[80® 1% knots 55 m 5lm 30 min
MDL:
Head sea: 0" |5 knots 4.0 m 41 m 30 min
Buw sea: 1507 [ Kot 40m i1 m 30 min
150" [0 finots 5.5 m 53 m 30 min
|50° 5 knots 5.5 m m 30 min
150° [4.5 knats 1im A5 m 180 min
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12.1.2
Summary of results

Drue tothe nom-lnearand random nature
ol the bow fmpact loads, the absolure
quantitative measred loads must be
judged with care, Small changes in the
relative motion between the ship baw
and the waves, as well as in the wave
profile, resulted in larpe differences in
load values. The muximum loads were
not generally measured in rthe highest
individual waves but rather in the warst
combinations ol waves and ship mo-
tioms.

The most crirical wave-induced load
component, the opening moment around
the deck hinges, the ¥ moment, meas-
ured in the different tests is plotred in
Figures 12,1-12.2 on the basis of mean
exceedance period. The wverrical force,
the 7 force, is shown in a similar way in
Figures 12.7-12.8. Mean exceedance
period means here the average time be
tween individual load peaks equal w or
higher than the corresponding value. The
graphs were produced by Laking the toral
[ull-scale time of each Lest series and
dividing it by the number of load peaks
exceeding a certain level as given by the
Weibnll plot in 55PA Report 7524,

The wave-induced forces and mo-
ments shown do not inchade the static
weight ol the visor itself, This will de-
crease Lhe vertical force by about 0.6 MM
and the opening moment by about 2.9
MMNm. (1 MN equals the [orce of 102
melric fns),

12.1.3
Long test series in oblique
bow seas

The long series of tests at MDL in port
bow sea with 2 nominal significant wave
height, 11, ol 4.3 m and a ship speed of
14.5 knots were, at the time the Lests
were performed, believed o represent
the prevailing condition when the ar-
tuchments of the visor of the CSTONTA
[ailed. Tn rhis series, during thres full-
svale hours of measurements, the indi-
vidual maximum components of wave

154 ESTONIA — FINAL REPORT

loads on the bow visor were recorded as
miven in lable 12.2,

All the maximum values excepl for ¥
force and Z moment were measured ar
the same incident {¥ force was measured
to 2.2 MM and 7 moment to 3.8 MNm
simultaneously). When these highest
loads were measured, wave crest ampli-
tide was 3.7 m, refative motion hetween
bow and wave was 6.3 m and relarive
velocity 6.2 m/s.

The longitudinal and wvertical force
peaks always appeared in phase and with
approximately the same magnitude. Only
afew of these load peaks, however, result-
ed in & positive apening moment about
the hinge axis that would have been large
enough to exceed the closing morment
[rom the static weight of the visor, and
only two opening moeinents were above
20 MNm, Most of the load cycles caused
closing moments with pesk levels up 1o
ahour 5 MNm.

Figure 12.1 Measured wave-induced vertical opening moment on the visor in bow sea.

1507 Bow Sea

¥ moment, [MNm]

| I ER
. 53 m | R
50 - ' : | ,- | '
II F I
ks ' . 53 m 45 m
1D kn 45k |
iop= A | il
/| /
20 LA |
L .
- i | I | I
W -1-’ 2m | J ‘
: 10 kn ’ | [
1] . 7 | vl ]
[ T I LI LI 1
| ] 100 1000
Mean exceedance period, [min]

Figure |2.2 Measured wave-induced vertical opening moment on the visor in head sea.
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Figure 12.3 Example of time series from model tests,
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Table 12.2 Maximum wave load components in bow sea with H = 4.5 m.

Forces:
Longitudinal force
Side force

Vertical farce

A force
Y force
I force

Moments at the visor deck hinge position:

Homent abaout longitudinal auis,

Homent abalt transverse ais,
Homent about vertical axis,

X mament
Y moment
I mament

1.7 HN (directed aft)

17 MM (directad o starboard)
1.4 HH (directed upwards)
102 HNm (upward on port side)
35.4 Him (upward opening)

4.] HNm {forward on port side)

Figure 12.3 shows an example of a
time series of measured wave profile,
vertical force on the visor and opening
moment ahout the hinge axis. The figre
covers about 17 minutes of full-scale
Litne,

12.1.4
Wave load components —
influence of wave height,
heading and speed

The influence of signilicant wave height,
heading and speed on the wave-induced
loads on the visor 15 summarised in Fig-
ures 12 4-12.6 and 12.9. In the compar-
ison, the most probable maximum val-
ues over 30 min, of exposure are used.
For most of the test series this means that
the given value corresponds to the single
highest measured, and hence the umecer-
tainty in these levels is large. In the fig-
ures, the test resules are connected with
straight lines to show the same condi-
tion, [lowever, the sea loads are 1 [unc-
tion of 11, raised to a higher power, and
the straight lines should not be used for
inter or extrapolation.

Tt is apparent that the wave height
influence is much Targer in bow sea than
in head sea, The results indicate that there
is a ‘threshold’ sea condition in bow sea
below which the wave-induced leads on
the visor are very low, When this condi-
tion is exceeded, the risk of high lorces
and momenls rapidly increases even
though the general condition with regard
to motions and accelerations on board is
not changed significantly. In the condi-
tions tested, the threshold is apparently
[oundatabout 4 msignificant wave height,

The wave forces show an approxi-
mulely linear relation to the speed inbow
sea [or both wave heights studied. A
decrease ol speed [rom 15 km o 10 kn
thus reduces the lorces by abour one
third, Tn head sea, at higher wave heights,
the speed influence seems to diminish,

ESTONIA - FINAL REPORT 155



LA O N L TR R T O T T T T N R R ]

Figure 12.4 Longitudinal and transverse wave force on the visor, Model test results
in head and bow sea at 10 and 15 kn speeds.
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Figure 12.5 Wave-induced moment about visor longitudinal and vertical axis.
Model test results in bow sea at 10 and 15 kn speeds.
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Figure 12.6 Wave-induced opening moment about visor deck hinge axis.
Model test results in head and bow sea at 10 and 15 kn speeds.
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12.2
Numerical simulation of
vertical wave loads on the
bow visor

12.2.1
introduction

Vertical wave loads on the ESTONIA
bow visor have also been simulated us-
ing a non-linear numerical method ro
estimate the loads during the accident
voyage and o invesrigate the effects of
the most important load pacameters, The
numerical predictions supplement the
S5PA model experiments since it has
been possible to simulate much longer
tirne sequences than could be rested ina
model hasin,

Dne o the very complicated flow
phenomena around a body entering wa-
rer, no cxact numerical methods exist for
analysing the flow, and the simulation
method used is based on an engineering
approach with which the vertical com-
ponent of the wave load could be caleu-
lated. Tt has thus not been possible to
simulate the other load components or
compute the pressure distribution on the
visor surface.

The numerical method is discussed
in maore detzil in the complels report in
the Supplement. To evaluale the accura-
cy of the method, the simulated vertical
wave loads have been compared with the
experimental results.

The simulations have been carried
out for long-crested, irregular wave time
histories generaled according Lo the JON-
SWAT wave spectrim formula. In each
case, the simulated time sequence was
36 hours long, consisting of six 6-hour
simulations. The full simulation pro-
gramune is shown in Table 12,3,

12.2.2
Simulation method

The simulation method is based on the
non-linear strip theory, which is a prac-
tical method for simulating ship motions
and hull loads in waves. In the method



Table 12.3 Simulated wave-induced vertical loads an the bow visor.
Simulation programme and example of results (weight of visor excluded).
Heading [deg] | Speed Bow H I I force [HH] I force [HN]
[kn] Wave [m] [[] | Hean exceedance | Hean exceedance
[m] period 30 minutes perind 10 hours
Head seas, 180 15 1.0 40 Ll 150 160
180 15 1.0 4.0 &5 155 195
180 I 0.45 A0 8.0 105 310
180 o 0.4 40 B0 .70 170
180 i 0.4 55 8.0 435 115
180 12 0.65 55 8.0 4.80 150
[§0 15 1.0 5.5 80 535 B.10
180 15 1.5 55 80 6.30 9.60
Baw seas, |50 15 1.0 40 an PR 410
150 5 1.0 45 B0 4.00 5.60
150 15 L5 40 80 3.45 460

applied, the time histories of irregular,
long-crested waves and ship mations are
generated by employing the linear super-
position principle. The bow visor was
considered as a small body entering wa-
ter. Thus, in determining the wvertical
[orce on the visor it has been assumed
thiat the dymamic wave pressure and the
wave motion, velocity and acceleration
are constant within the volime nceupied
by the visor. The assumption is valid
when the wave length is significantly
longer than the dimensions of the bow

VisOor,

The numerical model includes the
hydrostaric and hydrodynamic lorces
incorpovated in the strip method and the
non-linear hydrodynamie forces accord-
ing Lo the momentum consideration. The
nom-linearities ol the hydrodynamic fore
es arising [rom the variation of the sub.
merged portion ol the visor are taken into
account by considering ul each time step
the instantaneous walerplane, The fol-
lowing force components are incorporat-
ed in the numerical model:

»  Weight of visor, assumed to be 0.6
MN (60 t).

« Inertia lorce based on rigid-hody ver-
tical acceleration of ship at centre of
visor.

»  Hydrodynamic [oree due to added
mass and damping of visor assumed
to be proportional w vertical relative

acceleration and velocity, respective-

Iy leave added mass and damping

coefficients were computed before-

hand ar different walerlines with a

three-dimensional sinle-source meth-

od and curve-fired. AL each time
step, values corresponding to instan-

Latieous dranght were used.
= Ilydrostatic buoyancy force due to

instantaneous submerged volome of

VISOL.

+ Froude Krylov [orce defined as the
integral of the linear hydrodynamic
pressure in the undisturbed, incident,
wave over submerged surlace of vi-
501,

»  Non-linear, vertical impact force in
which the important term is rate of
change ol Lthe heave-added mass rimes
vertical relative velocity squared.

* Force due to the stationary flow
aronnd the submerged visor was com-
puted heforehand by the SHIPFLOW
program in calm water al dillerent
fore draughts. At each time step,
curve-fitted values were used.

The eflect of the stationary how wave
was considered as a constant offset in
creasing, Lhe submergence of the visor
Thus, the heighl ol the bow wave esti-
mated by the SIIPFLOW program for
different [orward speeds was added 1o
the verrical relative motion on the centre
line of the visor.

12.2.3
Results

The main resulis of the simulations are
graphs presenting probabilities at which
the vertical component of the wave force
o the visor exceeds diffevent levels. TF
exceedance probabilities referring to the
number of wave encounters are plorted
on a logarithmic scale, and (he vertical
lorce on a linear scale, straighl lines seem
Lo it the data quire well. There Is no
theoretical basis for the linear relation-
ship between the logarithm of the ex-
ceedance probability and the vertical vi-
sar load. The Weibull disoiburion has
often been applied in [itting long-rerm
wave height and wave load data, but in
this case it is unbkmown how well it would
represent the exrreme end of the distri-
bution. For this reasom, long simulations
have been carried out to avoid extrapola-
tion of the data.

The wave load on the bow visor is
highly non-linear with regard to wave
amplitde. Lowwaves do not even reach
the visor. While the simulated waves
have approximately equal wave crestand
Lrough amplitude distributions, 4 simu-
Tated visor load record shows high pealis
only when the bow is submerging to the
incident wave. When the bow emerpes
from the water, the foree on the visor is
close to its weight.

The highest simulated load values
have an exceedance probability of about
1730000, comresponding to the approx-
irmately 30 000 waves encountered dur-
ing the 36-hour tweal simulation time.
Thus the excecdance probabilities may
he changed o mean exceedance perinds
by using the number of waves encoun-
teved during the period in question, Tn
head seas at 10 kn speed the vessel en-
countered abour 780 waves per hourand
ab 15 kn speed 970 waves per hour. n
bow seas at 15 km, the number of wave
encounters was 860 per hour.

Tuble 12.3 summarises the simula-
tion programimne and the resules in terms
of visor loads with mean exceedance
times of 30 min. and 10 hoursrespective-
ly. There is a chance of about 1/20 rhar
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during 30 min. of exposure the extreme
load was larger than the value corre-
spomding o 10 hours mean exceedance
period. The results are given in the same
way as [or the model tests with the static
weight of the visor excluded.

Table 12.3 and Figure 12,9 show the
large ellfect of wave height on the verlical
visor loads. When Lhe sipnificant wave
height increases in head seas from 4 o
5.5 m, the load increases by 160 % for 10
knand 120 % [or 15 kn, Tn bow seas, an
increase inwave height from 4.0 4.5 m
causes an increase of aboul 35 % in the
visor load.

The ellect of forward speed on the
vertical compeoment of the visor load is
approximately linear in the lower sea
state. Thus, at 15 ko speed the visor load
Is about 50 % higher than at 10 kn speed
in head seas with H, = 4.0 m. In the
higher sea state, the visor load increases
maore graduslly with speed than in the
lower sea state. The visor loads increase
when the heading changes from head o
bow seas by 15 to 20 % in waves o[ 4 m
signilicant height,

The effect of stationary bow wave
height on the visor load is much smaller
than the effect of significant wave height,
However, the bow wave is taken into
accoumt in 4 rough way in the numerical
method and may in reality have a larger
effect on the lnads,

12.2.4
Comparison with
experimental results

Qualitatively the simulared resulis apree
well with the experimental data. The
experimental time histories of the verti-
cal load on the visor have high upward
peaks similar to those of the simulated
records and in the downward divection
the loads are negligible. The model tests
conlirm the very swong effect of wave
height on the loads and the approximate-
Iy linear relationship between visor loads
and lorward speed. Also in the experi-
ments the visor loads were larger in how
seas than in head seas.

Croantitatively the simulations are
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Figure 12.7 Comparison of vertical visor loads in oblique baw seas from model
tests (red) and from simulations (blue).
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Figure 12.8 Comparison of vertical visor loads in head seas from model tests (red)
and from simulations (blue).
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Figure 12.9 Comparison of vertical visor loads from model tests {red) and from
simulations (blue). Influence from wave height and speed.
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compared to the model experiments in
Figures 12.7 and 12.8 showing verrical
visor load plotted apainst mean exceed-
ance period, and in Figure 12.9 showing
theinflusnee fromwave heighland speed
for 30 minutes mean exceedance period.

T all cases, the simulated loads were
smaller than the measured loads. In
general, the correlation was better in the
higher sea state than in the lower. The
correlation was very good n rthe lower
sea state at 10 kn speed in head seas. In
4.5 m bow sea at 15 ko speed, the simu-
lated results agreed quite well with the
experimental data up to a mean exceed-
ance period of abour 40 minutes, afrer
which the Lest results increased ata much
higher rate than the simulated visor loads.

In addition Lo the general approxi-
male nanre of the numerical simulation
method and the several simplifying as-
sumplions involved, there may also he
other reusons for the growing divergence
of the numerical and the experimental
results for mean exceedance periods long-
er than about 30 minutes. Statislics may
have contributed Lo the divergence at the
extreme end of the experimental load
values since naturally the model tests
were not very long.

A second possible reason for the di
vergence is a difference in the characrer-
isrics of the waves. The simulated wave
crests and Lroughs followed the symme-
rical Rayleigh distriburion while the high-
er waves of the experimental wave record
were unsymmetrical with higher crests
than troughs. Some ol the wave crest
amplitndes in the tesls were rather ex-
treme compared to the sighificant wawve
heipht.

Both the model experiments and the
sirmlations indicare, however, that it is
not the highest wave crests which exert
the largest loads on the visor. L is not
clear what kind of individual wave char-
acteristic are mandatory for high loads,
bul it seems that the wave crest must be
relatively highand steep. Often the trough
preceding a high visor load has been
quite [lat. Though the highest wave
crests did not canse the highest loads, the
experimental results indicale that there

may be some correlation hetween the
hi.gliesrwava crestin the wave record and
the highest vertical load on the wisor. 1
may be anricipated that i the wave crest
heights are extreme, those wave charac-
teristics which are significant for high
loads on the visor may also be extreme,

Waves measured in the open sea in
deep water in general follow the Rayleigh
distribution quite well. Turing heavy
stoTms, however, wave orests slart to
become steeper and troughs become [at-
ter so that their distributions deviate
[rom that in milder condirions. Also,
short wave records may include one ora
[ew very high individual waves,

12.3
Estimate of maximum
wave loads on the visor
for the conditions at the
accident

Afrer the ESTONLA had changed course
at the waypoint she sailed for about hall
ar hour ar ahout 14 knots in bow seas
belore the failure of the visor arach-
ments. The significant wave height has
been estimated by different meteorolog-
ical instituges to 4,041 mat 0100 hrsat
the accident site, Based on the results
from model tests and namerical simula-
tioms, the Comnission has evaluated a
probable range o maximum wave loads

on the visor during this last period.

The long model test series inbow seas
with a significant wave height ol 4.5 mis
used as the prime basis for the evalua-
ton., Weibull probability distributions
have been fitted Lo the different load
components measured at the rest. As
shown by the long nurnerical simula-
tions, this type of distribution seems
be valid even down Lo very low levels of
probability. From the basic distributions,
extreme value distributions lor 30 min-
utes of exposure fime have been calcular-
ed, and [rom these the most probable
maximum loads and the range of maxi-
mum loads for a 90 % confidence inler-
val. The analysed model test is sumimna-
rised in Table 12,4 Since the number of
recorded load peaks per 30 minutes was
low, the range of evaluated probable
maximum values becomes wide. Fspe-
cially the X and Y moments, which have
a significantly lower shape parameter, k,
than the forces, show a large spread in the
distribution of maximum vahes. The Z
moment distribution was not analysed in
detail.

Tinally, the loads [or the accident
condition were roughly estimated by re-
ducing the model test loads with respect
to the dillerences in signilicant wave
height, 4.5 mand 4.0-4.1 mrespectively.
The forces were reduced by 30 % and the
moments by 50 %. The level of reduction
in lorces is raken [rom the numerical

Table 12.4 Summary of wave load probability distributions for the model test:
H,=45m, |50° bow sea, 4.5 knots speed,

Load type | Comulative probability Maimum value during 30 min,
distribution
Weibull: No. of load Exceed, Mast Exceed.
[HH] Flr) = l-expl-{x/h}) peaks per prabahility probable probability
[Hhim] parameters: 30 min 0.95 maximum 0.05
b k n
K forco 141 .04 1] 3.85 5.1 .01
¥ force 0.58 0.93 11 0.85 149 15
1 foree 140 .05 5 3.84 5.0 B.66
X moment 1.00 .60 i 128 138 14.88
 moment 51 0.8l 1l 1.9 15.04 40.71
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simmlations, see Table 12.3 and Figure
12.9, while the reduction in moments is
based on an analysis of the correlation
between torces and moments, Fipure
12.10.

The Commission’s estimate of maxi
o wive loads on Uhe bow visor for the
accident condilions is summarised n
Table 12 5. Since the waves in the model

Lests had rather high crests comparad to
their Lroughs, this estimate may be on the
high side. On the other hand, the uncer-
lainky in sea state is, according to the
meteorological mstitutes, abour (.5 min
significant wave heighr, Were this uncer-
tainty also acconmred for, the maximum
values in the given range would increase

significantly.

PR OB OB OB S OB @ ® B R B OE OB & & AR BB & K S R R R F R R R F R FFREEFEFEE A

Figure 12.10 Correlation between vertical forces and opening moments from
model tests. Rings show the single highest measured value in the different series,
black dots show the |3 highest values in the test with bow sea and H =4.5 m.The

line shows the estimated range of maximum loads for the aceident condition.
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Table 12.5 Summary of estimated maximum wave loads for the accident conditions.
Oblique bow sea, H 4.0—4.1 m.

Haimum value during 30 min.

Load type Load direction Range of Most

90% confidence probable
Yisor forces:
X force (longitudinal) alt 17 - 63 HH 36 N
¥ force (side] starhoard 0.6 — 15 HN 1.0 1N
1 force (vertical) upward L1 — 61 HN 3.6 HH
Decle hinge moments:
X moment upward on port side 06 — 74 HHm 1.7 HHm
1 moment opening around hinges 40 — 20.0 Mim 1.5 Hhm
I moment fiwd. an port side 05 — 2.5 Hm 1.0 Mhm
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12.4
Predictions of wave-
induced motion

12.4.1
Computation method

Toanalyse the peneral situation on hoard
the ESTOMIA with repard to wave-in-
duced motions, numerical predictions
have been made by applying the linear
strip theory and the linear superposition
principle.  The strip theory underlies a
very well known numerical method
which has heen validated in mary com-
parisans with model and [ull-scale ex
perimental results. ln the present case
also the theoretical results show good
correlation with experiments.

Main allention has heen paid to pas-
senger comfort as dictared by vertical
accelerations, to green water on deck and
Lo hottom slamming, The full report on
wave-induced motions is included in the
Supplement.

The numerical prediciions were
made for long-crested irrepular seas de-
fined by JONSWAP and 1S5C wave spec-
tra. The wave periods cotresponding to
the spectrum peaks, the maodal periods,
were 7.0, 7.8, 8.5and 9.5 5, Inthe case
of 7.8 s, which is close to the wave
period ar the time of the accident, wave-
induced mations were also computed in
shart-crested seas. The signilicant wave
height used was always 4+ m, ie the
estimate of the condilions prevailing at
the time of the accident

The ellect of ship speed on the wave-
induced motions was examined assum-
ing speedsof 7, 12, 15and 17 kmots, The
headings to waves were 180° i.e. head
seas, and 1507 and 120° representing
how ohlique seas. The ESTONLA en-
countered the waves slightly on her port
bow,

12.4.2
Results

The numerical results show in general
that modal wave period and heading w
waves have a greater elfect oo wave-
induced maorions than does forward spesd
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Figure 12.1 | Vertical acceleration at the station of the bridge in bow sea with H =4 m.
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within the wave periods and headings
cotsidered here.  Significant motion
amplitudesincrease with increasing wave
period and when the heading to waves
changes [rom direct head seas towards
heam seas. The motions were larger in
short-crested seas than in leng-crested
with the exception of the heading 1207,
The results indicate thar the waves dw-
ing the accident night were relatively
short compared o the length of the ship
and she wasmore orless runming through
the waves, in particular before midnight.

Just before the accident the signifi-
cant amplitude of vertical accelerarton at
the bow visor was 2-2.5 m/s* and the
largest amplitudes may have been abour
0.4g, This acceleration level is roughly
half of the level al which cargo wessels
change heading or slow down w de-
crease the accelerstions, and ahout Lwo
thirds of the corresponding level for ro-
o cargo vessels,

In the fore part of the passenger com
partment shortly hefore the accident, the
vertical accelerations significantly exceed-
ed the severe discomfort houndary of the
Mation Sickness Standard 150 263173
The corresponding 150 houndary value
is 1.0 in Lerms of a significant ampli-

tude corresponding Lo 4 moetion sickness
incidence (vomiring) of L0 %. About 20
% of the passengers in the ESTONIAS
fore cabins may have been seasick. Amid-
ships the vertical accelerations were sig-
nificantly below the 150 boundary value
and aft they were approximately al that
value, Before midnight, when the wave
height was smaller, the vertical accelera-
ticns were at least 25 % less than just
belore the accident.

A reduction in speed [rom L5 knotsto
7 knots would have decreased the signif-
icant vertical acceleration from about 1.5
m/s? to 1.3 m/s* in the fore part of the
passenger compartinent, or ar the station
of the bridge (Figure 12.11). By changing
the heading to waves, the acceleration
level would have started significantly
decreasing W stern-guarlering waves.
Considerably highervertical accelerations
than these predicted for the ESTONTA
have been measured on hoard passenger
vessels in severe stOTTNS in Many sed arcas
including the Baltic,

The water level at the bow ross above
the level of the car deck at nearly every
wave encounter dug Lo the combined
vertical motion of bow and wave surface.
(n average, one wave na hundred, e

e every [ive minute s, reached the level
of the upper edge of the ramp opening,
From here, there was still 2.5 m free-
hoard o the stemhead. Cn these ooca-
sioms, spray and warer reached the fore-
deck. Survivors have stated gencrally
that there was quite a lot of spray and
water flying in the air with occasional
submergence ol the bow, However, setl-
ous arnonmts of green water om the fore-
deck were rare as were real botrom slams.
Tlare impacts probably occurred much
mare [equently than bollem slams.

12.5
Determination of hydro-
dynamic characteristics in
heeled condition using
model tests

It has heen discovered both from the
sonar investigations of fragments on the
seabed and from manceuvring sirmula-
tions that the ESTOMNIA made a port mom
at an early stage of the accident. To deter-
mine whether the port turn could possi-
bly have been initiated spontaneously by
the ships changed hydrodynamic char-
acteristics when she started to heel in
[orward speed, useries of model tests was
carried out ar S5PA Maritime Dymamics
Laboratory in conjunclion with the wave
luad tests. A full report ol the test results
is piven in the Supplement.

The sell-propelled model of the ES-
TOMIA was runin calm water and in bow
seas respectively at a forward speed of
14.5 knots. During runming, different
weights were placed on the ship side,
causing staric heel angles from 9°ro 277
With the autopilot working there were
no problems to maintain s straight course
using only moderate rudderangles. With
the rudders locked, the ship had a ten-
dency to Lurn in the same direction as the
heel angle Le. a starthoard list would
cause a starboard turn, There were no
significant differencesin behaviour when
the weights were placed ar different lon-
gitudinal positions.

From the model tests it can be con-
cluded that the possible port turm at an
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early stage of the capsize wasnot initiated
by the changed hydrodynamic character
istics ol the ship in hesled condition.
Howeever, the tests were carried oul with-
ont any wind. From manoeuvring simu-
lations, ithas been showm that with locked
mdders and decreasing specd abow wind
would cause the ship to turn wwards the
wind, but not fully through the wind
over to the other side.

12.6
Simulation of flooding and
sinking of the vessel

Theoretical studies were ordered by the
Commission to clarily and simulate the
rapid flooding, capsize and sinking of the
ESTONTA, These studies inchide analy-
sis of hydrostatic oating conditions and
stability, wave-induced motionsin heeled
condition and warer inflow rate on the
car deck in the initial phase of the cap-
size. The [ull reports ave included in the
Supplement. Below is given only a brief
summary of the major resulls.

12.6.1
Floating conditions and
stability during flooding

Mew stability calculations were carried
out for the Commission, based on the
larest valid inclination resr, The calcula-
tions conlirm that for the loading condi.
tion ol the accident voyage the ESTONIA
satislied the two-compartment damage
stability requitemnents specified in the
SOLAS 1974 Convenlion. The damage
stability requiremnents concern only the
watertight part of the vessel helow the
hullchead decl, ie. below the car deck in
this case,

The initial stability of a ro-ro lerry
with a large open car deck is extremely
sensilive Lo water ingress to the car decle.
Small amounts of water will impair up
right stability and canse extensive heel in
equilibrium condirion.

The ESTONIA s stalic stability with
various amounts of water on the car deck
has also heen analysed. Figure 1212
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shows static stability curves for increas.
ing amounts of water on the car decl,
from O to 4,000 . These curves apply
when ship side is intact. The analysis
showrs that 400 t of water on the car deck
will give a static st angle of just over 10°
and 1,000 L just over 207 (Figure 12.13),
The additional heel from a sharp mm at
15 knwts would be about 3%,

Even though the list developed rap-
idly, the warer on the car deck would ol
alone be sufficient Lo male the ship cap-
size and lose its survivability As long as
the hull was intact and watertight below

and above the car decle, the residual
stabilily with water on the car declowonld
not have been significantly changed at
large heel angles (Figure 12.12). The
capsize could only have been completed
through water entering other areas of the
vesse],

According to the hydrmstaric caleula-
lions, a continuously Increasing atnount
of warer on the car deck would make the
aft windows ol deck 4 the first possible
floading point to other areas (Figure
12,14} Soon thereafter the windows and
the alt entrance doors of decle 5 would

lll‘iiii!lllllljtqq||-|-|.l||.|.|.||-||l¢¢||...ll-¢

Figure 12.12 ESTONIA’s static stabllity curves for different amounts of water on
the car deck, ship side assumed intact,
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Figure 12.13 ESTONIA list against the amount of water on the car deck,
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Figure 12.14 Freeboard to first passible flooding points plotted against amount of
water on car deck. The openings are aft side windows on decks 4 and 5 at frame
#6, bow ramp starboard corner, aft door on deck 5 and fore door on deck 5.
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also be submerged. A little less than
2,000 tof water on the car deck would be
sufficient to bring the [irst Hooding points
dowm to the mean water surface, Tn this
condirion the list would be abour 357
The lowest corner of the ramp opening
wotld here be still a litrle above the mean
waler surface.

As soon as waler was free to enter the
accommodarion decks all residual stabil-
ity would be impaired and the ship in
practice lost. Without an intact super-
strueture above decl 4, the largest possi-
ble equilibrivm heel angle belore a com-
plete capsize would be 40°. This condi-
tioo wonld be exceeded with about 2,000
t of water on the car deck.

Stability calculations show that the
ESTOMNLA would have had a small posi-
tive initial stability il the rwo sauna
compartments and the next compart-
ment aft ondeck 0 had been flooded. The
stability would have been worst at the
initial phases of flooding and wonld have
improved when more water {owed Lo
these three compartments.

The influence of cargo shiltling was
also investigated in separate studies. Due
to the distribution of vehicles on deck,

the maximum transverse shilting of car-
go centre of gravity could have been of
the order of just a few metres. Two metres
of cargo shift would have the effect that
the propressive flooding of deck 4 starled
with about 10 % less water on the car
deck,

12.6.2
Water inflow simulations

The water inflow throngh the ramp open-

ing after the visor had failed and was lost

was simulated with two different numer-
ical methods. One is similar to the nu-

merical wave impact load simulation, L.e.

an approach where Lhe relative motions

herween bow and waves are described in
the time domain, The other approach
uses the [requency distribution of rela-

e motions.

The common input to the simula-

Lions is

= A deseription of relafive motion in a
random sea condition,

+ 3 description ol the relative velocity
al water particles in the shipk longi-
tudinal divection us a function of ver-
tical position, wave profile and the

ships heading and speed,
+ adescription of the changing floating
condirion during water ingress.

Results obtained from the simulations
are very sensitive to small changes in the
inilial parameters, and the inherent un-
certainty in the random nature of waves
and ship motions during short periods of
time is very large. Therefore, the results
cannot be used to independently prove a
certain time sequence of warer inllow:
The value of the simulations is primacily
to verify whether the assumed capsizing
scenario is possible with regard to the
water inflow rate.

During the lirst phase of the accident,
the ESTONTA is assumed to have been
sailing at a speed ol about 14 knots into
how-incoming waves with a signilicant
wave height of about 4 m. The average
warer inflow at the instant when the
ramp was torn [ully open has been caleu-
lated to be in the range of 300-600 timin
depending on what assumption is made
regarding forward [reeboard in running
condition (Figures 12.15 and 12.16),
This means that within just one or a lew
mimutes a heel angle of abour 207 could
possibly have developed.

The successive phases of the capsize
are dealtwith in more detail [urther onin
this report, where the time sequence and
the [ull capsize scenario are analysed
based on wimesses' statements and an
interpretation of the results obrained from
these simulations, Here the general influ-
ence of changing conditions is brielly
sunmarised.

The speed of the vessel greatly influ-
ences the inllow rate, If the speed is
reduced from 15 1o 10 knots, the inflow
rale in head and bow seas decreases by
about 50 %, This ellect is due partly to
reduced inflow velocity and partly to
reduced bow wave height.

The amount of water on the car deck
also aflects the inflow rate. When the
ship heels over, the freeboard to the ramp
opening decreases and the inflow accel-
erates, To some extent this eflect is con-
tradicted by changed motion character-
istics in heeled condirion. The separate
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smidies praduced some dillerences re-

Figure 12.15 Probability of exceedance for different amounts of water inflow to garding the motion characieristics and
car deck through bow ramp opening in bow and head seas at 15 knots speed with  the pesulrs diverged with respect to heel
list angle as a parameter. C = Freeboard to the starboard corner of ramp, BW = angles; however, the inflow rate is gener
bow wave height. ally 23 rimes larger than the initial up-

right condition when 1,800 t has entered
the cur deck and the heel is around 35°,
Wave direction also alfects water in-
flow. The highest rate of inflow is lound
in bow sea due o large relative motion
amplitudes. In beam sea the inflow rate is
very low as long as the speed and heel
angle are not excessive.
] The simularions indicate that the time
from the first inflow through the Tatnp
apening until propressive [ooding of
accommodation decls 4 started was about
of 5—15 min. However the time estiates
depend greatly on what action is as-
sumed to have heen taken during the first
= | - | — critical minutes,
| | |
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12.7
Investigation of visor
attachment
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Difterent investigations of the [ailed visor
attachunents and closely relared items
were performed. They include detailed
studies of recovered parts from the actual
T SRS e e oD B R R TR pa iusmi]ar:on,erengrh_analysisami]zzhn—
ralory tests. Components retrieved from
the near-sister ship DIANA 1T were inves-
tigated for comparison. This section con-

Figure 12.16 Mean water inflow as function of ship speed and amount of water on
car deck in bow sea,

Mean water inflow [ton/min] Hg=4m, Tp: 8s, 150° La_u'n:: a brief summary of the reports in-
600 cluded in the Supplement. A conclusive
1 15 kn analysis ol the visorattachments' strength

500 is given in Chapler 15,
’ Malerials ol recovered partswere iden-
4004 tified by analysing their constirent chem-
I ical elements and with mechanical, hard-
300 ness, tensile and impact Lesting as appro-
] 10kn priate o establish strenpth and basic
200 . Sk standard cold brittleness. The delormed
100- o visor lug of the hottom lock wus meas-
| —— Okn ured for estimaring the type of overload
0 ] und the load level to which it would have

: 1 EDﬂ' S 2000 been subjected comparing it with defor-
mation-load interde pendencies ohtained

e .5{}[]‘ iy .1[![]13.
Water on car deck [ton]
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through full-size model testing,. The still-
ness of the whaole visor was measured w
assess its effects on the wave |oad disti-
buticn to the various allachment points.

Analytical and finite element caleula
tions were used forestimating the strength
of the dillerent artachments taking ac-
count ol their acmal geometry and mare-
rial. The welds aswell as any deliciencies
foumd weere assessed where perlinent.

The combined smength of the visor
attachment syslem was estimated with
balanced reaction load caleulations us-
ing variation of external loads. In the
calculations, either parameters describ-
ing load sharing and/or attachment site
=tiffness were used, or altachment loads
were assigned by using parametric varia-
tiom of the wave load centre of aclion in
relation to the positions of the attach-
[EMLs,

The paint layers on the surface of the
hotlom lock were investigated in some
derail Lo estimate approximately the age
of the atachment,

12.7.2
Material identifications and
microscopical observations

Materials used [or the various altach-
ments were identilied as given in Table
12.6. The rable also defines the ests
applied and includes remarks on main
observallons,

Oplical and electron microscopy were
used to [ind signs of cracking and fo
identify the character of various frac-
tures. Particularly the visor acluator
mounting platlorms had fatigue cracks of
mearked significance [orultimate strength.
On the port side about half of the perim-
eter cross-section through deck 3 had
developed fatigne cracks before the acci-
dent. Some repair welding had been un-
derralen.

Table 12.6 Summary of materials used for the attachments and tests applied.

Probable Material ID

Main Additional Other

investigation tests & other remarks
Bottom lock
Visor lug Dimensions Hardess Hild steel.

HES 1073000 Stretched about & mm by
load excoeding limit for
general yield.

Broken fugs Tensile test Hardness Hicrascopy  Lugs: mild steel,
and weld joint of Wy 10 Weld: high-strenpth steel.
forepeak structure, Some cracking in welds.
Locking balt from  Hardness and HBS 5/150 230 — 135 HBS 5/250
DIAKA 11, dimensional and HRB B — 98 HAB
measurement. (UTS = T40-T85 MFa)
_‘Iisur lug fram Hardness and Hardness Mild steel.
DIANA 10 dimensianal HBS 1073000 Stretched similar fo the
measurements. ESTORIA lug,
Side locks
Visor aft plating  Tensile test. Thickness B mm Hild stesl.
Through thicknoss Ho detrimental effect of
tensile test. delamination on strength —
Test section material of high quality.
12612 mm’,
length B mm,
Horizontal stringer  Tensile test Thickness Chemical Hild steel
10 mm analysis
| Vortical siffener Thicn. 20 mm  Chemical  Hild steel
analysis
Weld 2 == § mm
Hinges
Lug plates Tensile test Hild steel
|mpact test Grade E
(THYZ8<-40°C)
Bearing bushing  Chemical analysis 7
Bushing weld joint Tensile test of |4 mm Fracture dominantly by 6.4
slice including bushing, min wide shear at weld joint,
weld joint and fug plate. WFL 012 MK,
Lss = 717 HPa
- Lifting cylinder attachments
_.angu arm lug Hardness testing Mild steel
_Dad: 3 plate Impact testing Fracture Grade (
microscopy  (TKY2B=<0°C)

Fatigue and cold brittleness
cracking.

Hardness measurements: HBS 1073000 is Brinell hardness measured using steel ball of [0 mm
diameterand 3000 kg mass, HRB is Rackwell B-hardness and HY [sVickers pyramid hardness. Strength
values: UTS=ultimate tensile strength, USS=ultimate shear strength and UFL=ultlmate fracture laad.
Cold britdlennss characteristic TKY28=temperature for reaching 28 | impact toughness using the

Charpy-\ method.
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12.7.3
Investigations
of the attachments

Bottom lock attachment
and visor lug

specimens of the acmal bottorn lock ar-
lachment lugs recovered from the wreck
were tested with regard to malerial prop-
erties, The material was regular mild steel
with a yield strength of about 240 Mpa
and an ultimate tensile strength of about
410 MPa. The lug fractures showed pat-
terns Lypical of good-quality ductile plate
that [uiled due to locul overload. Some
branched cracks (hat were small com-
pured to the size of the lugs were detecred
close to the primary fracture surfaces of
the welds belween the plates and the
locking boll housing, These cracks may
have developed under normal eperation
due to the eyclic nature of operating loads
ar e.g during the sequence leading 1o
failure of the bottom lock. The separate
effect of these small cracks has been im-
possible o quantily but their combined
ellect om the load-carrying capacity of the
lock was apparently small due o the
ducrility of the plate material.

The fracture surfaces of all three hot-
tom lock attachment hugs were examined
hy optical stereo microscope and by scan-
ning electron microscope. lowas conclud-
ed that all the fracture surfaces had a

L L R R O e I T T T T S

ductile characterand that the faihre types
were the result of overload. Tt was also
noted that the fillet welds atraching the
housing and the lock bushing showed
signs ol poor fusion and lack of penetra-
riom.

Huardness was messured on welds
and base plare of the lug assembly on the
torepeak deck to estimate the strength of
the weld. The hardness of the bushing-
lug weld material was HV10 = 270-275,
which translates to an ultimate tensile
strengrh of 865 MPa (TN 50150 for the
weld material. The hardness of the g
plares was HV10 = 128-150, which cor-
relates well with the ultimate strength of
417 MPa measuved. The weld material
and the adjacent heat-alfected zone were
thus significantly stronper than the mate-
tial ol the plates that had been joined
together,

The failure strength of each arrach-
ment hig was calenlated based on the
marerial properties found in the resting
and the aclual cross-section of each frac-
tute surlace.

The welds connibute sipnificantly 1o
the strength of the lug assembly A large
variation in the path of the weld [racture
made measuements of the weld size
contributing to strength very tedious.
The most unambiguons value [or the
strength of the bottom lock was ohtained
by analysing the deformations of the
mating lug. A transfer calculation devel-
opedas part of the investigation served Lo

Figure 12.17 The visor lug for the
bottom lock with a disc of the same
diameter as the bolt inserted.

estimate the contriburion from (he welds.
The calculation indicates thal the effec-
tive size af the weld joint could have been
around 3 mm. This was also ohserved,
although the actual weld joint was quite
itregular.

The maring visor lug was bent and
elongated (Figures 12,17 and 12.18).
Hardness testing showed the plate mate
rial 10 be most probably mild sieel and
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Figure 12,18 Dimensions of the visor lug after the accident.
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simmilar to the material of the hinge plate.
The alt or eye end of the mating hug had
heen elongated and bent Lo starboard. By
amalysing the shape of the hole and lagrim
it was concluded that the original dimen-
sions of the lug aft end had conformed to
drawing. In its rerrieved condition the aft
end eye ligament had the designed dimen-
sion of 47.5 mm suggesting no damage by
wear ro this side of the eye, '

Comparison with tests with several
mock-ups of full or subsize scale showed
that the g had been stretched, most
probably prior to the bending, The tests
indicale that permanent yielding in the
aurhentic lug started at a tensile load of
ahout 0.5 MN. The measured net stretch
ing of around 6 mm may have occurred
underaload ol about 1,5 MM, Inaddition
wear of up Lo 2 min was observed on the
stemn (forward) side of the eye supgesting
leaning of the visor against the locking
holt. The dimensional analysis indicated
that the initial length of the lug stem was
3 mm less than the drawing dimension.

Load capacity of the [orepeak deck
lug assembly was estimated by calenla-
tioms hased on two different methods,
One used the delormation energy princi-
ple employing the assumption ol a per-
[ectly stiff locking bolt. The other was a
simplistic strenpth estimate based on the
assumption of the weld carrying its ulti-
mate strength in shear of the simply
sheared part of the failure path cross-
section and the projection of the weld
cross-section actually subjected Lo mixed
shear and tension. Both methods includ-
ed parameters that needed quantification
by Lest esults.

1t was impossible o determine wheth-
er usage-related damage — e.p. fatigue
cracks — had reduced the strength of the
hottom lock. No fatigue cracks were found
in the forepeak deck lugs, but cracks
could have existed in the welds pricr to
failure, Recognising this it was estimated
that if half or more of the weld joint
related load-carrying capacity had been
lost, the srength ol the bottom lock would
have been about 0.8 MM at irs lowest as
demonstrared by testing at the Technical
University of Hamburg (see 15.3). In this

case, logically the 1.5 MN load that had
sometmes acled to strerch the visor lug
st have actually occurred earlier. This
load must then have initiared the dam-
age tothewelds, and the original strenglh
ol the bottom lock would have been
more than about 1.5 MM, [thas alsobeen
calculated that the strength of the bot-
tom lock conld theoretically not have
exceeded 1.8 MW, the estimated load
needed o break rhe visor lug by shearing
the lug Lip, as indicated by Lesting at the
Technical University of Hamburg,

Bottom lock details from the DLIANA
1 with a similar visor locking installation
as in the FSTOMLA were also investigal-
ed. They included the visor lug and the
bolt. The bolt material was identified o
be ol u higher strength grade than the lug
plate. The visor lug material was idenri-
fied as mild steel. The aft or eye end had
strerched apparently by overloading up
to several millimetres in similitude with
the visor lug of the ESTONTA. The lug
eye and the bolt had several millimetres
more wear on their stem sides due Lo
leaning of the visor onto the locking bolt
and the rubbing that had occurred.

Paint layer analysis

Samples of paint coatings were analysed
from the [orepeak deck starboard lug
(Figure 12.19) and from the visor lug for
the hottom lock (Figure 12.20). The
paint system consisted of several paint
layers, from 4 to 7 in the samples [rom
the forepeak deck lug and 8 layers in the
sample from the visor lug. Many of the
layers were discontinuous. The chemi-
cal compositions of the paint layers indi-
cate thal both higs had similar light
brown “varnish” and grey primer. The
yellowish primer closest to the steel in
the visor lug was not detected in the
paint samples [rom the forepeal deck
lug. White and red paint stains found
between the topmost layers and on the
surface of the forepeak deck hig had
similar chemical composition as the red
and white paint layers in the sample
from the visor lug, Tt thus seems evident
that the whole bortom lock was old and
dated at least to the early history of the

ship. The detailed reports of the paint
systems investigations are included i the
Supplement.

Side locks

The side locking lugs with part of the
visor plaling remain on the wrecl, stll
arrached Lo the locking bolts, Thus the
only parts possible to investigate from the
actual installation were from the visor
structure at the original position of the
side locking lugs.

The bull:head plating in the areas
where the hags for the side locks had been
mounted were investigated. Tt was con-
cluded that the lugs had separated by
shearing of the horizontal stringer plate,
the vertical stiffener at the related weld
and through the visor aft plaling. Some
delamination ol the aft plating material
was observed. The shear surface in the aft
ur bulkhead plating had marks of heavy
rubbing.

The attachment arrangement for the
side locking lugs was investigated in de-
tail and their strength was evaluated with
bath full seale mock-up tests and compu-
ter modelling and calculations. A loading
direction commensurare with visor re-
lease by rotation either about the hinge
axis or the stem post withour twisling or
yawing was primarily considered. Thus
only Lension at 38° to the visor aft plating
was considered m the tests, bur other
directions were assessed by caleularion.

Four [ull-scale mocleup Lests were
made with various degrees of rigidity in
the plate membrane and stiffener plates
onto which the lock lug had been welded
(Figure 12.21). In the relevant test cuses
the [ailures were very similar to the au-
thentic filures, i.e. tearing of the aft plat-
ing. Membrane and stiffener stiffness had
a sipnilicant effect on the sirength of the
hig attachment model. The west which
was deemed o be most representative
gave a failure load ol the lug attachment of
about 1,8 MM, Tensile tests of authentic
plates were made. A welding defect was
noled on the authentic port side instulla-
lion of the horizontal stringer (Figures
1222 and 12.273). This defect was esti-
mated to reduce the sirength to 1.2 MN,
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Figure 12.19 Cross-section of a paint sample from the forepeak deck starboard lug. tweenthetestmock-upmaterials and the
authentic plales. Similarly, the strength
ol the starboard locking site was estimat-
ed to be 1.6 MN. The failures took place
by shear of the stringer plate fivst and
then in the plating around the fillet weld
ofthe lug, leaving similar [ractures to that
noted in the acmal failure.

Calculalions made parallel to the testing
confirmed the test results, A numerical
estitnalion by the [inite element method,
using the actual material stress strain
curve data and partial visor strucrure,
gave anultimate collapse load level of 1.6
TR BRAALE MR B s el MG The failure Toad of the Thp artach:
ment would have been lowerifthe acting
force had been parallel o the bulkhead
plating, e.g. if the visor had been lified
vertically instead ol rotated around irs

LI L I I I R

Figure 12.20 Cross-section of the paint sample from
the visor lug for the bottom lock.

end points,

Hinges
Fracture surfaces of the hinge beams
were partially investigated in the same
way as the bottom locking lugs. The
studied failures were of ductile character
and signs ol [atigue were not seen. A
fracture was ohserved in one sample,
penetrating through the weld, The gap
inside the weld was filled with magnelite,
indicating slow corrosion in an almos-

Figure 1221 Full-scale mock-up test of Figure 12.22 Failure at port side lug Figure 12,23 Failure at starboard side
the side locking lug structure, location at horizontal stringer. lug location at horizontal stringer:

IG8 ESTONIA - FINAL REPORT



phere with low oxygen content. This was
taken s indication thar rthe cracle had
existed [or 2 long time before the acei-
dent, allowing some moisture to pene-
trate.

Tn subsequent studies it was also
confirmed thal the welds at the hinpe
bushings had extensive cracking in the
roots and that these coacks had to some
exlent progressed under faligue condi-
tions. Lt was concluded that the filure of
the rims of the hinge heam side plates
started with ductile failore of the lower
part of the periphery as a result of over-
load, followed by failare of the upper
part due to bending as evidenced by
lateral contraction ol the tensile or inmer
side and lateral expansion of the outer or
compression side. Microscopic leatures
displayed ductile character.

The patts of the hinge Tug plate rim
fracrures that wexe flar fracrures called
for evaluation ol their characrer also with
respect to malerial Loughness or cold
brittleness, For this reason impact tough-
ness specimens from the hinge beam side
plate were tested. The values indicate
high toughness and thus no lendency to
reduced strength by hrittlensss,

The ultimarte failure strength ol the
plate material was found by standard
tensile testing Lo be 450—460 MTPa, ie.
mild steel.

Twvo tensile tests were also carried out
on the weld joints using a slice of the
bearing support bushing-hinge plate rim,
Test specimens were prepared [rom seg-
ments of one recovered hinge bushing
with parls ol the outer rim of the visor
hinge beam side plate attached o iv
These gave a [ailure load of 0.12 MN for
the tested length (14 mum) of actual filler
welds, The failure occurred dominantly
in shear with an ultimate shear stress of
ahout 700 MTa, Thus, the weld material
had 4 very high strength.

The strength of a complete hinge was
calculated on the basis of the test resulls
for the strong Lensile aftward direction of
217 down [rom horizontal and aft, and
the weak shearing direction of 21° for-
ward from down. The strong divection is
asstmed to coincide with the line hisect.

ing the angle of the hinge beam in its aft
part and the weal: direction is normal ro
this.

‘The strength for ane hinge was esti-
mted o be 4.6 MM for the weld joint
shear fracture of bushing to lug weld and
an additional 2.3 WM for the lug cim at
yielding load if this addition applied in
case ol close clearance between the lug
and the bushing,

A previously vbserved crack in the
dowmward sepment of the hinge bushing
wizld joints that was reported to the Com-
mission was taken into account in the
strength estimares. Rool cracking detect-
ed in the forward segments was nol ac-
counted lor separarely and may have
Towered the actual strength from the val-
uEes [ivern.

Actuator attachments

The arachments ol opening actuarors
had secondary inflluence on the release of
the visor, Material identilication and frac-
Lography was undertaken [or complete-
ness of the mvestigation. It was [ound
thal the mounting platformat the bottom
of the portactuator on deck 3 had cracle-
ing signilicant for the strength of the
platform. Deck 3 plate had finally frac.
tured by the cold brittleness mechanism
— cleavage. One lug ol lour on the hinge
beams —providing for the upper attach-
ment of the acmarors — was identilied by
hurdness testing ta be mild steel.

Attachment system

The combined strength of the visor at-
tachment system was estimated by caleu-
lations covering strength estimates for
the individual atachment compaonents
and studies of the load distibution wirh-
in the system.

A system of five allachments is stati-
cally indererminate and resction forces
will depend om the stiffness hoth globally
and locally at the artachments. Also mis-
alipnment and play berween holts and
lugs al the locks may influence the load
distribution. 1t was thus considered to be
of lirtle value Lo make a complete numer
ical analysis ol the whole visor. Instead
the failure load levels lor different as-
sumed load orstiffness distributions were

assessed. The resulrs of the analyses are
therefore indicative rather than conclu-
sive.

The global stiflness of the visor was
measured in its upside-dowm, stored po-
sition as supported at the hinge heams.
By adding a weight at one hinge beam
and lifting at the other, a vertical dis
placement compliance ol approximarely
25 mm /1 MM lifting load was obtained.
The visor was thus moderately [lexible
across ils centre line in relation (o the
expectled loads of several MN. Tach side
of the visor is a box structure and is
estimated w be [airly stiff compared w
the visors side-1o-side distortion flexibil -
ity The lower part of Lthe structure hold-
ing the botrom locking lug is also flexible
compared to the sides.

Three different calculation schemes
using principles of statics including as-
sumed load sharing by the locking sites
were formulated for estimaring the load
lewels and directions al the attachments
from an applied bow load level and direc-
tior. One of the methods varied load
sharing systematically between the at-
tachoments, another varied the relative
stillness of the artachment points und the
third varied the location of the wave load
cemtre of aclion. Load component ralios
ohtained from 55PA's model tests were
used in estimating the total load needed
to break the visor avachments, The ve-
sults indicare that the port side lock
appears to have broken in bow sea at a
lower level than the load required to
hreak the next attachment. Tt could not
he determined which of the remaining
arrachments, the bottom lock or the port
hinge, would break second as the uncer
tainty in finding the strength level of the
hinge was quite larpe. Cstimated faihore
load levels in bow sea were signiticantly
lower than those n head sea.

Observed damage to the visor indi-
cates Lhat the hinge may have broken
second, allowing subsequent Tising ol
the wisor with damage cansed ro the port
lacating horn recess as well as a marked
downward bending of the mating hot-
tom lock hug on the visor,
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CHAPTER 13

DEVELOPMENT
OF THE
ACCIDENT

13.1
Meteorological conditions

The weather at the accident site at abont
0100 hirs was vough but notextreme, The
wind was south-westerly, mean velocity
18-20 m/fs. Statistically, winds ol such
force ooour [ive to ten times annoally
during the auturmn and the winter in the
northem Baltic Sea. The significant wave
height was about 1 m. Generaring a wave
pattern with a signilicant wave height of
this magnitude requires wind of 15-20
s [rom 5-5W for al least ten hours.

Mumerous smdies of wave statistics
showe that, il the significant wave height
is 4 m, one wave in a hundred will be
higher than & m. A maxinmim wave height
is estimated as twice the significant height.

The weather [orecast for the mid-
night hours predicted a significant wave
height of only 2.5 to 3.5 m whereas the
actual height was ahout one metre more.
Fven il the predictions had been correct,
this would most likely not have changed
the way the passage was conducted.

The weather [orecast was not regard-
ed as severe on board the two passenger
[erries leaving 1lelsinki for Stockholm
the same day They both selected the
coastal route in shallow waters instead of
the deep-sea roure followed in heavy
weather

The direction of the waves is difficulr
to derermine as indicated hy the dillerent
metecrolopical institutes (see 5.91.2). The
Commission is ol the opinion that helore
reaching rhe waypolnt the ESTONLA
encountered waves close to head sea.
Thusafter the norn of about 25 degrees to
starbourd she had the waves coming at
about 30 degrees on the porl bow,

As shown in 2.3 the peneral wave
statistics of the different routes where the
ESTOMIA had been operating indicate
that significant wave heights above lour
etres on the bow should have nccureed
[or a total of less than about twenty hours
during the full operaling history of the
vessel, bost of this tme refers to the 20
months on the Tallinn-Stockholm route.

A review of the weather reports for
the entire time while the vessel operated

on the Tallinn-Stockholm route shows
that wind and wave conditions similar to
those during the accident voyage only
occurred once or twice.

Thus it can be concluded that (the
vessel had generally been protected from
heavy sea condirions during her lifetime.

A probable development of the direc-
tions and lorces of the wind, and of wave
heights hour-by-hour along the route, 15
showm in Figure 13.1.

13.2
Course of events

13.2.1
Introduction

The general course of events described in
(his section has been plotred from obser-
valions on the wreck, analysis of state-
ments by wirnesses, analysis of the dam-
ape and evahation of the strength of the
visor and ramp attachments. Caleula-
tions and model tests of the vessels he
haviour in waves have also been used.
Specific parls of the sequence of events
are derailed in 13.3 to 13.6. In Figure
13.2. the course of evenrs is illusteated.

The Commission has analysed 258
staternents from 134 survivors, The Com-
mission is aware that none of the survi-
vors is a witness proper, in the sense of an
ohserver. All the wimesses are victims of
the accident, involved in it and a part of
the chain ol events, Their observations
and recollections are thus influenced by
prolonged anxiety, exhaustion and stress.
All starements are [uethermore restricted
Lo individual experience on hoard and
outside the vessel only, and no wimesses
have had any possibility of gaining an
overall view,

When analysing the chain of events
the Commission has usually put some-
what more emphasis on earlier slate-
ments than on later ones, The reason for
this is that earlier staternents were made
at a time when wilnesses’ recollections
were presumably less influenced by in-
[ormation from other witnesses and the
medlia.
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Figure 13.] Development of weather conditions along the ESTOMIA's route.
§ 23 g 23

23 B
fEjMﬁEEEHEﬁmmﬂﬂﬁﬁﬁ@ﬁ@mﬁﬁﬁﬁﬁﬁnMHﬂﬁﬁﬁﬁﬁmmﬂ@ﬂﬁﬂﬁﬁmmﬂﬁﬁﬁﬁﬁﬁﬁ”ﬂﬁﬂﬂﬁﬂﬁ&ﬂh AR

2
= o =t "
u g ] ]
1 ﬁ b _...--E
o i 3 { %o o
. ""{L s w B —
: 0 R/ nhel 2
ek ShrERed E
% \_\;? H
i 7 =§:
3 5, Qf"‘é{ "‘E 'qﬂ &
i Bepon
® madi
i ;.-H—mu'{zé«r/'
d R8T
H E "-,"xgni‘?q }
g £.4858 {5
=)
5 w b
* .0 Ind o
E 4
Sﬁhna e
7| Sohuily | =
&mnsinai_} 2
]
& IE -
2§ gH
E (=1
g 'Eﬁggig = (
BLEERAY E
1 P
=
TE LB
2 U it
37 Eﬁ?’:’?e
EoSE=dE
*5
pe
e
Ha
[a+]
QH =
o
=
o
=
f
5 * 5
o d
#E g
pid !
2 a \%ﬁ §
; s - E
i B ‘..HW“"E?W ] =
e | L B P

H 2 LI - . =
ZE EE [} nH ns



& B B m m S W ®w % ® @ ®B B F & F & & @& 4 & 4 B ¥ B SR Wom o o® B W SR & @ @ b & & F & § E E B L& N BN S S FFFFFF RS S Eaga

Figure 13.2 Course of events as composed by the Mavigation Simulator at the Maritime Academy in Kalmar, Sweden.
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The Commission has also given more
weight Lo witnesses' recollections of ob-
jectiveand perceived events than to state-
ments concerning tme or thne spans.
This is becavse most objective events
were experienced by many in different
locations whereas stalemenls concern-
ing points of time vary radically and are
judged to have been more subjectively
influenced. Also statements comncerning
depree of list ave judged to he considera-
hly subjective. Somewhat more credibil-
ity is, however, given to such estimarions
by crew members and to their judge-
ments of sounds, because of their experi-
ENCE,

A few crew members when interro-
gated, however, were more inclined di-
rectly to give exact and precise inlorma-
lion about actions and points of ime
rather than to reveal any uncertainly. o

such cases they often stated that they had
acted in accordance with their instmae-
tions,

(One of the key witnesses, the AR
seaman of the wawch, was interrogated
several rimes and some delails are not
consistent throughout hisstalements. His
latest statement seems, however, o be
more reliable concerning specific parts
and supplementary details hecause he
then revealed new informarion that was
parly w his discredit, and also com-
mented upon his earlier statements,

13.2.2
Preparations for the voyage

The route-specific weather and wave
height [orecast was received from the
Swedizh Melrorological and Hydrologi-
cal Institute (SMUL) In accordance with

the exisling subscription arrangement as
wellas other weather forecasts. The mas-
ter was informed prior o departure thar
a low pressure with increasing winds
wonld be encountered during the night.

Mo voure plan has been available w
the Comnission, as planning was done
onboard anly Tris deemed likely, howev-
er, that the plan was to proceed along the
norma] route with full service speed as
long as the vessel was in sheltered warers
in the Gulf of Finland, and thereby gain
some Hme margin [or crossing the Baltic
Sea,

Loading hepan at 1620 hrs via the
forward ramp and was completed shortly
betore departure, The loading was super-
vised by second officer A, According o
wiltiesses large trucks were loaded al-
most bumper to bumper on the aft and
mid parts of the car deck. Smaller trcks
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and cars were loaded on the forward parl.

Heavy vehicles seem to have been
loaded on rhe car deck without sullicient
account of the athwartships weight dis-
position, tesulting in the ship leaving
pont with the port side heeling tanl: al-
most full and the starboard one empry.
Due to this carge disposition and the
wind pressure on the portside the ESTO-
MTA, gaining the open sea, had a sta-
board list ol sbout one degree according
to the thicd enpineer.

Lo compliance with the loading prac-
tice lor ro-ro ferries on short routes,
when strongwinds are expected the major
part of the weight should be located on
the windward side in order Lo maximise
possibilities to compensate lor wind-in-
duced heal, Henece, the ESTONIA should
have been loaded dilferently:

‘The decl crew had been insmmcted to
secure the heavy cargo with extra care
due Lo the weather expected, Surviving
crew members have testitied that the
trucks were properly secured with lash-
ings, gemerally four per wehicle It is
claimed to be cotnmon practice that se-
curing of vehicles is not linished when
the vessel leaves porl but is complered
during an early stage of the voyage, All
indications are that the cargo was se-
cured Lo normal standard,

I this context the Commission has
noted that the mumber of cargo damage
claims was low while the vessel was op-
eratingom the Tallimi-to-Stockholm route
and that no damage has been related to
madequate lashing ol trucks, containers
or other Cargo.

13.2.3
Condition of visor and ramp
closure

The Commission has noted from obser-
vations on the wreck that one of the
locking holts for the forward ramp was
most prohahlynotinits properly extend-
ed position at the time of the accident,
and the related indicalor lamp on the
bridge was then not lit. The deficiency
did not prevent closing of the visor.

Ttis possible that the locking halt had
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beeninirs propet position and had backed
out prior o the accident due to move-
ment between the ramp and the ramp
coaming in combinalion with hydraulic
leakage, e.g. past the operating piston
seals, Such movement of locking balts a
sea has been noted in other ro-ro ferries,

Even il this defect had existed at the
time of departure it has not been possible
to lind out whether any action was called
[or. This potential deficiency would have
hud no effect an the developrnent of the
accident, as the ramp would have been
[ureed apen by the visor even il all the
locking balts had been in their proper
posifons,

Some 1ags can be seen on pichures
filmed from a remotely operated vehicle
(ROW) in the area of the half-extended
locking bolt on the lower port side of the
ratnp. This may indicate that a sealing
problem in the Tamp, mentioned by (he
second enginezer in his testimony, had
heen temporarily cured by packing rags
into the gap. However, the Commission
considers it likely that the martresses and
rags were washed into the area from
nearby storage spaces during the final
tlooding ol the car deck. They were ob-
served al a point which was the highest
on the car decle and still over the water
surlace when rhe stemn reached the sea
bed. Other floating objects and debris
were also ohserved in (he bow area, all
probably trapped by the partly closed
ramp when the bow started sinking,

If rags had been tucked along the
sides of the ramp it is most likely that they
would have been washed away when the
ramp was [orced open, The rags were
partly in a posiion hetween the lailed
hinge lugs and rhe lug in the hull, where
they could not have penetrated when the
hinge wasintact, The plastic covers ol the
matttesses appear intact, which indicates
that they had not beensubjected to heavy
rubbing. It would hardly have been pos-
sible to close [ive ramp locks with rags
packed in the positions ohserved,

Truck drivers have stated that some-
times there were problems in opening
the ramnp locks, and tools had to bhe used,
Such problems have also heen encoun-

revad on other vessels.

The magnel of the visor battom lock
position indicator was on the hracker in
the locking bolt but the ssnsors could not
be found during the ROV and diving
investigations. The empry ends of the
sensor cables were near the mounting
bracket of the sensors, The mounting
bracket appeared o be undamaged like
remains of the broken port lug und the
deck plating near the bottom lock. This
indicates that the sensors were not in
their place during the sccident voyage.
Howewver, since the distance from the
magnet to the nearesl sensor was a few
centitnetres, 4 small chance remains thar
the pounding vizor detached the sensors,
According o crew membersand the tech-
nical superintendent the bottom lock
position indicator had been in working
order. The most likely absence of the
sensors would not have had any ellfece on
the accident since there was no indicaror
lamp on the bridge showing the position
of this locking hold.

According Lo statements by members
of the alternale crew, a strict routine was
followed in the closing and securing of
the ramp and visor, and techiical assist-
ance was called upon if any mallunclion
developed. No problems were evident at
the time of the last crew change, nor had
anyreports about deficiencies in the ramp
or visor locking system been made ro the
technical superintendent of the vessel.

The Commission’s conchesion, which
issupported by the failave partern, is that
the visor had been properly closed and
secured at departure and that there were
no deficiencies in the ramp affecting the
development of the accident.

13.2.4
The voyage up to the accident

The ESTOMTA departed from Talling a
1915 hrs. The crew was into the 13th day
ol its current 14-day duty period.

The speed was around 19 knots at the
heginming of the voyage and when pass-
ing Osmussaar lighthouse at abour 2200
hrs the ESTONLA was approximately om
her normal schedule in spite of leaving



Tallinn 15 tminutes late, Weather condi-
tions deteriorated during the night. Be-
cause of this the resistance of the vessel
increased and the speed gradually de-
creased. Afler the course change at the
waypoaint at about 0025 hrs, the ESTO-
MLA encountered waves on the pott bow
atwed conditions became more unfavoura

ble, with increased rolling and pitching
and more severe wave impacts on the
how. The stabilising fins had been ex-
tended just after the waypoint. Shortly
hefore the aecident the speed had deopped
to about 14 knots.

Tt may be ol interest to compare the
ESTOMNIAS speed with those of the MARL-
ELLA and the SILJA ELROTA, rwo ather
passenger ferries en route to Stockholm
on the same heading and encountering
the same sea stare as the ESTOMNIA, On
the MARIELLA, speed was reduced at
about 2300 hrs to 12 knats by order of
the master. The SILJA EUROEA was riin-
ning at approximately the same speed as
the ESTOMNIA, ie. 145 knots ar shout
0035 hrs, Just afterwards the 511JA EU-
ROEA's officer of the wawch reduced the
speed due to the weather.

13.2.5
Separation of the visor

The first indication that something was
wrong in Lthe bow area was noted and
reported to the bridge about five minutes
before one o'clock by the AB seaman of
the watch when he, al the foreard ramp
on his routine watch round, noted a
sharp metallic hang from the bow area.
This coincided with a heavy upward ac-
celeration that nearly made him 21l He
reported thisbang to the bridge. Remain-
ing about [ive minutes near the ramp he
then eontinued on his round to declks |
and 0 and finally Lo the bridge. He heard
oo mote unusual sounds, nor made any
unusual ohservations.

Shortly after one o'clock a few wave
impacts on the visor caused the visor
attachments to fail completely. The wisor
started cutting openings in the weather
decl plating and associated structures,
Soon the back wall of the visor housing

came inle conlact with the Tamp, hitling
its upper edge and thus breaking ils
locks, The ramp lell forwards and re-
mained resting inside the visar, Tn a few
rinmtes the visor started Balling forweards.

The ramp then [ollowed the visorina
forward, mmbling motion. The starboard
side actuator was extended to its full
length and was tom oul ol the hull dur
ing the [inal stage of the sequence. The
visor subsequently tilred over the stem,
left the ramp lully open allowing large
amounts of water to enter the car decl,
and as it k1l collided with the bulbous
bow of the vessel. The failure sequence of
the visor and the ramp is described in
[urther derail in 13.5.

This sequence of evenls Is supported
by wilnesses from several areas on board
whoheard a repeated metallic noise [rom
the bow area during a period of about ten
mitites, starling shortly afterome o'clock.
The derailed timing is, however, uncer-
tairt, The witnesses have given several
good descriptions of these sounds and it
is beyond doubr that the sounds were
caused by the visor moving and pound-
ing on Lhe forepeak deck. Some of the
metallic blows were associated with hull
vibrations. The sounds from the bow
area ended in a lew loud, merallic crash-
es, cansed by the [inal separation of the
visor and its colliding with the bulhous
bow of the vessel. This cccurred at about
0115 hrs. The collision is documented
by clear impact marks on the visor. The
ohservalions by the witnesses sre de-
seribed in detail in Chapter 6.

13.2.6
Development of the list and
sinking of the vessel

(On decle 1 the [irst passengers left their
cabins already when they began hearing
metallic blows from the bow area, A few
have reported seeing small amounts of
water in corridors on deck 1 and feeling
that the vessel already at this stage had a
slight list.

While the ramp was partly open in-
side the visor, water entered the car deck

along the sides of the ramp, as observed
first by the third engineer ar 0110 0115
hirs on the TV monitor showing the for-
ward part of the car deck. The water
noted by the first passengers Heeing from
their cabins on deck 1 could at this stape
have poured down to the accommoda-
tion on deck 1, Tarer, during the evacu-
ation, several passengers observed on
decl 2 that water entered the slaircases
throuph the slots around the fire doors Lo
the car decls.

After the ramp had been forced open
by the visor, waves may have caused Lhe
ramp to maove between fully open and
purtly closed position but generally a
signilicant opening was available for
waves Lo enter the car decle as further
described in 13.5 below. The large
amounts o water Hooding onte the car
deck cansed the vessel to heel over and
after a few rolling movements a signili-
cant list developed Lo starboard. This
happened within the [irst minutes afrer
the visor had separated [rom the ship.
According to withesses the ship steadied
temporarily at a list angle of about 15
degrees.

Tust hefore the moment when the list
developed many crew members and pas-
sengers naticed a change in the vessels
motion. This coincides with the rime
when the visor separated [rom the vessel
and may have heen the eflect of the first
larger volume of warer to enter the car
decle.

At shoul the time when the list devel-
oped, the engines were throttled back
close to idling speed and the vessel was
turmed to port into the wind as dealt with
[urther in section 13.3. She passed
through the winds eye and continued to
porl with decreasing speed. Inlormarion
from some survivors indicates a reduc-
tiom of engine speed just hefore the acci-
dent but the iming is uncertain. I is,
horwever, the opinion of the Commission
thar full service speed setting was main-
tained right up Lo the time when the list
developed.

Inving the porl Lurn water continued
o enter the car deck and the list in-
creased to 20-30 deprees where the ves-
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sel for some minutes stabilised as the
waler inflow decreased. By ahout 0120
burs all four main engines had stopped, at
intervals of a few minutes, starting with
the port side engines, due to lack of
lubricating il pressure. The main gener-
atons stapped about five minutes later.

Afrer the main engines stopped, the
FSTONTA drifred with a list of about 40
degrees and the starboard side Lowards
the waves. Water continued w enter the
car deck through the bow bul at a signit
fcantly lower rate. Waves were pounding
against the windows on decls 4. Window
panels and all doors hoke, allowing
flooding of the accommaodarion to start,
As the flonding progressed, the list and
the trim by the stern increased and the
vessel started to sink Ata list of about BO
degrees the bridge was partly [looded.
This happened shorily alter 0130 hrs as
indicated by a clock in the chartroom
whost hands had stopped at 2335 hrs
UTC. The emergency generatar stopped
at about the same time bur the acemu-
lators supplied power for limited light-
ing, The smking continued, stern frst,
and the vessel disappeared from the sur-
face of the sea at about 0150 hrs. This
phase of the accident is covered lurther
in 13.6. Figure 133 Musirates the devel-
opment of the list and sinking of the
virssel

13.2.7
The evacuation

Shortly hefore the start of rhe accident,
most passengers were in their cabins.
The major part of the crew were off duty,
some i bed and others together in the
messtooins or incabins on decks 7 and 8.

Passengers were moving sboul in the
foyer areas, pussagewnys, corridors and
slaircases. A few remaining passenpers
and some crew memhbers were in the
Might Club, and in the Pub Admiral there
were 30 to 60 people. Some passengers
were resting or sleeping in the lounges
and in the café, A limired mumber were
resting in other public aveas, passage-
ways and staircases,

Some passengers had left their cabins
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ar an early stage due wo the motion of the
shipand the noise. As the list developed,
passengers had dilliculties in getting our
fromm their cabins due Lo the furnimre and
luggage which had slid against the doors.
The list made it increasingly difficult to
move inside the vessel and to reach open
decks. Tirst people mied to help each
other, for instance by forming human
chainz, hut soom it became impossible
due to the increasing list.

Ar about 01720 hrs, Le. [ive minules
after the Hst developed, a weak [emale
voice was heard over the public address
system calling in Bstonian “1lEire, haire,
lacval on haire” (Cstonian for: “Alarm,
alarm, there is alarm on the ship™). Short-
ly therealier the second officer A called
the alarm Mr Skylight fo mumber one and
two., About two mimites later the gencral
international life boat alarm was inilial-
ed.

Many of those who succeeded in
reaching open decks had difficulties in
putting on lifejackels properly People
g on Lo the railings and chmbed onto
the side of the vessel when she was lying
nearly on her side, Waves washed some
people nto the sea and others started
jumping into the sea at about hall past
one o'clock, Most had dilficulties in gain-
ing the rafts, tens of which were oaling
around the vessel. Few people were able
te board a ralt on the side of the vessel,
Figure 13.4 illustrates the development
ol the list as experienced on the open
decle near the funnel,

The time availahle for evacuation two
open deck was between 10 and 20 min-
utes. During this period at least 237
people escaped from the vessel. The evac-
nation is further analysed in Chapler L6,

13.3
Action on the bridge

When the ESTOMNLA was al seathe bridge-
walch always consisied of two officers
and one AB seaman. The duties of the AR
seaman were Lo male inspection rounds
in the vessel and Lo serve as an addirional
look-oul. Tor lurther details of the work-
ing routines see 4.3,

When the olficers on the bridge re-
ceived the AB seamans report of the
metallic bang shorlly belore one o'clock,
second officer B ordered him to stay in
the avea and investigale the origin of the
somncl. After about [ive minures he re-
ported back that he had found nothing
abnormal and the sound was not repeat-
el The AB seaman was ordered to con-
Linue his watch round,

There was a watch change on (he
bridge at one o'clock when the second
officer A and the fourth officer relieved
second officer B and the thind olficer.
MNormally the ongoing watch arrived at
the bridge not later (han five minutes
prior to the starl ol is wawch, and there
areno reasons Lo believe that the rournes
were devigted [rom during this night,

Il is considered comfirmed that the
reporled sound from the car deck was
known to the officers commencing their
watch ar one o'clock. The Commission
concludes that the information received
was not considered alarming since the
relieved walch lefl the bridge as normal.

When the AD seaman of the warch
returned Lo the bridge from his round
aboul five minutes after one a'clock, he
saw the master arrive just ahead of him.
The master made general comments on
the speed and their probable late arrival
in Srockholm. Mothing has been report-
ed toindicate that his visit was otherthan
routine and thus not caused by any con-
cern about the prevailing sitwarion,

Shortly alter his arrival at the bridge,
the AB svaman was ordered to call the
boalswain and accompany him o the car
deck to checl the bhow area and the
general simarion, Second officer A who
pave the order had received a telephone-
call, most likely from a crew member,
reporting loud noises, believed w be
originating [rom the lorward part of the
car deck. The boalswain was responsible
for operating the ramp and the visor, and
the fact that he was called out an his free
walch indicates that the simarion was
considered serious by the officers of the
walch. There are no indicarions that any
other action was taken ar this stage,

Dy this time rhe bridge had received
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Figure 13.3 Computer-generated pictures illustrating the development of the list and sinking of the vessel. Approximate times,
and list in degrees, are shown at bottom right of each picture.

TIME TME

0114 hra 01 15 hrs
List 0° List 15°

0120 _hrs
List 30°

Pl

01 40hrs
01 35 hrs e
o1 38 b List 115"
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Figure 13.4 Development of the list as experienced on the open deck,

two reporls of sounds, The Commission
considers these reports so alarming, that
the ellicers should at least have reduced
speed at this stage.

The AB seaman has testified that the
master was on the bridge when he was
senttothe car deck. ILis therefore consid
ered most likely that the master was
informed of the situation and agreed o
theaction taken, and that he remained on
the bridge during the development of the
accident.

The AB seaman never managed to
reach the car deck, He waited at the
information desk on deck 5 to have the
car deck doors unlocked, and at about
this time or possibly some minutes eacli
er, the visor was lost and the ramp pulled
open. While he was waiting at the inlor
mation desk the vessel heeled over and
remained with a list of about 15 degrees
tostarboard. The AR seaman immediare-
ly proceeded downwards but was kept
hack by a stream of passengers escaping

178 FSTONIA — FINAL HEPORT

[rom the lower decks, some of them
5L‘1‘e:aming that there was water on deck
L. He turned around and ran towards the
boar deck, The whereabours of the boat-
swain during this period is not known.

Ttis nol known what additional infor-
mation the ollicers on the bridge received
after the AR seaman left the brid e, bur it
isobvious wo the Commission tharat least
the seund from the visors collision with
the bulbous bow must have been no-
Liced.

It is evident to the Commission hal,
because of the listand the sound [rom the
collision the ollicers on the bridge initiat-
ed a reduction of speed and a turn o
part, Sotne minutes later they also closed
all watertight doors,

Three wo ive minutes alter the list had
developed, the bridge was informed by
the AB seaman of the wawch, who now
was on the hoat deck, that passengers
were escaping in greal numbers from the
lower decls screaming thar there was

water on deck 1. 11e was again ordered to
go down and [ind out more about the
sitaation. Al abour rthe same Llime the
third engineer was ordered by telephone
to compensate for the list by pumping
ballast. [1e tried ro purmp sea-water to the
almost [ull hesling tank but the pump
sucked air. The starboard list was at this
time abour 30 degrees and the officers on
the bridge were obviously still seeking
more nformation to understand what
was going on. They evidently thoughr
that the adverse conditions could he rec-
tified.

I view of whar iz known abour the
rapid course of events and the conse-
quent short time for evacuation, the Com-
mission finds it most unfortunate that
the lifeboat alarm was not given uniil
about five minutes aller the list devel-
cped and when the list was around 35
degrees. Nor was any information given
to the passengers over the public address
5}".‘5?&]11.



The firsl Mayday call was received
from the ESTOMNLA atabout 0122 hrs, e
ar ahout the same time as the lifehoat
alarm was piven and just after the main
engines had stopped. 1L was a very brief
message, containing no other informa-
tion than the word “Mayday” and the
mame ESTONTA. The opersior has been
identilied by voice as second ollicer A on
duty. Inlater radio traffic the operalorhas
heen identified as the rhird officer. A
vaice heard in the backgronmd has been
identified as the chief officer’s. Heand the
third officer had come to the bridge ob
viously alarmed.

The time for the distress traffic, from
the fivst call ro the last, was eight minures.
Mothing is mentioned to indicate that the
officers had any appreciation ol whal had
caused the vessel to develop a list and
tale in water. The information given
wasl: “Yes, we have a problem here now,
a bad list rostarboard. [believe that itwas
vwenty, thirty degrees” [ullowed later on
by "W have black out” and, at the end of
the distress traffic, “Really bad, it looks
really bad here now”, Tr was about seven
minutes before the BSTONTA gave her
position. Due o the very fast develop-
ment of the accident the late start of the
distress traffic did not, however, have
mch effect on the [inal outcome of the
rescue operation. The distress traffic is
reproduced in full in 7.3.3. Figure 13.5
illustrates the development of the list
during the distress traffic as experienced
on the bridge.

Of the live olficers known to have
been on the bridge, second officer A and
the third officer were seen leaving the
bridge in the final stage ol the accident, Tt
is believed rhar the master, the chief
allicer and the fourth officer remained on
the bridge throughour the accident. This
assumplion is also supported by the Facl
that three bodies were seen inside the
hridgre during the diving investigation.

The two ollicers that left the bridge
were later seen distributing lifejackers
and trying to launch lileboats and rafts.
Also the hoarswain, who just before the

! The quatarions are translatecd lom Finnish,
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Figure 13.5 Development of the list as
observed on the bridge.

start of the accident was called our to help
investigate the sounds on the car deck,
was seen on deck 7 taking part in this,
Trisnoteworthy that so little exchange
of information seems Lo have taken place
between the bridge and the engine con-
trol room during the development of the

accident. The third enginesr did not in-
ferm the hridge about the inflow of waler
he ohserved (see 6.2.3), Nor did the
officers of the wach call him for an
assessment of the sitwation. 1 the ohser
vation on the monitor had been dis-
cussed and evaluated immediately, there
could still have heen a possibility to
influence the development ol the acci-
dent.

Mothing indicates that the officers
realised that the bow was fully open,
although it must have been obvious that
the situation was very serious, and that
the survival of the vessel was threatened.

Simulations carried out by the Com-
mission show that a quick reduction of
speed and change of heading would have
signilicantly reduced the rate of water
inpress. The safest condition for the ves-
sel with the bow open would have heen
lying heam on to the waves at zevo speed.
It has also heen established that tuming
the vessel to starboard would not have
endangered her stability. The wind pres-
sure would have mereased the list by
only a [ew degrees. Thus turning the
vessel, with the bow fully open, towards
the wind and the high waves was not the
lrest action. On the other hand it must be
kept in mind that [rom the officers’ point
af view tuming the vessel to starboard
away [rom the wind would have exposed
the port side to the full force of wind and
waves and would have further increased
the list and the roll. T rhis light the
decision to Lurn the vessel to port and
into the wind is understandable,

Thequestion ol whetheralower speed
wonld possihly have prevented the acei-
dent has been reviewsd by the Cotmmis-
sion, Extensive model tests and numeri-
cal simulations have heen carried oul as
sumrmarisedin 12,1 and 12,2, The resull
confirms thal a lower speed would have
reduced the general loads om the wisor
and hence the probability of failure, How.
everevenataspeed ol L0 knots, the loads
wonld srill have been close 1o the strength
litnits of the visor allachments.

The Commission has also considered
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whether the officers of the watch had
reasons for reducing the speed prior 1o
the start of the accidernt.

As is the case [or many ships, there
were no strict procedures or company
policy for heavy weather routines on the
ESTONTA, The Commission has noted
that passengers’ comfort, which can eas
ily be observed by the crew, normally
seems o be the prime reason [or speed
reduction [or this type of large ferry. Tn
the Cornmission’s EXperience most mas-
ters consider that speed must be reduced
for comlort reasons long belore it reaches
the vessels strength and safery limits.

Although some survivors have de-
scribed the voyage as being rough belore
the accident, the oflicers did not appar
ently find comlorttelated veasons for
reducing speed.

For comparison, nummerical analyses
and model tests show that in the fore-
most part of the ESTONLA vertical accel-
crations after midnight exceeded by 50
per cent the severe discomfort boundary
ol Intermational Orpanisation for Stand-
ardisation motion sickness standard. In
the restaurant and entertainment areas
amidships and in the aft part ol the vessel
the vertical accelerations were on the
other hand significantly below and elose
to the severe-discomlfort boundary, re-
spectively Considerably higher accelera-
tions than predicted for the FSTONIA
have been measured on hoard passenger
vessels in rough weather in many sea
areas inecluding the Baltic, Caleulations
also show that the general condition an
hoard with regard ro vertical accelera-
tioms and sea-sickness would not have
improved much even if speed had heen
reduced considerably (see 12.4.2),

Thus it is concluded that the voyage
was uncomfortable [or many passengers
bul not exceptional. The vessel was run
above or close Lo the houndaries [or
comfort criteria. Referring to the above,
the officers obviously believed that there
was stilla good margin to the limits of the
how strength.

The accident points out the need for
crews on large ro-to ferries Lo have oper-
ating  nstructions and taining n ma-
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noeuvring vessels in heavy weather, 1L is
aserious shortcoming for the whole ship-
ping industry that there is in general no
information on the limits of operability
with regard Lo the ships strength availa-
ble on the bridge of large vessels with
powertul engines, specially as the size of
the vessels makes their motion less per-
ceptible. In the case of the ESTONIA
accidend, the operating limit with regard
to the strengrh of the visor attachments
was significantly lower than the crew had
reason to helieve,

13.4
Advance indications and
alarms from the bow area

As deseribed in 3.3.5 indicator lamps on
the navigation bridge showed locked or
unlocked visor and ramp, respectively
The indicator lamps for the ramp were
conttolled from the locking devices in
sucha way that all devices had to bein the
position ordered for the lamps to go an,
green for locked ramp and red for un-
locked, Since one of the locking bolts was
most likely not [ully extended already at
departure, there was no indication on the
bridge that the ramp was locked.

The indicatar lamps for the locking of
the visor were, as far as the Commission
has been able to verify, connected in the
original way, controlled via the pasition
sensors for the side locking devices only
The lamps thus did not directly indicate
the position of the visor, The side locks
were in locked position during the last
voyage and the visor position lamp was
thus green. The green light remained also
after the separation of the visor as the side
locking devices remained inlocked posi-
tion. Hence no light indication was given
on the bridge when the visor started to
become derached.

The first audible indication may have
ceincided with a partial failure at one of
the visor attachment devices, Loud me-
tallic soumds could hardly be generated
before that point in time,

Four 1V cameras surveyed the car
deck with menitors on the bridge and in

the engine control room. The monitors
sampled the [our cameras manually or
antomatically. One camera showed the
area inside of the forward ramp. The
bridge monitor was mounted at the en-
trance Lo the chartroom, tacing starhoard .
Tt could noet be lept under observation
from the conning station. The inflow of
wateralong the sides of the ramp was first
noted on the monitor in the engine con-
trol room. Tt has not been possible to
establish whether the officers on the
bridge made the same observation.

In many other reported incidents of
equivalent severity as far as the Failure of
the various autachment devices is con-
cerned, the opening of the visor was
observed visually from the bridpe and
the ollicers of the watch were able to take
appropriate action. On the ESTOMNIA,
howewver, the visor was not visihle from
the comming position.

The circumstances and arrangements
did thus not give the officers on the
bridge any direct information or warning
about events in the visor area as the
accident developed.

13.5
Failure sequence of bow visor
and ramp

This secriom describes what the Cominis-
sion considers to be the most likely se-
quence of events leading to the loss ol the
visor and cpening of the ramp.

The loads w which the visor was
exposed in the seaway were simulated
theoretically and examined in model tests
in conditions similar to those deemed to
have prevailed at the time ol the accident,
Experimental and theoretical results are
presented in 12.1-12 3 and summarised
in15.2,

The maxitnum opening momenl Lo
which the visor was exposed alier the
ship had turned at the last waypoint is
estimated o have been between 4 and 20
MMm and the maximum resuliane force
hetween 4 and 9 MN. Such high loads
and opening moments occurred random-
Iy The resultant load and the opening



moment may have exceeded the lower
limit of the ranpe a number ol lmes
within half an hour under the prevailiong
conditions, Levels above the upper limit
of the range have a low probability of
occurring bt cammot be excluded. The
vast majority of wave impacts created no
opening moment ar all.

Asdescribed in 15,101t is concluded
Lhat the strength of the visor attachments
was Insullicient to withstand a resultant
wave load of 7-9 MN, carresponding to
opening momenls in the range ol 1320
WMNm. There is a theoretical probability
higher than 1 in 20 thar a single wave
load would excesd the largest estimated
combined strength of the attachments
within 30 minutes in the conditions afrer
the last waypoint. The portside lock may
have [ailed at a lower load level than the
maximum given above.

All the attachments of the visor, the
locking devices, the decl hinges and the
lifting cylinder mountings failed under
local overload tension, The arrachments
may have failed in one or, possibly, a few
sleps. The partial initial faiture may have
coincided with a single metallic bang,
ohserved by the AB seaman.

The main filure is believed 1o have
happened in a subsequent wave impact,
shortly after the metallic bang. In this
main failure the remaining locking de
wvices failed completely, allowing the vi-
sor Lo open partly Once the visor had
lilied ofl s locating horns, the port side
hinge [ailed under the overload generat-
ed hy the high twisting and yawing mo-
ments and the vertical [orce. The siar-
hoard side hinge failed as a resull of
twistingwhen the visor was rotating clocl
wise, Hydrodynamic loads pressed the
visor against the front bulkhead along
which it slid upwards. The hydraulic
liling cylinders may have lailed at the
same momenl or may have remained
connected for some [urther time. The
port side actuator, which al some stage
was pulled out of the hull by failure ol the
aheadyweakened hottom mounting plat-
torm, had extended by about 0.4 m at
least. The starhoard side actuaror failed
hydraulically but remamed connecred

and was ripped out of the hull, fully
exlended, as the last physical connection
between the visor and the holl

Alter the locking devices and hinges
had failed and the actualors had lost their
restraining elfect, the visor had s natueal
tendency to tumble forward due o iLs
forward-located centre of pravity relative
to the new centre of rotation, i.e. the stem
post area, The visars position was ar this
stage governed by the actuators and the
actuator attachment hags on the hings
beams, protruding into openings in the
lorecasile declk. The visor was thereby
constrained in the longiludinal direc-
Liom.

Subsequent wave impacts caused the
visor to maove backwards and forwards in
combination with some vertical mave-
ments, resulting in various impact dam-
age Lo the bulkhead and the hinge beams.
lmpact marks indicate violent transverse
movermnents, aod upward movernents of
ahout 1.4 m. The damage is described in
detail in Chapter 8. As estimated [rom
impact marks om theaft edges of the visor
hinge heams, the number of heavy aft-
ward blows was at least two and probably
less than five. The vertical wave force
exceeded the weight of the visor on av-
erape once a minule under the prevailing
conditions. The dynamics ol (his ali-
forward movernent ol the visor generat-
ed sufficient impact forces to enable the
hinge heam lugs to cut through the trans-
verse deck beam, which was the heaviest
structural element preventing the visor
[rorn moving lorward.

It was when the deck beam, and
therealier about 360 mm of the deck
plating, had been cut through that the
visor housing came in contact with the
top of the ramp, primarily on the port
side as the sea loads had cansed the visor
to twist somewhat to starboard. Probably
in one single movement, the visor pulled
the ramp lorward so that its locking
devices and hydraulic actuators failed.
The ramp was then [ree 1o lall lorward
towards the uppermost cross-bar ol the
visor. Subssquently the visor actualor
lags cut the rest of the decleand the front
hulkhead plating until the visor was [ree

to tumble forwards and overboard.

The exact timing of this development
cannot be determined as it was affected
by the irregular occurrence of wave loads
sulliciently high tomove the visor, Sever-
al visor movements were nesded to cur
(through the deck and beam, Cnly during
the [inal phase, when the ramp had been
forced parily open could water, collected
in the visor, low onto the car decl through
the openings along the sides of the ramp.
The time from the initial water ingress o
the car deck until the visor separated
from the wessel and the starboard list
started to develop is thus likely to have
been short, of the ovder of five minutes,

Greal [orce was needed only owice
during this lingl parl of the lailure se-
quence, when the deck beam was cul
through and when the ramp was [orced
open.

The many uncertainties invalved
make detailed calculations of this devel-
oprient meaningless. However, calcula-
tions under simplilied assumptions ver-
ify that the course of events described is
fully possible. The time [or the [ull [ailure
sequence which is illustrated in Figure
13.6 may have heen 10-20 minutes.

13.6
Flooding of the
accommodation and
sinking of the vessel

Although dumage siabilily requirements
concern only the watertight part of a
vessel helow the bulkhead decls, a large
stability teserve remains in the super
structure as long as it vemains intact, The
stability manual for the ESTONTA in-
cluded the hull up to deck 4 as contrib-
uting Lo the stability range.

Because of the lis, waves reached up
to the accommodation decks, breaking
doors and windows. The interior started
to flond and the stability reserve disap-
peared, Critical openingswere (see 12.6.1}
large aft-locared windeows on declks 4 and
5, the cafeteria doors on deck 5, a weath-
ertight door to the forecastle deck, and
the ramp opening. Ventilation ducts ta
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Figure 13.6 Probable failure sequence of the bow visor

Locks fail

Ramp partly open

the car deck were installed at deck 4 level.
According to testimony [rom s member of
the alternate crew the ducts wers normal-
ly closed. The ducls may, however, have
opened during looding

The [irst potential openings to he
submerged were the aft windows on deck
4. In calm water this would have hap-
pened when about 2,000 tons of water,
or about 70 cm evenly distributed had
entered the car deck and caused a heel
angle of ahout 40 degrees. Waves with
considerable impact energy would have
pounded against these windows earlier.
Tris unlikely that the windows, although
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Hinges fail

Visor tumbles forward

of heavy construction, withsiood such
impact forces, The Hrst windows broke
probably a little alter the main engines
had stopped and when the vessel was
drifting with her starboard side to the
waves. Quickly submerged were also the
alt windows and the aft door on deck 5,
This happened ar a lisr of about 50 de-
grees, which is supported by an observa-
tion [rom a wimess in the Cafeteria on
deck 5.

When some of the large windows on
decls4 and 5 broke, these decks became
subject to progressive looding and no
buayaney o stability contribution was

Cutting through deck and hitting ramp

Bull hits visor

available from this part of the superstruc-
ture. List and trim to sterm increased atd
the flow rate through the openings accel-
eratecl. As soon as the accommedation
spacesstarted looding, the Nooding could
not stop belore the vessel sank, or the
condition could no longer remain srable
as there were connections berween dif-
[erent decks viastaircases and ather open-
ings. The walertight compartments be-
low the car deck were thus flooded [rom
above.

The speed of flooding, however, de-
pended on the size of the openings wo the
sea and on the escape of air [rorm inside
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the hull regarding which there are sever-
al withess ohservatdons. Caleularions -
dicate —as an exarnple —thal 18,000 tons
af water on hoard, distributed berween
the car deck and decks 4 and 5, would
have given a heel angle of abour 75
degrees. This amount of water had en-
tered the vessel in about 15 minures,
indicating an average [low rate ol 20 tons
persecond. Thisis feasible through open-
ings which have a total area of 5-10 m?,

Progressive flooding was under way o
several decks and compartments at the
samne time as the upper decks gradually
sank under the mean warer level.

If the windows and doors had re-
mained unbrolken the vessel may have
remained in a stable heel condition for
some tme. 1t s, however, less likely that
any reasonable strength of the large win-
dows would have been adequate to with-
stand the wave impaet forces,

It can be concluded thar, although
the vessel fullilled the SOLAS damage
stability requirements valid for its build-
ing period, she had no possibilities 1o
withstand progressive flooding through
the superstruclure openings omce the
heel angle approached 40°. When win-
dows on the accommodation decks were
broken by wave [urces, subsequent sinls-
ing was nevitable.
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CHAPTER 14

OWNERSHIP AND
OPERATING
ARRANGEMENTS

The initisl ferry operation berween Tallinn
and Stockholm started on 1Y June 1990
and was carried oul by N&'L Estline AR,
a hlly-owned subsidiary of Nordstram
& Thulin AD, in co-operation with a
comsortium of smaller Lourist-relared
companies owned by the Estonian gov-
ernment, The inital positive develop-
ment in traffic volume was dreastically
reversed in 1991 due o the polilical
unrest in Estonia, vesulting in large eco-
nomic losses for NE&T Fatline AR, which
firm in praclice cartied the roral financial
burden of the Leallic. Attempts to lower
operating costs by employing senior of-
ficers from Sweden and the rest of the
crew from Estonia failed due Lo objec-
tions from the Swedish trade unions. The
rallic was, however, maintained and in
1992 4 positive development of passen-
ers and cargo volumes started, indical-
inga future need [or a bigger ferry Due ro
the accumulated losses, however, it was
not deemed feasible [or Mordsirém &
Thulin AR alome o finance a lurther large
investment in N&T EstLine AB. To en-
sure continued maffic it was therelore
agreed with the Fstonian povernment
that the N&T EstLine operation should
he discontinued and the taffic should be
raken over by a new joint venmre compa-
ny.

For this reason the Csiline Marine
Company Timited was established in
Cyprus. The company was owned equal-
Iy by the Estonian Shipping Compary
Limited (ESCO) and Nordthulin Luxem-
bourg 5.A., ([or [urther details, see Chap-
ter 2). The ESTOMLA was acquived by the
Estline Marine Company. These complex
owmership arrangements were necessay
to allow the vessel to be [inanced on a
mortgage basis and seem to have had no
olher lunction,

The Estonian parmerin the joint ven-
ture, ESCO, assumed the responsibility
for operaling the vessel, Technical man
apement and the responsibility for msur
ancematters were subcontracted to Mord-
strdim & Thulin AB in a standard ship
management contract. Commercial op-
erations, inchiding catering, were han-
dled by the Swedish company Estline AB,

This company was owned equally by
E5C0 and Movdsrrim & Thulin AB and
had 4 subsidiary company in Cslonia o
provide the corresponding services in
Tallinn.

Complex arrangements hetween the
true owner and the actual performers of
thevarious operational flunctionsare com-
mon in the shipping industry and have
become increasingly so as comperitive-
ness has demanded a high level of per-
formance at the lowest possible cost,

The Commission has not lound any
evidence that the ownership and operat-
ing arrangemnent for the ESTOMNIA could
in any way have influenced the develop-
ment of the accident, or that any matters
of impartance [or the safety of the vessel
had been neglected because of these ar-
rangements,

It appears that Nordstrom & Thulin
AD Lept a closer eye on the operation of
the vessel than called for by the technical
management agreement, This seems o
have henefited the operation as Nord:
stram & Thulin AD had previous expen-
ence of the rraffic. The areas of responsi-
bility, however, seem to have been clear
and respected by all parties and as [ar as
the Cornmission has been able w verily
co-operation between the parties hasbeen
at an acceplable level

ESC0 was responsible for the overall
operation of the vessel including the
manning, the qualilicativns of the crew
and increasing crew members’ proficien-
cy. However, Nordstram & Thulin AB
hidd the right —under the technical man-
apemenl agreement — to refuse the ap-
pointment ol masters and chief engin-
eers, in order Lo ensure that good com
rmication could be maintained in Fng-
lish. A mumber of candidales were reject-
ed by Nordstrom & Thulin AB as being
under-gualified in this respect.

ESCO was also responsible for pro-
viding qualificd carering personnel. The
exceplion was that Estline AB, via the
Swedish shipping company Rederi AT
Homnet, provided advisors for the top
positions in the calering organisation,

The ESCO land organisation was rig-
id and of traditional, sirict hierarchical
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structure. This condition possibly sup-
ported a mentality whereby individuals
carefully performed their explicit duties
but were not encouraged Lo show initia-
tive. The operating arvangements relied
totally on the ships master, who had to
determine the operational limits for the
vessel, operational practice for nautical
instruments, the use of automation and
the remote control system and the imple-
mentarion and updating of rhe on-board
safety system. The Commission has not
frund any documented procedures or
instructions about these elements, How
ever, the Commission has noted that the
radio ollicer, according 1o the Safery
Manual, was not responsible [or radic
trallic in emergency situalions,

The aperative controls carded out in
connection with porl state comtrols, as
well as a major lire exervise carried oul
under the supervision of the Swedish
Maritime Administration, elicited good
rematks, with active and ambitious par-
ticipation by crew members.

The Nordstrém & Thulin AB organ-
isation responsible for technical manage-
ment consisted only of one fll time
technical superintendent, reporting di-
rectly tathe chiefsuperintendent, whoin
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turn reported to the fleet manager. The
technical superintendent mel the master
and the chief engineer regularly during
the vessels calls in Stockholm and dis-
cussed maintenanee and any other rech-
nical items that may have come up, He
sailed [requently with the ship, One pur-
chaser was also involved. This arrange-
ment seems to have been fully sarisfacto-
ry for the function intended,

The pilot regulations for the Stock-
holm archipelago require that to operale
a passenger vessel of the size of the B5-
TOMIA In the Stockhalm fairways under
the pilot exemption Tules, the masterand
one more officer of equal qualification
must have pilor exemption certificates
for the fairway and the vessel. Up to the
lime of the accident, only the masters of
the ESTOMIA had acquired such exemp-
tion certificates and only for the fairway
via Sandhamn (4.2.2). To avaid the in
convenience and the costs incurred in
taking a pilot on hoard every voyage, it
was arranped with Rederi AR I Torner thar
they should provide two alternaring
Swedish officers with the required qual-
ilications. The officers appointed were
[ormer employees of Nordstrém & Thu-
lin AB and had been sailing in senior

positions on the previous ferry on the
same rouls. The Commission has noted
that these Swedish pilot ollicers were not
part ol the crew and had no other formal
function on board than participating in
the navigarion in the Stockholm archi-
pelago.

Cme of these officers was occasionally
consulred by the masters of the ESTO-
MIA regarding linprovements to the sale-
ty organisation und relared documenia-
tiom, The two may also have served partly
as Mordstrom & Thulink observers of the
operations on board,

The [act that the vessel was marmed
and operated by an Estonian company
and [ew the Estomian flag initially sparred
an intense debate in Sweden regarding
*flag-of-convenience” arrangements and
substandard operations. The Comunis-
sion has found no basis for this debate.

It is the opinion of the Cominission
that the operating arrangemenls in gen-
eral worked satisfactorily and that rradi-
tions and experience from the established
ro-ro [erry traffic in the northern Baltic
area were incotporated in the operations
by way of the influence of Nordstram &
Thulin AR and through the personnel
provided by Rederi AB Hornet,



CHAPTER 15

STRENGTH
EVALUATION OF
THE VISOR AND
THE RAMP
ATTACHMENTS

15.1
Design basis and
requirements for

the bow visor

I15.1.1
Bureau Veritas’
requirements for the visor
attachments

The how wvisor strucnie was built to
scantling requirements specified in the
Burean Veritas Rules of 1977, Compli-
ance with these has not been verified n
detail in this investigation,

The locking devices should, accord-
ing to the Bureau Veritas rules valid at the
time, cause the bow door w be “firmly
secured”. Structural Teinforcements were
specified in peneral wording o be re-
quired at arrachment points for cleats,
hinges and jacks.

Thus the Bureau Veritas tules did not
specily minimum pressure heads to be
applied Lo the horizontal and vertical
areas of the visor. The yard has stated that
it therefore used a Burean Veritas "Note
Documentaice”, number BM2 dated
5.4.1976 for determining the design
loads, This note was intended as guid-
ance in the design of the bow of large
tankers and bulk carriers. [t hasnot heen
possible to fully explore how this puid-
ance nole was mrerpreted and used in
arriving at the applied loads. The loads so
derived were, however, of the same mag-
nitude as those required by some other
classificarion societies at the time.

The design loads to be applied 1o the
atlachments of a bow visor of a ro-ro
vessel have been continuously developed
incorporating new dala, and were in gen-
eral notwell established when the ESTO-
NTA was built. The pressure head and the
caleulation procedure to be applied be-
camne more clearly defined and detailed
rules were given, for nstance, In the
1982 Unified Requirements of TACS and
luter recommendations. The reguire-
ments of TACS 1982 specified equivalent
design loads per locking device of about
twice as high as those used in the desipn

ulthe FSTOMNIA. However, Germanischer
Lloyd alveady in 1978 had a specific
[ormula for the design load of a bow visor
which would have given ahout three
times the load used [or the FSTOMNLA

15.1.2
Shipyard design
procedures

From the exlernal design pressure om the
visor shell plating determined by the
procedure indicated ahove, the total ex
ternal load components were calculated
by the yard to 536 1 (5.3 MN} in upwand
verlical ditection and 381 t (3.7 MN) in
aft horizonral direction. These were as-
.‘":UI'I'IE'Ll Lo act at r:f'.Ff Cenlres C'f [h'-"‘. ?T[}}EL’L—
ed areas. The reacrion [vrce at the posi-
tion of the bottom lock was determined
by calenlations of the momentum about
the longitudinal middle point between
hinges and side locks ar the level of
hinges, and found 1o be 152.5 L (L5
MM Lhis horizontal lorce and the wotal
vertical load reduced by the static weight
were divided by 5 and a design force of
100 £ (1.0 M) was ahtained as a result-
ant for each attachment point, hinges
included.

Although there is an obvious lack of
logic in the procedure used, it was to
some extent supported by Tules of other
classification societies at thar fime, e.g.
Tloyds Register of Shipping. However, in
these design mles, the calculated reac-
tion forces were only to be distributed
evenly to the cleats and not to the hinges.
It is the opinion of the Commission that
the calenlations by the shipyard resulted
in considerably lower design loads per
attachment point than would have been
the cuse if a more realistic desipn lowd
distribution had heen applied.

The design load was used by the yard
for calculaling a mintmum load-canying
cross-section of 6100 mm? [or an attach-
ment device. This was abtained by ap-
plying a mormal stress level ol 164 N/
mim? caleulated [rom a permissible nor-
mal stress of 123 Nimm? for mild sieel
divided byamaterial factorof 0.75 due to
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the intended use of high-tensile strength
steel, 5152-2. The caleulations did nol
take into account the reduced strength in
the shear mode to which many of the
attachinent elements would be subject
ed. Acopy of the caleulstions by the ship-
yard is included in the Supplement.

The hand calculations by the ship-
yard were not submiltted to Bureau Ver-
itas [or approval. In the actual installa-
tivn, the caleulated effective design cross-
seclion was nol incorporated in the bot-
tom lock, nor was high-tensile strength
steel nsed in any of the avachment lugs
investigated by the Commission,

The von Tell assembly drawings did,
in accordance with the purchase order,
identily the operational loads the hull
would have to absorb via hinges and
operaring devices due ro the weight and
geometry of the visor and the ramp.
Loads to be absorbed at the atachment
devices due Lo wave-induced forces were
not indicated on these drawings.

Burean Veritas commumnicated in
March 1980 with the von Tell company
regarding the design loads used by von
Lell in determining the strength o he
built into the locking devices. The von
Tell company explained in a brief relex
that they had used the rules of Tloyds
Register ol Shipping in the shsence of
Bureau Veritas males and had caleulated a
load of about 80 t for each device. Al-
though no details are known, the out
comme of this correspondence seems o
have been satisfactory to Bureau Veritas,

Twonotes made by the Bureau Veritas
surveyor, one on the assembly drawing
of the visor and one on the von Tell
general arrangement drawing for the vi-
sor and ramp installation, stared that
“Arrangement of locking devices subject
to the approval of the National Authori-
ties” and “local reinforcement of the ships
structures in way ol locking devices, cyl-
inders and hinges to Surveyors satisfac-
Lion.” On the assembly drawing was also
a remark that “jack lifting eye on arms,
atlantic lock eye, side lock eyes requested
in steel grade 5152-3" i.c. a high-tensile-
strength steel. These drawings were ap-
proved by Burean Veritas with these comn-
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ments in November 1979 as regards (he
vom Lell drawing and in June 1980 as
regands the shipyard drawing,

The shipyard drawing for the visor
was submitted to Bureau Veritas [or ap-
proval only shortly before the vessel was
delivered. The note on the von Tell drave-
ing was, however, brought to the atten-
lion of the yard by the Bureau Veritas site
Inspector in March 1980 as recorded in
hisdaily worlcstatement. [t is also worthy
of nore that the von Tell company com-
municated with the Finnish Maritime
Administration in December 1979 about
approval ol the von Lell design in general
bt didd not then make any reference 1o
the note on the von Tell drawing a month
carlier regarding the Burean Veritas re-
guirement for specific approval of the
locking devices by the nations] adminis-
Lration,

The Finnish Maritirme Administra-
Hon was, under a nalonal decree, ex-
empt [rom carrying out a hull survey if
the vessel had a valid class cerlificare
issued by an authorised classification
sociely. Burean Veritas did not, on rthe
otherhand, make a derailed survey of the
visor attachments, as requirements for
these were nol included in their rules at
the time. This situation and the confus-
ing timing ol the comespondence about
approval of the locking devices, seem 1o
have led to the calculations and the de-
sign ol the attachment points for the
locking devices not being examined for
approval either by Burean Verilas or by
the Finnish Maritime Administration.

15.2
Sea loads on the visor

Avisor is subjected to hydrodynamic and
hydrostatic loads when the vessel is pro-
ceeding in a heavy seaway Due to the
geometry of the visor, the wave load
amplilude increases in a non-linear way
with respect to the relative vertical mo-
lion between the bow and the wave sur-
luce. A smallincrease in the displacement
and velocity of the relative motion will
cause a signilicantly higher increase in

the wave loads,

In straipht head or oblique bow sea,
the resultant force on the visor of the
ESTONIA would be directed approxi-
malely 43 degrees [rom the waterline due
tothe shape of the visor, causing upward-
and aft directed loud componenisofequal
levels. Tn how sea there would in addition
be a transverse load component, but
mostly smaller. The centre of action of
the larger [orces on the visor would be
positioned high up and forward, cansing
opening moments, and in a bow sea also
rwisting and yawing moments aboul the
longitudinal and vertical axes, respec-
tively. The forces from lighter sea impacts
would generally cause closing momenrs
o the visor,

Dhe to uncertainty in the estimare of
the sea state, the randomness of relative
motions and thenon-linearity of the forces
created on the ESTOMNIA's visor, there is
conslderable uncertainty in the estimates
of the maximum loads. On the basis of
numerical simulations and model tests
{see 12.1-12.3) the Commission has con-
cluded that the most probable mazximum
resultant force on the visor, developing in
a significant wave height of about 4 m
and after the vessel had changed course
at the waypoint, was belween 4 and 9
MMN. Divided into force compoments, this
equials simultaneous upward and alt [orces
of 3 Lo 6 MN and a starboard transverse
force of 0.5 to 2.5 MN, The resultant
Imaximum moments about the hinge
puints were 4 Lo 20 MNm opening mo-
ment, (.5 to 7.5 MNm twisting moment
and 0.5 to 2.5 MNm yawing morent.
Load and opening moiment levels in the
lower part of the range could well have
been exceeded a number of rimes. Levels
above the upper limit of the range are
judged to have had a low probability of
being exceeding, but cannot be exclud-
el

The Comumission has noted thar the
estimated maximum sea loads at the time
of the accident in terms of vertical and
longirudinal forces on the visor were of
magnitudes shout equal Lo those used by
the. shipyard as design loads. Tater dur
ing the accident night the wave height



increased and the forces would have in-
creased significantly if the ship had con-
tinued at the same spead and heading
towards the waves,

The distribution of reaction forces
and their directions in the visor arrach-
ments are affected by the positions of the
allachment points in relation to the posi-
tien of the centre of wave load action on
the visor, the play in the locking deviees,
the overall stillness of the visor and the
lncal stiffness at the allchment points. [n
the following sections the strength of the
various attachments is discussed sepa-
rately based om caloulations and tests as
described in the Supplement, An esti-
muale of the combined overall capacity is
piven in 15.10.

15.3
Evaluation of the bottom
locking device

The bottom locking device failed i irs
altachmentsto the forepeak deck (Fignre
#.13). The [ailure took place by fracture
in the three plale lugs carrying the bole
housing and the mating suppert bushing
and n rthe weld around the housing and
the bushing (Figure 8.14). The [raclure
of the parts indicates tensile failure load
directed forwards,

The starboard and centre mounting
Tups had essentially failed in the longin-
dinal plane of the vessel whereas the port
lug had restrained the forward move-
ment of the loclking bolLand housing and
become rwisted, The locking bolt had
slipped out of the mating lug on the visor
at an angle of about 30 degrees.

The failed lugs were recovered from
the wreclk and have been subjected ro
metallurgical and strength examination
of the [ractured surlaces and of the base
material (Supplement). All indications
are that the lugs failed in a local overload
condirion with one or a few cycles. The
general appearance of the failed lugs is
shown in Figure 15.1. The failure in the
weld joint was partly in the weld heads
atul partly in the surounding material.
The thickness of the weld beads was
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Figure 15.1 The failed starboard mounting lug for the bottom locking device.

around 3 mm. Indications of pre-acci-
dent root cracking or lack of [usion can
be seen in the [ractured areas o the weld
beads.

The lnad-carrying capability of the
bottom lock assembly (Figure 15.2)
[ailure has been estimated using caloula-
lions detailed in the Supplement, Cmly
two lups, syenmetrically located one on
each side ol the visor lug, elfectively
contributed in carrying load applied in
the longitudinal direction via the visor
hag, This failure pattern is also supported
by the result of rests carried out in Ham-
burg and referred ro below

The load was carried by the rims of
the lugs and by the welds between the
lugs and the housing and suppoert bush-
ing for the locking bolt. The [racture area
of each Tug was about 1100 mmn® of mild
steel, contributing a load-carrying capa-
bility of ahout 0.3 MM to the failure load
af the welded assembly This value is
based on a failure mode wherein the hugs
would only have been loaded to the yield
level when the welds failed due to their
lower ductility. The welds had a load-
carrying capabilily of 0.3 1o 0.5 MM at
each lug, the actual contribution depend-
ing upon the guality of the welding and
any existence of oot cracks.

The toral failure strength of the as-
sembly will have heen the strenpth to

failure of the welds plus loading of the
two lugs to their vield stress, or aliogeth-
er 0.6 to 0.8 MN per lug, Two comtribut-
ing lugs would then have given the com-
plete bottom lock assembly a holding
capacily of about 1.5 MN including a
small contribution [rom the starboard
bracket. The Commission considers this
to he a realistic maximum value.

The Commission is aware of a series
of tests carried out in 1996 ar the Techni-
cal University of Hamburg om behalf of
the yard with full scale mock-ups of the
bottom lock assembly made of high-
tensile strenght steel. o thess tests, char-
acterised by different extent of welding
herween the attachment lugs and the
locking balt housing, faihares ocourred
between 1.0 and 2.0 MMN. A rest that
incorporated intermittent welds vesulted
in [ailure at 142 MN.

The mating lug on the visor had a
tensile load-carrying capacily wo lailure
of aboue 1.8 MM, wking into account the
material {mnild steel) and that the lug 1ip
was lnaded more eritically in the shear
mode than in the rensile mode assumed
indesign, The visor lugwas therefore just
a little stronger than the forepeak deck
assembly Results of analysing the defor-
mmation of the recovered lug using mod-
elling and experiments indicate that the
lug may, ulsomme time, have been exposed
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Figure 15.2 Bottom locking device.
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Lo a tensile load of up to 1.5 MM (Supple-
ment).

The Commission has learnt that the
hottom locking device assembly was
manufactured by the yurd as a shop sub-
assembly that was subsequently welded
to the lorepeale decl. Mo detailed draw-
ing with welding data was issued specif-
ically lor this subassembly as welding
data was penerally contaimed in yard
standard tables, The Commission has
not found information on any modilica-
ricoms or repaivs of the botiom lock. The
paint test {see 12.7 and the Supplement)
and statements by people involved in
maintaining the lock indicate thar it is
origingd or dates bacl o a very early
period of the vessel,

To satisfy the outcome of the yard
design calculations, the higs should have
had a larger minimum cross-section. I
appears rhat dimensions of the alach-
ment higs as indicated schematically ona
von Tell assembly deawing for the bottom
locking device were used in the manufac-
ture of the allachment lups rather than a
design based on the yard caleulations. Tris
noted that the design calenlations also
assurned high-tensile strengrh steel, where-
as the actual attachment higs were made
[rom regular mild steel, With regular mild
steel the load-canying effective cross-sec-
tion of the hottom lock attachments
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should, according to the shipyards design
calculations, have been about 8300 mm?*
whereas the built-in equivalent cross-sec-
tiom, inchiding the small welds and the
lrad effectively being carried by two Tugs,
was only about 4600 mm®.

It is concluded that the load-carrying
capacity ol the installed bottom locking
device was not adequare o sarisfy the
desipn load and calculared minimum
cross-section requirement.

15.4
Evaluation of the side
locking devices

The side locks failed ar the arrachment of
the lugs to the aft bullkhead plating of the
visor. Mo drawing showing details of the
installation and welding of these w the
visor plaring has been identified. An ex-
tract from the von Tell assembly drawing
for the side locking arranpement was
apparently released [or manufacture of
the side locking lugs. This sketch shows
the lugs 1o have a botom length of 370
mm, compared o shout 550 mm as
indicated on the general assembly drave-
ing lor the visor.

The lugs were ripped out of the visor
plating together with part of the plating

itself, leaving rectangular holes, about
390 by 85 mm, with fracture surlaces
mainly in shear through the all plating
(Figures 8,19 and 8.200. The lugs remain
o the locking bolts in the weeck. The
horrom surfaces of the Tugs are shown in
Figures 8,17 and 8.18.

The thickness ol the all plating of the
visor was 8 mm. Two verlical stiffeners
were Inslalled behind each lug ar the
surveyors  reguest for local reinforce-
et of the structure hearing the locking
devices (Tigure 19.3). One of these stiff-
eners was 5o locared thar there was an
overlap of the fillet weld of the lug and
one of the stiffener weld to the bulkheuad
plaring, The other vertical stillener had
no overlap. The strength contribution
from these stilleners has been estimated
to be small. A horizontal stringer on the
visor all bulkhead, located close ro the
upper corner of the lug, had failed in the
plating and partly in the weld between
the stringer and the bulkhead surlace.
Mo orher strength continuity was incor-
porated behind the lugs.

The torce required w pull and breal
the ug away [rom the visor in a ditection
tangential to the rotation about the hinge
points and in the lug plane has heen
estimated with mock-up testing and cal-
culations o be at most about 1.2 MM on
the port side and 1.6 MN on the star-
hoard (Supplement). These values Lake
mro accotmt a weld delect al the siringer
hehind the port lug and the uneven dis-
tribution ol the [illet weld between the
stiffeners and the bulkhead plating. The
load-carrying capacity would be lower
lor aload applied ata smaller angle to the
bullhead plaring and higher for a load
more narmal to the plating,

It is especially noted that the side
lncks had deficient loading capacivy be-
cause their geometry nduced primary
shear in the afl plating of the visor. Thus,
although the minimum cross-section of
the hugs wasalmost equal to that required
by the design caleulation, the strength
was, very upproximately, only half of
what a similar Lension-loaded cross-sec-
Lion could provide. However, the cross-
seclions of the horizontal stringer and



Figure 15.3 The visor side locking lug assembly with bulkhead plating removed.

H]#HIIII'IT.&/4 STRIFGER
{IFVRRENS
LCKmGROLT
WERTICAL STIFFINCRS — — —*

the very modest vertical stillener weld
added some holding strength.

The wltimate load-carrying capacily
of the side locking lug welds has been
caleulated Lo be less than the value above
for a weld bead of 8 mim, bur the thiclk-
ness and strenpth of the weld material is
uncertain, The actual Filure did not,
however, occur in the welds.

It is concluded that the absence of
sufficiently detailed mamafacturing and
installation drawings for the lugs and
their supporting structure resulred n an
insufficient load-carrying capacity in com-
parison with the caleulated design load
reguireIment.

15.5
Evaluation of the
hinges on deck

The hinges at the aft end of the viser deck
beams were subjecred to loads of about
1.2 o 1.5 MM during normal opening
and closing of the visor, acting in direc-
tions between downward and alt de-

pending on the position of the visor. The
Lower tims of the hinge plates had gener-
ally [ailed under tension and the upper
omes under bending leaving stretched
rongues with strongly contracted tensile,
duetile shear [ractures of the failed lower

rims and flat fractures of the upper rims
with clear signs of bending overload (Fig-
ures 8.21-8.24). The welds o the bush-
ing lailed in the forward part leaving the
rim allached to the separated parl.

The lugs and one recovered hinge
bushing have undergome metalhargical
and strength investigations as described
in 12.7 and in more detail in the Supple-
ment, The investigation of the recovered
hings bushing has revealed extensive
cracking in the weld beads, primarily in
the downward-facing area. This cracking
was initiated by cracks in the rool of the
weld and progressed through the weld,
generally in one of the fusion zones. Ala
couple of places the cracking proceeded
to the outer suclace of the welds, as
reported after the accident by a student
doing paint work on board. The loads
generated during normal operation are

judged to have been sufficiently high to

cause falipne cracking ro progress in the
welds, initiated by the oviginal root cracks.

The lug rims ultimarely failed in ten-
siom of the lower lip and hending of the
upperane without previous faripue craclk-
ing, as clearly noticeable on the recov-
ered specimens. The [racture surfaces ol
the lugs indicate that the {inal tailore rool:
place within one or a lew load cycles,

The cracks ahserved had only mar
ginally influenced the strength of the
hinges against wave-induced loads pri-
marily because of the load directions
generated.

The load-carrying section of the hinges
comsisted of the rims of the hags of the
visor hinge heams and the fillet welds
around the hinge bushings. The rims of
the lugs had a cross-section of 60 by 25
mrm in each plate. The Tugs of one hinge
assemnbly {Lwo plates) would then, ac-
cording Lo simplified assumptions and
calcularions, have had a load-carrying
capability in aft-directed tension of max-
frmum 2,7 MM, using an ullimate tensile
strength of 450 N/mm?®, verilied during
aclual Lesting, With the minimum cross-
sections of the 1ims at yield in a welded
assembly their contribution to uliimate
strength inall-directed tension would be
1.5 MN. In the same loading mode the
weld would contribute about 5.5 MM
making the rotal resistance to a single
load at most about 7.0 MM lor alt-direct-
ed Lension.

The ultimare strength of 4 hinge
apainst lilling load has been estimated 1o
about 4.6 MN assuming a clearance larg-
er than aboul 1 mm betwesn the steel
bushing and the lug plate.

The surfaces of the holes in the hugs
where the bushings had been inserted
had, along much of their peripheries, a
very rough conrour as from manual lame
cotling. This applied to all four lugs, but
more so in the starboard hinge. The burn
marks were in the lug plates omly with no
corresponding marks on the recovered
hushing. In addition, the forward con
tours of the holes in the lugs in rhe
stathoard side hinge were located about
10 mom further forward relative to the
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ouler contours of the hinge heam than
thuse oo the port side. Tt has not been
pussible 1o find the reason for the rough
surlace, whether it was an adjustment ol
the hinges during assembly or remuains
[rom a later repair, No documentulion
{rom any repair in this area has, however,
been recorded,

It is mast likely that the [orees o
cause the hinges to [ail were penerared
when the visor, moving upwards around
its hinges and having lost support from
the locating horns, was exposed to twist-
ing and yawing moments, Given the rel-
alively high stifiness of the deck hinges
compared with that of the attachment of
the locking devices it is also possible that
initial failare of the port hinge was caused
by high reaction forces belore all locking
devices failed.

The Cominission notes that the hinge
strenglhs wers in general commensurate
with design intent. However, the cracks
generated duringnommal service indicate
insufficient strength of the hinge lug rims
and bearing bushing welds. Also the ri
mdity of the lug rims to vertically-direct-
ed loading is considered poor because of
themodest bearing bushing weld and the
flame-cut bushing hole with its rather
loose Lolerance.

15.6
Manual locking devices

The manual locks at each side consisted
of two plate Iugs welded to the aft bulk-
head of the visor and an eye bolt in a
cavily in the hull, so arranged that it
could be rotated to position between the
Tugs and tightened, The total load-carry-
ing capacity of the manual locks hasbeen
estimated ro be at most 0.7 MM cach. 1lad
they heen applied they may 1o some
extent have contribuled to the overall
load-carrying capubility of the visor locks,
The fact that there were no mstracrions
for their use has been talen as an indica-
tiomn, however, that they were not regard-
ed as part of the operational locking
syslen,
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15.7
Evaluation of the visor
actuators and their
attachments

The visor had two heavy-duty actuators
tor contrelling the openingand closing of
the visor. These were conmected o the
visur hinge heams ar a distance of 1.3 m
[rom the hinges and were mounted on
reinforced  horizontal platforms in the
front strucrnure of the hull. The actuators
were connected hydraulically to a sole-
noid-type control valve, which was closed
at all times except when the visor was
being moved. Various restrictor valves
were installed in the system ro limit the
specd vlopeningand closing, The pumps
in the hydraulic power supply sysiem
had been replaced once with new ones
capahle of delivering a higher hydraulic
pressure as the origingl ones had margin-
al capacity.

When sea loads started to open the
visor, an upward load was also applied to
the actuaters, which resisted the opening
movement. The leverage from the centre
ol attaclk of the sea loads compared
that of the actuators enabled a high pull-
ing force to be transmitted Lo the actua-
tovs, The port side actualor was at this
moment pulled cul of the hull (Figure
8.26) while only partly extended whilst
the locked-in hydraulic fluid acted to
transmil the force to the lower attach-
ment of the unit. The vertical force (o
shear the actuaror support out ol the hull
has been estimated to be from 4 MN
down to possibly as low as 2 MN, taking
into accoumt the unsymmumetrical atach-
ment point of the load and extensive
cracking in the platform edges and welds
as well as the sieel prade used for deck 3,
Tests revealed signs of cold brirtleness in
this steel even at room remperaturz. Lhe
acluglor mounting platform has under-
pone a detailed investigation (Supple-
ment).

The normal operating loads [rom the
actuators appear to have been high
enough to initiate [atigue cracking of the
platform plating and the welds, in partic-

ular where some crack-promoting dis-
continuities may have existed. The port
platform exhibited cracks around a large
partafits periphery, generated by vertical
lnads from normal visor opening and
closing,

The seals in the starboard actuator
failed, preventing the hydraulic fhuid from
transinitting the load. The piston vod of
this acluator was therefore extended and
the aciualor remained conmected in the
hull during the initial phase of the visor
movernent. The load initally wken is
uncertain but st have been below the
ultimare strength of the platform, esti-
mated ro be below 8 MN.

15.8
The ramp locking devices

The ramp was secured in the closed
position by six locking devices, 1.e. two
pull-in hools at the upper end and two
locking clears along each side of the
ramp.

After the accident, the upper pull-in
hooles were in closed position as verified
by ROV video piclures of the actuaror
and lever mechanism. It has, however,
naot been possible to determine in which
mode the hooks themselves failed, An
upper limit of the load-carrying capabil-
ity ol & hool may have heen the load a
which the metal in the contacting area
hetween the hook and the mating pin
started to yield. This load was approxi-
mately 0.2 MN. It Is assumed that the pin
slipped off the hook when yielding stare-
ed in the hook material, as the hend-over
angle ol the hook tip was small,

The side securing bolts, in locked
posilion, extended into box-like struc-
Lures welded to the side bars of the ramp.
These boxes were ripped open lollowing
failuresin their welds. The [orce required
to 1ip any one of these boxes open has
heen estimated o be 0.2- 0.3 MN. The
lower port box, however, was not dam-
aged and it is concluded that the locking
bolt was not engaped when rthe ramp was
forced open by the visor, A question
remalins about the condirion of this lock-
ing device just before rhe accident. This



did not, however, have any effect on the
overall development of the accident,

The locking devices failed sequen-
Lially a5 a result ol load applied to the port
side [irst. A loree applied to the top of the
ramp [rom contact with the visor had
larger leverage than the locking devices
had, reducing the [orce actually required
to breal the devices. The contact [orce
required to deform the stiffeners in the
deck housing of the visor has been esti-
mated at 0,.3-0.4 MN | sufficient ro hreake
oper the ramp locking devices,

15.9
Other damage
to the visor

(Other damage to the visor that is velared
Lo the accident includes extensive pound-
ing ol its botlom and indentations on its
front. The botiom plating was forced
upwards and had cracks in many places,
primarily in welds. The stem post had
separated from the side plating and been
folded inwards together with the hottom
plating (Figure 8.6), Damage marks indi-
cate Lhat this happened when the wisor
started Lo tomble loreard and was Totat-
ing downwards on the ive-breaking prong
of the bulbous bow. This damage caused
by the ice prong continues upwards along
thestem, culminating in large mid-height
indenration (Figure 8.5). Further inden-
tations, scratch marks and paint marks
o the starboard side of the visor indicare
its continued movement when ir slid off
the bulbous bow and sank underneath
the wessel.

Analysis of paint marks in the main
indentation shows that these came {rom
paint of the same type as that used below
the waterline of the vessel, ncluding the
bulbous bow,

1t is concluded thar the botrom plar-
ing ol the visor became deformed when
the visor was dropping back after having
been lilted by waves, initially pounding
or the [orepesk decleand, secondly and
extensively, on the slem head.

Some indications of old cracks have
heen found in welds, primarily in those

hetween the stem post and the side plat-
ing and between the side plating and the
hottom plating, Some of these joints may
have heen exposed o cyclic loading from
apening and closing and from waves and
ice. Fatigne cracking may have devel-
oped, generally starting in stress concen-
Lration points in the roots of the welds, Tt
has, however, been difficult to determine
the churacteristics ol the cracked surlaces
due Lo subsequenl exlensive corrosion.

The stem post, folded inwards under
the visor, had four transverse cracks on
itz fromt side. Tt is assumed that these
developed during the deformation of the
stem by beating on the ice prong al-
though indications in the crack surfaces
sugpest that cracks may have existed
belore the accident.

Small paint marks [rom paint similare
to that used on the hull were [ound in one
of the cracks, Tt comld, however, not he
established whether these marlks were
Hakes coming from the surroumding paint
or had actually entered an existing crack
during painting,

1t is concluded thay some cracks may
have developed in some weldsduring the
vessels lifetime. Tn view of her age these
cracls are considered o be normal and
did not contribute ro the cause or the
development of the accident, Progressive
cracking in some weld seams might have
allecled only the development of the
secondary damage, once the damage had
been initiated.

Tern longitudinal flat bars, though
showm om the visor steel drawing as run-
ning one on each side of the recess for the
lacating horn on the botrom plate of the
visor, seem not to have been installed,
The bottom of the visor therefore had no
olther sirectural conlinuity in its load-
carrying mermbers than its aliimost bearn
to which the visor locking lug was al-
tached. The bottom is therelore consid-
ered to have heen wealer than intended,
in particular when taking vertical lnads.
This is also likely to have affected the
amount of deformation occurring during
the accident influencing the ability of the
visor boltom structure to resist vertical
lorces that may have developed during

the [ailure.

The interior of the visor shows sever-
al dirty "waterlines" indicating that warer
had been standing inside the visor for
some time. Some oil, presumably -
draulic oil leaking [rom the hydraolics of
the bottom lock, had Aoated on top and
had serrled on the vertical surfaces giving
the "waterhines”, The sealing on the fore-
peak deck had clearly not always been in
a condition to keep the lower part of the
visor watertight. The Commission has
learned from individualsinvolved in oth-
er lerry operations that this is quite com-
mor in many [erries as the seals on the
fore peak declare so easily damaged by
the rubbingaction oceurting during open-
ing and closing of the visor,

The Commission has conchaded that
the general maintenance standard of the
visor was salislactory The steel work was
little corroded and no reduction of plate
thickness, nor pitting, hasbeen noted on
the various parts collected for detailed
investigation,

15.10
Failure modes and
combined strength of the
attachment devices

The failure pattern of all the arrachments
indicates an overload cansed by forward-
upward motion of the visor. The Commis-
sion has considered dillerent possibilities
that could have caused the attachmenis Lo
fail, hut has come to the conclusion that it
was an external wave impact on the visor
that created the necessary fathie lnads.
The visor of the ESTOMIA was not
Iully watertight, and probably some wa-
ter penetrated into it in the rough head
annd bow sea the vessel encountered.
Iydrostatic pressure [rom trapped water
inside the visor would create a resuliant
foree directed about 45 degrees lorward
and down, The pressure and the result-
ant force would he amplified by the ver
tical acceleratioms of the bow, However,
the possible amount of trapped warer
could not have created tension reaction
torcesin the attachments sufficiently high
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to make any of them fail. As an exam ple,
3m ofwater mside the visor would create
a hydrostatic resultant lorce of only about
0.5 MH,

Green water on deck could he critical
due to the unlavourable lever arm o the
aft-positioned visor hinges. Abour one
metre ol water on the deck would double
the weight ol the visor, bur several times
this height would be needed to break the
attachments, The model tests and the
numerical simulations show that the
probability of any signiticant amount of
green water on deck was neglipgible for
sea comditions at the time o the accident.

In general, the lower level of wave-
induced forces on the visor occurring
every few minutes in the prevailing sea
condition would cause closing moments
aboul the deck hinges. The reaction fore-
&5 s0 created were taken up by the stem
postand steel pads on the forepeak decl.
The model test results indicate that the
maximuin closing moment including the
visors welght was sboul B0 MNm. frhe
stern pust alone had supported the wisor,
the stresses [rom this moment would
hiave been about 120 Mfmm? in compres-
sion, possibly with some added bending
stresses. If the visor locking devices had
taken up the closing moment, the reac-
tiom forces would have been directed
forward, causing compression in the lugs.
The closing mode is not considered crit-
ical for the altachment system.

When he resultant wave-induced
forces exceeded 2.0-2.59 WMN, the line of
action would pass ahove the hinge axis
and create an opening moment. With an
average period of about 10 minutesin the
accident condition, the opening moments
were high enough, about 3 MNm, to
exceed the static weight of the visor. Less
frequent, higher wave loads caused much
larger opening moements. Cpening ma-
ments would create tension in the visor
lugs ol the locking devices and forward-
down compression i the visor hinge
lugs. In oblique haw sea the reaction
forces would he umevenly distributed
hetween the side lugs, increasing the
tension on the side that encountered the
waves. This effect is clearly visible in the

194 ESTONIA — FINAL REPORT

visor damage which shows slrong move
ment from port to starboard.

The attachiment system was statically
undetermined and the distribution of
reaction forces was therefore affected hy
the stiffness ol the structure as well as by
the play in the locks. By studying differ-
ent levels and combinations of wave load
cotmponents and different possible dis-
tribution of reaction forces, an estitnate
ol the total lnad-carrying capacity belore
failure of any of the artachments hasbeen
obtained. The estimated strength of the
individual attachments is described ear-
lier i this chapter Assuming that all
locks worked elficiently and using realis-
tic correlations ol wave load forces and
moments obtained from model reses in
porl bow seas, it is estimared thar the
combined strenpth of the atachment
system would be exceeded by an external
resultant wave load of 7-0 MM, corme-
spanding to opening moments 1320
MMM,

Most likely the port side lock failed
tivst, possibly at a lower load level than
the maxlinum  estimated above, The
subsequent [ailure could have occurred
either by shearing of the port hinge lugs,
or by tension in the bottom lock. The
estimated necessary level of wave load
for either of these possible second filure
modes is about the same. Ilence, the
complete failure sequence could have
required only one or two wave impacts,
1 only the port lock failed i a fivst large
wive inpuct and the other artachments
remained intact, then the visor was prob-
ably lkept in place — appearing undam-
aged - for a significant period. The hy-
pothesis of a side lock [uiling first is
supparted by the similar damesge pattern
mcurred by the visor allachments of DL
ANA T in 1993

Figure 15.4 llustrates an example of
apossible reaction force distribution aver
the attachments when the port side lock
[ails. The load on the hinges, though
large, is acting in an uneritical direction
while the hottom lock and the starboard
side locle are loaded only to about hall of
the critical level, A possible reaction [orce
distriburiom after the port side lock has

failed is shown in Figure 15.5.

The final stage of the allachment [ail
ures leading to the loss of the visor ok
place in the remaining hinge lugs and in
the lifting actuator sealings and mount-
ing plattorms when the visor was free to
move. Signilicant [orces in the actuarors
are judged Lo have developed only after
the locks had filed. The maximum nec-
ezgary resulant wave load ro fail the
acluators simultanecusly would be about
6 MM, bur they most likely [ailed in
sequence under dynamic condilions al 4
significantly lower level.

The extreme value distribution aof
wave-induced loads given in 12 3 for the
accident condition indicates a theovetical
probability of more than 5% that a single
wave load would exceed the largest esti-
tated combined srrengeh of the attach-
ments during 30 minutes at a speed ol
ghout 14 lnots in oblique bow seas with
a significant wave height of +.0—t.1 m.
The probability of wave loads exceeding
the attachments strength increases rap-
idly with increasing wave heights,

The Commission concludes rhar the
largest [orces generated by sea loads un-
der the prevailing conditions were high-
er than the combined strength of the
attachments and hence caused the filure
of these and the subsequent loss of the
Visor

Ttisnotable that the ullimate strengrh
aof the visor allachment system was ex-
ceeded already [or a load level about
equal o the design load used, and that
this load level developed in a sea condi-
Lion that was far from the worst the ship
could have heen expected to encounter.
There was consequently no margin of
safery ncorporated in the visor auach
ment systelm.

15.11
Design considerations

Alter having studied the design, manu-
[acturing and procedures for approval,
the Commission finds rhat none of the
parties involved considered the visor at-
tachments as eritical components for the



Figure |5.4 Example of reaction force distribution resulting in port side lock failure.
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safety of the ship. There is however no
indicarion thar the routines in this re-
spect deviared in general [rom routines
[ollowed by other parties for other new-
buildings in the Baltic area al the Lime.
Information has been found, however,
thal in some other parts of the world in
the 19705 visors and their artachments
were more thoroughly designed and con
sidered critical [or the vessels safety:

The ESTOMNIA was designed and builr
after a decade of very rapid development
in shipbuilding and naval architecture.
Ship sizes inereased, shipyard technolo-
gy was modernised and new computer-
based direct methods for caleulation of
structural strength and wave-induced
loads were introduced in the design proc-
ess. Asa consequence, expetience lagged
behind technolopical development. Ships
are in gemeral highly optimised with re-
gard Lo structural strength, and experi-
ence [rom damage, incidents and acci-
dents has always been an important hasis
for the development of codes and proce-
chures,

Ro-ro passenger [erries lor the Baltic
traffic developed very [ast during the
1970z as deseribed in Chapter 10, The
ESTOMNLA wasat the ime of newbuilding
among Lthe largest bow visor ferries ever
desipned, and experience from similar
designs was obviously limited.

Today with the outcome known, it is
easy to find several ilems Lo criticise in
the design of the visor. Tlowever, If any-
one had made a rarional analysis of the
concepl, the same items could have been
found open to criticism even at the time
the ship was designed. Here are listed a
few such design considerations that the
Commission repards as important,

All arrachment points lor a bow door
should be regarded as highly loaded de-
sign items and subjected to detailed load
and strength analysis,

Where operaring experience is limit-
ed and design rules and recommenda-
tions give little support, it is of utmost
importance Lo make a failure consequence
analysis. Cven a very simple analysis
would in this case have highlighted the
criticalinterconnectionbelween visorand
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ramp and the possible consequence of
water om the car deck alter fathure of the
visor attachments. The conchision would
then have been either to separate the two
barriers or to incorporate a very large
safety margin in the design of the atiach-
Ments,

The design load calculation and the
assumplion of equal distribution of fore-
eson the attachment lugs for which there
wis also support from some classifica-
tion societies” design rules al that time,
had no hasis in physics. The reaction
[urces obrained were not in halance with
the exrernal load, and no specific direc-
tions of forces were determined. Since
the design pressure head was equally
distributed over the shell of the visor,
obligue loading was not even consid-
ered. The Commission is of the opinion
that even very simplified design caleula-
livns of vital items should include analy-
sis of different possible load divections
and failure modes. Inastatical lyundeter-
mined system ol supporting points, ei-
ther detailed analysis including lexibili
ty should be performed or sullicient
strength should be assessed [or any com-
binalion of reduced system that could be
evaluated by simple equilibrivm of fore-
e,

Locking devices of the common de-
sipn such as those installed on the ESTO-
MIA ave subject Lo wear and corrosion on
the locking bolts and maring lugs, lead
ing to play in the amangement. Some
initial play is also built in, Lo salepoard
tunctioning during opening and closing
olthe devices. The play wasabout 10mim
in the ESTOMIA's locking devices and
extensive play of aboul 35 mm s known
from ather ships. Play between the con-
necting parts has the consequence that
the contact load distribution between the
locking devices isundeterminable and in
an extreme condition one single device
may be subjected o the entire external
load. Flay in a commection subjected to
dynamic lInads will always lead to accel-
eraled wear and may induce [atipue. The
Commission is therelore of the opinion
that locking devices should be of such
design that play is eliminated during
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closing and bow doors should, in the
closed position, be physically rightened
apainst mating surlaces.

The local design of the ESTOMNIAS
visor attachments shows weakness par-
ticularly because the lowered strength in
the shearing mode had heen ignored.
The hinges were weale due ro weld shear
and bending of lup rims induced by
vertically directed reaction. The side lnck
induced shear in the visor all plating in
all load modes, and the botom lock
design capacity would have been lmited
by shear of the visor lug Lip even if the
[orepeak assembly had been welded to
better standards.

15.12
Comparison of design
requirements and actual

installation

The design requirements for the visor
attachiment devices ar the time the vessel
was buill penerally indicated a design
lead level ofahout 1 MIN per deviee based
vo an even distribution of the how load
on all the attachment points. This ap-
plied ta the way the loads were deter-
mined by the yard, and also followed
from the rules of some other classilica-
ricm societies at that time,

The ultimate faihire load, correspond-
ing Lo the 1 MN design load, would in the
simplilied analysis made by the yard have
been shout 3 MN per device taleen as the
ratio between ultimate strength and per-
mitted stress, However, in a mixed de-
sipn whete various desipn elements are
included and dillerent failure modes will
develop sequentially, this relationship is
not directly applicable,

The [aillure load of the bollom and
side locking devices as installed has heen
determined to be about 1.5 MN per de-
vice, account raken of the uncertainty in
load direcrion and failure modes,

It seems abvious (o the Commission
that the ultimate load-carrying capability
of the attachment system and irs individ-
ual devices would have been considera-
hly higher if the reduced srrength in the

shearmode had been considered and the
manufacture would have been according
Lo the design intent.

The design loads used were, howey-
er, low and it is noteworthy that even an
installation fully meeting the design as-
sumptions applicable ar the time of con-
stiction would not i all cases have
withstood the hydrodymamic forees pen-
erated during the night of the accident,
considering the increasing wave heights,
Az an Mustrarion, the model est results
show that the maximum opening mo-
ment generated by wave loads would be
more than three times higher than esti-
mared for the accident condition in bow
seas with a signilicant wave height ol 5.3
m and a speed of 10 knots,

1513
Class and administration
implementation
requirements

A number of serious incidents are Te-
tersed 1o in Chapter 11, The cases men-
tivned are those for which the Commis-
sion has found information without ex-
lensive research. The ships involved were
in most cases operaling in Scandinavian
waters, It is fair 1o assume that a number
of ncidents have taken place also in
other trading areas,

In the individual ship involved in an
incident, the relevant struciures were in
most cases reinforced during the neces-
gary repair, In several cases reinforce-
ments were alse made on sister ships.
Howewver, in some cases the classification
sociery nvolved was satisfed with a re-
pair restoring the strenprh of the device
rothe original standard. Thiswas the case
e.g alter the DIANA T incident in Janu-
ary 1993 The vessel was at that time 13
years old and the damage seems to have
been regarded as isolated and no further
alarms were Taised or action taken,

The Commission hus noted that in
several cases the allected Administration
communicated with the classification
sociery involved and was satisfied with
the information that the strengrh require-



ments had been increased. This would
apply, however, to new ships only Retro-
activeupgrading of existing ships through
miles and repulations with refroactive
effect has penerally been considered un-
acceprable within the shipping industry
and this attitude has been accepred wirh-

in IMO as well as amongst classificarion
socisties,

The Cormmission finds this aritde
unacceptable in cases ol incidents with
serious safery implications. The Com-
mission is of the opinion that all amend-
menls o reguitements, founded onactu-

al risks having become known, should
lead to requirernents with retroactive ef-
fect, both in MO repulations and in the
rules of the classification societies. The
Comenission has also noted that a maove
in that direction has raken place since the.
ESTOMNLA accident.
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