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Over the past decade, photogrammetric recording and virtual 3D modelling have
evolved as a standard practice in documenting shipwreck sites. Exploiting the same
methods, we can attempt to virtually reconstruct the dynamics of an accident leading
to the creation of an archaeological site. By applying modern engineering tools capable
of deploying multi-body system dynamics to simulate the damaging, capsizing and/
or sinking of a ship, we can model and analyse the various possible scenarios of an
incident occurring to an ancient merchantman. Subsequently, we can establish the
correlation between the characteristics of the actual shipwreck site, and the outcome of
the numerical simulation of the assumed scenario.

Proteklog desetljeca uvrijezila se praksa fotogrametrijskog snimanja i izrade virtual-
nih 3D modela pri dokumentiranju nalazista brodoloma. Tim tehnikama moguce je
prikupiti podatke koji omogucuju rekonstrukciju dinamike havarije koja je dovela
do nastanka arbeoloskog nalazista. Primjenjujuci suvremene tehnicke alate, kojima
Jje moguce simulirati fiziku brodoloma, moguce je analizirati ponasanje plovila na
moru, pojavu ostecenja na trupu broda ili prodora vode u brod, njegovo prevrtanja
ifili poronuce. Moguce je izraditi realisticne modele brodske konstrukcije, kao i pri-
padajuceg tereta, te analizirati razglicite pretpostavijene tijekove nesrece koja je snasla
drevne trgovce, poput snage i smjera vjetra, valova i morskih struja, tezine tereta,
pomorstvenosti broda i drugog. U konaclnici, moguce je utvrditi suodnos i podudaran-
je karakteristika postojeceg nalazista brodoloma i ishoda numericke simulacije pret-
postavljenog tijeka nesrece.
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INTRODUCTION

Shipwreck sites are among the most frequent
underwater discoveries and are found in vari-
ous states of preservation. The term shipwreck,
as applied by maritime archaeologists, often
encompasses any incident which brought to
the seabed part or the whole of a ship’s cargo.
On the other hand, in maritime legislation,
naufragium or navis fractio indicates the loss of
a ship', i.e. an incident that caused the ship to
cease its navigation and lose its function. Such
a definition is still used in Croatian maritime
law? and is applied in this meaning in the fol-
lowing text.

Considering just wooden ships, the great
majority of sites in the Eastern Adriatic belong
to Classical Antiquity, and more specifically to
the Hellenistic and Roman periods. In many
cases, they are easily identified by the presence
of amphorae, common ancient non-perishable
transport containers.’

Since the appearance of heavy diving gear
at the end of the 19" century, and even more
since the development of autonomous diving
in the second part of the 20™ century, most
of the ancient shipwreck sites accessible to
sports divers have suffered from intense loot-
ing.* This fact in most cases has reduced the
possibility of satisfactorily explaining how the
unfortunate events occurred.

During the past two decades, non-looted
sites, dating from the 4™ century BC to the 4"
century AD, have been discovered in Croatian
waters,” increasing the amount and accuracy
of the input data for the attempted reconstruc-
tion of sinking scenarios. Such reconstruction
usually relies on subjective interpretation pro-
vided by the researcher. It is mostly based on
direct observations of the archaeological re-
cord, an analysis of the site formation process,

A. M. BURRIL, 1998.

I. GRABOVAC, 2003.

M. JURISIC, 2000; M. JURISIC, 2006.
L. RADIC ROSSI, 2012.

L. RADIC ROSSI, 2014.
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UVOD

Nalazista brodoloma predstavljaju jedna od
najc¢es¢ih podmorskih otkrica, a njihovo stanje
ocuvanosti varira. Izraz brodolom u kontekstu
podmorske arheologije najées¢e podrazumije-
va bilo koji dogadaj uslijed kojeg je cjelokupni
brodski teret ili dio njega dospio na morsko
dno. S druge strane, u pomorskom pravu, 7a-
ufragium ili navis fractio ukazuje na gubitak
broda', odnosno na dogadaj uslijed kojeg je
brod prestao ploviti i izgubio funkciju. Takva
se definicija jos uvijek primjenjuje u hrvatsko-
me pomorskom pravu® te se u tom znacenju
koristi i u ostatku ovog ¢lanka.

Uzmu li se u obzir samo drveni brodovi, veli-
ka vedina nalazi$ta na isto¢nom Jadranu datira
se u razdoblje antike, konkretno u helenisticko
i rimsko doba. U mnogim slu¢ajevima lako ih
je prepoznati po prisustvu amfora koje su bile
uobicajena i postojana transportna ambalaza.’

Od pojave teske ronilacke opreme krajem
19. stoljeca, a jos vise od razvoja autonomnog
ronjenja drugom polovicom 20. stolje¢a, ve-
¢ina antickih nalazi$ta brodoloma kojima su
mogli pristupiti sportski ronioci bila je izloze-
na intenzivnom plja¢kanju. Ta ¢injenica u ve-
¢ini slucajeva smanjila je moguénost izvodenja
zadovoljavajuceg zakljucka o nacinu na koji je
doslo do nesretnog dogadaja.

U protekla dva desetlje¢a u hrvatskom su
akvatoriju otkrivena neopljackana nalazi-
sta koja se datiraju od 4. stolje¢a pr. Kr. do
4. stolje¢a po Kr.’ ¢ime je povecana koli¢ina i
to¢nost ulaznih podataka na temelju kojih se
nastoji rekonstruirati na¢ine na koje je doslo
do potonuéa. Takva rekonstrukcija obi¢no po-
¢iva na subjektivnoj interpretaciji znanstveni-
ka. Najces¢e se temelji na izravnim zapazanji-
ma na arheoloskom nalazistu, analizi procesa
njegovog nastanka, proucavanju geografskog
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an examination of the geographical context,
and research experience. Although in many
cases it could correspond to what happened
in the past, the testing of the hypothesis that
would firmly confirm or revise the suggested
scenario is usually missing. The danger of su-
perficiality and unrealistic interpretations has
already been pointed out by Keith Muckelroy.®

In the framework of the Archacology of
Adriatic Shipbuilding and Seafaring (AdriaS)
Project, supported by the Croatian Science
Foundation, interdisciplinary collaboration
has led to experiments with numerical model-
ling to find out how to apply naval engineer-
ing methods and tools in the field of nautical
archaeology. This paper aims to present the
first steps towards the possible solution of
simulating the sinking of an ancient ship and
testing the various assumptions regarding the
sinking event.

PREMISES

The constant development of software
solutions and, at the same time, the increase
in computational speed have resulted in the
availability of very sophisticated numerical
tools for the analysis of various engineering
problems.” In state-of-the art software pack-
ages, a large number of material models has
been defined and many algorithms encoded.
Material models are essentially equations de-
scribing the physical behaviour of certain ma-
terials, like wood, steel, water, etc. Encoded
algorithms consider the interaction between
different structures or materials, such as their
contact, heat transfer, the buoyancy of float-
ing objects, and so on.?

When the simulation of a real-world event
is to be performed, careful preparation of
such a numerical experiment is required.

¢ K.MUCKELROY, 1978, 157.

7 E.g.S.RUDAN, K. TABRI, I. KLARIC, 2010; S. RUDAN,
D. VOLARIC, 2016.

8 S.G.LEE, T. ZHAO, J. H. NAM, 2013.

konteksta i istrazivackom iskustvu. Iako je u
brojnim slu¢ajevima moguée podudaranje sa
stvarnim dogadajima iz proslosti, obi¢no izo-
staje provjera hipoteze kojom bi se potvrdio ili
revidirao pretpostavljeni tijek dogadanja. Na
opasnosti koje sa sobom nosi povrsno i nereal-
no tumacenje vec je ukazao Keith Muckelroy.®

U okviru projekta Arheologija jadranske plo-
vidbe i brodogradnje (AdriaS), uz financijsku
potporu Hrvatske zaklade za znanost, interdis-
ciplinarna suradnja rezultirala je numerickim
modeliranjem kako bi se utvrdili moguéi na-
¢ini primjene metodologije i alata iz podrudja
konstrukcijske analize i hidromehanike broda
u podrudju arheologije broda. Ovim se radom
nastoji prikazati prve korake ka iznalaZenju
metodologije za simulaciju potonuc¢a antickog
broda, koja bi zatim omogucila preispitivanja
raznih pretpostavki povezanih s dogadajem
potonuca.

PRETPOSTAVKE

Konstantni razvoj softverskih rjesenja i isto-
dobno povecanje proracunskih kapaciteta ra-
¢unala omogudili su dostupnost veoma sofisti-
ciranih numeric¢kih alata za analizu razli¢itih
tehnickih problema.” Suvremeni softverski
paketi sadrze velik broj materijalnih modela
i brojne algoritme. U osnovi, materijalni mo-
deli predstavljaju dijelove softverskog koda
koji opisuju fizikalno ponasanje materijala na
osnovi teorijskih jednadzbi. Istodobno, takvi
softverski paketi ujedno sadrze i brojne algo-
ritme koji omogucuju analizu medusobnog
kontakta razlicitih tijela, pojavu i razvoj oste-
enja, prijenos topline i tlakova, npr. uzgona,
i sli¢no.®

Kako bi se provela smislena numericka ana-
liza stvarnih dogadaja potrebno je pazljivo pri-
premiti numericki eksperiment. Postupak za-
¢ K.MUCKELROY, 1978, 157. i
7 Npr. S. RUDAN, K. TABRI, I. KLARIC, 2010; S. RUDAN,

D. VOLARIC, 2016.
¢ S.G.LEE, T. ZHAO, J. H. NAM, 2013.
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The process needs to start with a good un-
derstanding of the problem and the phys-
ics involved in the event. If, for example, a
sinking event is studied, then all the available
information about the ship structure, its car-
go and seafaring capabilities, environmental
conditions (waves, wind, sea current) and
so on must be known or assumed. Follow-
ing this path, a proper material model must
be considered: wood for modelling the ship
structure, ceramics for the amphorae, water
and air material models for the sea and air
modelling, etc. Of course, certain simplifi-
cations are introduced during the numerical
simulation setup. Once this is done, the cal-
culation may start, but not before all the cal-
culation control parameters are properly set.

Although setting up the entire simulation is
nota straightforward task and requires certain
skills and experience, the analyst is rewarded
by the possibility of numerically studying a
number of scenarios that include non-linear
multi-physics problems of great complexity.
Depending on the time available and access
to other resources, several possible solutions
may be examined in the virtual environment
with great confidence.

To test the possibility of studying the me-
chanics and reasons for the sinking of an an-
cient ship by applying numerical tools, an
ancient ship loaded with cargo (amphorae)
and exposed to lateral waves is considered.
Then, by varying the environmental param-
eters and cargo weight, an attempt is made
to obtain the realistic behaviour of the ship,
leading either to floating or capsizing.

Ship stability in waves

Ship stability in waves, along with ship
strength, is the most important property of
any ship, either ancient or modern. Ship sta-
bility is determined mainly by the equilibri-
um of two simultaneously acting forces: the
ship weight and ship buoyancy. Ship weight
is the total weight of the ship structure, cargo,
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pocinje temeljitim razumijevanjem problema,
kao i fizike povezane sa samim dogadajem.
Ako se, na primjer, proucava dogadaj potonu-
¢a, potrebno je poznavati ili pretpostaviti sve
dostupne podatke o strukturi broda i njegovim
plovnim karakteristikama, sadrzaju i raspore-
du tereta, uvjetima u okolisu (valovi, vjetar,
morska struja) i dr. U tom kontekstu potreb-
no je razmotriti prikladne materijalne modele
te njihove moguénosti, prednosti i nedostatke:
materijalni model koji opisuje ponasanje drva
za izradu modela strukture broda, odgovara-
ju¢i materijalni model za keramiku od koje
su izradene amfore, materijalne modele vode
i zraka za izradu okoli$nih uvjeta itd. Cesto se
prilikom postavljanja parametara numericke
simulacije uvode odredena pojednostavljenja.
Nakon toga moze zapoceti izracun, ali tek na-
kon $to su ispravno namjesteni i provjereni svi
kontrolni parametri prora¢una.

lako postavljanje cjelokupne simulacije nije
jednostavan zadatak te ono iziskuje odredene
vjestine i iskustvo, analiti¢ar ima moguénost
numerickog izu¢avanja Citavog niza mogucih
scenarija od kojih svaki ukljucuje numericki
izra¢un vrlo slozenih nelinearnih visefizikalnih
problema. Ovisno o raspolozivom vremenu,
kao i o dostupnosti svih potrebnih resursa, u
virtualnom je okruzenju mogudée s velikom
pouzdano$éu preispitati nekoliko mogucih
scenarija.

Kako bi se numerickim alatima ispitali mo-
gudi razlozi i nadini potonuéa anti¢kog broda,
u razmatranje se uzima anticki brod natovaren
teretom (amfore) te izlozen bo¢nim valovima.
Zatim se, mijenjajuéi parametre okolisa i teZi-
ne tereta nastoji posti¢i realisti¢cno ponasanje
broda koje ¢e dovesti do njegovog plutanja ili
potonuca.

Stabilnost broda na valovima

Pored ¢vrstoée brodske konstrukeije, naj-
vaznija karakteristika svakog — i antickog i
suvremenog — broda njegova je stabilnost na
valovima. Stabilitet broda odreduje u prvom
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equipment, crew and any other weight that
results in ship displacement. Ship buoyancy
is determined by the shape of the hull, dis-
placement and the wetted surface. The total
of the weight forces acts at the location of the
ship’s centre of gravity, while the total of the
buoyancy forces acts at the centre of the im-
mersed volume, or immersed cross section, as
in the case of the presented 2D floating mod-
el. When the ship is exposed to the action of
waves, it moves with six degree of freedom,
three translations and three rotations regard-
ing to defined coordinate system. One of the
rotation displacements is rotation about z
axis, i.e. rolling where resulting rolling angle
determines the restoring moment which is a
consequence of the two forces (weight, W and
buoyancy, B), acting simultaneously (Fig. 1).
Three points may be distinguished: K is
the point on the keel defined as intersection
of baseline (BL) and centreline (CL) and is
conveniently used as the origin of the coor-
dinating system; G is the centre of the ship’s
gravity; and Bo is the centre of its buoyan-
cy, which is determined by the immersion
of the ship below the waterline (WL). Two
forces acting at any time are the ship weight
or displacement (W) and the ship buoyancy
(B). Clearly, when the ship is in calm water,

redu ravnoteza dviju sila koje djeluju istodob-
no, a to su: tezina i uzgon broda. Tezina broda
ukupna je tezina brodske konstrukcije, tereta,
opreme, posade i bilo koje druge tezine koja
daje istisninu broda. Uzgon broda odreden je
oblikom trupa, istisninom i oplakanom povr-
sinom. Ukupan zbroj tezina rezultira centrom
gravitacije, a ukupan zbroj sila uzgona rezul-
tira centrom volumena ili uronjenog presjeka
kao u slu¢aju 2D plutajuéeg modela. Kad je
brod izlozen djelovanju valova, ostvaruje $est
stupnjeva slobode gibanja: tri translacije i tri
rotacije u odnosu na definirani koordinatni
sustav. Jedan od tih stupnjeva slobode jest ro-
tacija oko uzduzne osi broda, tj. ljuljanje, pri
¢emu rezultirajuéi kut ljuljanja odreduje mo-
ment uspravljanja (povratni moment) koji je
posljedica spomenutih dviju sila (tezine, W i
uzgona, B), koje djeluju istovremeno (SI. 1).
Na karakteristicnom presjeku broda mogu-
e je razlikovati tri tocke: K je tocka na ko-
bilici definirana kroz presjek osnovne (BL) i
sredis$nje crte (CL) i prikladno se koristi kao
ishodiste koordinatnog sustava; G je centar
gravitacije; a Bo je centar uzgona broda koji je
odreden uranjanjem broda ispod vodne linije
(WL). Dvije sile koje djeluju citavo vrijeme
jesu tezina broda odnosno njegova istisnina

(W) i uzgon broda (B). Naravno, kad se brod

Yy

|7
¢
WL
@ B
G ¢
k Bo’
Bo ¢
BL
K w
\ FIGURE 1 Principle of the
0Ly X CL restoring moment

SLIKA 1. Princip djelovanja
momenta uspravljanja
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both forces act in the vertical direction and
the restoring moment is zero. When the ship
rolls due to the action of the waves by angle
p, the buoyancy changes and the new centre
of buoyancy moves to point Bo'. Again, the
ship weight acts through point G, while the
ship buoyancy forces act through point Bo'.
These two forces are parallel but no longer
collinear, and the restoring moment M = Wik
is generated. In normal circumstances, the
restoring moment always acts in such a way
that the ship tends to return to the original
undisturbed position. During the numerical
simulation of the ship rolling on the sea sur-
face, the equilibrium of all the forces acting
on the model, including weight and buoyan-
cy, needs to be constantly maintained.

NUMERICAL MODEL

Since the purpose of this article is to ex-
plore the capability of modern engineer-
ing tools in simulating an ancient marine
accident, a simplified numerical model is
applied. Therefore, the modelling and cal-
culation efforts are reduced, while all the
relevant physical components of the event
are considered, allowing a realistic simula-
tion.

The presumed scenario considers an an-
cient ship loaded with cargo, deprived of
manoeuvring capacity and drifting help-
lessly in rough sea. As time passes, seawa-
ter penetrates the hull, slowly reducing the
buoyancy of the ship. Finally, the ship sinks
to the seabed, assuming a final resting posi-
tion.

Modelling such an event presumes consid-
ering as much physics as possible. In other
words, a model of the environment must be
established, a model of the ship and its cargo
produced, interaction between all the struc-
tural parts and interaction between the fluid
and structure defined, and the friction and
contact forces controlled, etc. Obtaining the
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nalazi u mirnoj vodi, obje sile djeluju u oko-
mitom smjeru pa je moment uspravljanja jed-
nak nuli. Kad se brod ljulja uslijed djelovanja
valova i naginje pod nekim kutom p, uzgon se
mijenja, a novi centar uzgona premjesta se u
tocku Bo’. Tezina broda opet djeluje u toéci G,
dok sila uzgona broda djeluju u tocci Bo'. Te
su dvije sile paralelne, ali vise nisu kolinearne,
te se stvara moment uspravljanja M= Wk. U
normalnim okolnostima, moment uspravlja-
nja uvijek djeluje tako da brod vraca u ravno-
tezni polozaj. Prilikom numeri¢ke simulacije
ljuljanja broda na moru ravnoteza svih sila na
modelu, uklju¢ujudi tezinu i uzgon, mora biti
zadovoljena u svakom proracunskom koraku.

NUMERICKI MODEL

S obzirom da je osnovni cilj ovog ¢lanka
istraziti moguénosti suvremenih tehnickih
alata u simulaciji antickih pomorskih nesre-
¢a, primjenjuje se pojednostavljeni numericki
model. Na taj nacin smanjen je obim izrade
svih modela i trajanje izracuna, a istodobno su
uzete u obzir sve mjerodavne fizikalne znacaj-
ke dogadaja, koje omogucuju realisti¢nu simu-
laciju.

Prema pretpostavljenom tijeku dogadaja u
scenariju na osnovi kojega ¢e se izraditi prora-
¢unski numericki model, polazi se od antickog
broda natovarenog teretom, smanjene ili one-
mogucéene upravljivosti, koji bespomoéno plu-
ta uzburkanim morem. Kako vrijeme prolazi,
tako morska voda prodire u trup, postupno
smanjujuéi uzgon broda. Naposljetku brod
tone i zauzima konacan poloZaj mirovanja na
morskom dnu.

Pri izradi numerickog modela takvog doga-
daja vazno je uzeti u obzir $to vise fizikalnih ¢i-
njenica. Drugim rije¢ima, potrebno je izraditi
realisti‘an model okolisa, dovoljno detaljan
model broda i tereta koji je prevozio, defini-
rati medudjelovanje svih dijelova njegove kon-
strukcije, ukljucujuéi pomicanje tereta, kao i
interakciju izmedu tekudine i konstrukcije, za-
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optimum between the modelling effort and
the quality of the results is an important first
step, which, as already anticipated, requires
certain simplifications.

To obtain the desired result, a combina-
tion of two different models is proposed:
the floating model and the sinking model.
The first one is the model of a fluid-struc-
ture analysis of a ship drifting in rough sea,
while the second one is a structural model of
a ship sinking to the seabed. The LS-Dyna
software package was used to perform the
analysis.

Floating model

The floating model consists of three main
parts: water, air and a ship loaded with car-
go (Fig. 2). The most important simplifica-
tion is the restriction of the floating model
to only two dimensions, one extending along
the ship width and the other extending along
the ship height. Since the ship length is not
relevant, there is no bow or stern included in
the model. Only the main section frame is
considered, as presented in Fig. 2. The entire
numerical model, i.e. each of the three parts
within (air, water and ship with cargo), is re-
stricted to moving in the direction normal to
the presented plane.

The finite element mesh consists of shell el-
ements, used to model the ship hull and each
of 18 amphorae, and solid elements used to

tim kontrolirati silu trenja, kontaktne sile koje
nastaju dodirivanjem razlicitih objekata i dr.
Pri tome je vazno posti¢i optimalnu ravnotezu
izmedu truda ulozenog u izradu samog mode-
la i kvalitete rezultata, $to sukladno ocekivanju
zahtjeva odredena pojednostavljenja.

Na osnovi dosadasnjeg iskustva, predlaze se
kombinacija dvaju razlicitih i nezavisnih pro-
ra¢unskih modela: plutajudeg i tonuéeg mo-
dela. Prvi je model namijenjen analizi medu-
djelovanja tekuéine i konstrukcije broda koji
pluta uzburkanim morem, a drugi je model
namijenjen analizi ponasanja konstrukcije
broda koji tone na morsko dno. Pri tome se
rezultat analize plutaju¢eg modela koristi u
analizi tonu¢eg modela, ¢ime se ostvaruje cjeli-
na simuliranog dogadaja. Za provedbu analize
kori$ten je ra¢unalni program LS-Dyna.

Plutajuéi model

Plutaju¢i model sastoji se od tri glavna di-
jela, a to su voda, zrak i natovareni brod (S
2). Najvaznije pojednostavljenje je ogranice-
nje plutajuéeg modela na samo dvije dimen-
zije, one u kojima je moguce definirati $irinu
i visinu broda. Buduéi da duzina broda nije
od presudnog znacaja pri analizi ljuljanja bro-
da, u model nisu ukljuceni njegovi pramcani
i krmeni dijelovi. Uzet je u obzir samo okvir
glavnog dijela kao $to je prikazano na SI. 2. Ci-
tav numericki model odnosno svaki pojedini
od triju njegovih sastavnih dijelova (zrak, voda

= Air
ﬁ ¥:f*f—\
—

Water

Ship with cargo

Y

lZX

F1GURE 2 Floating model: fluid domain (air, water) and structural model (ship, cargo)
SLIKA 2. Model za analizu plutanja: fluid (zrak, voda) i konstrukcija (brod, teret)

145



S. RUDAN, I. RADIC Rosst: Numerical Simulation of a Sinking Ship...

14 (2020), 139-157

model the water and air domain. A total of
404 shell and 12,804 solid finite elements are
used.

The ship hull cross section is generic and
is supposed to be similar to the Kyrenia class
of ancient ships.” The beam of the ship is
4.45 metres, and each amphora is 1.13 me-
tres high. The mass of the ship is 14 tons and
the total mass of the amphorae is 20 tons,
corresponding again to the Kyrenia ship and
cargo weight estimation.

The initial position of the amphorae within
the ship hull at the beginning of the simula-
tion is presented in Fig. 3a. As soon as the
simulation started, gravity was applied to
the entire model and the amphorae assumed
their natural position in the ship (Fig. 3B),
which resembles the placement of amphorae
in a ship hull as found at a common wreck
site. It should be noted that the cargo is free
to move within the ship hull due to the ac-
tion of the waves, as each amphora is in con-
tact with surrounding amphorae and the ship
hull.

The size of the fluid domain (both water
and air) is 194 x 9.5 metres, of which the wa-
ter depth is 6.5 metres. At the ends of the
fluid domain, there are ambient parts of the
domain, i.e. a numerical representation of the
infinite fluid domain, used for wave genera-
tion on the left and wave absorption on the
right of the fluid domain. In this way, waves
are generated, they travel from the left to the
right (along the x axis) and when they reach
the right-most edge of the domain, they are
not reflected back but are absorbed by the
ambient parts.

Arbitrary Lagrangian-Eulerian (ALE) and
Constrained-Lagrange-in-Solid  algorithms
encoded in LS-Dyna were used to set up the
physical behaviour of the structural mod-
el within the fluid domain. An ALE algo-
rithm is a two-step algorithm. The first step
is the Lagrangian step where deformations

® J.R.STEFFY, 1994, 42-59.
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i brod s teretom) ogranicen je na kretanje u
prikazanoj ravnini.Mreza kona¢nih elemenata
plutaju¢eg modela sastoji se od ljuskastih ko-
nacnih elemenata koristenih za izradu mode-
la trupa broda i modela amfora, njih ukupno
18, te od volumnih elemenata koristenih za
izradu modela vode i zraka. Model sadrzi 404
ljuskasta konac¢na elementa i 12.804 volumna
konac¢na elementa.

Presjek trupa broda je genericki te je izraden
po uzoru na anticke brodove klase onoga ¢ija
je olupina pronadena u blizini grada Kyrenije
na dana$njem Cipru.” Sirina broda je 4,45 me-
tara, a amfore su visoke 1,13 metara. Masa
broda iznosi 14 tona, a ukupna masa amfora
20 tona, $to opet odgovara procijenjenoj tezini
broda pronadenog kraj Kyrenije i pripadaju-
¢eg mu tereta.

Pocetni polozaj amfora u trupu broda na po-
Cetku simulacije prikazan je na Sl 3a. Zatim,
kada je simulacija pokrenuta, na ¢itav je model
primijenjena sila teze te su amfore nakon vrlo
kratkog vremena zauzele rezultirajuéi prirodan
polozaj u brodu (SI. 3B), podsjeéajui na po-
loZaj amfora u trupu broda zate¢en na uobi-
¢ajenom nalazistu brodoloma. Treba napome-
nuti da se teret moze slobodno kretati u trupu
broda uslijed djelovanja valova s obzirom da
su sve amfore u dodiru s okolnim amforama i
trupom broda.

Veli¢ina podrugja tekudine (i vode i zraka)
je 194 x 9,5 metara, od ¢ega je dubina vode
6,5 metara. Na krajevima podru¢ja tekuéine
nalaze se dijelovi podruéja tzv. numerickog
ambijenta, odnosno numericka reprezentacija
beskona¢nog podru¢ja tekudine, koristeni za
stvaranje dolaznih valova u lijevom dijelu pod-
rudja tekudine te za apsorpciju odlaznih valova
u njegovu desnom dijelu. Na taj se nadin pro-
izvode valovi, a zatim oni putuju slijeva ude-
sno (duz osi x) i kad stignu do krajnjeg desnog
ruba podruc¢ja ne odbijaju se natrag, ve¢ ih ap-
sorbira numericki ambijent na tome mjestu.

Za uspostavu fizikalnog ponasanja konstruk-

® J.R.STEFFY, 1994, 42-59.
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FIGURE 3A Ship and cargo
arrangement in initial
position and before the gravity
is applied

SLIKA 3A. Brod i raspored
tereta u pocetnom poloZaju,
prije pocetka djelovanja
gravitacije

FIGURE 3B Ship and cargo
arrangement in natural
position due to action of
gravity and mutual contact
SLIKA 3B. Brod i raspored

tereta u prirodnom poloZaju
uslijed djelovanja gravitacije
te medusobnog kontakta

and displacements of the structure are deter-
mined. The second step is the advection step,

where the deformed material configuration is
mapped back onto the reference mesh. Con-
servation of the mass, momentum and ener-
gy is used to solve the problem, along with
the constitutive equations of the material.
Multimaterial ALE elements were defined so
that each element may contain a certain per-
centage of both water and air. Material model
9, i.e. NULL, is used to define the properties
of the water and air.

The Constrained_Lagrange _in_Solid is a
coupling algorithm that looks for intersec-

cijskog modela u podruéju tekudine koristeni
su algoritmi ALE (proizvoljna Lagrangeova-
Eulerova formulacija) i Constrained_Lagran-
ge_in_Solid (interakcija konstrukecije i teku-
¢ine) kodirani u sustav LS-Dyna. Algoritam
ALE uklju¢uje dva koraka. U prvom, La-
grangeovom koraku utvrduju se deformacije
i pomaci konstrukcije. Drugi korak je korak
advekcije, pri kojem se konfiguracija deformi-
ranog materijala mapira natrag na referentnu
mrezu. Problem se rjeSava uz uvjet ocuvanja
mase, momenta i energije, uz konstitutivne
jednadzbe materijala. Definirani su multima-
terijalni ALE elementi kako bi svaki element
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tions between the Lagrangian parts (struc-
ture) and ALE parts (fluid) in each time step
of the simulation. When intersections are
detected, coupling forces are calculated and
re-distributed back on both parts, resulting
in their interaction. The penalty method is
used to generate coupling forces in the pres-
ent analysis.

Simulation started with the initialisation
of the hydrostatic pressure and gravity. Then
the waves were generated and ALE and FSI
coupling algorithms determined the floating
of the ship with cargo. As the purpose of this
article was to evaluate the possibility of nu-
merical modelling of shipwreck conditions,
in this analysis, no wind or sea currents were
considered. Only the waves were modelled,
and the rough sea was simulated by the gener-
ation of irregular, breaking waves. Harmonic
oscillation of the ambient seawater level was
imposed, with a period of 4 seconds and an
amplitude of 2 metres. Short and steep waves
like those used in numerical analysis occur
due to strong winds such as hurricane-force
bora (north-east), rising and breaking waves
around shallow seas (shallows) or in chan-
nels when the slope of the wave is amplified
by sea currents from the opposite direction.
Such waves are not described by a simple
linear theory but are the subject of nonlin-
ear analysis not performed in the paper. The
wave characteristics in the simulation were
chosen arbitrarily, but in a way to achieve
wave refraction that would lead to numeri-
cal flooding of the ship. Due to the steepness
of the waves, they break while travelling and

mogao sadrzavati odredeni postotak i vode i
zraka. Za definiranje svojstava vode i zraka ko-
risti se Materijalni model 9, tj. NULL.

Constrained_Lagrange_in_Solid algoritam
pretrazuje sjeciSta Lagrangeovskih dijelova
(konstrukcije) i Eulerovih dijelova (tekudine,
odnosno fluida) u svakom pojedinom koraku
simulacije. Kad se sjecista otkriju, izracunava-
ju se sile na mjestu interakcije te ih se redistri-
buira natrag na oba dijela, uslijed ¢ega nastaje
njihovo medudjelovanje. U ovoj analizi, za
izracun sila na mjestu interakcije primjenjuje
se tzv. penalty metoda.

Simulacija zapocinje iniciranjem hidrostat-
skog tlaka i sile teze (gravitacije). Zatim se
generiraju valovi, a algoritmi ALE i Constra-
ined_Lagrange in_Solid odreduju pomicanje
broda s njegovim teretom na valovima. Kako
je svrha ovog ¢lanka procijeniti moguénost nu-
merickog modeliranja ovakvih slozenih doga-
daja, u ovoj analizi nisu uzeti u obzir ni vjetar
ni morske struje. Simulacija uzburkanog mora
postignuta je generiranjem nepravilnih valova
koji se lome. Simulirana je harmonijska uzbu-
da morske povrsine u periodu od 4 sekunde i
s amplitudom od 2 metra. Kratki i strmi valo-
vi poput ovih koriStenih u numeric¢koj analizi
pojavljuju se uslijed djelovanja snaznog vjetra
poput orkanske bure, rastom i lomom valova
u okolici plitkog mora (pli¢ina) ili u kanali-
ma kada strminu vala pojacava morska struja
iz suprotnog smjera. Takvi valovi ne opisuju
se jednostavnom linearnog teorijom, veé su
predmet nelinearne analize koja u ¢lanku nije
provedena. Znacajke valova u simulaciji oda-
brane su proizvoljno, ali na na¢in da se posti-

Y
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F1GURE 4 Typical simulation instance: ship with cargo is floating due to the action of the waves coming from the left side
SLIKA 4. Tipi¢an trenutak simulacije: brod s teretom pluta uslijed djelovanja valova koji dolaze s lijeve strane
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0 Ancient ship sway, heave and roll

Rigid Body Ids

Al A Sway [meters]

B Heave [meters]

C Roll [meters]
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FIGURE 5 Ship floating motions in time: sway, heave and roll
SLIKA 5. Gibanje plutajuceg broda u vremenu: zanosenje, poniranje i ljuljanje

a typical situation is presented in Fig. 4. at
time t=12 seconds from the beginning of the
simulation.

Flooding of the model is simulated by im-
posing a force acting in the negative y-direc-
tion (toward the bottom), which gradually
increases and therefore reduces the ship buoy-
ancy. This corresponds to the situation where
there is an inflow of water in the hull, due
to some kind of hull damage. Once buoyan-
cy was lost due to the action of the flooding
force and the force of the breaking wave mass
that entered into the hull, the ship laden with
cargo started to sink due to gravity. At this
moment, the 2D simulation of the floating
ship in waves stops.

Fig. 5 presents the motions of the ship as a
rigid body, that is sway (translation in x direc-
tion) and heave (translation in y direction) as
well as roll, as previously explained. It should
be noted that the roll angles in Fig. 5 are
scaled by a factor of 10 so that all the results
can be displayed in the same Figure. The sim-
ulation lasted 25 seconds and, in that time,
the ship drifted by the action of the waves by
approximately 15 metres to the right.

From Fig. 5 it is clear that the ship loses its
buoyancy as it constantly loses its freeboard.
Eventually, at approximately t=15 seconds,

gne lom valova koji ¢e dovesti do numerickog
naplavljivanja broda. Uslijed strmosti valova
oni se lome dok se gibaju te je tipi¢na situacija
prikazana na Sl. 4. u vremenu t = 12 sekundi
od pocetka simulacije.

Simulacija poplavljivanja modela izvedena
je izazivanjem sile koja je djelovala u smjeru
negativne osi y (prema dnu) i koja se postu-
pno povecavala, uslijed ¢ega je smanjen uzgon
broda. To je usporedivo sa situacijom u kojoj
voda prodire u trup zbog oste¢enja koja su na-
stala na njemu. Nakon $to je uslijed djelovanja
sile poplavljivanja i sile izazvane valovima koji
su prodrli u trup prestao djelovati uzgon, brod
natovaren teretom poceo je tonuti uslijed dje-
lovanja gravitacije. U tom trenutku 2D simu-
lacija plutajuceg broda na valovima se prekida.

SL. 5. prikazuje kretanje broda kao krutog ti-
jela, koje se ljulja (roll), ponire (heave) i zanosi
(sway) u vremenu, kako je prethodno objas-
njeno. Treba napomenuti da su kutovi ljulja-
nja na Sl. 5. uvecani za faktor od 10 kako bi se
svi rezultati mogli pregledno prikazati na istoj
slici. Simulacija je obuhvatila 25 sekundi plo-
vidbe broda i u to je vrijeme doslo do njegovog
zanoSenja uslijed djelovanja valova za pribliz-
no 15 metara udesno.

Poniranje je gibanje u smjeru osi y; SL. 5. pri-
kazuje kako brod gubi uzgon paralelno s kon-
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it starts to sink and at approximately t=20
seconds it hits the bottom of the 2D fluid
domain, where it resides for the rest of the
simulation. Finally, significant roll motions
can be observed at approx. t=10 seconds. The
analysis of the rest of the sinking process is
described in the next section.

Sinking model

An analysis of the ship sinking was per-
formed in LS-Dyna with the ship and cargo,
as well as the seabed, represented with 3D
models. Here, 48 amphorae of the height of
90 cm are modelled as a cargo so that the mo-
tion of the cargo can be monitored through-
out the analysis and particularly during con-
tact with the seabed. The front view of the
ship with cargo used in the sinking simula-
tion is presented in Fig. 6. The 3D model
consists of 73,695 shell finite elements, used
to model the ship hull and the seabed, and
163,392 solid finite elements used to model
the amphorae.

Only a small number of amphorae is intro-

tinuiranim poveéavanjem gaza. Naposljetku,
priblizno u vrijeme t = 15 sekundi, brod po-
¢inje tonuti, a priblizno u vremenu t = 20 se-
kundi pada na dno podrudja tekuéine 2D, gdje
ostaje do kraja simulacije. Na kraju, priblizno
u vremenu t = 10 sekundi, vidljivo je znacajno
ljuljanje broda. Analiza ostatka procesa poto-
nuéa iznesena je u sljede¢em odlomku.

Model potonuca

Analiza broda koji tone provedena je pomo-
¢u programa LS-Dyna. Izraden je 3D model
broda s teretom te model nepravilnog morskog
dna. Model tereta ukljucuje 48 amfora visine
90 cm, pri ¢emu je za cjelokupnog trajanja
analize, a osobito za vrijeme kontakta s mor-
skim dnom, omoguéeno pracenje gibanja te-
reta. Na Sl. 6. prikazan je pogled sprijeda na
brod s teretom upotrijebljen u simulaciji po-
tonuca. 3D model ukljucuje 73.695 ljuskastih
kona¢nih elemenata upotrijebljenih za izradu
modela trupa broda i morskog dna te 163.392
volumna kona¢na elementa upotrijebljena za
izradu modela amfora.
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FIGURE 6 Sinking model:
rigid ship shell loaded with
48 amphorae

SLIKA 6. Model za analizu
potonuéa: kruta oplata broda
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‘ Ship with cargo

Sea bottom

Ship with cargo

F1IGURE 7 Sinking model; ship with cargo and sea bottom: side view (up) and isometric view (down)
SLIKA 7. Model za analizu potonuca; brod s teretom: pogled sa strane (gore) i izometrijski pogled (dolje)

duced into the ship’s hold. Although the hull
is therefore mostly empty, the movement of
the amphorae is therefore less restricted. An-
other simplification is that only the hull shell
is considered, with no bulkheads, deck, mast,
or any other structural element, which can be
easily added. A front view of the model (top)
and isometric view of the sinking model (be-
low) are presented in Fig. 7.

The fluid is not modelled directly in the
sinking simulation. Therefore, the effect of
the fluid was considered indirectly in the
following manner. The buoyancy of the ship
and amphorae is estimated by measuring

U spremiste modela broda unesen je tek mali
broj amfora. lako je trup zbog toga uglavnom
prazan, uslijed toga je i gibanje amfora manje
ograni¢eno. Jos jedno pojednostavljenje je i to
$to je razmotrena samo ljuska trupa, bez pre-
grada, palube, jarbola ili bilo kojeg drugog ele-
menta konstrukcije koji je moguée jednostav-
no dodati. Na SL. 7. prikazan je pogled sprijeda
na model (gore) i izometrijski pogled modela
potonuca (dolje).

Tekudina nije izravno modelirana u simula-
ciji potonuca. Stoga je ucinak tekuéine razmo-
tren neizravno na sljedeéi na¢in. Na temelju
stvarnog volumena i pripadnih specifi¢nih te-

151



S. RUDAN, I. RADIC Rosst: Numerical Simulation of a Sinking Ship...

14 (2020), 139-157

their volume. Then, the total weight of the
ship and cargo was reduced by the amount of
buoyancy. Finally, the ratio of the two weights
was applied to the earth’s gravity, resulting in
a net vertical body acceleration of 6.8 metres/
second?. While much more detailed model-
ling of underwater structural behaviour is
possible, the accent in this paper is on the
overall methodology and contact problem,
both for the ship and cargo and interaction
with the seabed.

In addition, a light horizontal sea current
was introduced in the simulation by the
application of a body load in the x-direc-
tion, acting on every object in the simula-
tion. Penalty-based automatic contact was
defined between each object and the static
and dynamic friction coefficients in contact
were both 0.6. As in the case of the floating
simulation, all structural elements like the
hull and amphorae were considered rigid. In
addition, the seabed is modeled as rigid and
immobile.

Sinking simulation starts when the ship
sinks below the water level surface in the 2D

zina, procijenjen je ukupan uzgon broda s tere-
tom. Zatim je cjelokupna tezina broda i tereta
smanjena za vrijednost uzgona. Naposljetku
je omjer dviju tezina, smanjene i cjelokupne,
primijenjen na Zemljinu silu tezu te je na taj
nacin izracunata vrijednost neto vertikalne ak-
celeracije tijela 6,8 m/s”. lako je moguda izrada
mnogo detaljnijih modela ponasanja konstruk-
cije pod morem, u ovom je radu naglasak na
razradi opdenite metode simulacije brodolo-
ma, te razmatranju problema kontakta izme-
du konstrukcije broda i tereta, kao i njihovo
medudjelovanje s morskim dnom na kraju si-
mulacije.

Dodatno, u simulaciju potonuéa uvedena
je horizontalna morska struja male brzine,
primjenom sila u smjeru osi x koje djeluju na
svaki objekt u simulaciji. Izmedu pojedinih
objekata, uklju¢ujudi i morsko dno, definiran
je automatski kontakt te su i koeficijent sta-
tickog trenja i koeficijent dinamickog trenja u
kontaktu iznosili 0,6. Kao i u slu¢aju plutajuce
simulacije, svi elementi brodske konstrukcije i
sve amfore modelirane su kao kruta tijela. Do-
datno, morsko dno modelirano je kao kruto i

simulation. The motions obtained for the nepomicno.
Sinking ship motions
A A
15 /A A A Sway
B Heave

10 A//
E 5
(]
g i
r O B
o i
5
S 5
©
3 T~

-10

B
-15 .
20
0 10 20 30 40

min=B(33,-16)
max=A(33,16)

F1GURE 8 Ship sinking motion in time: sway and heave

SLIKA 8. Gibanje tonuceg broda u vremenu: zanosenje i poniranje
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ship with cargo on the waves, presented in
Fig. 5, were applied to the 3D ship and car-
go model. In other words, the 3D ship and
cargo model in the sinking simulation is con-
strained first to execute the motions from the
2D analysis. The reason for this was to study
the more complex behaviour of the cargo, no
longer restricted to just 3 degrees of freedom.

The constraints on the 3D model, i.e. the
motions from the 2D model, were removed at
t=18.8 seconds, after which the ship was left
to freely sink to the seabed. The time history
of the ship sinking, i.e. the sway and heave
motions, is presented in Fig. 8. Up to t=18.8
seconds, the motions of the 3D sinking mod-
el are equal to the motions of the 2D floating
model. However, after that time, sway due to
the action of the waves is not possible as the
ship is underwater, and the ship remains at
approx. 15 metres from the initial position.
At the same time, the ship sinks at a constant
speed, as seen in Fig. 8 as straight line heave
from approximately t=16s to t=33s, until it
reaches the seabed at a depth of approx. 16
metres.

The resting position of the ship on the sea-

Potonuée zapocinje kad brod potone ispod
povrsine vode u simulaciji. No prije toga, na
3D model broda i tereta primijenjena su giba-
nja odredena za brod s teretom na valovima iz
simulacije plutanja, prikazana na SI. 5. Drugim
rije¢cima, 3D model broda i tereta u simulaciji
potonucéa prvotno je prisiljen izvesti gibanja iz
analize plutanja na povr$ini mora. Time se na-
stojalo prouditi slozenije ponasanje tereta koji
vise nije ograni¢en na samo tri stupnja slobode
gibanja.

Prisilna gibanja 3D modela, odnosno giba-
nja iz 2D modela, uklonjena su u vremenu
t = 18,8 sekundi, nakon ¢éega je brod prepusten
slobodnom potonuéu na dno mora. Graficki
prikaz promjene zanasanja i poniranja 3D mo-
dela vidljiv je na Sl. 8. Do vremena t = 18,8 se-
kundi, gibanja 3D modela potonuéa jednaka
su gibanjima plutajuéeg 2D modela. Medutim,
nakon tog vremena, zanasanje uslijed djelova-
nja valova nije mogude jer je brod pod vodom
te stoga do kraja simulacije ostaje na udaljeno-
sti priblizno 15 metara od pocetnog polozaja.
Istodobno brod tone nepromjenjivom brzi-
nom, vidljivo na Sl. 8. kao pravocrtno poni-
ranje od priblizno t=16 s do t=33 s, dok ne

F1GURE 9 Sunken ship
in resting position on the
sloped sea bottom

SLIKA 9. Potonuli brod
u konacnom poloZaju na
nagnutom morskom dnu
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F1GURE 10 Final position of the ship’s cargo — hull is removed from presentation
SLIKA 10. Konacan poloZaj brodskog tereta — brodski trup uklonjen je iz prikaza

bed is presented in Fig. 9. It can be noted that
the amphorae are lying toward the port side
of the ship. Such a position of the amphorae
in the (mostly empty) cargo space is the result
of the action of the wave-induced motions.
Once the ship touched the seabed, although
the slope goes downward to the right, the
equilibrium of the forces resulted in the ship
rolling to the left. If the seabed or cargo hold
and the cargo itself were more complex, the
end result would be calculated accordingly.
The ship does not slip further down the slope
due to the rather large friction expected in
the contact between the wooden hull and the
rocky seabed typical along the east coast of
the Adriatic Sea.

Cargo is commonly found on a wreck site
and its quantity and layout on the seabed
provides a source of valuable information
about the ship and the shipwreck. Fig. 10
presents the layout of the amphorae when
the ship hull is removed from the display.
Due to the action of aging, most of the hull
would eventually disappear. The situation in
Fig. 10 presents the outcome of the analysed
scenario. Note that the red background indi-
cates the mesh of the seabed finite elements.
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dosegne dno na dubini od priblizno 16 metara.
Polozaj mirovanja broda na dnu mora pri-
kazan je na Sl. 9. Zamjetno je da su amfore
okrenute prema lijevom boku broda. Takav po-
lozaj amfora u (ve¢inom praznom) prostoru za
teret rezultat je gibanja brodskog trupa izloze-
nog djelovanju valova. Nakon sto je brod dose-
gao morsko dno, unato¢ silaznom nagibu dna
udesno, ravnoteza prisutnih sila uzrokovala je
naginjanje broda ulijevo. Da su morsko dno
ili brodsko skladiste i sam teret bili sloZeniji,
konacan bi se rezultat ra¢unao u skladu s tim.
Brod ne klizi dublje po nagibu zahvaljujuéi pri-
licno velikom trenju koje se oéekuje u kontak-
tu drvenoga trupa i stjenovitoga morskog dna,
tipi¢nog za isto¢nu obalu Jadranskog mora.
Teret je uobicajen nalaz na nalazi$tima bro-
doloma, a njegova koli¢ina i raspored na mor-
skom dnu predstavljaju vrijedan izvor podata-
ka o brodu i brodolomu. Na SI. 10. prikazan
je razmjestaj amfora kad se ukloni prikaz trupa
broda. Zbog starenja i erozije drvenih dijelova
konstrukcije, najveéi dio trupa naposljetku ne-
staje te situacija prikazana na Sl. 10. predstav-
lja ishod analiziranog tijeka dogadanja. Pritom
valja istaknuti kako crvena pozadina prikazuje
mrezu konac¢nih elemenata na morskom dnu.
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CONCLUSION

In the two-stage simulation of a ship capsiz-
ing and sinking, state-of-the-art engineering
tools were applied. LS-Dyna software was used
to perform a highly non-linear, fluid-structure
interaction and contact problem analysis.

In the first part, a floating numerical mod-
el was created, enabling the simulation of sea
surface events. In this case, numerous param-
eters may be varied: wave height, wave period,
wave induced current, sea current, various car-
go combinations, various dynamics of seawa-
ter penetration in the hull, etc. The result of
the performed analysis is the realistic simula-
tion of ship motions induced by the waves and
the loss of ship stability in rough sea.

In the second part, a sinking numerical
model was created in an attempt to explore
the effects of the underwater environment,
including sea currents, the buoyancy of the
cargo, the slope and the composition of the
seabed, etc., and to examine one of the possi-
ble situations in which the ship assumes final
resting position.

The presented work has proven that complex
events can be successfully modelled to provide
a useful tool for exploring various floating,
capsizing and sinking situations. In this way,
through the comparison of simulation results
with the traditional interpretation of archaeo-
logical evidence, the cause and dynamics of a
specific shipwreck may be identified with high
probability.

The described modelling process could be
applied to test a working hypothesis formulat-
ed in accordance with the results of archaeo-
logical research, or to experiment with various
factors until a result is obtained which corre-
sponds to the archaeological record. As antic-
ipated, this should be considered as the first
step towards the more sophisticated modelling
of shipwreck events, which could be subse-
quently extended to other interesting issues in
nautical archaeology.

Four decades ago, Keith Muckelroy stated:

ZAKLJUCAK

U simulaciji plutanja i potonuca broda izve-
denoj u dvije faze primijenjene su najsuvreme-
nije tehnike modeliranja sloZenih fizikalnih
problema. Softverski paket LS-Dyna omogucéio
je simulaciju visoko nelinearnog medudjelova-
nja tekudine i konstrukcije te analizu problema
kontakta.

U prvom je dijelu izveden plutajuéi nume-
ricki model koji je omogudio simulaciju doga-
daja na povrsini mora. U ovom dijelu moguce
je odrediti brojne parametre kao $to su: visi-
na vala, period vala, ja¢ina povrsinske morske
struje izazvane valovima, jac¢ina morske struje,
razli¢ite kombinacije tereta, razli¢ita dinami-
ka prodiranja morske vode u trup itd. Rezul-
tat provedene analize realisti¢na je simulacija
gibanja broda izazvanih valovima i gubitak sta-
bilnosti broda na uzburkanom moru.

U drugom dijelu izraden je numeri¢ki model
potonuca kako bi se istrazilo u¢inke podvod-
nog okruzenja uklju¢ujuéi morske struje, uz-
gon tereta, nagib i sastav morskoga dna i dr.
te ispitao njihov utjecaj na moguce ishode u
kojima brod zauzima svoj kona¢ni polozaj mi-
rovanja.

Predstavljeni rad dokazuje kako je mogude
uspjesno izraditi modele slozenih dogadaja koji
tada mogu posluziti kao koristan alat za istra-
zivanje razli¢itih situacija plutanja, prevrtanja i
potonuda. Na taj nacin, koriStenjem rezultata
simulacije i tradicionalnog tumacenja arhe-
oloskih dokaza moguce je s velikom pouzda-
no$¢u razumjeti uzrok i dinamiku odredenog
brodoloma.

Opisani postupak izrade modela te opisana
metodologija proracuna mogu se primijeniti za
ispitivanje radne hipoteze formulirane u skla-
du s rezultatima arheoloskih istrazivanja ili za
parametarsko numericko istrazivanje koje ¢e u
konacnici dati rezultat koji ¢e biti u skladu s
arheoloskim dokazima. Opisani rad predstavlja
prvi korak prema izradi sofisticiranijih modela
brodoloma, a ste¢ena saznanja mogu se prosiri-
ti i na ostale zanimljive teme iz podrudja arhe-
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“The shipwreck is the event by which a highly
organised and dynamic assemblage of artefacts
are transformed into a static and disorganised
state with long-term stability . . . If the vari-
ous processes which have intervened between
the two states can be identified and described,
the researcher can begin to disentangle the ev-
idence he has uncovered”.® Today, with the
virtual modelling tools available, researchers
can also test the physical requirements for the
sustainability of their assumptions.

Proof-reading: Mark Davies
(for Etnotrend d. o. o.)

1 K. MUCKELROY, 1978, 157.
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ologije broda.

Pred Cetiri desetlje¢a, Keith Muckelroy je
utvrdio: ,,Brodolom je dogadaj kojim se visoko
organiziran i dinamican sklop artefakata pre-
tvara u stati¢no i neorganizirano stanje dugo-
ro¢ne stabilnosti... Ako je mogudée prepoznati
i opisati razli¢ite procese koji su djelovali u
vremenu izmedu tih dvaju stanja, znanstve-
nik moze poceti nazrijevati koje je otkrio™.
Danas dostupni inzenjerski alati omoguduju
znanstvenicima ispitivanje fizikalnih uvjeta
koji moraju biti ispunjeni za odrzivost njihovih
pretpostavki.

Prijevod: Nina Matetié Pelikan
(Etnotrend d. o. o.)

10 K. MUCKELROY, 1978, 157.
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