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Abstract

The object of the thesis is the definition of a numerical procedure for the finite element
(FE) simulation of the response of ship structures under accidental loading conditions in a
realistic manner. In particular, focus is placed on the investigation of the effect of material
modeling, i.e. material curve in combination with a rupture criterion, as well as of the strain-
rate effect and the mesh size on the assessment of the strength of the ship structure and on the
prediction of the damage patterns that occur during the event. In general, FE simulations of
accidents aim either in the prediction of the crashworthiness of a ship structure in terms of
load carrying capacity or in terms of energy absorption capacity versus the extent of the
damage, or in the prediction of the damage when one or two vessels are involved in a given
impact scenario.

In order to define an appropriate modeling technique, twenty three tests that are reported
in the literature are simulated. The tests that were selected for the benchmark study are
representative of the modes of damage that occur in ship impacts, i.e. bending, stretching,
tearing under in-plane loads, buckling, crushing and curling. Further, the selected tests were
performed on models having thicknesses from 3 mm to 20 mm and were loaded beyond their
maximum load carrying capacity quasi-statically and dynamically-one test.

The true stress-strain curve is determined from uniaxial tensile tests until necking, whereas
different representations are investigated for the post-necking region. Three rupture criteria
are considered for the simulation of the initiation and propagation of rupture. These are a
criterion based on the equivalent true plastic strain (Marinatos and Samuelides 2013a, 2013b
and 2015), which is referred as SHEAR due to a critical change in the shape of the element
that precedes rupture, the BWH instability criterion (Alsos et al. 2008) and the RTCL damage
criterion (T6rnqvist 2003). The behaviour of these criteria as well as of other criteria that are
reported in the literature is investigated to identify the reasons that they produce different
results when applied for the prediction of rupture under plane stress conditions.

Following the benchmark study and the investigation of the parameters that affect the
behavior of the criteria, it is recommended to use a criterion based on a critical equivalent
true plastic strain, i.e. SHEAR criterion, with a cut-off value of triaxialities equal to -1/3
below which the criterion is not activated in combination with a powerlaw material curve and
an element length over thickness ratio between two and four, ie. 2<1[,/t <4. The
recommendation is appropriate for the simulation of ship impacts using FE codes in
association with plane stress elements.

Such a numerical simulation technique may be employed for the investigation of
innovative structural configurations of ship structures that may resist impacts and the
assessment of the crashworthiness of the structures in the framework of an Accidental Limit
State (ALS) analysis that includes the determination of residual strength, stability and oil
outflow in damaged condition.

vii



viii Abstract

In the present work, the simulation tool has been used to investigate the effect on the
extent of damage that occurs on the side of a ship structure when she is struck by a
deformable bow. The analysis revealed that the assumption of a rigid bow not only imposes
higher loading, in terms of energy, to the ship that is struck by a bow, but it also has a
substantial effect on the geometry of the contact area between the colliding ships and
consequently on the prediction of the damage that occurs during a collision scenario.
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21000G NG TapoVoaS O00KTOPIKNG dwTpPne pe titho: «llpocsdiopiopdc kpumpiov
0oTOYl0C VAMK®OV KOl €POPUOYN TOVG OF KMOKO TEMEPACUEVOV OTOWEI®V Yoo TNV
TPOGOUOIMON AmOKPIoNG NG YAOTPOS TAOIMV GE akpaio Goption, eival 0 KaBopiopog piog
aplOUNTIKNG S10d1KOGI0G, Yo T PEAAIGTIKY] TPOGOUOIMGN TS AmOKPIoNG TG YACTPOS TOV
mAolov oV TEPITTOON aTLYNUATOVY, OTMG CLYKPOLONG N Tpocdpaing, He ™ HEBodo TmV
nenepacpévov otoyeiov (IIX). Idwitepa, n pekétn eotidlel otn digpedvnon g enidpaong
OV €YEL TO HOVTEAO TOL VLAIKOV, ONAGON 1 KOUTOAN TOU DAKOD GE GLVOLOGUO HE Eva
Kputnplo aotoyiog, Kabmg kot o puOUdc TapapdPPOONG Kol TO UAKOC TOL GTOlYElov Tov
YPNOWOTOEITOL Y10 TN SLKPITOTOINGCT] TOV HOVIEAOL GTNV EKTIUNGCT NG KAVOTNTOG TNG
KOTOGKELNG VO KATOTOVEITOL GE QOPTIO TOV OEYETOL KATA TNV EUTAOKY| TNG O aTOYNLUO Ko
oV mpdPAeYN TG LopeNS NG (g Adym TtV eoptiov avtdv. ['evikd, ol TpocopodoELg
atuynuatov TAoiov pe ™ pébodo tov IIZ, otoyedouvv gite 6TOV TPOGIHOPIGUS TNG OYEGNS
SOVOUNG Kol OOPPOPOVUEVIG EVEPYELNS OPEVOS Kal £KTOONG TG (NUAG apeTEPOL 1| oTNV
poPreym e nudc 6tav €va 1 00O TAOTO EUTAEKOVTOL GE OTUYLLOTO, TOV OVATTOGGOVTOL
KPOLGTIKA (pOPTIaL.

IMa tov xaBopiopd ™G KATAAANANG TEYVIKNG HOVIEAOTOINONG, £IKOGL Tpiol TEWPOUOTIKA
povtéda to omola eivor Swabéoo ot PiPAloypaio TPOGOHOU®VOVTOL XTO €V AOY®
TEPAUOTA, TOL EMAEYONKAV Yo TN OLYKPLTIKY] 0VAALOT, TOPATNPOVVTOL Ol HOPQOES
TOPALOPPMONG TOV GLUPOIVOVY GTO ATLYNUATO TOV TAOT®V, dNANOT KA, HEUPPAVIKEG
1d0e1g, oyxioyo vd ™V e PoAn poptivv 6to eninedo tov eEetaldevov ototyeion, AYioUog,
oOvOAMym ko meptotpoikn avadimiwon (curling). EmumAéov, to meipopatikd poviédo
OBetav mhym amd 3 mm €og 20 mm ko giyov QOpTIoTEL YEVOO-CTATIKA €vd oE pia
TEPIMTOON SVVOLKAL.

H xopmdin mpaypotikng tdong-ropapopewong kabopiletor and nelpdpoto Lovoaovikov
EPEAKLGLOD LEXPL TO GYNUATICUO TOV AULLOD, EVD SLOPOPETIKEG GYECELS TPALYLUTIKNG TAOTG-
TapaOPP®ONG dlEPELVAOVTOL TEPQ 0md 1o onueio avtod. ['a v mpocopoimon g Evapéng
Kot 014000ng TG peOYUNS Aapfdvovtal Tpio Kprtnpla actoyioc. Avtd givar éva kpitiplo 1o
onoio Pooiletar oV 16000VOUN TPAYHATIKY TAOOTIKY mapapopemcn (Marinatos and
Samuelides 2013a, 2013b «ot 2015) kot avagépetar wg SHEAR Aoym g kpicung oAhayng
™G HOPONG TOL GToyeiov pv T Opavor, 1o BWH kpitipro actdbelag (Alsos et al. 2008)
kot t0 RTCL kpurfpo {nude, (Torngvist 2003). H ocvumepipopd avtdv tv Kprtnpimv,
KaOdG Kot GAAV Kpitnpiov ta omoia avoaeépovial ot PipAoypagia, diepguvdtal pe oTtdY0
TOV TPOGOIOPIoUO TOV AITiOV AdY® TOV 0TolMV AVTA TAPAYOLV SUPOPETIKE OTOTEAEGLLOTA
otav epappolovior ywoo v mPOPAeym g Opavong o€ cuvOnKeg emimEdNG EVTATIKNG
KOTAGTOOTG.

Me Bdon ™ OLYKPUTIKY OVOALOT Kol TN OlEPELVNON TOV TOPOUETPM®V Ol OMOieg
emNPedlovy TN CLUTEPIPOPA TV KPUINPIwV, GUVICTATOL 1] XPNON £VOG KPLTNPiov TO 0moio
Baciletan oe pia kpioun 100OHVOUY TPAYUOTIKY TANGTIKY TOPAUOPP®GCT, ONANdN TO
kpupro SHEAR, 10 omoio dev evepyomoteitor 6tav 1 Tiun TG TPa&ovikoTTag TV TIcE®mV
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elvar ion M pkpdtepn omd -1/3 o6& cuvdvACUO e Pl KOUTOAN VAKOD ekOeTIKoD TOHTOL Ko
éva AMdyo pnkovg ctotyeiov mpog mdyog petad 6vo kot téooepa, 2 < I/t < 4. H npdtaon
oLt €ival KATGAANAN Yo TV TPocopoimwon chykpovons mlolwv pe ypron Kodikov X cg
ouvvepyacia pe otoyyeio eminedng tdong.

H gv Moym teyvikn apBuntikng mpocopoinong, umopel vo epappoctet ya m depehvnon
KOWVOTOU®V KOTOOKEVOOTIKMOV OTAEEDV OTA TAOIOL KOU TNV EKTIUNGYN NG OVTOYNG OE
oLYKPOLGT TV KATACKEVAOV G6TO TAAICLo piag avaivong Oplakng Katdotaong Atuynuatog
(ALS) 1 omoia mepthopfavel Tov kabopiopd e eEVOTOUEIVOCAG OVTOXNG, TNG EVOTADELNG Kot
™G €KPONG TETPELOIOV LETE OO OTOYN L

2V mopovca epyacio, M TEXVIKN aplOuNTIKNG TPOCOUOI®MONG YPNCILOTOMONKE Yo TN
dlepegvvnon ¢ emidpacng oty €ktact g UG Tov mpokaAeitol otnv TAEVPA evog
mAoiov OTOV AVTO GLYKPOVOTEL HE O TOPAUOPPOGIU TADPT. H avédivon €oei&e, ot N
VIO0EOT [OG AKAUTTNG TADPNG, Oxl MOVO emiPaiiel vynAodTEPN QOPTION, 0nd TAELPAS
EVEPYELOG, OTO TAOIO 7OV JEXETAL TO YTUMNUO, OAAGL €YEL EMIONG OMNUOAVTIKY EMIOPACT OTN
YEOUETPIOL TNG EMUPAVELNG EMOPNG OVAUESH GTO GLYKPOVOUEVO TAOICL KOl GUVETADS GTNV
npoPreym g {nuids mov cupPaivetl kotd T StdpKed £vOG oeEVapiov cVYKPOLGNG.
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Fracture forming limit diagram

Irradiated nuclear fuels

Rigid bow (full-scale simulations)
Rice-Tracey-Cockcroft-Latham damage criterion
Four-node plane stress reduced integration elements
Single side skin

Very large crude carriers



Chapter 1

Introduction

1.1 Overview

Amongst the types of accidents at sea, ship grounding and collision are of the most
hazardous, as both may result in: i) loss of human lives, ii) severe environmental
consequences; oil spillage etc. and iii) financial consequences to local communities close to
the accident as well as to ship owners due to ship loss and penalties (Simonsen 1997,
Torngvist 2003, Alsos and Amdahl 2007). According to the Baltic Marine Environment
Protection Commission report on shipping accidents in the Baltic sea area during the period
2000-2009, groundings and collisions accounted for 45% and 32% of shipping accidents,
respectively (HELCOM 2009). The steady increase in the world's merchant fleet on one hand
and the size of the ships on the other, due to the increasing demand in the international
markets, has also increased the risk of collision and grounding events, in particular where
sea-traffic density is high and the sea routes may be narrow (Ringsberg 2010). In addition,
operational velocities of new build merchant ships are getting higher and higher, which may
lead to excessive loads, i.e. during a collision incident, which could be disastrous.

Through the years many amendments to codes and regulations have been incorporated as a
response to numerous disasters at sea. One of the most important legislations to mitigate the
consequences of impacts was the Oil Pollution Act 1990 (OPA ’90) (Papanikolaou et al.
2006) that is referred here as one of the most crucial not only in the prevention or reduction
of oil pollution, but also in the minimization of the possibility of vessel loss. The collision
event between the crude oil tanker Independenta and the cargo ship Evriali in 1979 (MEPC
58/INF.2 2008) as well as the Exxon Valdez grounding incident in 1989, are representative
accidents of single hull vessels which resulted in tens of thousands of tons of oil spill.

According to the EMSA Maritime Accident Review 2010 (EMSA 2010), there have now
been no shipping accidents on the scale of the Estonia disaster in the Baltic sea for nearly 20
years and no accidents involving major pollution since the Prestige disaster off Spain over 13
years ago. However, although the severity of accidents at sea has substantially reduced in
recent years, as human error remains the major contributing factor in about 60% of shipping
accidents, with other research suggesting that this percentage significantly increases in the
case of collisions and groundings (HORIZON 2012 referred in Butt et al. 2013), new
methodologies and ideas with respect to the design and operation of ships will always be
needed, in order to reduce the risk involved with ship impacts.
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1.2 Investigation of ship impacts

Within over fifty years of research a continuous effort is made by the research community
on one hand to comprehend the various mechanisms, which are directly associated with the
complicated phenomena that take place in a collision or grounding event and on the other to
propose reasonable and practical solutions to prevent the disastrous consequences with the
least cost. To this end, various methods have been developed for the investigation of ship
impacts.

1.2.1 External dynamics vs. internal mechanics

In a ship impact analysis, the problem can be decoupled into external dynamics and
internal mechanics, as described below:

» External dynamics: Include the ship or ships motion prior, during and after the collision
or grounding event, taking into account the pressure of the surrounding fluid

> Internal mechanics: Include the structural response of the participating ship or ships due
to impact loads, in conjunction with the material's non-linear response and subsequent
failure. During the impact the ship structure experiences mainly membrane, bending,
tearing and crushing of structural elements

In case of a collision, the decoupling of the internal mechanics and the external mechanics
is achieved using the equations of conservation of momentum and energy. Under the
assumption of fully plastic collision, which ends when the contact areas of the ships involved
move with the same velocity in the horizontal plane, it is possible to determine the energy
that is dissipated in the colliding structures, i.e. the energy that causes plastic deformation and
rupture as well as the friction energy, from the initial kinetic energy of the striking ship and
the characteristics of the collision incident. These are the displacement of both vessels and
their moment of inertia in yaw, the location of the collision, the velocity of the struck vessel
and the angle of the velocities of the struck and striking ships. The effect of the surrounding
fluid is considered by adding to the mass and the inertia of each one of the struck and striking
vessels an additional mass and inertia. Examples of procedures to calculate the energy that is
dissipated in the colliding structures from the initial kinetic energy of the striking ship may be
found in (Woisin 1987, Hegazy 1980, Minorsky 1959, Pedersen and Zhang 1998). The
procedures assume that the colliding vessels move in the horizontal plane, i.e. pitch, roll and
heave motions are not considered.
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When investigating grounding there are two possibilities: if the ship is still after the
grounding, all her kinetic energy is dissipated to deform the structure and friction. However,
there are cases when a ship that comes in contact with the sea bed does not stop but continues
her motion after losing contact with the sea bed. In this case the energy dissipated is the
difference between the initial kinetic energy and the final energy. Under these conditions, the
dissipated energy may be calculated a priori, only if it is possible to assume the velocity of
ship after the grounding event, which is a rather arbitrary assumption.

It is noted that, the present study deals with the internal mechanics in ship impacts. The
methods in internal mechanics for the determination of the energy absorption capacity of ship
structures can be classified in: i) empirical-experimental, ii) analytical and iii) numerical.

1.2.2 Empirical-experimental methods

Empirical-experimental methods have been applied extensively during the past decades
and constitute a helpful tool, which gives researchers the capability to make a fast evaluation
of the ship's absorption capacity, under accidental loading conditions, with trivial
computational cost.

The earliest attempt to address ship collisions was the semi-empirical method proposed by
Minorsky (1959). According to the method, the energy absorption capacity of ship structures
is related with an empirical linear relation with the volume of the damaged material. Further,
the energy that is released during a collision for causing structural damage is determined
using the principle of momentum and energy conservation, postulating that the two ships
behave as one body after the impact. A constant added mass was also included in the
methodology calculations, so as to account for the interaction between the vessels and the
surrounding water. Ever since, Minorsky's approach was followed by designers and
researchers.

Minosky’s empirical relationship was established on the basis of observations of actual
ship collisions. Woisin (1976) extended the method of Minorky using the results of large
scale tests that were conducted in Germany. Later Woisin introduced an approach to deal
with external mechanics, as he established a methodology to determine the energy that is
available to cause structural damage in the case of arbitrary collisions geometries and ship’s
speeds (Woisin 1987). The approach of Woisin for external mechanics assumed that during
the collisions both ships may undergo surge, sway and yaw motions.

The empirical methods yield rough estimates of the energy dissipated for structural
deformation in high-energy ship impacts. However, evaluation of the amount of energy
absorbed by the colliding vessels prior to rupture is also of great importance, especially in the
cases of merchant ships carrying hazardous cargoes. To this end, analytical and numerical
methods have been developed.
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1.2.3 Analytical methods

Analytical methods are practical and require low computational effort. Their development
is based on the a priori assumption of the mode of structural response of the structural
elements (see e.g. Amdahl 1983, Reckling 1983, Pedersen and Zhang 1998, Liitzen et al.
2000, Hong and Amdahl 2008b and Buldgen et al. 2012, 2013). However, they do not
account for the interaction between the structural elements during their structural response.
Further, in most cases it is assumed that the material is perfectly plastic and at least in the
case of transverse loading their application is limited up to the point of rupture.

At this point, numerical methods come to take over the baton aiming to give more detailed
solutions and description of damage.

1.2.4 Numerical methods

The last decade, due to the remarkable evolution in the computer technology, which
resulted in high computer performance, i.e. short response time for a given task, fast data
compression and decompression, short data transmission time etc., detailed numerical
simulations of collision and grounding of ships with non-linear FE codes, have been
practicable. Nowadays, solutions may be derived within acceptable central processing unit
(CPU) time, between two to seven days with numerical models counting approximately
800,000 elements in the first case and more than 1.5 million elements in the second. At the
moment, many reliable finite element method (FEM) packages are available, such as LS
DYNA, ABAQUS, etc. which can account for various complicated calculations involving
contact between rigid-deformable or deformable-deformable structures, non-linear material
behaviour and rupture. Thus, detailed estimation of the contact forces acting on each
deformable structure or part of it as well as the structural energy of the participating bodies is
achieved. In addition, using non-linear FE codes there is no need to assume deformation
modes, which are obtained for the colliding and struck ships as a result of the simulation.
This allows the user to gain a better insight regarding the collision or grounding mechanisms.
FE analysis may be used to determine the force-penetration or energy-penetration curve of
the structures involved in an impact or to simulate an impact with both colliding bodies free
to move.

The results of simulations procedures using FE codes have been correlated against
experimental results by many researchers (see e.g. Ehlers 2010a, Tautz et al. 2013,
Villavicencio et al. 2013, Lehmann and Yu 1998, Peschmann 2001, Servis 2003, Servis and
Samuelides 2006, Tornqvist 2003, Alsos et al. 2009 and Lou et al. 2012). Non-linear FE
codes have been employed to evaluate the energy absorption capacity of conventional and
innovative ship structures, as can be seen for instance in Hung et al. (2010), Ehlers et al.
(2010) and more recently in Hogstrom and Ringsberg (2013) and Schéttelndreyer et al.
(2013) as well as for benchmark studies to investigate the behaviour and validity of different
rupture criteria (see e.g. Bao and Wierzbicki 2004, Ehlers et al. 2008, Savvas 2009, Hogstrom
2012 and Marinatos and Samuelides 2013a, 2013b and 2015).
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An essential advantage associated with the use of FE codes is the flexibility that is offered,
which allows to employ them to address particular aspects of ship impacts, such as the
flexibility of both structures, global bending, ballast water and residual strength.

Kitamura (2001) performed ship-ship collision simulations, in order to investigate the
effect of the global hull girder horizontal bending when a ship has been struck in her midship
region considering a right angle collision as well as the effect of the forward velocity of the
struck ship under different angles of collision. Very large crude carriers (VLCC) and
container ships were the striking ships and irradiated nuclear fuels (INF) the struck ships. The
investigation, in terms of the global hull girder horizontal bending effect in a right angle
collision, showed that the determining factor is the form and strength of the colliding bow.
He concluded that in general, global hull girder horizontal bending may be limited, because
the contact area during a collision is relatively small with respect to the size of the struck
ship. Moreover, when the struck ship is free to move with a forward velocity, damage of the
side structure is limited as bending of the bulbous bow occurs and a significant amount of the
initial Kinetic energy is absorbed by friction and yawning motion of the struck ship. In that
case, the critical angle of collision is ranging from 60° (from behind) to 150° (head-on).

Endo et al. (2004) conducted ship-ship collision simulations with double hull (D/H) VLCC
ship type models, using different angles and velocities of collision and two kinds of stiffening
system of bulb, i.e. transverse and longitudinal. The authors verified that the buffer bow
design, i.e. blunt shaped bow with transverse stiffening system, is advantageous as damage
on the struck ship is minimized, particularly in conjunction with reduced shell thickness of
bulb.

Ozguc et al. (2006) made a comparative study, to investigate the integrity of single side
(SSS) and double side skin (DSS) Bulk carriers prior to collision damage with different rigid
bulbous bow shapes and the residual strength of the damaged ship girder in hogging and
sagging conditions. They found, that the absorbed energy when the inner side plate of a DSS
Bulk carrier ruptures is 2.2 times more than for the SSS Bulk carrier.

Konter et al. (2004) made a detailed study, in an attempt to interpret the disagreement
between the experimental and numerical results, regarding a series of full-scale collision
experiments performed by TNO on Y-type structures (Wevers and Vredeveldt 1999). They
concluded that, overestimation of the amount of damage in the simulations occurred, when
sloshing effects in the partially filled ballast tanks of the experimental models were
disregarded. Numerical results in Konter et al. (2004) analysis were also verified a few years
later by Tabri et al. (2009a), who presented a theoretical model for the prediction of the
absorbed energy in ship-ship collisions, taking also into account the sloshing effect.
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1.3 Scope of the thesis
1.3.1 Motivation

Although non-linear FE codes offer flexibility, the results are highly dependent on the
selection of the input parameters, i.e. material curve, rupture criterion, discretization, time
increment in case of dynamic analysis as well as the experience of the user. One essential
parameter, that influences the assessment of the determination of the crashworthiness of a
ship structure involved in an impact and the extent of the damage, is the modeling of the
material behaviour. This includes the definition of a true stress-logarithmic strain relation
(true stress-strain curve) until rupture and an appropriate rupture criterion to simulate the
initiation and propagation of rupture within the structure.

Many attempts towards this direction have been made, that is to introduce numerical
methods in order to obtain numerically stable and realistic results when dealing with failure
and rupture of the material (see e.g. Tornqvist 2003, Alsos et al. 2009, Hogstrom 2012 and
Korgesaar 2015). However, benchmark studies in ship-ship collision simulations with FE
codes using various rupture criteria and numerical techniques (see e.g. Ehlers et al. 2008,
Hogstrom 2012), show that there is a great scatter in the results and that the material model
has a strong effect on them. Thus, there is still a need for the definition of a numerical method
that would lead in a realistic description of the material behaviour up to the final stage of
rupture and produce objective and reliable results.

1.3.2 Object of the thesis

The object of the thesis is the definition of a numerical procedure to simulate the response
of ship structures under accidental loading conditions, which suffer various different modes
of failure, namely membrane, bending, tearing and crushing, in a realistic manner.

In particular focus is placed in the investigation of the effect of material modeling, i.e.
material curve and rupture criterion as well as mesh size and strain-rate effect on the strength
of the ship structure, the energy absorption capacity of the structure and the modes of
deformation that occur during the event. Such a numerical simulation technique may be
employed for the i) investigation of innovative structural configurations of ship structures that
may resist impacts and ii) assessment of the crashworthiness of the structures in the
framework of an Accidental Limit State (ALS) analysis, that includes the determination of
residual strength, stability and oil outflow in damaged condition.

In the present work, the simulation tool has been used to investigate the effect of the
simulation of the flexibility of a bow on the damage of a side structure during a collision
incident.
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1.3.3 Methodology

A series of eight sets of small to medium scale indentation tests, performed by various
research groups in six different countries, are simulated. The tests were selected, so as to
include the various modes of damage that have been identified in actual damages of marine
structures subjected to impact loads. The models, which represent structural units of a ship
structure, have a thickness that varies between 3 mm to 20 mm and were subjected to quasi-
static and dynamic transverse and in-plane loading conditions.

The true stress-strain curve is determined from uniaxial tensile tests until necking, whereas
different representations have been tested for the post-necking region. Three rupture criteria
are considered for the simulation of the initiation and propagation of rupture. These are a
criterion based on the equivalent plastic strain (Marinatos and Samuelides 2013a, 2013b and
2015), which is referred as SHEAR due to a critical change in the shape of the element that
precedes rupture, the BWH instability criterion (Alsos et al. 2008) and the RTCL damage
criterion (Tornqvist 2003).

The simulations were performed using the Abaqus/Explicit FE code and the rupture
criteria were implemented into VUMAT subroutine (ABAQUS 2010), which interacts with
the explicit FE code and refers to an isotropic hardening material that follows the J, flow
theory assuming plane stress conditions. The programming steps for the development of
VUMAT subroutine are presented in Appendix C.

The modeling investigation includes the a) definition of the appropriate material stress-
strain curve, b) modeling of rupture, c) determination of the mesh parameters and d)
estimation of strain-rate effect in dynamic collisions. The effect of the modeling parameters
on the simulation results is investigated in the aforementioned tests, by comparing the
experimental force and absorbed energy vs. penetration curves with those that are derived
from the numerical analysis. Representations of the deformation patterns, as observed during
the tests and as predicted numerically, are also compared. A procedure to determine the
relevant material parameters, taking into account the mesh sensitivity, is further identified.
Finally, the numerical method is applied in a real ship-ship collision case between a Tankship
and a Bulk carrier.

1.3.4 Layout of the thesis

The thesis consists of the following chapters:

Chapter 2 compiles the various tests, which have been conducted during two decades by
different research groups and summarizes the experiments that have been investigated in the
present work as well as the material properties. The powerlaw parameters for each material
component as found in the present work are also presented.
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Chapter 3 discusses procedures that have been suggested to determine the true stress-strain
curves prior and beyond the initiation of the neck, in a uniaxial tensile test. An analysis for
the definition of the true stress-strain relation and the determination of the appropriate true
stress-strain curve until fracture, taking also into account the relevant mesh size, is also
presented.

Chapter 4 investigates the behaviour of the various failure criteria that have been proposed
and implemented in FE codes for the simulation of rupture initiation and propagation as well
as the various modeling techniques. The uncertainties with respect to the various parameters
which are included in numerical analyses are illustrated and discussed. Application of the
selected criteria in the present FE analyses with shell-plane stress elements is further
discussed and a comparative study with the various criteria under plane stress conditions is
demonstrated. Finally, patterns on how the variables of the material and rupture criteria are
calibrated as well as how the critical strain in the cases of SHEAR and RTCL rupture criteria
is set to take into account the mesh size sensitivity, are presented.

Chapter 5 presents the numerical results of the benchmark study. The effect of the
modeling parameters on the simulation results is assessed and discussed through a
comparative study, including comparisons of the numerical and the experimental force and
absorbed energy vs. penetration curves as well as of the representations of the deformable
structures as observed during the tests and as predicted numerically.

Chapter 6 presents the full-scale ship-ship collision models, regarding the various collision
scenarios and the form of the participating structures, i.e. collision angles, rigid or deformable
forms, respectively. Numerical results with respect to the contact force and absorbed energy
as well as the deformation patterns of the ships, are shown in each case and discussed.
Comparisons between the various collision scenarios are also presented. The simulations
focus on the effect of a deformable bow.

Chapter 7 reports the conclusions of the work and suggests aspects that need further
investigation.

1.3.5 Assumptions

In the present study the following assumptions were adopted:

> Plane stress conditions, as the thickness of the structural components is significantly
smaller than the other dimensions, i.e. less than 1/10 and the ship may be considered a
thin walled structure. This is in accordance with the formulation of shell elements in FE
codes

» Adopting an isotropic hardening material that follows the J, flow theory and assuming
that loading is monotonically increased and reloading in the opposite direction in the
case of unloading is limited and within the elastic region



Chapter 2

Experimental Database

2.1 Overview

During the last decades various research groups in many countries performed indentation
tests, in order to investigate the crashworthiness of ship structural elements or structural
assemblies. Based on the loading conditions during the test, they can be classified in two
categories:

» Quasi-static indentation tests

» dynamic collision tests

The participating bodies, which come into contact during the tests, are models of double
bottom and side structure assemblies, stringer decks and plates with or without stiffeners. The
model, that is considered to be the struck, is loaded transversely or in-plane, either quasi-
statically or dynamically by rigid or deformable indenters, which indenters represent ship
bows or the sea bed. Some of these experiments are presented in the following.

Amdahl and Kavlie (1992) conducted a series of mid-scale indentation experiments, where
scaled down double bottom structures were penetrated quasi-statically by a rigid truncated
cone. A similar study is also reported in Wang et al. (2000). In this case the structural damage
was investigated for different indenter geometries. The indenters were modeled as cones with
a spherical nose. The shape variation was enforced by varying the nose radius and cone
spreading angle.

ISSC (2003) presents two series of collision tests (ASIS 1993), which had been conducted
in Japan. During the tests, a stringer deck with attached plating was loaded in its plane, quasi-
statically and dynamically, by a rigid bow shape indenter. The test components represented
part of the side of a double hull vessel. In the case of the dynamic loading test, the rigid
indenter was dropped successively on the deformable structure from 4.8 m above the initial
position of the outer hull, until the penetration depth reached one meter.

DNV (1993) and Astrup (1994) present a set of four experiments, concerning the cutting
of pairs of parallel stiffened and unstiffened plates by a rigid wedge. The thicknesses of the
specimens were 15 mm and 20 mm, which are close to those used in the shipbuilding
industry. A couple of years later Paik and Tak (1995) conducted tearing tests using four
plates with different stiffener configurations. The specimens were loaded quasi-statically in
their plane by a rigid sharp wedge.
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Wevers and Vredeveldt (1999) reported full-scale collision experiments with two inland
vessels, which had been conducted in the Netherlands by TNO. Two different structural
configurations were tested, i.e. the Y-type and X-type configuration. In the case of the Y-type
structure the ballast tanks of the ships were partially filled with water.

Paik et al. (1999), performed mid-scale indentation experiments using double skinned
structural models. A total of six double skinned structural models, namely four mild steel and
two aluminum alloy models, were tested in quasi-static loading condition, varying plate
thickness and initial impact location of the cone shape indenter, namely between webs and on
webs.

Mid-scale indentation experiments were also carried out by Alsos and Amdahl (2009), in
order to investigate the response of stiffened plates under transverse loading. Five test
components with different stiffener configurations were penetrated quasi-statically by a rigid
cone shape indenter.

Liu et al. (2012) conducted small scale drop weight impact tests on rectangular plates, in
order to study the influence of the impact velocity and the diameter of the indenter on the
plastic behaviour and fracture of the plates.

More recently Gong et al. (2013), Villavicencio et al. (2013) and Tautz et al. (2013)
conducted indentation experiments on ship structural components. Specifically, in the case of
Gong et al. (2013) experiments, two stiffened plates with the same configuration were quasi-
statically forced in the transverse direction by a rigid indenter, in the first case on the plate,
while in the second case on the stiffeners. Villavicencio et al. (2013) reported small-scale
tanker side panels which were punched quasi-statically at the mid-span by a rigid knife and
flat edge indenter. In the experiments of Tautz et al. (2013), a bulbous bow in rigid form in
one case and with a deformable part on the other, was driven quasi-statically against a model
of ship side structure considering a right angle collision.

Although such tests are very time-consuming and expensive, provide researchers with
valuable experimental data, which then can be used for the verification of predictions that are
obtained from theoretical, either numerical or analytical procedures.

2.2 Simulated tests

Twenty three different panel indentation experiments are simulated during the present
work. These are:

i. Quasi-static transverse loading of an un-stiffened plate (US Plate) and a plate with one
and two flat bar stiffeners, i.e. 1-FB and 2-FB respectively (Alsos and Amdahl 2009)

ii. Quasi-static transverse loading of four double skinned structural models, where the
impact location of the cone shape indenter on the outer skin plating was varied between
webs and on webs, ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW (Paik et al. 1999)
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iii. Quasi-static in-plane loading by a rigid sharp wedge of four plates with different
configurations, i.e. an un-stiffened plate (US), a plate with two longitudinal stiffeners
(LS), a plate with two transverse stiffeners (TS) and a plate with two longitudinal and
transverse stiffeners (OS) (Paik and Tak 1995)

iv. Quasi-static and dynamic in-plane loading of a stringer deck with attached plating, as
part of a double hull referred to as COLLISION STATIC and COLLISION DYNAMIC
models (ASIS 1993 reported in ISSC 2003)

v. Quasi-static transverse loading of two stiffened plates with the same configuration,
where the rigid indenter was forced in the first case on the plate, while in the second
case on the stiffeners, referred to as OUTER SHELL and INNER SHELL models
(Gong et al. 2013)

vi. Small-scale tanker side panels, punched quasi-statically at the mid-span by a rigid knife
and flat edge indenter, referred to as KNIFE SPECIMEN and FLAT SPECIMEN
(Villavicencio 2012 and Villavicencio et al. 2013)

vii. A bulbous bow in rigid form in one case and with a deformable part on the other,
driven quasi-statically against a model of ship side structure considering a right angle
collision, referred to as the CE-1 and CE-2 models, respectively (Tautz et al. 2013 and
Fricke et al. 2014)

viii. Quasi-static in-plane loading of pairs of un-stiffened and stiffened plates by a rigid
wedge, reported as P1-15, P2-15 and S1-20, S2-20 models, respectively (DNV 1993)

In all of the examined experiments, except in the case of the CE-2 model (see Tautz et al.
2013 and Fricke et al. 2014), a rigid indenter was driven towards or dropped on different
small and mid-scaled structures, which constitute parts of a ship. The configuration of each
test, the dimensions of the test components, the form of the rigid indenters and the stress-
strain engineering curves for each material are presented in Appendix A. The material
properties and thickness of each component are summarized in Table 2.1. Note that, all
dimensions are in (mm). For a more detailed description of the tests see the related
references, which are included in Table 2.1 and Appendix A. In Table 2.1, E is the Young’s
modulus of each material, o, and Ottong the engineering yield and ultimate stresses

respectively, Eugng: EFr and ¢ the engineering ultimate and fracture strains and mid strain-rate

respectively, while K and n the material parameters, which are derived according to the
procedure described in section 3.2 of the next chapter.
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It is also noted that, Table 2.1 includes material data with respect to experiments that were
not modelled in the present work. However, it was considered appropriate this data to be
included, in order the experimental data base to be more complete. The tests that were not
simulated are listed below:

1. Quasi-static transverse loading of a plate with one and two HP stiffeners respectively
(Alsos and Amdahl 2009)

2. Quasi-static transverse loading of mid-scale double bottom structures by a rigid
truncated cone (Amdahl and Kavlie 1992)

3. Quasi-static transverse loading of mid-scale double bottom structures by rigid
indenters with different geometries, i.e. various nose radius and cone spreading angles
(Wang et al. 2000)

4. Small scale drop weight impact tests on rectangular plates (Liu et al. 2012)

It is noted that, the above tests 1. are similar to the simulated tests in i. and the OUTER
SHELL model in v., while the above tests 2. and 3. are similar to the simulated tests in ii.
Moreover, in the tests of Liu et al. (2012) the thicknesses were rather small (see Table 2.1).
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Table 2.1. Experimental data base. Mechanical properties of steels used in the experiments and powerlaw parameters

é Thickness E ay Oueng K
Component . Ettgng &fr n
(sec™) (mm) (GPa) (MPa) (MPa) (MPa)
Plate US, 1-FB & 2-FB =0 5 210 285 416 0.275 0.35 740 0.24
Plate 1-HP £=0 5 210 340 442 0.23 0.327 750 0.2
Alsos and Amdahl (2009) Plate 2-HP £=0 5 210 260 367 0.25 0.365 640 0.22
FB Stiffeners £=0 6 210 340 442 0.255 0.35 760 0.225
HP Stiffeners £=0 6 210 390 495 0.201 0.29 830 0.18
¢ = () 2.8 197.7 245.3 337.8 0.25 0.461 590 0.221
Paik et al. (1999) Plates, Webs ‘
Plates, Webs £=0 3.95 199.7 319.8 412.6 0.23 0.36 702 0.205
Paik and Tak (1995) Plates, Stiffeners £=0 7.03-7.57 210 330.8 416.7 0.175 0.374 656 0.159
7 207.2 322 448.3 0.329 0.433 851 0.282
é=0 8 211.9 330.1 453 0.29 0.427 827 0.252
Static - Dynamic models 10 212.8 303.1 433.6 0.297 0.454 797 0.257
7 207.2 493.9 4915 0.189 0.401 790 0.17
ASIS (1993) reported Side Shell : ¢ = 10 mm =10 8 211.9 4915 498.8 0.191 0.425 804 0.172
in ISSC (2003) Transverse Web : £ — 8 mm 10 212.8 453.7 482.7 0.176 0.432 761 0.159
Transverse Web Stif. - £ = 7 mm 7 207.2 540 512.1 0.159 0.398 786 0.145
Stringer Deck : t = 7 mm =76 8 211.9 562.6 5145 0.14 0.413 763 0.128
Stringer Deck Stif. : ¢ = 7 mm 10 2128 508.7 505.2 0.146 0.452 758 0.134
7 207.2 694.6 561.6 0.173 0.447 880 0.156
£=884 8 211.9 686.7 573.4 0.144 0.419 856 0.131
10 212.8 662.2 547 0.188 0.474 877 0.169
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2
Plates £=0 4 210 321.3 321 451.4 4412 0.208 | 0.187 0.349 0.368 746 707 0.186 0.169
Amdahl and Kavlie (1992) Models Floors/Girders £=0 3 210 3314 | 3431 | 4812 | 4763 | 0.209 | 0.156 0.3 0.288 796 727 0.187 | 0.143
M1 & M2
Stiffeners £=0 3 210 331.2 279.2 435.7 428.2 0.24 0.227 0.343 0.4 751 726 0.213 0.202
Wang et al. (2000) Plates, Webs =0 2.3 210 276.6 - - - - -
Liu et al. (2012) Plates £=0 14 206 228 364 0.18 0.23 577 0.163
Plate e =( 3.6 210 312 467 0.153 0.225
Gong et al. (2013) - 8 700 0.14
Stiffener £=0 4.4 210 2555 396.5 0.173 0.244 630 0.157
Villavicencio (2012) and Plate £=0 3 206 200 296 0.167 0.22 460 0.153
Villavicencio et al. (2013) Stiffener é=0 5 206 250 369 0.166 0.24 572 0.151
Shell £=0 4 204 329.5 454.1 0.189 0.28

Tautz etal. (2013) and Web Frame =0 5 1965 328 61 0.165 0.293 — o
Fricke et al. (2014) _ _ £= i i ’ 14 0.15
Longitudinal Stiffener é=0 7 2131 319.3 487.3 0.172 0.256 763 0.156
DNV (1993) Models P1-15 & P2-15 £=0 15 208.5 417 544 0.163 0.3 839 0.148
Models S1-20 & S2-20 £=0 20 198.3 393 526 0.159 0.317 807 0.145
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Chapter 3

Material Characterization

3.1 Overview

The FE code requires the introduction of a true stress-strain curve in the elastic and plastic
strain region. This curve represents the relation between true stresses and strains in a multi-
axial stress state and is usually calculated on the basis of the applied force and displacement
measurements obtained during uniaxial tensile tests, i.e. the engineering stress-strain curve.
The true stress-strain curve incorporates the localized damage that occurs during tension and
captures the stress field generated in the neck, which depends on the thickness of the
specimen. However, such a procedure implies that the axial stress field in the cross-section is
uniaxial, which is not the case in the neck region of a specimen. The multi-axial stress field in
the neck region may be observed in the results from FE simulations of tensile tests (see e.g.
Ehlers and Vastra 2009). Further, the engineering stress-strain curve and consequently the
true stress-strain curve depend on the gauge length. The effect of this dependency on the
result of the simulation of the response of a structure is not significant, when the response
under consideration is limited to small plastic strains, i.e. for mild steel the strains in the
region of the yield plateau, but it becomes important, when the simulation involves the
regions of the material curve beyond the point of necking, i.e. the point of ultimate load in a
uniaxial tensile test. Beyond that point, uniformity is violated and plastic instabilities prevail
until the final stage of fracture. Thus, it is important for the user to supply the finite element
code with a true stress-strain curve that corresponds to the actual behaviour of the material in
large plastic strains. A number of researchers have suggested alternative methodologies for
the calculation of the true stress-strain relation in the post-necking region from standard
tensile experiments, either by using empirical correction factors, Bridgman (1952), or through
an iterative FE-based procedure by changing the true stress-strain relation, used as input for
the simulation, until compliance with the corresponding experiment is achieved (see e.g.
Zhang 1995, Ling 1996, Zhang et al. 1999 and Isselin et al. 2006). Further, benchmark
studies were performed to investigate how the structural response of a loaded structure
depends on the procedure that was followed to determine the true stress-strain curve. Ehlers
and Vastra (2009) and Hogstrom et al. (2009) investigated the dependency of the stress-strain
material curves from the gauge length.

15
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Ehlers and Vastra (2009), investigated if the material model, i.e. material curve and
rupture criterion, employed in a FE simulation, needs to take into account the mesh size. The
authors performed benchmark tests using two material models: one which incorporated a
material power law and a mesh independent failure strain according to ASM Handbook and
the other, introduced by the authors, which used a mesh dependent true stress-strain
relationship. The true strain was measured on a reference length, which varied from 0.88 mm
to 4.4 mm and the true stress was calculated using the average of the actual cross-sectional
areas of the specimen along the reference length. The rupture criterion was defined as the
maximum effective plastic strain, being assumed to be equal with the axial maximum strain,
which was measured during the tensile tests using, as described above, different reference
lengths and consequently being mesh dependent. The curves were used to simulate tensile
tests and the authors concluded that, the mesh dependent true equivalent stress-strain curve
predicted more accurately the engineering stress-strain curve for seven different mesh sizes
between 0.88 mm to 4.4 mm. Rupture, i.e. the last point of the engineering stress-strain
curve, was also more accurately predicted with the mesh dependent curve and in particular
with mesh sizes less or equal to 2 mm.

Hogstrom et al. (2009) defined true stress-strain curves for three materials, NVA mild
steel, Domex 355 high strength steel and NV5083 aluminum, from measurements obtained
from tensile tests on 4 mm thick specimens. From the figures of the publication, it can be
observed that the steel curves show considerable dependency on the gauge length, which
varies from 6 mm to 78 mm, whereas the aluminum curve shows a relatively low
dependency on the value of ultimate strain for gauge lengths varying from 6 mm to 42 mm.
The authors applied a piecewise curve of mild steel for a FE simulation of the tensile tests on
models with mesh size varying from 2 mm to 8 mm. The results showed no dependency
from the mesh size up to a strain of 22%, which had been defined by the authors as the onset
of damage. In Ehlers (2010a) the author concluded that, when simulating punching of
4.12 mm thick plates, the fracture and the plate thinning are captured accurately when the
true stress-strain relationship used is determined on the basis of a gauge length corresponding
to the element size. However, the force-displacement curves obtained from the simulation of
the punching tests, show relatively low sensitivity to the various true stress-strain curves.
Further, in Ehlers (2010b and 2010c) the author compared the effect of the above mentioned
material models, when used to simulate the structural response of a hull struck by a bow. He
found that the energy absorption capacity was much more sensitive to the mesh size, when
using the material model with the power law constitutive equation, rather than when using the
material model presented in Ehlers and Vastra (2009). However, it has not been investigated
if the relatively better performance is to be attributed to the mesh dependency of the
constitutive equation or the rupture criterion (Samuelides 2009). The issue is addressed by
Ehlers (2010c) and it remains open to investigation how to define the appropriate true stress-
strain curve in case of relatively large mesh size, i.e. [, =50 mm, commonly used in ship
impact simulations.



3.1 Overview 17

ISSC Committee V.III (2003) defined a true stress-strain curve of mild steel with and
without including the necking effect, although it is not described how the curve which
includes necking is defined. It is understood that the curve, which does not account for
necking, is taken to follow the power law with the constants being calculated on the basis of
the measurements up to the point of maximum load. The curve that includes necking shows a
considerable decrease of the true stresses after the point of maximum load. The resulted
curves were used in a FE simulation of tensile tests and it was found that, the curve including
necking effects gave considerable better results than the curve which did not include them.
However, when the material models were used for the simulation of response of more
complicated specimens, the results were influenced to a lesser extent from these models.

Following Okazawa et al. (2004) there are two sources that soften the behaviour of a
structure during tension: one is attributed to the material, i.e. to development of micro-voids,
temperature rise and shear band formation and is incorporated in the constitutive equation
and the other is related to the global tangent stiffness matrix. Okazawa et al. (2004)
performed FE simulations of tensile tests employing LS-DYNA and using Belytschko-Lin-
Tsay plate elements, which may have constant thickness or incorporate changes in thickness.
The relationship between true stress and true plastic strain was determined on the basis of the
direct measurements of the axial and one transverse displacement during uniaxial tensile
tests. The other transverse displacement was taken equal to the one measured, since the cross-
section of the specimen was square. The axial displacement measurements were made by an
optical system, which monitored the displacement of points spaced 1 mm apart. The side of
the square cross-section was 10 mm. From the measurements the authors defined the material
parameters C and n of the relationship:

Oeq = 0y(1+ Cegq)" (3.1)

where o, is the equivalent true stress, ., the equivalent true plastic strain, and o, the yield
stress. For the Japanese Industrial Standard SS400 steel with Young’s Modulus E = 194 GPa
and Poisson’s ratio v = 0.278, it was found that o, =262 MPa, C =743 and n =0.274. The
paper does not clarify how the constants were calculated and if the measurements were taken
until breaking of the specimen or up to maximum load. From the results of the simulations it
can be concluded that, the selection of the elements with the option to change the thickness
makes it possible to capture necking and the subsequent decrease of the applied load. The
drop of the stress after necking shows a dependency on the element size, which size varied
from 6 mm to less than 1 mm.

Zhang et al. (2004) suggested a powerlaw type curve for modeling the true stress-strain
relationship:

Ocq = Keeg" (3.2)
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where n = In (1 + gueng) and K = Oty (Z)n Ottng being the ultimate engineering stress
and Etteng the maximum engineering uniform strain, related to the ultimate tensile stress Ottong
and e the natural logarithm. For shipbuilding steel with Ottong less than 355 MPa, the author
suggested that if Etteng is not known, the following relationship may be used:

1
“uens = 0.24 + 0.013950,,, (33)
Using the above, the true stress-strain curve for mild steel with Oupp, =395 MPa Is:
Oeq = 5758,4°17° (3.4)

Villavicencio and Soares (2011) defined a true stress-strain relationship using the
suggestion of Zhang et al. (2004) for the region beyond ultimate load and a power law curve,
obtained from the measurements of the engineering values for the pre-necking region. Both
the curve of Zhang and the combined curve were used to simulate a tensile test of a 4 mm
thick specimen with 5 mm and 2 mm shell elements. The results showed that, the combined
curve simulated more accurately the response of the specimen, in terms of the engineering
stress-strain curves, although the differences are not considered significant. Beyond necking,
an influence of the mesh on the numerically obtained engineering stress-strain curve was
observed.

In the present work, the true stress-strain relation beyond necking is determined between
two limit curves, i.e. between the tangent to the stress-strain curve at the point of necking and
a power law curve that is defined beyond the same point.

3.2 True stress-strain relation

Up to the point of neck initiation, which is assumed to occur at maximum load or ultimate
engineering stress in a uniaxial tensile test, the true stress-logarithmic (true) strain curves,
Orrue-Etrue are derived by simply transforming the engineering stress-strain curves adopting
the volume incompressibility concept. This leads to the following two familiar relationships:

Otrue = Ueng(l + geng)

Etrue = ln(l + seng) (3.5)

where 6.,y and &4 indicate the engineering values of stress and total strain as occurred
from a uniaxial tensile test. True plastic strains &,, are calculated by subtracting the true
elastic strains from total true strains, that is:

Ot
Epl = €true — ;ue (3.6)

where E the Young’s modulus of each material sample.
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Beyond the point of necking there are three alternatives for the extrapolation of the curve
up to fracture: the experimental, the powerlaw and the tangent type as illustrated in Figure 3.1
(see also Marinatos and Samuelides 2013b).

The experimental type has the following form:
Ocq = Oy fOT €cq 2 & (3.7)

where o, and g, are the true values of stress and plastic strain at the point the neck is initiated
and can be calculated by (3.5) and (3.6). The FE code assumes that the curve follows equation
(3.7) beyond the last point that the user inputs, i.e. if the state of stress and strain in an element
lies beyond the extreme point of the true stress-strain curve that has been provided as input,
then the program assumes that the true stress-strain curve beyond that point remains parallel
to the axis of equivalent plastic strain.

The powerlaw type has the form:
Ocq = K €eq" fOT €eq =gy (3.8)

The parameters K and n are the material parameters, namely the strength coefficient and
the strain-hardening index. At the onset of necking, i.e. (&,,0,), in a uniaxial tension test
following Considére's (1885) approach it is:

Ocq = Oy
(3.9)

doeq

deeg

Thus, parameters K and n can be determined easily as

(3.10)

&,
Following equation (3.10) the powerlaw type becomes:

o
Ocq = (eu_zu) Eeqt  fOr q 2 &y (3.11)

For the tangent type, it is assumed that the true curve beyond the point of necking is linear
and tangent to it at point (&, 0;,). Hence, it will have the following form:
Ocq = ZEeq+d  for €, =gy (3.12)

where the coefficients z and d of the linear expression (3.12), can be determined according to
(3.9) which will give z = g, and d = 0, (1 — &,).
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Finally tangent type true curve takes the form:
Ocq = 0y(1 — &y + &oq) fOr €0 = &, (3.13)

Ling (1996) proposed a general type for o, after the point of necking, by introducing an

unknown weight constant w which varies between 0 and 1. This weight constant combines
relations (3.11) and (3.13) and has the following form:

Oeq = Oy [W(l —&, + seq) +(1-w) <%>eu] (3.14)

Zero value for w leads to a powerlaw type curve, while w equal to one leads to a tangent
type curve. For intermediate values of w, true curves between the powerlaw and tangent type
are derived. Thus, powerlaw type curve represents the lower bound and tangent type the upper
bound of the curves obtained by relationship (3.14).

It is noted that, the experimental type true stress-strain representation has not been
considered in the simulations of the present work, because they exhibit an unrealistic material
behaviour, as it has been concluded in Marinatos and Samuelides (2013Db).
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Figure 3.1. Experimental, powerlaw and tangent type true stress-strain curves beyond necking

It is also noted that, in all cases of the examined tests simulated in the present work, the
material used is steel and it is assumed to have isotropic plastic properties, following the plane
stress J, flow theory during the modeling process. The engineering stress-strain curves for the
various materials were obtained by tensile testing of flat specimens and are presented in
Appendix A with the related references.
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3.3 Uniaxial simulations
3.3.1 Definition of the appropriate stress-strain relation

Definition of the appropriate true stress-strain curve beyond the point of necking, that is the
one that yields the best reproduction of the experimental stress-strain curve, was achieved
through uniaxial simulations without fracture by following an iterative procedure (Ling 1996).
In the present work it was further considered the relevant mesh size. It is noted that, regardless
of the element size and curve type used for the uniaxial simulations up to maximum load, i.e.
prior to the neck, coincidence of the numerical results is achieved (see also Hogstrom et al.
2009 and Marinatos and Samuelides 2013b). The uniaxial simulations were performed with
the Abaqus/Implicit FE code for materials that the uniaxial tensile tests had been performed
quasi-statically, i.e. ¢ = 0sec™! and with the Abaqus/Explicit FE code for materials that the
uniaxial tensile tests had been performed with ¢ > 0 sec™* according to ASIS (1993) reported
in ISSC (2003) (see Table 2.1, chapter 2). In the latter simulations the FE code was supplied
with true strain-rate dependent material curves. The four-node reduced integration
quadrilateral Belytschko-Lin-Tsay shell elements, i.e. S4AR with five section or integration
points through the thickness, were chosen for the meshing of the models (see Figure 3.2 and
ABAQUS 2010). All specimens have rectangular cross-sections. Several different mesh sizes
were used to study the mesh dependence. The aspect ratio of the elements was kept as close as
possible to 1:1 at the beginning of the simulation. Note that high aspect ratios, namely over 4,
were in general avoided in the numerical simulations, at least close to the point of interest,
because this would have affected the accuracy of the results (ABAQUS 2010).

It has been observed that, in most cases of the uniaxial simulations, the use of a true stress-
strain relation which exhibited high hardening, i.e. w > 0.8, close to the tangent type true
stress-strain curve, beyond the point of necking, led to better reproduction of the
experimental stress-strain curve for ratios [,/t <1, while the use of a true stress-strain
relation which exhibited lower hardening, i.e. w < 0.4, close to the powerlaw type true stress-
strain curve, led to a better reproduction of the experimental stress-strain curve for ratios
l,/t > 1 (see Figure 3.2). This trend is in line with the experiments presented in Ehlers and
Vastra (2009). In Ehlers and Vastra (2009) the experimental true stress-strain curves were
determined using different gauge lengths. The optical measurements produced true material
curves which exhibited lower hardening in the case where the corresponding gauge length
was bigger, than in the case that it was smaller and thus closer to the local neck.

The above trend is explained as follows. The area of the specimen section inside the neck
is smaller and as a result higher true Mises stresses are developed for the same load.
Equivalent true plastic strains are also higher inside the neck. Fine meshes, i.e. [,/t <1, can
reproduce the formation of the neck and capture these strains, as the elements are as close as
possible to the point the neck is formed (see Figure 3.3). On the other hand, a course mesh,
i.e. [/t >1, leads to large elements that stretch mostly in the loading direction and cannot
reproduce correctly the reduction of the width of the specimen inside the necking zone (see
Figure 3.3). Consequently, lower true Mises stresses are developed for the same load with
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respect to the ones in a fine meshed model. Moreover, although the relative displacement
between the two nodes of an element in a coarse mesh is higher with respect to the one of an
element in a fine mesh, the element length is much larger. Therefore, equivalent true plastic
strains are lower. Hence, usually true stress-strain curves with high hardening, i.e. w > 0.8,
are included in the simulations for fine meshed models, i.e. [,/t <1 and with lower
hardening, i.e. w < 0.4, in the simulations for coarse meshed models, i.e. [/t > 1. It is noted
that, ratios [, /t < 1 were not used in the simulations of the benchmark study in chapter 5 and
the full-scale simulations (see also Villavicencio 2012).
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Figure 3.2. The S4R element with five through thickness integration points (on the left) and reproduction of the
uniaxial tests for the shell component of the CE-1 model with [, = 1, 4 and 12.5 mmn, using true stress-strain
curves with w = 0.9, 0.4 and 0 (on the right)

Figure 3.3. Uniaxial simulations. Example shell CE-1 model, t =4 mm, [, =1, 4 and 12.5 mm mesh sizes
displayed [, /t = 0.25, 1 and 3.125
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3.3.2 Strain-rate effect

As already mentioned in the previous sub-section, uniaxial simulations in the cases of
materials that the uniaxial tensile tests had been carried out with & > 0 sec™* were performed
using Abaqus/Explicit FE code, in order to account for strain-rate effects. The original form
of Cowper and Symonds (1957) empirical expression is available in Abaqus/Explicit with the
following form (ABAQUS 2010):

€o0q = Des(R — 1) (3.15)

where £, is the equivalent true plastic strain-rate, R the ratio of the equivalent yield stress at
non zero strain-rate or dynamic yield stress to the respective equivalent static yield stress, i.e.

[oF .
—2L and D, ncg are material parameters.
O'ys

Cowper and Symonds (1957) found that, the values of the aforementioned parameters for
a reasonable estimation of initial yielding in mild steels are D.g = 40.4 sec™! and ngg = 5.
However, application of these values of the material parameters beyond the point of initial
yielding, would exhibit relatively high stresses. Therefore, the material parameters should be
calibrated appropriately in order to capture the post yield material behaviour. An example is
shown in Figure 3.4.

Figure 3.4 illustrates comparisons between experimental results and results from uniaxial
simulations using the expression in equation (3.15) with n;s =5 and three different values
for parameter D.g and numerical results where all the powerlaw type true strain-rate
dependent material curves were given as input (see also Figure 5.23, chapter 5). The
simulation refers to a uniaxial tensile test of the material used in the experiments of ASIS
(1993) reported in ISSC (2003), that has a thickness of 7 mm and has been loaded at its ends
with a speed equal to approximately 380 mm/sec, which corresponds to a mid strain-rate
equal to ¢ = 7.6 sec™! for a 50 mm gauge length (see also Appendix A). Note that, in the
simulations with the Cowper-Symonds expression the powerlaw type true stress-strain curve
of the static tensile test was given as input (see also Figure 5.23, chapter 5). The time of the
simulation was defined according to the mid strain-rate of the experiment and the gauge
length of the specimen. The values 2560 sec~! and 3200 sec ™ with respect to parameter D
were selected, the former according to the ISSC (2003) report and the latter according to the
proposed value for high tensile steels (see also Villavicencio 2012).

From Figure 3.4 it is obvious that, the best reproduction of the experiment is achieved in
the case where all the powerlaw type true strain-rate dependent material curves were given
directly as input to the FE code. Simulations using Cowper-Symonds expression with
Dcs =40.4 sec™! give a good estimation of the initial yield strength but, as discussed
previously, highly overestimate the strength of the material beyond that point. Numerical
results with D.s = 2560 and 3200 sec™! are almost identical. Contrary to the results in the
case with D.g =40.4 sec™!, the initial yield strength of the material is underestimated.
Although the reproduced stress-strain engineering curves are closer to the experiment in
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terms of the case with D g = 40.4 sec™!, they also predict a material that exhibits high

hardening.
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Figure 3.4. Reproduction of the uniaxial tests with ¢ = 7.6 sec™! for the 7 mm thick material using Cowper-
Symonds formula with D, = 40.4, 2560 and 3200 sec™!, n., =5 and all powerlaw type true strain-rate
dependent material curves for [, =1, 7, 14 and 25 mm



Chapter 4

Failure Criteria

4.1 Instability and rupture criteria
4.1.1 Overview

In sheet metal forming processes as well as in crashworthiness analyses, correct prediction
of initiation and propagation of rupture is of great importance. Hence, researchers have
proposed various failure criteria, aiming to the interpretation of the different failure
mechanisms that are encountered within the different states of loading of a material.

Failure criteria may be classified in two main categories: 1) instability criteria and ii)
fracture or rupture criteria. Instability criteria account for necking instability, while rupture
criteria account for fracture. Usually, instability criteria assume that fracture of the material
occurs just after the formation of a local neck. However, this assumption leads to an earlier
initiation of rupture. Although the earlier initiation of rupture is considered as conservative, it
is noted that, this is not always the case when simulating the impact of two deformable bodies.
In such a case the results are conservative for the body that is subjected first to damage but
non-conservative for the other body involved in the impact. A basic assumption regarding the
various criteria is that, during the loading process the loading path as well as plastic
deformation are proportional, i.e. linear loading paths, which is more or less the case up to
initiation of necking, i.e. point of maximum load in the case of a uniaxial tensile test.
However, when an integral is included in their definition the criteria account for localized,
non-linear loading paths, although there is not always theoretical evidence that it is applicable
in these cases. Thus, it could be said that, integral-form criteria are more general, as they may
capture the possible non-linear behaviour of the material as the deformation proceeds,
considering monotonically increasing loading states; reverse loading is limited and within the
elastic region.

According to most of the rupture criteria that account for shear damage or void growth, the
initiation of rupture depends on the state of stress involved. One parameter to describe the
state of stress is the triaxiality T, that is defined as the ratio of the mean or hydrostatic stress to
the effective or von Mises equivalent stress, i.e. T = o,,/0,,. The mean stress is linked to
dilatation and thus is responsible for the change in volume of a solid element as it deforms.
The effective stress is directly related to octahedral shearing stress, which in turn is related to
distortional strain energy to change the shape of a solid element as it deforms. In other words,
it could be stated that stress triaxiality is the ratio of volume change to shape change (Jeong et
al. 2008).

25
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Knowledge of triaxiality during a loading process provides the engineer with important
information with respect to the stress state encountered. Close to zero and negative values of
triaxialities correspond to shear and compression stress states, while positive values of
triaxialities to tension stress states. It is noted that, for triaxialities equal and below -1/3,
rupture does not take place in the case of ductile materials, according to observations from
related experiments (see e.g. Bao and Wierzbicki 2005).

Rupture criteria could be also characterized as i) strain-based criteria, whereby rupture
takes place when the deformed material reaches a critical strain value, ii) stress-based criteria,
whereby rupture takes place in a critical state of stress and iii) energy-based criteria, which
relate the occurrence of rupture when the energy stored during stressing the material or stored
within the material volume reaches a critical value. However in the case the loading path is
assumed linear up to fracture, strain-based criteria may be transformed to stress-based and
vice versa.

The majority of the rupture criteria determine fracture at some critical plastic strain. Keeler
and Backofen (1964) introduced the forming limit diagram or FLD criterion, which is a useful
concept to determine the amount of deformation that a material can withstand prior to the
onset of necking, accounting for different loading processes, i.e. between compression and
tension. During these loading processes, the ratio between the strain-rates of the minor to the
major in-plain principal true strains is assumed constant, i.e. f = &,/&; = constant, linear
loading path. FLDs include the major and minor in-plane principal true strains at the initiation
of the neck, while the fracture forming limit diagrams or FFLD's, illustrate the major and
minor in-plane principal true strains at fracture (Tornqvist 2003).

Strain-based rupture criteria may be also expressed in terms of stresses, under the
assumption of monotonic loading in the plastic region. Arrieux et al. (1982) presented for the
first time stress-based FLDs or FLSDs. Many years later, extensive studies were carried out
by Stoughton (2000), Stoughton (2001), Stoughton and Zhu (2004) and Wu et al. (2005) for
the derivation of FLSDs. These diagrams include the major and minor in-plane principal true
stresses at the initiation of the neck. Contrary to FLDs, FLSDs show small dependence on the
strain path, whereby FLSD criterion depends only on the current state of stress.

A useful approach for the determination of rupture has also proved to be the use of a
critical strain energy level. Practically, this implies that rupture will take place when the
elastic energy stored in a solid element becomes greater than a critical value which constitutes
a material property (Andrianopoulos and Theocaris 1985).

Instability and rupture criteria are discussed in the following two sub-sections. Note that,
plane stress conditions are considered in the theory of instability criteria.



4.1 Instability and rupture criteria 27

4.1.2 Instability criteria

Swift (1952) postulated that a diffuse neck, i.e. thinning of the sheet during a sheet metal
forming process over a large area of the sheet, is formed when the load reaches a maximum
along both principal directions in the plane of the sheet. Thus, two constraints arise from this
assumption:

01 = €101
and 4.2)
Oy = €,0

where gy, g,, d; and 4, are the major and minor in-plane principal true stresses and their
stress rates, respectively. Using a Von Mises yield function and a powerlaw of the form
oeq = K €.4™, the following relation for the true equivalent plastic strain at diffuse necking is
derived, see Stoughton and Zhu (2004). The rangeis -1 < g < 1:

. - n(l—a+ az)% (4.2)

¢4 4 —3q — 3a? + 4a3
where a is the ratio between the minor and major in-plane principal true stresses.

Hill (1952) assumed that instability occurs, when a local neck is initiated under tension, i.e.
when the force per unit width acting on a sheet in the direction of the major principal direction
reaches a maximum. This leads to the maximum tension condition, which is only valid for
B > -1 and has the following form:

61 = (&, + &)oy

or (4.3)

do;

d_€1: (1+B)ay

With a powerlaw of the form o; = K &;™, the above expression gives the major strain at
instability:
n
T4

Hill's instability criterion yields rational results, which are in good agreement with
experiments in the range of -1 < 8 <0. It is noted that, the Swift (1952) and Hill (1952)
criteria are based on the assumption of a proportional process, i.e. constant ratio of minor over
major strain.

Storen and Rice (1975) stated that responsible for the onset of localized necking in thin
sheets under biaxial stretching is the development of a vertex on the yield locus. They derived

(4.4)
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analytical solutions for the determination of the major in-plane principal true plastic strain &;
at local neck, considering negative and positive values of 3, that is in the range of -1 < 8 <1,
in two cases:

i) For -1 < B < 0 (Stéren-Rice 1975a):

n

& =

1-— (1+n)?
( zn)+j ranl  seo (CRI2 (4.5)

and ¢ = arctan (\/—f)

assuming that the local neck forms at an angle ¢ with respect to the direction of g; and that
the strain increments in the direction of the neck are zero.

i) For -1 < B <1 (Stéren-Rice 1975b):

3872+ n(2+p)?
22+ B+ B+BY) (4.6)
and ¢ =0

&1

assuming that the local neck forms along the direction of the minor in-plane principal true
plastic strain ¢,, i.e. n, =0, the second component of the unit vector 7, where the latter is
perpendicular to the direction of the local neck.

Bressan and Williams (1983) proposed a critical shear stress criterion for the prediction of
local necking in a sheet under biaxial stretching condition. They postulated that, the shear
instability will initiate in an inclined direction through the thickness of a sheet, when the local
shear stress reaches a critical value. This critical value is considered a material property.
Alsos et al. (2008) combined Hill's (1952) criterion which yields good results in the range of
-1 < B <0 and Bressan and Williams (1983) criterion which accounts for 0 < g <1 and
introduced BWH failure criterion, which is based on a critical membrane stress level, that is
reached when the material becomes instable and loses its capacity to carry loads (see sub-
section 4.2.5).

4.1.3 Rupture criteria

McClintock (1968) proposed a failure criterion for the description of damage of a material
due to void growth. In a simplified version the criterion takes the following simple form:

D, = f <;’—";> dev! @.7)

where D; is the damage parameter and d&P! an increment of the equivalent true plastic strain.
When D; becomes equal to the critical strain, void coalescence occurs and the material
ruptures.
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Rice and Tracey (1969) introduced a failure criterion, which is consistent in predicting
rupture in the case of the tensile tests due to void growth. On the other hand, Cockcroft and
Latham (1968) proposed a criterion which yielded reasonable results under shear damage.
Tornqvist (2003) combined the aforementioned criteria and proposed a strain based criterion
which accounts for the whole range of stress triaxiality, the so called RTCL damage criterion
(see sub-section 4.2.4).

Johnson and Cook (1983) introduced a fracture model which is dependent on the strain,
strain-rate, temperature and pressure. Fracture strain is calculated by the following expression:

o
& = lDl + D,yexp <D3 U—’”)l [1 4 Dylné*|[1 + DsT*]
eq

and (4.8)
T* = T' — Troom

TMELT—TROOM
where D, - D are material constants, £é* = £/¢, the dimensionless plastic strain-rate with
é, = 1.0 sec™! and T* the homologous temperature (see Johnson and Cook 1983 and 1985).

Andrianopoulos and Theocaris (1985) proposed the T-criterion, which correlates the
reversible elastic energy density storage process with both brittle and ductile rupture. A dual
limit to the elastic strain energy that is stored within the material is defined. The one is
determined by the capacity of the material to store elastic strain energy density due to volume
change, i.e. the dilatational elastic strain energy density T, and the other by the capacity of
the material to store elastic strain energy due to change in shape, i.e. the distortional elastic
strain energy density Ty. In the case that the material has a linear elastic behaviour, the
aforementioned elastic strain energy densities are given by the following expressions:

~el 1 2
Tp = ]aeqde = 2 Oea
and (4.9)
1 2_ 102
Tv=jamd9=ﬁam =§K0

where dé&® an increment of the equivalent true elastic strain, @ the elastic unit volume
change and G, K’ the shear and bulk modulus of the material, respectively. The critical values
of these energies are independent of the applied loads and the geometry of the material, but
are dependent on the strain-rate and temperature. Currently, T-criterion is used to predict the
initiation of pre-existent macroscopic cracks as well as in the calculation of FLDs for metal
forming processes (Andrianopoulos et al. 1996).

Lehmann and Yu (1998) based on studies within the framework of continuum damage
mechanics, proposed the rupture index or I, criterion. The only parameter for the calibration
of rupture index criterion is the one-dimensional true rupture strain from a uniaxial tensile test
eg. They expressed the multi-axial true rupture strain &, as a function of e; by introducing a
stress triaxiality function of the following form:
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f (a—m> i +v)+301—2) <G—m) (4.10)

Ocq 3 Ocq

where v the Poisson's ratio. Thus:

Er = Epf ™ (G—m>
T \oeq (4.11)

and m=2n+1
Finally the rupture index criterion takes the form:

Ip = &,f™ (a—m> (4.12)

Ocq

where ¢, the multi-axial effective true plastic strain. The criterion is satisfied when g,
becomes greater or equal to &, i.e. [ = &i.

Peschmann (2001) proposed an equivalent fracture strain criterion, where the critical value
of strain depends on the thickness t of the plate and is obtained by the following relation:

t
&p =5+, T (4.13)
e
where &, is the uniform strain, a,, a factor depending on the necking strain and the length of
the neck and [, the element length. The various values of ¢, and a, with respect to the
thickness, are summarized in Table 4.1.

Table 4.1. Values of the Peschmann criterion parameters for different thicknesses

t (mm) &g dp
5 0.1 0.8
12.5-20 0.08 0.65

Zhang et al. (2004) introduced a strain criterion, which postulates that damage is initiated
at a critical through thickness strain. The critical through thickness strain is calculated from
the following relation:

t
S3CT == gg + gtl_ (414)
e

where ¢ is the uniform strain and &, the necking strain. The various values of ¢, and &, with
respect to the element type, are summarized in Table 4.2.

Table 4.2. Values of the Zhang criterion parameters for different element types

Element type &g &
Shell 0.056 0.54
Beam 0.079 0.76
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Peschmann (2001) and Zhang et al. (2004) criteria, is recommended to be used with
element length over thickness ratios over five in numerical analyses with shell elements.

Ehlers and Vastra (2009) after conducting tensile tests using an optical measuring system,
which measured the local displacements at the surface of the specimen and calculated local
strain on the basis of a discrete amount of pixel recordings until failure, proposed a strain
criterion which is defined by the maximum allowable effective plastic strain that is dependent
on the element size.

More recently Lou et al. (2012) formulated a ductile fracture criterion, which accounts for
the various mechanisms of damage, that is nucleation, growth and shear coalescence of voids,
through three different parameters C;, C, and C;, by simply multiplying three damage
accumulating models. The criterion has the following expression, in the case of non-
proportional loading:

C C
1((2 D1+ 3T
< Tmax) << >> dépl — D

C_3 Oeq 2

(4.15)
0 for x<0

and (1+3T)={x o x>0

where 7,4, 1S the maximum shear stress, while C;, C, and C; parameters are assumed to be
constant. These parameters can be calibrated through experiments, i.e. uniaxial tensile test,
plane strain test, pure shear test and equal biaxial tensile test, by determining the
corresponding critical strains in each case. Actually, three experiments suffice for the
calibration of the parameters.

In the case where the loading path is assumed to be linear the above expression is reduced

to:
Cq Cy
2T 1+3T
< ’"“") << > )> Eeq = Cs (4.16)

Oeq

Based on the above expression, the following relationships are derived for different loading
processes (see also Table 4.3 in section 4.3):

1) Pure shear

e

ii) Uniaxial tension

Eo=Cs (4.18)
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iii) Plane strain

C1 C2
2 1++3
(3 (5 -
iv) Equal biaxial stretching
3\
(E) E = Cy (4.20)

where & g, &, &, and &, the critical equivalent plastic strains for each loading process.
By dividing (4.19) with (4.17) results to the expression for the derivation of C,:

_log(&s) —log(&,)

2= log(l + \/§) (#21)
and finally
C;
log(C3) — log <1 +2\/§> s'fp]
C, = >
s ()
or (4.22)
1\
log(C3) —log|(5) & s
_oneo-wa[)"

mE
V3

In the simulation of impacts on large marine structures using non-linear FE codes, the
structures are mostly modeled with shell plane stress elements and the criteria are
incorporated to their formulation. It should be therefore considered that, the numerical
simulation does not capture the triaxial state of stress that may actual occur and is further
included in the theory of many criteria. However, plane stress elements allow for the
variation of the in-plane stresses as well as for the thickening or thinning of the element in
compression and tension stress states, through the definition of an appropriate number of
through thickness integration points.
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4.2 Modeling of rupture
4.2.1 Rupture criteria and modeling techniques in non-linear FE codes

Most of the rupture criteria referred in the previous section have been used in FE codes.
The procedure, that is used to deal with material rupture in FE analyses, is to remove the
element, which models the part of the structure, where rupture occurs. This technique
although is not the only possible method to deal with rupture; an alternative could be to
simulate loss of material integrity by removing the attachment between nodes of adjacent
elements. However, the former method is preferred by almost all researchers performing
simulations of collisions and groundings with finite elements.

The simpler rupture criteria that have been used in FE codes are based on a damage
parameter, which is an integral along the strain path of the element (see e.g. Lehmann and
Peschmann 2002 and Simonsen and T6rnqvist 2004). The most common of such a criterion is
based on a maximum allowable plastic strain, either the plastic component of the Mises strain
(Lehmann and Peschmann 2002) or the thru thickness plastic strain (Zhang et al. 2004).
However, the reliability of the criterion depends on the mode of deformation of the structure
under consideration, i.e. the criterion has inconsistent performance. This is understandable,
because the criteria have been calibrated on the basis of measurements obtained from
particular tests, usually uniaxial tensile tests. This issue is addressed by Bao and Wierzbicki
(2004), who investigated the performance of nine damage criteria, when applied to predict
the rupture that occurred during two sets of uniaxial compression tests and three tests of
uniaxial tension tests. The comparison of the test results versus the prediction, obtained by
the various criteria, revealed that the general Rice and Tracey (1969) and the hydrostatic
stress criteria were consistent in predicting rupture in the case of the tensile tests and the
Cockcroft and Latham (1968) criterion in the case of compression. Thus, it seems that a
unique criterion, at least to our present understanding, is not adequate to predict rupture
during all modes of structural response that occur in ship-ship collisions and it is more
appropriate to use a set of criteria (see e.g. Tornqvist 2003 and Alsos et al. 2008). Servis and
Samuelides (2006) have also incorporated the T-criterion in Abaqus/Explicit, for the
simulation of the various failure modes in ship-ship collisions.

A further distinction that has been used in the treatment of rupture, concerns the initiation
of rupture in the weld lines. This failure mode, which has been observed in collision tests, has
been simulated by inserting particular elements to simulate the welds and by incorporating a
rupture criterion that is based on a critical stress value (see e.g. Lehmann and Peschmann
2002, Huatao and Rohr 2004 and Alsos et al. 2009).

All criteria are sensitive to mesh size. In particular criteria that are based on plastic strains
are rather more sensitive, because plastic strains increase relatively faster as a collision
progresses and the distribution of plastic stains largely depends on the size of the element.
Criteria that use as control parameters stress fields (Alsos et al. 2008) or the elastic strain
energy (Servis and Samuelides 2006), although they are relatively less sensitive to mesh size,
they too exhibit a certain sensitivity. A widely applied remedy to this fundamental problem,
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is to define the critical values of control parameters as a function of the size of the element
(see e.g. Kitamura 1997, Peschmann 2001, Zhang et al. 2004, Alsos et al. 2009, Ehlers and
Vastra 2009, Hogstrom et al. 2009 and Marinatos and Samuelides 2013a, 2013b and 2015).

A further challenge related to the use of the above criteria is the definition of the
parameters that are associated with them, i.e. the specific values which when they are
reached, rupture allegedly occurs and the element is removed. Various combinations of
experiments and numerical simulations have been proposed for their determination. As far as
the removal of element is concerned, there are various options that the user may select. In the
case of a shell element with more than one integration points through the thickness, the
element may be removed when the criterion is met in all points or in the mid-point. For
example material 123 of LS DYNA, allows the user to select the number of through thickness
points which should meet the criterion to remove the element. When the user selects to
consider only the mid-point, bending strains are ignored in the initiation of rupture, i.e. it is
assumed that rupture occurs as a result solely of the axial forces that are developed in the
cross-section. In the case of solid elements, the element is removed when the criterion is met
in the single integration point and bending strain field is taken into account via the number of
elements through the thickness of the plate. Yuen and Nurick (2005) have used eight-node
brick (C3D8R) and six-node prism (C3D6) elements of LS-DYNA to simulate the response
of small plates under transverse blast load.

FE codes provide the user with the option to apply a damage evolution law, in order to
account for the material degradation beyond necking initiation and up to the fracture point.
Once damage is initiated, the material stiffness is degraded progressively according to the
specified damage evolution response. Hogstrom (2012) and more recently Kdrgesaar (2015)
applied the damage evolution concept in FE codes, so as to investigate the effect of softening
of the material in the results. In Hogstrom and Ringsberg (2012) the authors concluded that, a
mesh size dependent equivalent plastic strain criterion in combination with a damage
evolution law is appropriate in ship collision analyses. They also added that, FLD and FLSD
criteria could be also used but without taking into account the post necking behaviour, i.e.
without the use of a damage evolution law. In Kdrgesaar and Romanoff (2014), the authors
simulated the US Plate and 1-FB tests referred in Alsos and Amdahl (2009). They applied on
one hand a fracture criterion, in which formulation the effect of the stress triaxiality, mesh
size as well as softening of the material was taken into account and on the other a mesh
dependent equivalent plastic strain criterion or shear criterion. They employed Lou et al.
(2012) concept for the calibration of the parameters C,, C, and C; and defined the critical
equivalent plastic strain for different stress states. The results were compared with the
respective results from the numerical analysis referred in Alsos et al. (2009), i.e. with BWH
and RTCL criteria, using however coarser meshes. The authors found that, results with the
proposed fracture criterion tend to converge between different meshes in the range of
1< 1./t <8, contrary to the cases of RTCL and shear criteria. However, they concluded that
softening has a rather small effect in the results, compared to analyses where the latter is
excluded and that shear criterion yields also good correlation with the experiments using a
fine mesh, i.e. [, /t close to 1.
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4.2.2 Benchmark studies

The effect of the various parameters and the uncertainties, which arise from the FE
simulations of ship-ship impacts, have been also investigated by many researchers the last
years, in order to determine the reliability of the numerical results. Ehlers et al. (2008)
presented a study on the effect of the mesh size and modeling of material rupture on the
results of simulations of large scale collision tests, using LS-DYNA. The authors used for the
simulations the four-node Belytschko-Lin-Tsay element with five integration points through
the thickness. To the author’s knowledge, this is one of the few systematic convergence
studies using large scale models, as there are publications which present FE simulations of
structural response of large size structures under extreme loading conditions, which lack
adequate evidence to support the selection of mesh. In general, results obtained with models
made with 25 mm elements, were closer to the test results rather than with models made with
50 mm and 100 mm elements. However, the load penetration curves do not show a similar
consistent trend in all three cases that were analyzed, i.e. the proximity of these curves to the
experimental curve varies with the penetration and in some cases it is not obvious which
criteria should be used for the determination of the best correlation. For one of the tests,
where the side structure modeled a conventional double hull, the authors presented a
comparison of the experimental force-penetration curve and i) the respective curves as
obtained from simulations with three models, all having a mesh of 25 mm and three different
rupture models, ii) the curve obtained from Peschmann (2001), who included the effect of the
supports of the side structure to the hull of the struck vessel and iii) a force-penetration curve
that was obtained using the model of the structure from Peschmann (2001) with the model of
rupture based on the RTCL criterion (Tornqvist 2003). The comparison highlights the
difficulties associated with the definition of an appropriate modeling technique. Further the
authors showed that the propagation of fracture depends highly on the material failure
criterion, even in the case of the densest model that employed the 25 mm elements.

Hogstrom and Ringsberg (2012) studied the effect of the uncertainty in the material model
and the parameters and concluded that they affect significantly the assessment of the
survivability of a ship involved in a collision. The authors simulated the response of a model
of a double hull structure, loaded transversely by a rigid intender. Eighteen simulations were
performed, using six material rupture criteria and three sets of material properties. The best
performance was obtained with a rupture criterion based on Mises strain and with the values
of material parameters being equal to the average values obtained from tensile tests minus
two standard deviations. When the same eighteen material models were used to investigate a
collision, the results showed a large scatter and the damaged area of the side structure varied
from 3.8 m? to 69.1 m?. However, it is noted that the material model that gave the best
results when simulating the test, gave the largest damaged area, i.e. 69.1 m?2, in the collision
investigation. This observation illustrates the need for further investigation of the
uncertainties that are involved in the investigation of contact accidents.
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An extensive study, with respect to the effect of the material model, mesh size and strain-
rate in ship-ship collision FE analysis, has been also performed by Marinatos and Samuelides
(20134, 2013b) and more recently by Marinatos and Samuelides (2015). The work reported in
these papers is included in the present thesis.

In the present work three rupture criteria were selected for the modeling of rupture. The
critical equivalent plastic strain criterion or SHEAR criterion (Marinatos and Samuelides
2013a, 2013b and 2015), the RTCL damage criterion (Toérnqvist 2003) and the BWH
instability criterion (Alsos et al. 2008). Rupture is determined under different conditions
according to the selected criteria. SHEAR and RTCL criteria, both determine rupture at a
critical equivalent plastic strain, which is taken equal to the fracture strain of a uniaxial
tensile test, but SHEAR criterion does not take into account the dependence of this critical
strain on the stress triaxiality. On the other hand BWH criterion determines rupture at a
critical stress, depending only on the current state of stress and is therefore independent of the
strain path. Thus, the different mechanisms with respect to the different criteria, that lead to
rupture of the material under various loading conditions, are investigated. A brief description
of the criteria and their modeling parameters is given in the following.

4.2.3 SHEAR criterion

Critical equivalent plastic strain criterion or SHEAR criterion, is one of the first used
rupture criteria in finite element simulations. It is widely used due to its simple form that
makes it convenient for simulations with finite elements. According to it, rupture is
determined at some critical equivalent plastic strain. However, SHEAR criterion neglects the
state of stress in the definition of the threshold value for rupture. As a result, it shows constant
ductility for all variations of stress triaxialities and may even vyield fracture in pure
compression, contrary to experimental evidence (see e.g. Bao and Wierzbicki 2005). In the
present analysis it has been assumed that the SHEAR criterion is not activated for triaxialities
below -1/3, i.e. for states of stress dominated by compression. The formulation of SHEAR
criterion is presented in relation (4.23).

[ dev!

cr

(4.23)

Dsypar =

where dé&P! is an increment of the true equivalent plastic strain, ., is the critical equivalent
true plastic strain and Dsypagr the damage parameter. The element is removed from the mesh
when Dsypar = 1 in all of the through thickness integration points of the element.
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4.2.4 RTCL criterion

RTCL criterion is a strain based criterion and it constitutes a combination of the Rice and
Tracey (1969) and Cockcroft and Latham (1968) damage criteria. It has the following
expression (Tornqvist 2003):

[F(22)  as
D _ €4/ RrCL (4.24)
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The element is removed from the mesh when Dgrc, =1 in all of the through-thickness
integration points of the element. For a more detailed presentation of the RTCL criterion see
Tornqvist (2003).

In Figure 4.1, one may observe that f is a monotonically increasing function of stress
triaxiality, which for triaxialities between -1/3 and 1/3, i.e. uniaxial compression, pure shear
and uniaxial tension processes follows the Cockcroft-Latham expression, while for
triaxialities over 1/3, i.e. uniaxial tension, plane strain and equal biaxial stretching processes,
the Rice-Tracey expression. Its range is [0,+o0). For shell elements, the maximum value of
triaxiality which corresponds to f =1, i.e. equal biaxial stretching with o; = o, the major
and minor in-plane principal true stresses, equals 2/3 (see also section 4.3).
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Figure 4.1. Function f(T)
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4.2.5 BWH criterion

BWH criterion is a stress based criterion and it constitutes a combination of the local
necking analysis presented by Hill (1952) with the Bressan and Williams (1983) shear stress
criterion (Alsos et al. 2008). It has the following expression:

01
Dpwy = o (4.26)

1CT

where o is the major in-plane principal true stress in a plane stress state and o, the critical
in-plane principal true stress according to the following relation (Alsos et al. 2008):
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Here B is the ratio between the strain-rates of the minor and major in-plane principal true
strains and K, n are the material parameters, namely the strength coefficient and the strain-
hardening index, respectively.

The element is removed from the mesh when Dgy,,y =1 at the integration point in the
middle layer of the element, i.e. when the major in-plane principal true membrane stress
reaches a critical value (see also Figure 3.2, chapter 3). For a more detailed presentation of
the BWH criterion see Alsos et al. (2008).

The variation of oy /o, for different values of n, where g,, the true value of the stress at

maximum load under uniaxial loading condition with respect to 3, is shown in Figure 4.2.
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Figure 4.2. Illustration of g, __/a, for a steel withn = 0.15, 0.2 and 0.25 as a function of g
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For f <0, i.e. plane strain, uniaxial tension, pure shear and uniaxial compression
processes, the critical stress is derived by the Hill expression, while for positive values of g,
i.e. plane strain and equal biaxial stretching processes, by the Bressan-Williams formula. It is
noted that, equation (4.27) does not predict any limit stress for § < -1, namely for g = -1,
that is a pure shear state and -2 < 8 < -1, that is a state between pure shear and uniaxial
compression, because a; . cannot be defined according to (4.27) for negative values of the
parenthesis. This is reasonable, as according to Hill's (1952) analysis, in the range
-2 < B < -1, tension will never reach a maximum and as a result a local neck will not be
formed.

4.3 Investigation of uncertainties

The present sub-section investigates the behaviour of the various rupture criteria, which
have been referred in the previous two sections, considering plane stress conditions and
different loading states, i.e. between uniaxial compression and biaxial tension. The
investigation is performed by comparing the FLDs and FLSDs as well as the variation of the
true equivalent plastic strain &,, and the major in-plane principal true stress oy versus . The
Johnson and Cook (1983) criterion as well as the T-criterion (Andrianopoulos and Theocaris
1985) are excluded from the present analysis, due to the uncertainties in the calibration of the
relevant material constants within their formulation.

The properties of the material, which has been selected for the comparative study, are
included in the first row of Table 2.1, chapter 2. The powerlaw parameters of the selected
material are K =740 MPa and n = 0.24. Also, the critical equivalent true plastic strain in
uniaxial tension, i.e. &, =0.361 was selected for an element length over thickness ratio
l,/t = 2. This critical value was derived from uniaxial simulations, using a powerlaw type
true stress-strain curve beyond necking of the form o, = K &,,™ and is included in Table
5.1, chapter 5.

Parameter f in a plane stress state, is connected to the ratio between the minor o, and
major o; in-plane principal true stresses a and stress triaxiality T, by the following two
relations:

20 —1
= 4.28
oy (4.28)
and
1 B +1
for <1 (4.29)

T=——r "
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The variation of T with respect to S under plane stress conditions in therange -2 < f <1
is presented in Figure 4.3.
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0.8

Figure 4.3. lllustration of T as a function of 8 under plane stress conditions

The major in-plane principal true stress and strain components, under plane stress
conditions, are given by the following relations (see also Marciniak et al. 2002):

Ocq
0 = ———2 4.30
Y Vi—ata? (4.30)
and
e
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Moreover, due to the volume constancy in plasticity, i.e. & + &, + €5 =0, the through
thickness true plastic strain is given by the following expression:

!

€3 = ln% =—(1+pB)e (4.32)

where t’, t the current and initial thicknesses, respectively.

The maximum shear stress is defined in the general triaxial state as:

_ 0-1_0-2 0-2_0-3 0-3_0-1
tmax = max {[=——=|, | 2=, | 25—} (4.33)
which for o3 = 0, is reduced to the following expresion:
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Tmax = Max {| - > 2| ) |?2| ) |Tl|} (4.34)
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Finally by substituting (4.30) to (4.35) it yields:
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Following the precedent analysis, Figures 4.4 and 4.5 illustrate the forming limit curves of
the various criteria in the strain and stress fields as well as variables o; and &,, versus . In
the case of Lou et al. (2012) criterion, the determination of the critical equivalent true plastic
strains in pure shear and plane strain loading processes, i.e. & and & ,, were calculated as
follows. For g = -1 the critical equivalent true plastic strain in pure shear & ; was determined
as the average value of the respective strains according to the SHEAR, RTCL, Rupture Index
and Peschmann (2001) criteria. The Swift (1952), McClintock (1968), Stéren-Rice (1975a),
Zhang et al. (2004) and BWH criteria were not considered, because they do not define any
value for g =-1. In addition, the Stéren-Rice (1975b) criterion was not considered in the
determination of &, as it yields fairly different results compared to the rest criteria (see
Figures 4.4b and 4.5a). Similarly, for § = 0 the critical equivalent true plastic strain in plain
strain &, was determined as the average value of the respective strains according to the
Swift (1952), Storen-Rice (1975b), Rupture Index, RTCL and BWH criteria. The
aforementioned criteria converge towards the same value (see Figure 4.5). The determination
of the parameters deserves further investigation. Hence, the critical equivalent true plastic
strains in pure shear and plane strain loading processes were taken equal to & , = 0.462 and
& p = 0.267, respectively. Finally, according to relations (4.21) and (4.22) from sub-section
4.1.3, the calibrated parameters are C; = 0.935 and C, = 0.545. Parameter C; was taken equal
to &, in uniaxial tension, i.e. C; = 0.361 (see also Table 5.1, chapter 5).

Significant differences between the various criteria are noticed in the strain field (see
Figures 4.4a and 4.5b). The equivalent plastic strain at fracture reaches a minimum between
uniaxial and plane strain loading processes in the case of the Swift (1952) criterion, which is
based on diffuse necking and close to plain strain loading process, in the cases of the Storen-
Rice (1975a,b) and BWH criteria, which account for local necking initiation and then is
increasing. On the contrary, excluding the SHEAR and Peschmann (2001) criteria, in the
cases of the rest criteria, which account for fracture beyond local necking, the equivalent
plastic strain at fracture follows a downward trend, moving from uniaxial compression to
equal biaxial stretching loading processes. This behaviour is also in line with experimental
observations (see e.g. Bao and Wierzbicki 2004) and is interpreted by the growth and
coalescence of voids inside the material close to fracture, which leads in a quick drop of the
fracture strain value.

Moreover, it is observed that the Swift (1952), McClintock (1968), BWH and Zhang et al.
(2004) criteria are constrained in the range of -1< 8 <1 and the Stéren-Rice (1975a,b)
criteria in the range of -1 < 8 <1, that is between pure shear and equal biaxial stretching.
This is reasonable, as a diffuse neck according to Swift (1952) and a local neck according to
Hill (1952) and Storen and Rice (1975a,b), will not form between pure shear and uniaxial
compression loading processes. Also, in the cases of the McClintock (1968) and Zhang et al.
(2004) criteria, with respect to the former void growth is not possible and considering the
latter the through thickness strain vanishes under shear conditions. Interesting is the fact that
the Storen-Rice (1975b) criterion in the case where n, = 0, that is when the local neck forms
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along the direction of the minor in-plane principal true plastic strain &,, shows an almost
identical to the BWH criterion behaviour especially in the range of 0 < g < 1. In addition,
the Storen-Rice (1975b) criterion determines a limit stress in a pure shear loading process, i.e.

B

-1 (see Figure 4.5a).

S
\\
~
~

~
———SHEAR s
BWH-Alsos ef'at«(2008)
—— RTCL-Tornqvist (2003}
Swift (1952) Sao
~~~~~~~~~ Storen-Rice (1975a) (-1<B<=0J"~
----- Storen-Rice (1975b) (-1<=f<=1) SO
—— McClintock (1968) Sso
Rupture Index-Lehmann-Yu (1998) S
—— Zhang et al. (2004) S

Peschmann (2001) =

Lou et al. (2012)
T

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1

BWH-Alsos et al. (2008)
—— RTCL-Tornqvist (2003)

Swift (1952)
~~~~~~~~~ Storen-Rice (1975a) (-1<B<=0)
----- Storen-Rice (1975b) (-1<=f<=1)
—— McClintock (1968)

Rupture Index-Lehmann-Yu (1998)
—— Zhang et al. (2004)
Peschmann (2001)
Louet al. (2012)

! T T T Y

-900 -700 -500 -300 -100

02

300 500 700 900
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Table 4.3 summarizes the relation between the various stress and strain variables and
parameters for each loading state, under plane stress conditions.
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Table 4.3. Relation between the various stress and strain variables and parameters under plane stress conditions

Stress and strain variables and parameters

Loading states a B T & & &3 o) o, Ocq Eeq Tmax

Uniaxial 5 1 & Ocq

. -0 | =2 | —= ——=,¢ — — - — — —
compression 3 2’73 21, =283 1 0 Teq 92 281, 2

O'eq O'eq 2 2 Ueq

Pure shear -1|/-1] 0 — — 0 0y, —— | —01,— —= — —&,——=¢ —

&y &1 2 \/§ 1 \/§ \/§0-1 ) \/5_)0-2 \/g 1 \/§ 2 \/g

.. . 1 &1 &1 Oeq

Uniaxial tension 0 |—= 3 —2&,,—2&5 58 & Oeq 0 01 £1,—2&, -

, 1 1 20, 01 Ocq V3 2 Oeq

Plane strain ~ 10 |—= —¢ 0 —& 20, —2 | —,— ve —c¢ —

2 \/§ 3 1 2 \/g 2 \/§ ) 01 ,\/50'2 \/’5—) 1 \/’5—,

Equal biaxial 2 &3 &3 Oeq

stretchmg 1 1 § &y ,_? &1 ,_? _281 ,—282 (] ;O-eq 01 ;O-eq 01,0, 281 ,282 7
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4.4 Element size sensitivity and calibration of BWH, RTCL and SHEAR criteria

The RTCL and SHEAR rupture criteria are related to a critical equivalent plastic strain,
which is determined from uniaxial tensile tests. This critical value is sensitive to the changes
of the [, /t ratio. In the present analysis the mesh sensitivity of ., was taken into account by
the following formula (Marinatos and Samuelides 2013a, 2013b and 2015):

L\ L\ l
Ecr = Ay (log ?e) + By (log f) + Cr (log ?e) + Dy (4.37)

where &, the critical equivalent true plastic strain, t the thickness of the element, [, the
element length and parameters Ay - Dy the coefficients that were determined independently for
each material. The values of parameters Ay - D, were given as input to VUMAT subroutine
(ABAQUS 2010). Note that, application of equation (4.37) is limited for element length over
thickness ratios below 20, i.e. [, /t < 20 (see also Figure 4.6).

BWH damage criterion due to its formulation exhibits lesser mesh sensitivity, as the
material parameters K and n included in the equations are assumed to be independent of the
element size, in particular up to the point of ultimate load in a uniaxial tensile test, where a
uniform behaviour is considered regardless of the element length. The derivation of K and n
material parameters has already been described in section 3.2 of chapter 3.

Simulations of the uniaxial tensile tests with different mesh sizes were performed for the
calibration of the RTCL and SHEAR rupture criteria. Finite element models were made to
simulate the tensile tests. One end of the model of the simulated specimen was totally fixed,
while at the opposite end a controlled displacement was applied. The displacement of two
nodes, one at the left and the other at the right end of the gauge length was monitored during
the simulation. When the relative displacement of the selected nodes reached the value
obtained at the experimental point of fracture (see Table 2.1, chapter 2), the maximum value
of the equivalent plastic strain was detected at the mid-section of the specimen and identified
as the critical equivalent plastic strain.

The preceding procedure was followed in all of the examined materials. A maximum of
eight values for &, were selected for different [/t ratios and then suitable values for the
parameters Ar - Dy of relation (4.37) were determined to obtain the best polynomial fit
through the simulated points. The scaling of ¢, according to the ratio [./t, using the
proposed formula for each material, is illustrated in Figure 4.6 with respect to uniaxial
simulations for different meshes. The coefficients A; to Dy vary between -1.5 and 1.5 and
were calibrated with the least square method, in order the third order polynomial to
interpolate the value of ., between the minimum and maximum values of length to thickness
ratio, which have been used for their determination. It is noted that, the RTCL and SHEAR
rupture criteria were not calibrated in the case of the drop weight test, i.e. COLLISION
DYNAMIC model (ASIS 1993 reported in ISSC 2003) as strain-rate effect was neglected in
rupture modeling. However, uniaxial simulations using various strain-rates were performed,
so as to determine the appropriate true stress-strain curve beyond necking (see section 3.3)
for element length over thickness ratios [, /t > 1, which were used in the simulations of the
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drop weight test. It was found that, for element length over thickness ratios l,/t >1,
powerlaw type true stress-strain curves yielded the best reproduction of the experimental
engineering curves for the various strain-rates, as indicated in Table 5.1, chapter 5. The
powerlaw true strain-rate dependent material curves are illustrated in Figure 5.23, chapter 5.

A detailed description with respect to the calibration of SHEAR and RTCL rupture criteria
is presented in Appendix B.
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Figure 4.6. Equivalent plastic failure strains for different element sizes (uniaxial simulations)
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Chapter 5

Numerical Analysis

5.1 Numerical modeling

The simulations were performed using the Abaqus/Explicit FE code with the four-node
reduced integration quadrilateral Belytschko-Lin-Tsay shell elements, i.e. SAR with five
integration points through the thickness (see Figure 3.2 and ABAQUS 2010). Contact
between the rigid or deformable indenters and the structural configurations, was handled with
the general contact algorithm provided within the Abaqus/Explicit FE code, which accounts
for contact between different surfaces as well as interactions with self of the participating
geometries. A static friction coefficient equal to 0.3 was assumed and used in all simulations,
based on the work of Térnqvist (2003), Ehlers et al. (2008), Alsos et al. (2009), Hogstrom et
al. (2010) and Hogstrom and Ringsberg (2012). In the cases of the CE-1 and CE-2 models,
the coefficient was taken equal to 0.23, following Tautz et al. (2013), see Table 5.1. For all
quasi-static tests, the loading velocity of the indenter was taken equal to 3 m/sec (see also
Samuelides et al. 2007). This choice was twofold, namely: i) minimize inertial effects, i.e. the
kinetic energy of the deforming material should not exceed a small fraction (typically 5% to
10%) of its internal energy throughout most of the process (ABAQUS 2010) and ii) derive
solutions within reasonable CPU time. It was found that the kinetic energy did not exceed 1%
of the internal energy during the simulations of the benchmark study. In the case of the drop
weight test, i.e. COLLISION DYNAMIC model, an initial velocity equal to the actual
velocity of the indenter, i.e. 9.7 m/sec, was used (see ASIS 1993 reported in ISSC 2003).
The selected boundary conditions represent the actual boundary conditions of the tests (see
Appendix A).

The true stress-strain curve used in the simulations was obtained up to the ultimate load
from the engineering curve and beyond necking according to equation (3.14) Ling (1996).
The value of w was selected independently for each element size, so as to give the closest
reproduction of the engineering experimental stress-strain curve in uniaxial tension tests. In
most cases of the examined materials for ratios [, /t > 1, the value of w which gave the best
reproduction was equal to zero, which corresponds to the powerlaw curve (see Figure 3.1 and
Table 5.1). Values of w not equal to zero were used in the cases of the materials that
correspond to the plate and stiffener components of the OUTER-INNER SHELL models, the
stiffener component in the case of the FLAT-KNIFE SPECIMENS models and the web
frame component in the case of the CE-1 model (see Table 5.1). The welds were modeled in
the cases of the plate with one flat bar and two flat bar stiffeners, respectively, i.e. 1-FB and
2-FB models, as described in Alsos and Amdahl (2009) (see also Table 5.1). Data was not
available in the rest experiments and modeling of welds was not applied.
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Modeling of rupture initiation and propagation was achieved using three rupture criteria,
i.e. SHEAR (Marinatos and Samuelides 2013a, 2013b and 2015), RTCL (T6rnqvist 2003)
and BWH (Alsos et al. 2008). The criteria were implemented into VUMAT subroutine (see
also Appendix C and ABAQUS 2010), which interacts with the explicit FE code and refers to
an isotropic hardening material that follows the j, flow theory assuming plane stress
conditions.

In Abaqus/Explicit by default, element deletion is achieved when a rupture criterion is
satisfied in all of the through thickness integration points of a shell element. There are no
alternatives for the user and as a result an element will not be removed from the mesh in any
other case; for example by selecting a specific through thickness integration point, or a
number of through thickness integration points other than the total number. However, BWH
criterion is satisfied when the major in-plane principal true membrane stress reaches a critical
value, which implies that bending is neglected. Hence, the criterion should be activated when
this critical stress is reached only in the middle layer of a shell element, regardless of the
magnitude of the stress concerned in the rest through thickness integration points. Therefore,
in the case of BWH criterion, VUMAT subroutine was further developed in order the element
to be removed from the mesh when the criterion was satisfied in the middle layer of a shell
element. In order to achieve this, data had to be written for every through thickness
integration point of all shell elements in the model at each time step and saved until the next
time step. Then the state variable, which controls element deletion, would be activated only
when the condition of the criterion was reached at the through thickness integration point of
the middle layer of a shell. Unfortunately, this procedure could be applied only if the
simulations were performed using no more than one CPU, which introduced limitations
concerning the size of the models and meshes used in the simulations in contrast to the rest
criteria. BWH rupture criterion was applied in the cases of the US Plate, 1-FB, 2-FB, ST-3,
ST-4, US, LS, TS, OS, COLLISION STATIC, OUTER-INNER SHELL, FLAT-KNIFE
SPECIMENS, P1-15, P2-15 and S1-20, S2-20 models. It is also noted that, RTCL and
SHEAR rupture criteria were used in its scaled forms, i.e. RTCLS, SHEARS (Marinatos and
Samuelides 2013a, 2013b and 2015). The modeling parameters for each simulated model are
summarized in Table 5.1.

Strain-rate effect was investigated in the case of the COLLISION DYNAMIC model,
without including modeling of rupture. Simulations using RTCLS and SHEARS rupture
criteria were also performed in this case, however without including strain-rate effect on the
material curve (see also Samuelides 2015 and Marinatos and Samuelides 2015). Hence, the
critical values of equivalent plastic strain remained the same as in the case of the
COLLISION STATIC model (see Table 5.1).
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Table 5.1. Simulated models and modeling parameters

Simulated models

US Plate-1-FB-2-FB ST-3 models ST-4 models US-LS-TS-0S
Alsos and Amdahl (2009) Paik et al. (1999) Paik et al. (1999) Paik and Tak (1995)
Modeling Components Components Components
parameters Plates US, FB Plates, Plates, Plates Stiffeners
1-FB & 2-FB Stiffener Webs Webs
t =7.03-7.4mm t =7.13-7.57 mm
t=5mm t=6mm t=28mm t =3.95mm
l, (mm) 5 10 18 5 10 18 5.6 125 25 7.9 125 25 8 16 30 8 16 30
L./t 1.0 2.0 3.6 0.83 | 1.67 3.0 2.0 4.46 8.93 2.0 3.16 6.33 1.08-1.14 2.16-2.28 4.05-4.27 1.06-1.12 2.11-2.24 3.96-4.21
Eor 0.425 | 0.361 | 0.322 | 043 | 0.357 | 0.324 | 0.58 | 0.433 | 0.395 | 0.362 | 0.335 | 0.315 | 0.45-0.458 | 0.37-0.375 | 0.33-0.333 | 0.452-0.461 | 0.371-0.377 | 0.331-0.334
w 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Loading
velocity 3.0
v (m/sec)
Contact Application of the general contact algorithm in Abaqus/Explicit
Static
friction 0.3
coefficient
Weld seams
rows of 6 mm wide elements
Welds . On th(.e plate side Not applied
thickness increase: 2 mm
On the stiffener side
thickness increase: 4 mm

continued on next page
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Simulated models
COLLISION STATIC COLLISION DYNAMIC P1-15-P2-15 models S1-20-S2-20 models
ASIS (1993) reported in ISSC (2003) ASIS (1993) reported in ISSC (2003) DNV (1993) DNV (1993)
Components Components Components Components
Modeling Transv. Web Transv. Web
parameters St Transv. Web Side Shell Stf. Transv. Web Side Shell Plates Plates
Str. Deck ¢ —8mm ¢ =10 mm Str. Deck ¢ —8mm ¢t =10 mm t=15mm t =20mm
Str. Deck Stif. Str. Deck Stif.
t=7mm t=7mm
l, (mm) 12.5 25 125 25 125 25 125 25 125 25 125 25 15 30 45 20 40 60
I/t 18 3.57 156 | 3.125 | 1.25 25 1.8 3.57 156 | 3.125 | 1.25 25 1.0 2.0 3.0 1.0 2.0 3.0
Ecr 0.409 | 0.375 | 0.413 | 0.375 | 0.443 | 0.408 | 0.409 | 0.375 | 0.413 | 0.375 | 0.443 | 0.408 | 0.291 | 0.269 | 0.259 | 0.286 | 0.242 | 0.228
w 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Loac_hng or initial 3.0 9.7
velocity v (m/sec) 3.0
Contact Application of the general contact algorithm in Abaqus/Explicit
Static friction
coefficient 03
Welds Not applied
Simulated models
OUTER-INNER SHELL FLAT-KNIFE SPECIMENS CE-1-CE-2
. Gong et al. (2013) Villavicencio (2012) and Villavicencio et al. (2013) Tautz et al. (2013) and Fricke et al. (2014)
Modeling Components Components Components
parameters
Plates Stiffeners Plates Stiffeners Shell Web Frame Long. Stif.
t =3.6mm t =44mm t=3mm t=5mm t=4mm t=5mm t=7mm
I, (mm) 8 16 8 16 8 16 8 16 125 25 125 25 125 25
I/t 222 | 444 | 182 3.64 2.67 5.33 1.6 3.2 3.125 | 6.25 25 5 1.79 | 357
Ecr 0.323 | 0.27 | 0.326 | 0.285 0.319 0.276 0.383 0.313 0.299 | 0.245 | 0.319 | 0.277 | 0.258 | 0.23
w 0.7 0.2 0.7 0.2 0 0 0.2 0 0 0 0.2 0 0 0
Loading
velocity 3.0
v (m/sec)
Contact Application of the general contact algorithm in Abaqus/Explicit
Static friction
coefficient 03 023
Welds Not applied
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5.2 Numerical results and discussion

The following paragraphs present and discuss in detail the results of the numerical
simulations in terms of force-penetration curves and absorbed energy-penetration curves as
well as the failure modes for different element lengths. Contours of the damage variable are
also presented. The experimental force and absorbed energy-penetration curves are compared
with the corresponding curves obtained from the FE simulations for various meshes. The
patterns of deformation of the specimens as observed during the tests are also compared with
those predicted from the FE simulations. The comparison is performed for the cases where
pictures of the deformed specimens were available in the literature. In the cases of the
ST-4-BW, ST-4-OW, US, LS, TS, OS and COLLISION STATIC models, pictures of the
deformed specimens were not available. The best results, regarding the correlation with the
experiments, i.e. experimental force and absorbed energy-penetration curves and deformation
patterns, are identified in each case. Note that, in some cases results with more than one
rupture criterion were in good correlation with the experiments and were designated as best.
The differences between the numerical and experimental results using the various criteria and
mesh sizes are also quantified, by comparing the force peaks and troughs as well as the
energy absorbed by the structures in each case. The results of the latter analysis are presented
in Appendix D.
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5.2.1 US Plate, 1-FB and 2-FB models-(Alsos and Amdahl 2009)

Figure 5.1 refers to the US Plate model and illustrates comparisons of the experimental
force-penetration and absorbed energy-penetration curves with the corresponding numerical
curves for three mesh sizes, in the cases of the RTCLS and SHEARS criteria and two mesh
sizes in the case of BWH criterion. The material behaviour beyond necking is represented by
the powerlaw curve. Moreover, Figure 5.2 presents a comparison of the damage as predicted
using the three criteria and different meshes with the corresponding picture of the experiment
(Alsos and Amdahl 2009). According to the experimental observations in Alsos and Amdahl
(2009), rupture of the plate took place at a certain load under biaxial stretching that followed
extended thinning in a large area of the sheet. Numerical analyses with all rupture criteria and
meshes show the same trend, namely the numerical curves follow closely the experimental
force-penetration curve, but differ at the prediction of rupture initiation. The difference
between RTCLS, SHEARS and BWH rupture criteria is obvious. As already mentioned in
sub-section 4.2.5, BWH predicts local instability, which is initiated prior to fracture and
applies to membrane stresses and strains. Thus, BWH tends to predict rupture at a rather
earlier stage. Furthermore, due to the biaxial loading of the plate, high stress triaxialities, i.e.
T > 1/4/3, are developed early in the simulation and the stress triaxiality function in the
majority of the loading steps is over one, i.e. f(T) > 1 (see Figure 4.1, chapter 4 and Figure
5.59 in section 5.3). As a result the critical equivalent plastic strain is reached sooner and
RTCLS criterion tends to predict initiation of rupture at an earlier stage. The best
reproduction of the experimental curve is achieved in the case of SHEARS criterion using a
fine mesh, although underestimation of the experimental force-penetration point is also
evident here.

A similar behaviour, with respect to the various criteria and meshes, is also observed in the
case of the 1-FB model. Results in the case of SHEARS criterion and a fine mesh are in good
agreement with the experimental force and energy-penetration curves (see Figure 5.3). It is
noted that, all criteria predict rupture on the plate far from the intersection with the stiffener,
while according to Alsos and Amdahl (2009), rupture was observed on the plate next to the
weld toe (see Figure 5.4). In the case of the 2-FB model, BWH and SHEARS criteria yield
very good correlation with the experimental force and energy-penetration curves for a coarse
mesh. Satisfactory prediction of the residual strength, i.e. strength beyond rupture initiation as
well as representation of rupture is achieved by all rupture criteria (see Figures 5.5 and 5.6).

One may observe that mesh size seems to have a much less effect on BWH criterion. In
fracture analyses with finite elements the numerical solution is sensitive to the mesh size. As
BWH criterion is activated before the final stage of fracture, mesh size effect is not as
significant as it is with the other criteria. However, when the mesh size is too fine high
stresses are developed, especially in the vicinity of geometric constraints, i.e. boundary
conditions, intersections between plates and stiffeners, etc., where localized phenomena are
dominant and as a result rupture is predicted to occur at an earlier stage. This for instance is
observed in the case of the 2-FB model (see Figure 5.5). Table 5.2 summarizes the best
results for each simulated model (see also Appendix D).
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Table 5.2. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated SHEARS RTCLS BWH
Models
Not goo.d correlation between Not goqd correlation between Good correlation between
different meshes different meshes .
L . . L . . different meshes
Underestimation of resistance in Underestimation of resistance in L . .
Underestimation of resistance in
US Plate all cases all cases all cases
Best results for Best results for
l, =5mmorl,/t =1 l, =5mmorl,/t =1 Best results for
e ™ ’(’Z)"(**)e = e ™ m’(’,ﬁ*) e/t = I, =18mmorl,/t = 3.6
Good correl_atlon between meshes Good correlation between meshes Good correlation between
with [/t > 1 - .
Underestimation of resistance for w 'th. e/t > L . d!ﬁergnt meshgs .
. Underestimation of resistance in Underestimation of resistance in
1-FB meshes with ./t > 1 1 I
Best results for all cases all cases
I =5mmorl,/t =1 Best results for Best results for
e *) el l,=5mmorl,/t=1 l,=18mmorl,/t =3.6
Good correlation between meshes | Good correlation between meshes Not good correlation between
with [/t <3 with [/t <3 different meshes
Underestimation of resistance for | Underestimation of resistance in | Underestimation of resistance for a
2-FB meshes with [/t < 3 all cases meshes with [, /t < 3
Best results for Best results for Best results for
l,=18mmorl,/t =3.6 l,=18mmorl,/t =3.6 l,=18mmorl,/t =3.6
) ) (), (%)

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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Figure 5.1. US Plate model. Force and absorbed energy-penetration curves.
Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
powerlaw type material curve
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SHEARS [l,(mm) = 5,10,18]

RTCLS [l,(mm) = 5,10, 18]

BWH [I,(mm) = 10,18]

US PLATE
Figure 5.2. US-Plate model. Representation of damage according to SHEARS, RTCLS and BWH rupture
criteria (Alsos and Amdahl 2009)
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Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
powerlaw type material curve
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SHEARS [l,(mm) = 5,10,18]

RTCLS [l,(mm) = 5,10, 18]

BWH [I,(mm) = 10,18]

1-FB
Figure 5.4. 1-FB model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
(Alsos and Amdahl 2009)
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SHEARS [l,(mm) = 5,10, 18]

RTCLS [l,(mm) = 5,10, 18]

BWH [I,(mm) = 10, 18]

2-FB
Figure 5.6. 2-FB model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
(Alsos and Amdahl 2009)
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5.2.2 ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW models-(Paik et al. 1999)

Figures 5.7, 5.9, 5.11 and 5.13 refer to the ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW
models and illustrate comparisons of the experimental force-penetration and absorbed
energy-penetration curves with the corresponding numerical curves for three mesh sizes, in
the cases of the RTCLS and SHEARS criteria and one mesh size in the case of BWH
criterion. The material behaviour beyond necking is represented by the powerlaw curve.
Furthermore, Figures 5.8, 5.10, 5.12 and 5.14, illustrate the representation of damage with
respect to the three criteria for different meshes. Comparisons with the corresponding
pictures of the experiments (Paik et al. 1999) are also included in Figures 5.8 and 5.10.

From Figures 5.7, 5.9, 5.11 and 5.13, one may observe that all criteria show a similar
behaviour and numerical results tend to converge for finer meshes, i.e. [/t <5. In the cases
of the ST-3-BW and ST-4-BW models, SHEARS and RTCLS criteria yield close results for
all different mesh sizes, while in the cases of the ST-3-OW and ST-4-OW models
convergence between the two criteria is achieved for a fine mesh, i.e. [,/t = 2. Results
obtained using BWH criterion and a coarse mesh, i.e. [/t > 6, are close to the results of the
rest criteria for the respective mesh size in all cases.

In the cases of the ST-3-BW and ST-4-BW models, all criteria capture fairly well the first
part of the experimental curve, i.e. at approximately 180 mm penetration, where according to
Paik et al. (1999), due to the fixed boundary conditions, membrane tension effects reach a
maximum, as the indenter pushes the adjacent webs towards the outside, the outer skin
plating starts to buckle and the force drops (see Figures 5.7 and 5.11). After that point,
divergence from the experimental curve and overestimation of the structure’s resistance is
observed, especially for coarser meshes. Simulations with finer meshes correlate better with
the last part of the experimental curves, i.e. beyond 300 mm penetration (see Figures 5.7 and
5.11). From Figure 5.8 it is obvious that the finer the mesh the less stiff the behaviour of the
structure. This is depicted through the buckling of the side webs, which is not the case in the
experiment. Best representation of the deformation pattern and rupture is achieved by
SHEARS criterion using a coarse mesh. Similarly to the precedent models, in the cases of the
ST-3-OW and ST-4-OW models, good correlation with the experimental force and energy-
penetration curves is achieved for finer meshes (see Figures 5.9 and 5.13). Best
representation of the deformation pattern is achieved by SHEARS criterion using a 12.5 mm
mesh (see Figure 5.10). Table 5.3 summarizes the best results for each simulated model (see
also Appendix D).
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Table 5.3. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated SHEARS RTCLS BWH
Models
Good correlation between Good correlation between Good correlation with
different meshes and with different meshes and with experimental results ub to 180
experimental results for [, /t <5 | experimental results for [/t <5 P enetration de FtJh and mm
ST-3-BW Best results for Best results for penetrali pth ¢
overestimation of resistance
l, =5.6,12.5mm or l, =5.6,12.5mm or bevond that point
2<1,/t <45 2<1,/t <45 yl/t>6p
(*), **) forl, =25 mm *) €
Good correlation between Good correlation between
different meshes and with . A . .
. different meshes and with Overestimation of resistance,
experimental results for [, /t <5 . . -
experimental results for [, /t <5 | especially in the first 100 mm and
ST-3-OW Best results for ;
. =56 125 mm or Best results for the last 150 mm of penetration
e o l, =5.6,12.5mm or l,/Jt >6
2<1,/t <45 2<L)i<45 e
(™), **) forl, =12.5mm el =
Good correlation between Good correlation between Good correlation with
different meshes and with different meshes and with experimental results un to 180 mm
experimental results for [, /t <4 | experimental results for [/t <4 P enetration de ?h and
ST-4-BW Best results for Best results for oveF:estimation ofpresistance
l, =7.9,125mm or l,=7.9,125mm or bevond that point
2<1,/t <32 2<1,/t <32 y P
*) *) l,/Jt >6
Good correlation between Good correlation between
dlfferent_ meshes and with dlfferent meshes and with Overestimation of resistance,
experimental results experimental results for [, /t < 4 . - .
especially in the first 100 mm and
ST-4-OW Best results for Best results for .
the last 100 mm of penetration
lp =7.9,125mm or l,=79,125mm or L /t>6
2<1,/t<32 2<1,/t<32 e/
*) *)

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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Figure 5.7. ST-3-BW model. Force and absorbed energy-penetration curves.

powerlaw type material curve

Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
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RTCLS [l,(mm) = 5.6,12.5,25]

ST-3-BW

Figure 5.8. ST-3-BW model. Representation of damage according to SHEARS, RTCLS and BWH rupture
criteria (Paik et al. 1999)
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Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
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SHEARS [l,(mm) = 5.6,12.5,25]

RTCLS [l,(mm) = 5.6,12.5, 25]

Figure 5.10. ST-3-OW model. Representation of damage according to SHEARS, RTCLS and BWH rupture
criteria (Paik et al. 1999)



68

Chapter 5. Numerical Analysis

ST-4-BW
3000 | ——experiment
——SHEARS-25mm-w=0
----- RTCLS-25mm-w=0
2500 ... BWH-25mm-w=0
SHEARS-12.5mm-w=0
RTCLS-12.5mm-w=0
2000 - ——SHEARS-7.9mm-w=0
R PR RTCLS-7.9mm-w=0
2
x ..
@ 1500 -
2 o I
[ o~
L I
1000 - A
500 - e
Vo IARE
0 T T T T T T T
0 50 100 150 200 250 300 350 400
Penetration (mm)
600 - _ ST-4-BW
— experiment
——SHEARS-25mm-w=0
————— RTCLS-25mm-w=0
500 - ......BWH-25mm-w=0
SHEARS-12.5mm-w=0 4
_ RTCLS-12.5mm-w=0
2 400 | ——SHEARS-7.9mm-w=0
:;D ————— RTCLS-7.9mm-w=0
& 300 -
©
(]
2
2
£ 200 -
100 -
0
0 50 100 150 200 250 300 350 400

Penetration (mm)
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Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
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SHEARS [l,(mm) = 7.9,12.5,25]

\ ’

RTCLS [I,(mm) = 7.9,12.5,25]

ST-4-BW

Figure 5.12. ST-4-BW model. Representation of damage according to SHEARS, RTCLS and BWH rupture

criteria
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Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
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5.2.3 US, LS, TS and OS models-(Paik and Tak 1995)

Figures 5.15, 5.17, 5.19 and 5.21 refer to the US, LS, TS and OS models and illustrate
comparisons of the experimental force-penetration and absorbed energy-penetration curves
with the corresponding numerical curves according to SHEARS, RTCLS and BWH rupture
criteria for three mesh sizes. The material behaviour beyond necking is represented by the
powerlaw curve. Moreover, Figures 5.16, 5.18, 5.20 and 5.22, illustrate the representation of
damage with respect to the three criteria for different meshes.

The basic characteristic of the simulations of the cutting tests simulations is the sharp
variations in the force-penetration curves (see Figures 5.15, 5.17, 5.19 and 5.21 and Figures
5.41, 5.45, 5.49 and 5.54 of sub-section 5.2.8). The formation of these sharp variations is
attributed to the loading and unloading of the elements adjacent to the contact area, which is
very intense during the cutting process and to substantial changes in the contact area between
the plate and the indenter that follow the deletion of an element. For finer meshes,
i.e. [,/t =1, it is obvious that the sharp peaks and troughs are reduced. In the latter case a
better correlation with the experimental force and absorbed energy-penetration curves is
achieved with all rupture criteria. In particular, according to Figures 5.19 and 5.21, RTCLS
criterion using a fine mesh, shows good correspondence with the experimental curves in the
cases of the TS and OS models. SHEARS and BWH criteria yield also good results in all
cases of the cutting tests using a fine mesh (see Figures 5.15, 5.17, 5.19 and 5.21). However,
the three criteria predict different deformation patterns. As the paper Paik and Tak (1995)
does not include pictures of the deformed specimens, the deformation patterns obtained from
the simulations were examined against the descriptions given in Paik and Tak (1995).

In the case of the US model, cutting and curling of the plate was observed during the
loading process and a stable contact of the plate flaps with the wedge face occurred from
about 150 mm penetration up to the end of the test. This description is in accordance with the
results in the cases of SHEARS and BWH criteria (see Figure 5.16).

In the case of the LS model, curling of the plate precedes buckling of the longitudinal
stiffeners. This trend is also captured by SHEARS and BWH criteria (see Figure 5.18). In the
case of the TS model, curling of the plate was observed in the beginning of the loading
process and the concertina tearing mode around 125 mm and up to 155 mm penetration.
Thereafter, a rapid rise of the loading force due to contact of the wedge tip with the transverse
stiffener took place and finally cutting of the latter. In Figure 5.20, it seems that the precedent
behaviour is reproduced satisfactorily by all rupture criteria, especially when using a fine
mesh.

In the case of the OS model, a combination of the damage phenomena which were
observed in the previous cases was evident. The sequence was as follows (Paik and Tak
1995): i) cut and curling of the plate, ii) contact of the curled part of plate with the
longitudinal stiffeners, iii) contact of the plate flaps with the wedge face, iv) large out of
plane bending of the longitudinal stiffeners, v) contact of the wedge tip with the transverse
stiffener, vi) cut of the transverse stiffener and vii) contact of the flaps with the wedge face
leading to a new rise in the loading force. All the aforementioned steps during the loading
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process seem to have been captured by all rupture criteria with relatively fine meshes, i.e.
l,/t < 3 (see Figure 5.22).

During the loading process of cutting of the plates, stress triaxialities in the range of
-1/3<T <0 or -2< B <-1, ie. triaxialities corresponding to modes between uniaxial
compression and pure shear processes, are mainly developed. In the case of RTCLS rupture
criterion the stress triaxiality function within this range of stress triaxialities is way below
one, i.e. f(T) <1 (see Figure 4.1, chapter 4 and Figure 5.60 in section 5.3). As a result the
critical equivalent plastic strain is reached at a later stage and RTCLS criterion tends to
overestimate the stiffness of the structure. This trend is obvious in the present cases (see
Figures 5.15-5.20). It is noted that, in both cases of the scaled forms of RTCL and SHEAR
rupture criteria the damage parameters Dsypag and Dgrcp, in equations (4.23) and (4.24)
respectively, do not increase for triaxialities which are below -1/3, i.e. cut-off value, although
equivalent plastic strains may be developed (see Figure 4.1, chapter 4 and Figure 5.60 in
section 5.3). Table 5.4 summarizes the best results for each simulated model (see also
Appendix D).

Table 5.4. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated

SHEARS RTCLS BWH
Models
Not good correlation between Not good correlation between
different meshes Not good correlation between goo
. . different meshes
us Best results for different meshes and with B Its
l,=8mmorl,/t=11 experimental results est results for
€ *). (**‘)3 ' lp=8mmorl,/t =11
Good correlation between Good correlation between
different meshes and with different meshes and with
experimental results for [, /t <3 Not good correlation between experimental results for [, /t <3
LS Best results for different meshes and with Best results for
l, =8,16 mm or experimental results l, =8,16 mm or
11<1,/t<23 11<1,/t<23
(*), **) for l, =16 mm (*), **) for l, =16 mm
Not good correlation between Good correlation between
goo Not good correlation between different meshes for [/t <3
different meshes .
different meshes Best results for
TS Best results for B Its f g1
I, =8mm orl,/t =11 est results for l, =8,16 mm or
€ *) (**3 ' lp,=8mmorl,/t=11 11<,/t<23
' (**) forl, =8 mm
Good correlation between Good correlation between Good correlation between
different meshes for I, /t <3 different meshes for [/t <3 different meshes for [, /t <3
0s Best results for Best results for Best results for
l, =8,16 mm or l, =8,16 mm or l, =8,16 mm or
11<1,/t<23 11<1,/t<23 11<1,/t<23
(), (**) for I, =16 mm (), (**) forl, =16 mm (™), (**) forl, =16 mm

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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SHEARS [l,(mm) = 8,16,30]

RTCLS [I,(mm) = 8,16,30]

BWH [l,(mm) = 8,16,30]

us

Figure 5.16. US model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
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Figure 5.17. LS model. Force and absorbed energy-penetration curves.
Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
powerlaw type material curve
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Figure 5.18. LS model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
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Figure 5.20. TS model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
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Figure 5.22. OS model. Representation of damage according to SHEARS, RTCLS and BWH rupture criteria
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5.2.4 COLLISION STATIC and COLLISION DYNAMIC models-(ASIS 1993 reported in ISSC
2003)

Figure 5.24 refers to the COLLISION STATIC model and illustrates comparisons of the
experimental force-penetration and absorbed energy-penetration curves with the
corresponding numerical curves for two mesh sizes, in the cases of SHEARS and RTCLS
criteria and one mesh size in the case of BWH criterion. The material behaviour beyond
necking is represented by the powerlaw curve. Moreover, Figure 5.25 illustrates the
representation of damage with respect to the three criteria for different meshes.

According to Figures 5.24 and 5.25 it is obvious that the three criteria yield considerably
different results. In particular, SHEARS criterion predicts rupture of the stringer deck and
stringer deck stiffeners at the joint with the right web using a coarse mesh, i.e. [/t = 3 as
well as rupture of the side shell at the same point using a fine mesh, i.e. [/t = 1.5 (see
Figure 5.25). RTCLS criterion shows consistency and predicts in both cases rupture of the
side shell, stringer deck and stringer deck stiffeners at the joint with the webs and rupture
along the joint with the webs, while BWH criterion is not activated under such loading
conditions using a coarse mesh (see Figure 5.25). Due to lack of pictures of the experimental
deformation patterns, comparison was realized in terms of the correspondence between
numerical and experimental force and absorbed energy-penetration curves. Thus, from Figure
5.24 one may observe that numerical results in the case of RTCLS criterion are in good
agreement with the experimental results and the numerical force-penetration curves follow
the trend of the experiment, especially in the case of a coarse mesh. However, in both cases
RTCLS criterion underestimates the resistance capacity of the structure approximately
beyond 600 mm penetration. SHEARS criterion yields also good results using a fine mesh,
although overestimation of the structure's stiffness in the majority of the loading steps is
evident.

In the case of the drop weight test, i.e. COLLISION DYNAMIC model, with impact speed
almost equal to 10 m/sec or 19.4 knots, the material was modeled in three different ways: a)
without including strain-rate effects and modeling of rupture, b) including strain-rate effects
on the true stress-strain curves without including modeling of rupture and c) without
including strain-rate effects but including modeling of rupture using SHEARS and RTCLS
rupture criteria. It is noted that, in the numerical simulations of the COLLISION DYNAMIC
model, all four drops as occurred in the experiment were performed, taking into account the
change in the initial velocity due to the change of the height the indenter was positioned
above the structure after the end of each drop (see Figures 5.26 and 5.27). Figure 5.26
illustrates comparisons of the experimental force-penetration and absorbed energy-
penetration curves with the corresponding numerical curves for two mesh sizes in the cases of
material models a) and b), while Figure 5.27 in the case of material model c). The material
behaviour beyond necking is represented by the powerlaw curve. Figure 5.28 illustrates the
representation of damage with respect to the selected criteria for two different meshes.
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Considering material models a) and b), the structure shows a much stiffer behaviour than
in the experiment when the effect of strain-rate is included on the true stress-strain curve of
the material (see Figure 5.26). Figure 5.23 compares the true strain-rate dependent material
curves and the true material curve of the quasi-static uniaxial tension test for each material
(see also Appendix A). It is observed that, the higher the strain-rate the stiffer the material,
prior and beyond necking. It is noted that, ultimate stress in Figure 5.23 is the true stress at
the point of ultimate load of the engineering stress-strain curve, i.e. g,.. A reason for such a
stiffer behaviour could be that, in case the material behaviour at various strain-rates is
determined by tensile tests, where the rate of strain is controlled by monitoring the rate over
the gauge length, the strain-rate at the neck is usually higher. Hence, the parts of the true
stress-strain curves at and beyond necking may correspond to higher strain-rates than the mid
strain-rates used in the experiments. However, further research is needed before concluding if
strain-rate effect is essential in the numerical analyses of ship impacts.

Figures 5.27 and 5.28 present the results of material model c). From Figure 5.28, it is
observed that in both cases RTCLS criterion predicts rupture of the stringer deck along the
joint with the webs, which has not been observed in the test. SHEARS criterion shows a good
representation of the deformation pattern as well as good correlation with the experimental
curves especially in the case of a fine mesh, where the penetration depth at the end of the
fourth drop is captured satisfactorily (see Figure 5.27). Table 5.5 summarizes the best results
for each simulated model (see also Appendix D).

Table 5.5. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated SHEARS RTCLS
Models
Not good correlation Good correlation between
COLLISION between different meshes different meshes
STATIC Best results for Best results for
lp =125mm or lp =25mm or
L/t =15 I/t = 3(%)

Good correlation between
COLLISION different meshes and with

DYNAMIC experimental results Not good correlation between
Best results for different meshes and with
Without strain- lp =12.5mm or experimental results
rate effect l,/t=15
(*). (%)
No damage
With strain-rate effect Without strain-rate effect

Good correlation between

Good correlation between different meshes and with

different meshes

COLLISION experimental results
DYNAMIC Best results for Best results for
lp =12.5mm or L. = 25mm or
lo/t =15 e

1/t =3

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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Figure 5.23. Stress-strain relation for various strain-rates in the case of the drop weight test
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Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with the
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SHEARS [l,(mm) = 12.5,25]

BWH [l.(mm) = 25]

COLLISION STATIC

Figure 5.25. COLLISION STATIC model. Representation of damage according to SHEARS, RTCLS and BWH
rupture criteria
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SHEARS [l,(mm) = 12.5,25]

RTCLS [l,(mm) = 12.5,25]

COLLISION DYNAMIC

Figure 5.28. COLLISION DYNAMIC model. Representation of damage according to SHEARS and RTCLS
rupture criteria (ASIS 1993 reported in ISSC 2003)
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5.2.5 OUTER SHELL and INNER SHELL models-(Gong et al. 2013)

Figures 5.29 and 5.31 refer to the OUTER SHELL and INNER SHELL models and show
comparisons of the experimental force-penetration and absorbed energy-penetration curves
with the corresponding numerical curves according to SHEARS, RTCLS and BWH rupture
criteria for two mesh sizes. The material behaviour beyond necking is represented by true
stress-strain curves with w = 0.2 and 0.7. Also, Figures 5.30 and 5.32 present comparisons of
the damage as predicted using the three criteria and different meshes, with the corresponding
pictures of the experiments (Gong et al. 2013).

The case of the OUTER SHELL model is similar to the case of the 2-FB model, which has
already been discussed in sub-section 5.2.1. In both cases of the experiments, stiffened plates
were loaded transversely by rigid bulbous shape indenters, which position was in the middle
of the plates and between a pair of stiffeners. The two tests differ in terms of the thicknesses
and dimensions of the structural components as well as of the number of the stiffeners and the
shape of the indenter. According to the experimental observations, referred in Gong et al.
(2013), rupture initially occurred at the stiffener welding seam at a certain load and then
fracture propagated on the plate, in the region between the stiffeners, forming an ellipsoidal
crack (see also Figure 5.30). All rupture criteria using a fine mesh, i.e. [/t = 2, capture the
initiation of rupture that is just next to the joints of the stiffeners with the plate (see Figure
5.30). RTCLS criterion predicts the formation of the ellipsoidal crack using a coarse mesh,
i.e. l,/t = 4. This is also evident in Figure 5.29, where the numerical curve follows the trend
of the experimental force-penetration curve beyond rupture initiation. However, in that case
initiation of rupture is not captured properly; rupture initiates away from the stiffener joint
(see Figure 5.30). In Figure 5.29, it is obvious that RTCLS criterion in both cases and BWH
criterion using a fine mesh underestimate the load capacity of the configuration, while
SHEARS and BWH criteria overestimate the load capacity of the configuration using a
coarse mesh. Best correlation with the experimental point of rupture initiation is achieved
with SHEARS criterion and a fine mesh.

In the case of the INNER SHELL model, following Gong et al. (2013), rupture initially
occurred at the ends of the two middle stiffeners and subsequently in the middle of the long
edge of the plate close to its boundary. Fracture at the ends of the two middle stiffeners is
captured by all rupture criteria using a fine mesh (see Figure 5.32). However, RTCLS
criterion in both cases predicts rupture on the plate, under the indenter next to the stiffeners
joint, that has not been observed in the test which results in an abrupt drop of the loading
force (see Figures 5.31 and 5.32). None of the rupture criteria captures fracture in the middle
of the long edge of the plate at the end of the test. Table 5.6 summarizes the best results for
each simulated model (see also Appendix D).
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Table 5.6. Numerical results for each simulated model and rupture criterion

Rupture Criteria
Simulated SHEARS RTCLS BWH
Models
Not good correlation between Good correlation between Not good correlation between
OUTER different meshes different meshes different meshes
SHELL Best results for Best results for Best results for
l,=8mmorl,/t =2 lp=16mm orl,/t =4 l,=8mm orl,/t =2
(%, () (), () (**)
Good correlation between . Good correlation between
. Good correlation between .
different meshes h different meshes
INNER different meshes
Best results for . . Best results for
SHELL Not good correlation with
l,=8mm orl,/t =2 - le=8mm orl,/t =2
*), (%) experimental results (*), (%)

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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Figure 5.29. OUTER SHELL model. Force and absorbed energy-penetration curves.
Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with true
stress-strain curves with w = 0.2 and 0.7
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~RTCLS [, (mm) = 8,16]

BWH [I, (mm) = 8,16]

OUTER SHELL

Figure 5.30. OUTER SHELL model. Representation of damage according to SHEARS, RTCLS and BWH
rupture criteria (Gong et al. 2013)
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Figure 5.31. INNER SHELL model. Force and absorbed energy-penetration curves.
Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with true

stress-strain

curves withw = 0.2 and 0.7
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SHEARS [l.(mm) = 8,16]
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Figure 5.32. INNER SHELL model. Representation of damage according to SHEARS, RTCLS and BWH
rupture criteria (Gong et al. 2013)
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52.6 FLAT SPECIMEN and KNIFE SPECIMEN models-(Villavicencio 2012 and
Villavicencio et al. 2013)

Figures 5.33 and 5.35 refer to the FLAT SPECIMEN and KNIFE SPECIMEN models and
illustrate comparisons of the experimental force-penetration and absorbed energy-penetration
curves with the corresponding numerical curves according to SHEARS, RTCLS and BWH
rupture criteria for two mesh sizes. The material behaviour beyond necking is represented by
true stress-strain curves with w =0 and 0.2. Moreover, Figures 5.34 and 5.36 present
comparisons of the damage as predicted using the three criteria and different meshes, with the
corresponding pictures of the experiments (Villavicencio 2012 and Villavicencio et al. 2013).

According to the experimental observations, referred in Villavicencio (2012) and
Villavicencio et al. (2013), in the case of the FLAT SPECIMEN model, rupture of the plate
initially occurred under the short edges of the indenter at a penetration depth approximately
60 mm. This is shown by the drop in the force in Figure 5.33. Then the crack propagated
diagonally and towards the stiffeners joint (see Figure 5.34). RTCLS and SHEARS criteria in
both cases predict correctly the initiation and propagation of the crack, while RTCLS
criterion also captures the first drop in the force using a coarse mesh, i.e. [/t =4 (see
Figures 5.33 and 5.34). Numerical results in the case of BWH criterion are also in good
agreement with the experimental observations up to the initiation of rupture. However,
beyond that point in both cases BWH criterion underestimates the structure's strength, as it
predicts rupture of the plate and stiffener in the middle of the structure, which is more
extensive in the case of a fine mesh, i.e. [, /t = 2 (see Figures 5.33 and 5.34).

Similarly to the FLAT SPECIMEN model case, initiation of rupture in the case of the
KNIFE SPECIMEN model occurred on the plate at the ends of the indenter and then the
crack propagated on the plate along the sharp edge of the indenter (see Figure 5.36). The
initiation of rupture is captured fairly well by all rupture criteria using different meshes.
Propagation of rupture is not predicted in the cases of RTCLS and SHEARS criteria and
tripping of the middle stiffener takes place, which has not been observed in the test (see
Figure 5.36). BWH criterion predicts correctly rupture propagation using a fine mesh, but
also fracture of the middle stiffener and thus underestimates the structure's stiffness (see
Figures 5.35 and 5.36). Table 5.7 summarizes the best results for each simulated model (see
also Appendix D).



5.2 Numerical results and discussion

97

Table 5.7. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated SHEARS RTCLS BWH
Models
Good correlation between Good correlation between Not good correlation between
FLAT different meshes different meshes different meshes
SPECIMEN Best results for Best results for Best results for
lp=16mm orl,/t =4 l,=16mm orl,/t =4 l,=16mm orl,/t =4
(., ) ), ) *
Good correlation between Good correlation between Not good correlation between
KNIEE different meshes different meshes different meshes
SPECIMEN Best results for Best results for Best results for
l,=8mm orl,/t =2 l,=16mm orl,/t =4 lp=16mm orl,/t =4
*) *) (**) for I, =8 mm

(*): best correlation with experimental force and energy-penetration curves, (**):

best representation of rupture
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SHEARS [l,(mm) = 8,16]

RTCLS [I,(mm) = 8,16]

FLAT SPECIMEN

Figure 5.34. FLAT SPECIMEN model. Representation of damage according to SHEARS, RTCLS and BWH
rupture criteria (Villavicencio 2012 and Villavicencio et al. 2013)
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Figure 5.35. KNIFE SPECIMEN model. Force and absorbed energy-penetration curves.
Prediction of rupture according to SHEARS, RTCLS and BWH rupture criteria in combination with true

stress-strain curves with w = 0 and 0.2
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SHEARS [l,(mm) = 8,16]

RTCLS [I,(mm) = 8,16]

BWH [l,(mm) = 8,16]

s

KNIFE SPECIMEN

Figure 5.36. KNIFE SPECIMEN model. Representation of damage according to SHEARS, RTCLS and BWH
rupture criteria (Villavicencio 2012 and Villavicencio et al. 2013)
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5.2.7 CE-1 and CE-2 models-(Tautz et al. 2013 and Fricke et al. 2014)

Figures 5.37 and 5.39 refer to the CE-1 and CE-2 models and illustrate comparisons of the
experimental force-penetration and absorbed energy-penetration curves with the
corresponding numerical curves according to SHEARS and RTCLS rupture criteria for two
mesh sizes. The material behaviour beyond necking is represented by true stress-strain curves
with w =0 and 0.2. Also, Figures 5.38 and 5.40 present comparisons of the damage as
predicted using the two criteria and different meshes, with the corresponding pictures of the
experiments (Tautz et al. 2013 and Fricke et al. 2014). Table 5.8 summarizes the observations
during the experiments of the CE-1 and CE-2 models, according to Tautz et al (2013).

Table 5.8. Experimental observations for each test

Experimental Models

Observations CE-1 CE-2
. At approximately 60 mm At approximately 480 mm

@ Rupture of outer shell penetration depth penetration depth
At approximately At approximately

(if) | Collapse of outer shell stiffeners 330, 410 and 430 mm 530 and 560 mm
penetration depths penetration depths

(iii) Contact of bulbous bow indenter At approximately 900 mm
with inner hull penetration depth

Contact of deformed parts of At approximately

(iv) outer shell with longitudinal - 800 and 1000 mm
stiffeners of inner shell penetration depths

At approximately 1020 mm At approximately 1200 mm

V) Rupture of inner shell penetration depth penetration depth

At approximately
(vi)| Collapse of inner shell stiffeners 1170 and 1250 mm
penetration depths

At approximately 1440 mm
penetration depth

According to Figure 5.37, one may observe that in the case of the CE-1 model numerical
results with both criteria are in good agreement with the experimental force and absorbed
energy-penetration curves and the simulation follows the trend of the experimental force with
respect to the peaks and troughs. The force-penetration curve in the case of RTCLS criterion
captures fairly well the first peak, which is related to (ii) as well as the phenomena in (iii) and
(v) as described in Table 5.8, especially when a coarse mesh is used, i.e. I/t =4.7.
However, RTCLS criterion underestimates the stiffness of the structure beyond 1000 mm
penetration, which is more obvious when a fine mesh is used, i.e. [/t = 2.3 (see Figure
5.37). SHEARS criterion tends to overestimate the stiffness of the structure during the
simulation, but it gives a good estimate of the absorbed energy the moment the inner shell
ruptures, using a fine mesh (see Figure 5.37 and (v) in Table 5.8).
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In the case of the CE-2 model, a similar to the CE-1 model case behaviour is observed. It
is worth noticing that the force peaks in the first part of the test up to 550 mm penetration, i.e.
(1) and (i) in Table 5.8, are perfectly predicted by RTCLS criterion, especially when a coarse
mesh is used, i.e. [, /t = 5.3. Also here, both criteria predict correctly the absorbed energy the
moment the inner shell ruptures; RTCLS criterion using a coarse mesh and SHEARS
criterion using a fine mesh (see Figure 5.39 and (v) in Table 5.8). Table 5.9 summarizes the
best results for each simulated model (see also Appendix D).

Table 5.9. Numerical results for each simulated model and rupture criterion

Rupture Criteria
Simulated SHEARS RTCLS
Models
Good correlation between Good correlation between
different meshes different meshes
CE-1 Best results for Best results for
l,=125mm orl,/t =23 | [, =25mm orl,/t =47
* *
Good correlation between Good correlation between
different meshes different meshes
CE-2 Best results for Best results for
le=125mm orl,/t =26 | l,=25mm orl,/t =53
@) ), 9

(*): best correlation with experimental force and energy-penetration curves, (**): best representation of rupture
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Figure 5.37. CE-1 model. Force and absorbed energy-penetration curves.

Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with true

stress-strain curves with w = 0 and 0.2
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SHEARS [l,(mm) = 12.5,25]

f

RTCLS [l,(mm) = 12.5,25]

CE-1

Figure 5.38. CE-1 model. Representation of damage according to SHEARS and RTCLS rupture criteria
(Tautz et al. 2013 and Fricke et al. 2014)
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Figure 5.39. CE-2 model. Force and absorbed energy-penetration curves.

Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with true
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SHEARS [l,(mm) = 12.5,25]

RTCLS [l,(mm) = 12.5,25]

CE-2
Figure 5.40. CE-2 model. Representation of damage according to SHEARS and RTCLS rupture criteria
(Tautz et al. 2013 and Fricke et al. 2014)



108 Chapter 5. Numerical Analysis

5.2.8 P1-15, P2-15, S1-20 and S2-20 models-(DNV 1993)

Figures 5.41, 5.45, 5.49 and 5.54 refer to the P1-15, P2-15, S1-20 and S2-20 models and
illustrate comparisons of the experimental force-penetration and absorbed energy-penetration
curves with the corresponding numerical curves for three mesh sizes, in the cases of the
RTCLS and SHEARS criteria and two mesh sizes in the case of BWH criterion. The material
behaviour beyond necking is represented by the powerlaw curve. Moreover, Figures 5.42-
5.44, 5.46-5.48, 5.50-5.53 and 5.55-5.57, show comparisons of the damage as predicted using
the three criteria and different meshes with the corresponding pictures of the experiments
(DNV 1993). A similar numerical analysis has already been described and discussed in sub-
section 5.2.3 (Paik and Tak 1995). However, in the present case the thicknesses of the plates
are very close to the actual thicknesses of the plates used in the shipbuilding industry.
Furthermore, pictures of the deformation patterns during and at the end of the experimental
process were available, which contributed in the derivation of more comprehensive
conclusions throughout the comparative study between the numerical and the experimental
observations.

According to Figures 5.41, 5.45, 5.49 and 5.54, it is obvious that the finer the mesh the
less the sharp variations in the force-penetration curves and the better the correlation with the
experimental force and absorbed energy-penetration curves. In Figures D.21-D.24 in
Appendix D, are also presented the numerical force-penetration curves of the P1-15, P2-15,
S1-20 and S2-20 models simulations for each mesh, using the moving average technique with
a period equal to ten force values. The selected period for the application of the method was
deemed appropriate, in order to minimize the sharp force peaks and troughs without losing
the trend of each curve at the same time. This way it was easier to assess the correlation
between the numerical and experimental results.

In the cases of the P1-15 and P2-15 models following DNV (1993) report, during the
cutting process a global bulge of the plates in front of the wedge, accompanied by cutting and
curling of the material, was observed (see Figures 5.44 and 5.48). SHEARS criterion captures
the cutting and curling of the plates in both cases of the P1-15 and P2-15 models, whilst the
global bulge is only predicted in the case of the P2-15 model using a coarse mesh,
i.e. I/t =3 (see Figures 5.42 and 5.46). A similar behaviour is shown in the case of BWH
criterion, regarding the cutting and curling patterns, while the global bulge of the plates is
predicted with a 30 mm mesh, i.e. [/t = 2 (see Figures 5.44 and 5.48). RTCLS criterion in
both cases of the P1-15 and P2-15 models, overestimates the stiffness of the plates for coarser
meshes, i.e. 2<1,/t <3. However, when fine meshes are used, i.e. [/t =1, RTCLS
criterion captures fairly well the cutting and curling of the plates as well as the global bulge
in front of the wedge (see Figures 5.43 and 5.47).

In the first phase of the experiment, in the case of the S1-20 model, the behaviour was
similar to the P1-15 and P2-15 models following DNV (1993) report. The parts of the plates,
on the left and on the right of the wedge, started to bend initially in one direction and then the
bending was reversed. After the second peak in the experimental force-penetration curve the
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specimen was cut smoothly and the material formed a steady curl, up to a penetration depth
approximately 1100 mm, when the test was stopped in order to reposition the crosshead.
Upon restarting the experiment, the material started to bend in the opposite direction and
tearing of the plates was observed at each side of the wedge, i.e. the concertina mode, for a
few millimetres of penetration, until the last phase of the experiment, concerning the part of
the curve beyond the third force peak, where the tearing mode changed back to a cutting
mode. From Figure D.23 in Appendix D, one may observe that the first phase of the
experiment, i.e. up to the second peak, is captured by RTCLS and BWH criteria, using
coarser meshes, i.e. 2 < [,/t <3 and SHEARS criterion using a coarse mesh, i.e. [/t = 3.
As the simulation progresses, SHEARS criterion predicts a steady cutting mode and curling
of the material, especially for ratios 1 < [,/t <2, BWH criterion shows mixed cutting and
tearing modes, while in the case of RTCLS criterion the concertina mode is evident almost
from the beginning of the simulation (see Figures 5.50-5.52). These different patterns are also
obvious in Figure 5.53 and indicate the different trends in the force-penetration curves in
Figure 5.49 and more clearly in Figure D.23 of Appendix D.

According to DNV (1993) report in the case of the S2-20 model, beyond the initial phase
of the experiment, i.e. up to the second peak, the specimen behaved in a rather different
manner. Piling up of the material in front of the wedge and tearing of the upper plate along
the joint with the stiffeners and the lower plate closer to the indenter's tip, up to a penetration
depth approximately 800 mm, was observed. After this point, tearing of the plates stopped
and the tearing mode changed back to a cutting mode. However, numerical results in the case
of the S2-20 model are almost identical to the previous model (see Figures 5.49-5.57 and
Figures D.23 and D.24 in Appendix D). Repeatability during the experiments is not always
achieved, especially when the conditions are different, i.e. intermediate ceasing of the S1-20
test. Table 5.10 summarizes the best results for each simulated model (see also Appendix D).



110

Chapter 5. Numerical Analysis

Table 5.10. Numerical results for each simulated model and rupture criterion

Rupture Criteria

Simulated SHEARS RTCLS BWH
Models
Not good correlation between
Not good correlation between different meshes and with Good correlation between
different meshes experimental results different meshes
P1-15 Best results for for2<l,/t<3 Best results for
l,=15mmorl,/t=1 Best results for l,=30mm orl,/t =2
*) lp=15mmorl,/t=1 *)
). (9
Not good correlation between
Not good correlation between different meshes and with Good correlation between
different meshes experimental results different meshes
P2-15 Best results for for2<l,/t <3 Best results for
le=15mmorl,/t=1 Best results for lp,=30mm orl,/t =2
@) lp,=15mmorl,/t=1 (@)
(*), %)
Good correlation between Good correlation between
different meshes Not good correlation with different meshes
S1-20 Best results for experimental results Best results for
I, =60mm orl,/t =3 P l, =40mm orl,/t =2
(%) (), (%)
Good correlation between Good correlation between
different meshes Not aood correlation with different meshes
S2-20 Best results for e>? erimental results Best results for
I, =60mm orl,/t =3 P l, =40mm orl,/t =2
**) (*), %)

(*): best correlation with experimental force and energy-penetration curves, (**):

best representation of rupture
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Figure 5.41. P1-15 model. Force and absorbed energy-penetration curves.
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Figure 5.42. P1-15 model. Representation of damage according to SHEARS rupture criterion
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RTCLS [I,(mm) = 15,30,45]

Figure 5.43. P1-15 model. Representation of damage according to RTCLS rupture criterion
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Figure 5.44. P1-15 model. Representation of damage according to BWH rupture criterion (DNV 1993)
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Figure 5.46. P2-15 model. Representation of damage according to SHEARS rupture criterion
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Figure 5.47. P2-15 model. Representation of damage according to RTCLS rupture criterion
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Figure 5.48. P2-15 model. Representation of damage according to BWH rupture criterion (DNV 1993)
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Figure 5.49. S1-20 model. Force and absorbed energy-penetration curves.
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SHEARS [1,(mm) = 20,40, 60]

Figure 5.50. S1-20 model. Representation of damage according to SHEARS rupture criterion
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RTCLS [I,(mm) = 20,40, 60]

Figure 5.51. S1-20 model. Representation of damage according to RTCLS rupture criterion
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BWH [l.(mm) = 40, 60]

Figure 5.52. S1-20 model. Representation of damage according to BWH rupture criterion (DNV 1993)
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Figure 5.55. S2-20 model. Representation of damage according to SHEARS rupture criterion
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Figure 5.56. S2-20 model. Representation of damage according to RTCLS rupture criterion
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Figure 5.57. S2-20 model. Representation of damage according to BWH rupture criterion (DNV 1993)
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5.3 Discussion

The comparison of the force vs. penetration curves as well as of the energy vs. penetration
curves, obtained from the numerical simulations with FE models with different mesh sizes,
illustrates that in the majority of the examined cases in section 5.2, the finer the mesh used in
the simulations the lower the resultant force and as a consequence the absorbed energy at the
same penetration depth. Thus, in most cases the models were less stiff for ratios [, /t below 2.
This behaviour was observed irrespective of the rupture criterion that has been used.
However, the opposite trend was observed in the cases of the tests of punching the un-
stiffened plate and the plate with one flat bar stiffener, i.e. US Plate and 1-FB models (see
Figures 5.1 and 5.3), when the scaled form of the RTCL and SHEAR rupture criteria,
designated as RTCLS and SHEARS, were incorporated in the simulations. A similar
behaviour is also depicted in the results presented in Alsos et al. (2009) for the US Plate and
1-FB models. However, in all simulations of the punching of plates, stiffened and un-
stiffened (see Figures 5.1, 5.3 and 5.5), the numerically obtained force penetration curves
follow closely the respective experimental curves, until the rupture criterion that is used
triggers the removal of an element. For this reason, it is assumed that this trend of the results
when using the SHEARS and RTCLS criteria, as derived in the present analysis and in Alsos
et al. (2009), i.e. stiffer structure for finer element size, may be attributed to the scaling of the
SHEAR and RTCL criteria, i.e. the relationship of the critical value vs. mesh size. Moreover,
according to the experimental observations referred in Alsos and Amdahl (2009) in the case
of the US Plate model, extensive thinning up to 50% over the plate's surface was the
dominant characteristic. This implies that due to the absence of geometrical constraints, the
strains were uniformly developed over a large area of the plate before rupture occurred.
However, local necking in terms of additional sheet thinning was detected along the fracture
path, but according to the authors it could be assumed that rupture occurred almost at the
same time with local necking.

Following the previous discussion, in analyses where local phenomena are not dominant
and the strain field is rather uniform, it has been observed that scaling of the critical strain has
a strong effect on the results. This is obvious in the simulations of the US Plate model using
the scaled forms of SHEAR and RTCL rupture criteria, where extended scatter is evident on
the results between analyses with different meshes (see Figure 5.1). On the other hand, in
analyses where local phenomena exist due to geometrical constraints, as for example in the
case of the 2-FB model, better convergence between the results with different meshes is
achieved when the critical strain is scaled (see Figure 5.5). Figure 5.58 shows the differences
in the behaviour of the scaling law in the cases of the US Plate and 2-FB models using
SHEARS criterion, i.e. RTCLS criterion yields similar results. Figure 5.58 illustrates plots of
the equivalent true plastic strain versus penetration, in each of the two cases, considering
simulations with a fine and a coarse mesh, i.e. [/t =1 and ./t = 3.6 respectively. Elements
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at adjacent locations between the simulations with a fine and a coarse mesh were selected in
each case, at points where the strains are maximized. Note that, in the case of the 2-FB
model, the strains are maximized close to the stiffeners joints where rupture occurs. The
diagrams also include the scaling of the critical strain for the material of the plate component
with thickness 5 mm. The values of the critical strain for the element length over thickness
ratios used in the simulations with respect to a fine and coarse mesh are indicated in each
case. In Figure 5.58b, it is obvious that the strains are developed rapidly when a fine mesh is
used in the case of the 2-FB model. This behaviour is reasonable as due to the geometrical
constraints, high strain concentrations are developed in the vicinity of the stiffeners joints.
Small elements capture these strains and rupture occurs at an earlier stage. However, in
Figure 5.58a, regarding the case of the US Plate model, differences in terms of strains prior to
rupture are not significant between analyses with a fine and a coarse mesh and the strains
seem to develop in both cases uniformly up to the point the element is deleted from the mesh.
In addition, the structure shows a stiffer behaviour when a fine mesh is used. This is
attributed to the fact that stress concentrations are not developed on the surface of the plate
and scaling of the critical strain leads to the opposite trend. Note that, the scaling of the
critical strain accounts for local phenomena, which in the case of the US Plate model are not
dominant. However, in actual ship impacts local phenomena are rather dominant due to
complicated geometries and an appropriate value of the critical strain should be selected for
the relevant mesh size, i.e. application of a scaling law.

On the contrary, better convergence was observed between the results of analyses with
different meshes using BWH criterion in the case of the US Plate model (see Figure 5.1).
This is explained by the fact that in the case of the US Plate model rupture initiates
immediately after local necking, which is in line with BWH criterion's concept. In addition,
no geometrical constraints, such as stiffeners, exist and as a result no stress concentrations are
developed, that would provoke activation of BWH criterion in an early stage with a finer
mesh. However, in the case of the 2-FB model where local phenomena are dominant,
convergence is not achieved and BWH criterion underestimates the resistance of the structure
when a fine mesh is used (see Figure 5.5). It is noted that, in the case of the 1-FB model a
similar behaviour to the US Plate model is evident in the numerical results (see Figures 5.1
and 5.3), although according to the experimental fracture observations referred in Alsos and
Amdahl (2009) fracture was localized on the plate next to the weld toe of the stiffener. This is
explained by the fact, already discussed in sub-section 5.2.1, that all rupture criteria contrary
to the experimental observations predicted initiation of rupture on the plate far from the
stiffener joint and not locally (see Figure 5.4).
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SHEARS rupture criterion shows a rather consistent behaviour, as it predicts relatively
well the force vs. penetration curves and the energy vs. penetration curves in the majority of
the examined models for a ratio [, /t between 2 and 3 and in some cases for ratios [, /t close
to 1 and 4 (see Tables 5.2-5.7, 5.9 and 5.10). Similarly using SHEARS criterion, the
representation of the deformation patterns is also predicted well for the respective ratios, i.e.
1<1,/t <4. RTCLS and BWH rupture criteria, yield also in some cases good results, better
than SHEARS criterion, but the representation of the failure modes are rather different with
respect to the experiments in many cases. In the cases of the COLLISION DYNAMIC model,
in Figure 5.28 and INNER SHELL model, in Figure 5.32, RTCLS predicts rupture of the
stringer deck along the joint with the webs and rupture of the plate respectively, which has
not been observed in the tests. BWH underestimates the load carrying capacity of the
structure in the cases of the FLAT and KNIFE SPECIMEN models and a fine mesh (see
Figures 5.33-5.36). Moreover, in the case of the US Plate and OUTER SHELL models, in
Figures 5.2 and 5.30, the representation of rupture initiation according to BWH criterion is
different to the experimental observation. For the latter models as well as for the 1-FB and
2-FB models cases, RTCLS underpredicts the initiation of rupture (see Figures 5.1, 5.3, 5.5
and 5.29). Finally, in the cases of the cutting tests and particularly models US, LS, S1-20 and
S2-20, RTCLS criterion predicts different deformation patterns with respect to the
experimental observations (see Figures 5.16, 5.18, 5.51, 5.53 and 5.56).

For more complex structural configurations as in the cases of the experiments in Paik et al.
(1999), where many deformation patterns arise simultaneously; in particular membrane,
bending, folding and crushing, a significant variation of the magnitude of triaxialities is
observed in the vicinity of these regions. Therefore, for example deletion of an element at a
structural component may be due to a biaxial stretching loading state, while at the same time
deletion of an element at a structural component next to it, due to a pure shear loading state.
Thus, it is observed that the differences in the force penetration curves using different criteria,
when multiple failure patterns are present, are relatively smaller than in the case where a
failure pattern dominates.

The comparison between the numerical predictions and the experimental observations is
complicated, because it is not sufficient to compare single values, for example peak loads, but
the comparison should cover the trend of relations such as force vs. penetration curves.
Further, the comparison of the damage patterns may only be performed in a descriptive
manner. It is also observed that convergence is not achieved equally well in all cases.
However in the majority of the simulated tests, results tend to be closer with each other for
ratios 2 < [, /t < 3 and in some cases for ratios 1 < [, /t < 2.

In order to understand in a more comprehensive manner and interpret the numerical results
regarding the various criteria, two of the examined models, i.e. the US Plate and TS model,
respectively, were further analyzed. The specific tests were selected, as they represent
different loading conditions.
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In the case of the US Plate model, the dominant loading state is biaxial stretching, with

triaxialities mainly over 1/+/3, while in the case of the TS model, the dominant loading states
are between pure shear and uniaxial compression, i.e. triaxialities below zero. In Figures 5.59
and 5.60, the behaviour of the scaled forms of SHEAR and RTCL rupture criteria and BWH
rupture criterion are compared in each of the two cases, considering the true stress-strain
relation and variation of T, f(T), €.q, B, Dsurar and D variables versus penetration. The
comparison is effected for the through thickness integration or section point at the mid-plane
of a shell element, i.e. section point 3 in Figure 3.2 of chapter 3, up to its deletion. It is noted
that, the selected elements which through thickness integration point is examined are the
same for the three criteria, in each of the two cases. Results in the case of the US Plate model
correspond to a mesh 10 mm, that is an element length over thickness ratio equal to 2, while
in the case of the TS model to a mesh 8 mm, that is an element length over thickness ratio

about 1.1 (see Table 5.1). D is the numerator of the fraction ff(“—m) dePl/e,, in the
RTCL

Oeq
case of RTCL rupture criterion and &, the equivalent true plastic strain during the analysis.
The first three diagrams of each case include the critical equivalent true plastic strain, i.e.
&, = 0.361 and €., = 0.456 for the US Plate and TS models respectively (see Table 5.1), the
critical in plane true stress o;__ and the major in-plane true stress o;. The reference to the
stresses is in relation with the BWH criterion. Furthermore, Figures 5.59 and 5.60 include the
ultimate stress point beyond which the neck initiates, i.e. (&, d,), the true material curve
given as input to the program as well as the o5 curve, which is the numerically
reproduced true material curve up to deletion of the through thickness integration point. The
sharp variations of the g5, Curve in the case of the TS model, is attributed to the loading
and unloading of the elements adjacent to the contact area and to the changes in the contact
area between the plate and the indenter following the deletion of elements. This is not
observed in the case of the US Plate model.

According to Figures 5.59 and 5.60, one may observe that in both cases of the US Plate
and TS models, SHEARS rupture criterion is activated exactly at the point where the
equivalent true plastic strain during the analysis becomes equal to the critical equivalent true
plastic strain. RTCL rupture criterion tends to underpredict rupture, when during the loading

process triaxialities are mainly over 1/+/3 or 8 > 0, as is the case for the US Plate model. In

these cases, function f of the integral ff(;’—m> dePl, is f =1 in the majority of the
€4/ RTCL

loading steps (see also Figure 4.1, chapter 4). As a result the critical equivalent plastic strain
is reached sooner. The opposite behaviour is observed for triaxialities that are mainly below
zero or B <-1 and as a result RTCL tends to overpredict rupture, as is the case for the TS
model. As already mentioned in sub-section 5.2.3, in both cases of the RTCL and SHEAR
rupture criteria the damage parameters Dsypag and Dgrcp, in equations (4.23) and (4.24)
respectively, do not increase for triaxialities which are below -1/3; cut-off value, although
equivalent plastic strains may be developed.
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BWH is a stress based criterion, based on local necking, which in the case of a tensile test
appears after the maximum load. It has been observed that in loading processes, where the

dominant triaxialities are over 1/+/3, i.e. US Plate, when the BWH criterion is activated, the
equivalent true plastic strains are lower than the critical equivalent true plastic strain values of
the other criteria. This behaviour is also encountered in analyses with fine meshes, due to
high stress concentrations at structural intersections and changes in geometry. On the
contrary, BWH criterion is not activated for triaxialities equal and below zero, namely
between pure shear and uniaxial compression loading states (see also sub-section 4.2.5 and
equation (4.27)). At this range of B values, formation of a local neck is not possible. This
trend is illustrated in the case of the TS model in Figure 5.60.

The different behaviour of SHEAR, RTCL and BWH rupture criteria, considering the
cases of the US Plate and TS models, is also investigated following the concept of section 4.3
of chapter 4. Figures 5.61 and 5.62 show the relation between the limit stress and limit strain
variables respectively with parameter 5. The diagrams in Figures 5.61 and 5.62 include also
the failure criteria discussed in section 4.3 for comparison. The points that correspond to the
values of triaxialities, which were dominant during the analyses, are indicated in each of the
two cases. In the case of the US Plate model, triaxialities during loading and close to fracture
were approximately equal to 0.643, namely in the range of 0 < 8 <1, i.e. between plane
strain, uniaxial tension and equal biaxial stretching loading states (see also Figure 5.59). In
particular for T = 0.643 the parameter f = 0.36. As one may observe in Figure 5.61, BWH
and RTCL criteria for g =0.36 predict lower values for the limit stress and strain
respectively than SHEAR criterion and are activated sooner. This is in line with the results
shown in the example in Figure 5.59. On the other hand, in the case of the TS model
triaxialities are mostly below zero, namely g < -1, i.e. between pure shear and uniaxial
compression loading states (see also Figure 5.59). At this range of triaxialities BWH criterion
does not define a limit stress and RTCL criterion gives a significantly higher limit strain than
SHEAR criterion (see Figure 5.62). As a result according to BWH and RTCL criteria rupture
is delayed (see also Figure 5.60).

In the present work the damage evolution concept was not adopted in the simulations. This
choice is justified by the following observations and conclusions, also in terms of the work of
other researchers. In the cases of SHEAR and RTCL rupture criteria, following the discussion
in sections 3.3 and 4.4, i.e. chapters 3 and 4 respectively, the critical equivalent plastic strain
was determined at fracture taking into consideration both the true stress-strain relation and
the mesh size. In other words, the two criteria were calibrated for different mesh sizes in
combination with the true stress-strain curves, which yielded the best reproduction of the
experimental curves from uniaxial tests up to the point of fracture. Therefore, due to the
numerical method, which was applied for the calibration of SHEAR and RTCL rupture
criteria, inclusion of a damage evolution law was not considered necessary, i.e. damage
evolution is activated at necking initiation prior to fracture. Moreover, as already mentioned
in section 5.1, in Abaqus/Explicit the element is removed from the mesh when the criterion is
satisfied in all of the through thickness integration points or material points (see Figure 3.2,
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chapter 3). When the criterion is activated in a layer, i.e. material point, Abaqus/Explicit
passes zero stresses and strain increments at the specific point in the next time step of the
simulation. Thus, the capability of the element to carry loads and the resistance capacity of
the structure is gradually reduced.

The difference between the applied method and the damage evolution law concept is that
the stiffness of the element is not altered during the loading process in the former case.
Furthermore, according to the conclusions in Kdrgesaar and Romanoff (2014), softening
seem not to have a significant effect in the modeling of rupture using the specific criteria at
least in the cases of the experiments in Alsos and Amdahl (2009). Instead, instability criteria
as is the case of BWH criterion, it would be more appropriate to be used in combination with
a damage evolution law. The work in Korgesaar and Romanoff (2014) showed that
convergence between different meshes is better compared to the results in the present work
for the specific cases of the US Plate and 1-FB models. However, there is not yet a widely
established method for the calibration of the damage or softening parameters used in analyses
with damage evolution. In addition, the concept for the definition of the material model in the
present analysis is simple and in the majority of the examined cases consistency with the
experiments is achieved, based solely on the experimental data from uniaxial tensile tests.
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Chapter 6

Full-Scale Simulations

6.1 Full-scale model

This chapter presents the simulation of a full-scale ship-ship collision. The struck ship is
considered to be a sister ship of the Tankship BALTIC CARRIER, which was struck by the
Bulk Carrier TERN in the Baltic Sea on 29 March 2001 (see also AbuBakar et al. 2010). The
striking ship is a new built Bulk Carrier having similar particulars as TERN. However, as the
striking ship considered is built rather recently, the structure of the bow may differ
significantly. The general particulars of the striking ship involved in the actual collision, i.e.
TERN, and the ships used for the full scale collision simulation, are summarized in Table 6.1
(see also DIMA 2001 and The Republic of the Marshall Islands 2002). During the incident in
the Baltic Sea, the Bulk Carrier collided at the center of the last oil cargo tank, i.e. adjacent to
the engine room, with an angle approximately equal to 50°, i.e. moving towards the stern of
the Tankship (see Figure 6.1). The striking ship came into contact below her upper deck with
the upper deck of the struck ship, while the bow of the former collided in the area over the
double bottom location of the latter.

Figure 6.1. Top view showing the damaged side of the Tankship
From: http://wwz.cedre.fr/en/Our-resources/Spills/Spills/Baltic-Carrier-Tern
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Table 6.1. General particulars of the ships
SHIPS
GENERAL PRODUCT CARRIER BULK CARRIER BULK CARRIER
PARTICULARS for the modeling TERN for the modeling
Loa(m) 175 174.96 176.2
Lgp(m) - - 168
B(m) 27.34 26 26.05
D(m) 16. 7 15.5 14
T(m) 10. 85 11.15 9.92
DWT (tons) 37000 34365 30000
Year of built 2000 1973 2010

Different collision scenarios were examined and the ships were defined as rigid or
deformable structures. Specifically, for two different collision angles, namely 50° and 90°
and the use of the scaled forms of SHEAR and RTCL rupture criteria, simulations were
performed where:

i. the bow was defined as rigid body

ii. the bow was defined as deformable structure and the side of the Tankship as rigid body
iii. the bow was defined as deformable structure, which was forced towards a rigid wall
iv. both ships were defined as deformable structures

The aim was to apply the numerical method that has been adopted in the previous
analyses in a full-scale ship-ship collision simulation, in order to i) estimate the
crashworthiness of the ship structures under different loading conditions, ii) investigate the
effect of a deformable bow and iii) assess the energy absorbed by the participating bodies in
each case.

The bow of the Bulk Carrier up to the fore watertight transverse bulkhead as well as two
cargo tanks of the Tankship were modeled in detail, in order to achieve a reasonable ship
length for the application of the boundary conditions for the struck ship. Both ships were
modeled in the design environment of ABAQUS, i.e. ABAQUS CAE. However, the hull of
the bow was designed in Rhinoceros and then imported as a separate part in ABAQUS CAE.
The pictures on the top of Figure 6.2 illustrate the geometries of both ships. The part of the
bow construction defined as rigid, is also included in the pictures on the right of Figure 6.2.
The rigid part of the bow was modeled and included in the simulations, in order sufficient
length of the striking ship to be available, in case it came in contact with the side parts of the
struck ship during the simulation at certain penetration depths.

Two steels were used for the full-scale simulations, i.e. Grade 'A' mild steel of minimum
yield stress 235 MPa and Grade 'AH' high tensile steel of minimum yield stress 315 MPa
and the powerlaw type true stress-strain curve beyond necking initiation. For the definition of
the material curves the material properties of two steels were selected from the experimental
data base included in Table 2.1, chapter 2. The choice of the steels was made in terms of the
thickness that is to be close to the thicknesses used in the shipbuilding industry,
i.e. t =10 mm, as well as of the yield stress.
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Thus, the steel in the case of the STATIC-DYNAMIC models (ASIS 1993 reported in
ISSC 2003), with thickness t = 10 mumn and a yield stress equal to 303.1 MPa was selected to
represent the Grade 'A' mild steel and the steel in the case of the S1-20 and S2-20 models
(DNV 1993), with thickness t = 20 mm and a yield stress equal to 393 MPa was selected to
represent the Grade 'AH' high tensile steel (see Table 2.1, chapter 2 and Appendix A). The
scaling of &, according to the ratio [, /t for the selected steels is illustrated in Figure 4.6,
chapter 4.

The parts of the ships close to the impact location were finely meshed, i.e. [, =50 mm or
2 < l,/t <4, while far from the impact location coarse meshes, i.e. [, > 500 mm were used
(see pictures on the bottom of Figure 6.2). It is noted that, the mesh between fine and coarse
meshes was gradually changed and the parts with different meshes were tied together with
the tie constraint, using the node to surface formulation in Abaqus/Explicit. According to this
formulation, the shared nodes between master and slave surfaces are eliminated from the
master surface (ABAQUS 2010). Thus, the surfaces with the coarser meshes should be
chosen as master surfaces for best accuracy. Note that, ties between surfaces with the same
mesh density are also possible. Hence, a smooth transition between the different meshes was
achieved, avoiding the formation of poor elements, for example elements with [, /t > 10 and
without losing connectivity. The tie constraint was also used to join different parts in the bow
model, where the surfaces were free form and more complex, for example between frames,
decks and buttocks with hull. However, appropriate partitions in the participated surfaces
should have been made, in order to enable tie seams to be created, i.e. generation of nodes
and retain surface connectivity (see Figure 6.3).

The edges of the Tankship were considered fixed throughout the simulations. The
maximum stresses far from the impact location and close to the fixed boundaries were
detected at the upper deck of the struck ship and were below 180 MPa, i.e. well within the
elastic region. The rigid part of the bow of the Bulk Carrier, which was coupled with the fore
watertight bulkhead, i.e. no relative motion between the two parts, was restricted to move in
one direction at a constant speed equal to 6 m/sec, in order to derive solutions within
reasonable CPU time, avoiding excessive inertial effects at the same time (see also Térnqvist
2003 and Samuelides et al. 2007). A static friction coefficient equal to 0.3 was assumed and
used in the full-scale simulations (see e.g. Tornqvist 2003, Ehlers et al. 2008, Alsos et al.
2009, Hogstrom et al. 2010 and Hogstrom and Ringsberg 2012).
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Figure 6.2. Ship geometries (top) and meshed models (bottom)
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Figure 6.3. Tie seams. Green lines indicate the tied nodes between different surfaces



144 Chapter 6. Full-Scale Simulations

6.2 Angle of collision 90°
6.2.1 Rigid bow on deformable Tanker side

Figure 6.4 illustrates the force-displacement and energy-displacement curves according to
SHEARS and RTCLS rupture criteria in combination with the powerlaw type material curve.
Also, Figures 6.5 and 6.6 present the damaged side shell of the Tankship after 8 m of
displacement of the rigid bow as predicted by the two criteria.

In Figure 6.4, E,, and Ep,. are the inelastic strain and frictional dissipation energies
respectively and E;,;q; the sum of these energies, i.e. the absorbed energy by the Tankship.
The relevant forces were derived by differentiating the corresponding energies along the
displacement of the rigid bow. The diagrams of Figure 6.4 indicate the points of total force-
displacement and total energy-displacement, which correspond to the instants when rupture
initiated in the outer shell, inner shell and upper deck of the Tankship respectively, according
to SHEARS and RTCLS rupture criteria. Table 6.2 also, summarizes the total force, total
energy and displacement values at the aforementioned points and compares the results in
each case.

It is observed that, RTCLS criterion predicts rupture of the outer and inner shell of the
Tankship at an earlier stage than SHEARS criterion. However, rupture of the upper deck
according to RTCLS criterion initiates after almost 2 m of further displacement, contrary to
SHEARS criterion's predictions (see Figure 6.4 and Table 6.2). The shape of the bulb is
rather similar to the shape of most of the indenters used in the indentation tests (see also
Appendix A). Therefore, as already shown in section 5.3 of chapter 5 considering the case of
the US Plate model, high stress triaxialities are developed over the contact area between the

bow and the side shell, i.e. T > 1/+/3, so that RTCLS criterion is activated sooner. On the
other hand, the shape of the stem, which comes into contact with the upper deck of the
Tankship, is similar to the shape of a wedge. According to the analysis presented in section
5.3 and the results in the cases of the cutting tests (see sub-sections 5.2.3 and 5.2.8, chapter
5), it has been found that for triaxialities below zero, where shearing is dominant, RTCLS
criterion tends to overestimate the initiation of tearing of the plates. As a result, RTCLS
criterion predicts tearing of the upper deck at a later stage. This difference is also obvious in
the force-displacement and energy-displacement diagrams in Figure 6.4, between 5-7 m of
displacement. An amount of energy almost 48% greater than in the case of SHEARS criterion
is absorbed by the Tankship structure, before tearing of the upper deck (see Table 6.2). It is
noted that, in both cases, the rigid stem of the Bulk Carrier comes into contact with the upper
deck of the Tankship at approximately 3 m of displacement. From Figures 6.5 and 6.6 one
may observe that prediction of the deformation pattern of the damaged side of the struck ship
at the end of the simulation, with respect to the two criteria, is quite the same. However,
tearing of the upper deck is more extensive in the case of SHEARS criterion.
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Table 6.2. Rigid bow-Angle of collision 90°. Comparison of numerical values of force, energy and displacement
for each rupture criterion at damage points

SHEARS RTCLS
Fy(MN) | Ex(M]) | Uy(m) | F;(MN) | Ex(M]) | Uy(m)
Outer shell 21.7 133 | 1.053 | 186 6.3 0.707
rupture initiation
(force peak) F; (MN) differ. E, (M]) differ. U, (m) differ.
38.9% 71.9% 39.4%
F,(MN) | E;(M]) | Uy(m) | F,(MN) | E;(M]) | U;(m)
Inner shell 25.6 44.4 2.820 17.1 25.5 2.268
rupture initiation . . .
F,(MN) differ. E,(M]) differ. U, (m) differ.
40.1% 54.1% 21.7%
F3(MN) | Es(M]) | Us(m) | F5(MN) | E3(M]) | Us(m)
Upper deck 45.5 126.1 5.321 46.6 205.4 7.332
rupture initiation . - -
F3;(MN) differ. E5(M]) differ. U;(m) differ.
-2.3% -47.8% -31.8%
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Figure 6.4. Rigid bow-Angle of collision 90°. Force and energy-displacement curves. Prediction of rupture
according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material curve.
E,,: inelastic strain energy, Ey,: frictional dissipation energy, E;oiq; = Ep; + Ef, (similarly with the forces)
(black circle: SHEARS criterion, grey circle: RTCLS criterion)
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SHEARS

Figure 6.5. Rigid bow-Angle of collision 90°. Representation of damage according to SHEARS rupture criterion
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RTCLS

Figure 6.6. Rigid bow-Angle of collision 90°. Representation of damage according to RTCLS rupture criterion
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6.2.2 Deformable bow on rigid Tanker side

Figure 6.7 illustrates the force-displacement and energy-displacement curves according to
SHEARS and RTCLS rupture criteria in combination with the powerlaw type material curve.
Moreover, Figure 6.8 presents the deformation pattern of the bow after 8 m of displacement
of the rigid part of the bow towards the rigid Tanker side as predicted by the two criteria.

Following the analysis in sub-section 6.2.1 in Figure 6.7, E,;-Bulb and E,;-Stem are the
inelastic strain energies with respect to the bulb and the stem sections of the Bulk Carrier.

Epi,,,,; 1S the sum of these energies and Ey,sq; the sum of E,, . and frictional dissipation

energy, i.e. Er.. Note that, the bulb section is considered as the part of the Bulk Carrier up to
the fourth deck and the upper structure is related to the stem section (see Figure 6.2). Sets of
the aforementioned sections were created, in order to estimate the inelastic or structural
energy absorbed by the corresponding structural components. Herein, the relevant forces are
also obtained by differentiating the corresponding energies along the displacement of the
rigid part of the bow.

According to Figure 6.7, it is observed that results with respect to the two criteria are very
close. In addition, both criteria predict the same deformation pattern of the striking ship (see
Figure 6.8). In Figure 6.7, the fluctuations of the total force approximately every 600 mm of
displacement, i.e. the distance between the frames of the bow, is due to the crushing, i.e.
buckling and folding, of the structure between the corresponding frames (see also Figure 6.8).
In particular, this happens at the points where the force drops and troughs are formed. Up to
the end of the simulations almost thirteen frames were crushed. However, the consistency of
these variations in the total force-displacement curve is slightly changed between 3-5m of
displacement, namely just after the stem came into contact with the upper deck of the
Tankship. Moreover, at approximately 4.6 m of displacement where the total force reaches a
peak, the stem due to the geometry of the rigid Tanker side started to bend. Interesting is the
fact, that even after almost 4 m of further displacement, i.e. from the time the stem initiated
to bend, tearing of the stem did not occur. In addition, no rupture in the rest part of the bow
occurred. This behaviour may be explained by the fact that, the stiffening system of the bow
construction is transverse with no longitudinal stiffeners, which is one of the characteristics
of the so called buffer bow design (see also Kitamura 2000 and Endo et al. 2004). Therefore,
the bow construction may withstand significant deformation, through the buckling and
folding mechanisms, without being breached.
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Deformable bow on rigid Tanker side-Angle 90°

120 -
—— SHEARS-Ftotal
——SHEARS-Fpltotal
100 - SHEARS-Fpl-Bulb
—— SHEARS-Fpl-Stem
—— SHEARS-Ffr
80 - ... RTCLS-Ftotal
z |- RTCLS-Fpltotal
s RTCLS-Fpl-Bulb
g 60 .. RTCLS-Fpl-Stem
=S — RTCLS-Ffr
'S
40 -
A
20 - =, b/
//M\o‘ \ )
0 / PPV
0 1 2 3 4 > ® ’
Displacement (m)
Deformable bow on rigid Tanker side-Angle 90°
450 -
400 - —— SHEARS-Etotal
—— SHEARS-Epltotal
350 4 SHEARS-Epl-Bulb
—— SHEARS-Epl-Stem
—— SHEARS-Efr
300 1 .. RTCLS-Etotal
=Y - RTCLS-Epltotal
§> 250 7 RTCLS-Epl-Bulb
| I RTCLS-Epl-Stem
@ 200 - ____ RTCLS-Efr
w
150 -
100 -
50 - e
ﬂ’f‘
0 = T T I : ‘ ‘ |
0 1 2 3 4 5 6 ’

Displacement (m)

Figure 6.7. Deformable bow on rigid Tanker side-Angle of collision 90°. Force and energy-displacement curves.
Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type
material curve. E,,;: inelastic strain energy, Ey,: frictional dissipation energy,
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SHEARS

RTCLS

d

END OF IMPACT

Figure 6.8. Deformable bow on rigid Tanker side-Angle of collision 90°. Representation of damage according to SHEARS and RTCLS rupture criteria
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6.2.3 Deformable bow on rigid wall

Figure 6.9 illustrates the force-displacement and energy-displacement curves according to
SHEARS and RTCLS rupture criteria in combination with the powerlaw type material curve.
Furthermore, Figure 6.10 presents the deformation pattern of the bow after approximately
5 m of displacement of the rigid part of the Bulk Carrier towards the rigid wall as predicted
by the two criteria.

The only difference in this collision scenario, with respect to the one analyzed before, is
that herein the total area of the bow structure takes part in the impact. Both the bulb and stem
sections come into contact with the rigid wall, almost at the beginning of the simulation and
finally are crushed. Contrary to the case of the rigid Tanker side, the amount of the energy
absorbed by each of the two sections of the bow is comparable (see Figures 6.7 and 6.9). Also
in this case, SHEARS and RTCLS criteria yield close results with respect to the force and
energy-displacement curves as well as the representation of the deformation pattern (see
Figures 6.9 and 6.10).

Once again rupture did not occur in the bow structure. Instead, extensive buckling and
folding of the structural components, i.e. decks, frames, buttocks and outer shell is observed
and the deformed structure obtains the concertina form (see Figure 6.10).
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Deformable bow on rigid wall-Angle 90°
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Figure 6.9. Deformable bow on rigid wall-Angle of collision 90°. Force and energy-displacement curves.

Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type
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SHEARS

PRIOR TO IMPACT
RTCLS

END OF IMPACT

Figure 6.10. Deformable bow on rigid wall-Angle of collision 90°. Representation of damage according to SHEARS and RTCLS rupture criteria
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6.2.4 Both ships as deformable structures

Figure 6.11 illustrates the force-displacement and energy-displacement curves according
to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material
curve. Also, Figures 6.12 and 6.13 present the deformation patterns of both ships as predicted
by the two criteria after 8 m of displacement of the rigid part of the bow, i.e. total
displacement.

Similarly to the previous collision scenarios, in Figure 6.11 E;,¢4; 1S the sum of E

Pleotal
and Ef,, where Ep;,  is the inelastic or structural energy of both ships, i.e. the energy

dissipated for the plastic deformation of the structures and Ef, the frictional dissipation
energy during the impact. Also here, the relevant forces were derived by differentiating the
corresponding energies along the total displacement that is the displacement of the rigid part
of the bow. The total force-displacement and total energy-displacement points depicted in the
diagrams of Figure 6.11, in the order of appearance are related with: i) outer shell rupture
initiation, ii) outer shell collapse, i.e. the force reaches a peak (F), iii) inner shell rupture
initiation and iv) upper deck rupture initiation with respect to the Tankship. Table 6.3
summarizes in detail the total force, total energy and displacement values at the
aforementioned points and results are compared between the two criteria.

According to the data in Table 6.3, one may observe that RTCLS criterion predicts outer
and inner shell rupture of the struck ship at an earlier stage compared to SHEARS. In
particular, RTCLS criterion predicts rupture initiation and collapse of the outer shell of the
Tankship at almost 600 mm and 900 mm of total displacement respectively, that is
approximately 450 mm and 1m of total displacement respectively sooner compared to
SHEARS criterion's predictions (see also sub-section 6.2.1). In addition, inner shell rupture
occurs at about 1.8 m of total displacement later with respect to SHEARS criterion. In both
cases, the stem of the Bulk Carrier comes into contact with the upper deck of the Tankship at
approximately 3 m of total displacement, accompanied by a steep rise in force (see Figure
6.11). At that time according to RTCLS criterion, rupture of the inner shell has already
initiated. Rupture initiation at the upper deck in the case of RTCLS criterion is predicted at
almost 1.7 m of total displacement later than SHEARS criterion (see also sub-section 6.2.1).

From Figures 6.12 and 6.13, it is obvious that SHEARS criterion predicts a rather different
deformation pattern for the bulb of the bow from RTCLS criterion. Specifically, in the case
of SHEARS criterion the bulb crushes and folds along a distance almost equal to two frames,
i.e. 1200 mm, while in the case of RTCLS criterion the bulb is not severely affected and
crushing is limited to approximately 300 mm. This is attributed to the earlier rupture of the
outer shell of the struck ship compared to the case of SHEARS criterion. Therefore, a
considerable amount of energy is absorbed by the bulb in the case of SHEARS criterion prior
to inner shell rupture, which also explains the significant differences in the predictions
between the two criteria. Furthermore, according to SHEARS criterion the stem is slightly
affected, after almost 5 m of total displacement, i.e. from the time it first came into contact
with the upper deck of the Tankship. The deformation of the stem is more intense when
RTCLS criterion is used (see Figures 6.12 and 6.13).
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Table 6.3. Both ships deformable-Angle of collision 90°. Comparison of numerical values of force, energy and
total displacement for each rupture criterion at damage points

SHEARS RTCLS
Fi(MN) | Ex(M]) | Uy(m) | Fi(MN) | E;(M]) | Uy(m)
outer shell 20.0 11.6 1.035 12.3 4.0 0.579
rupture initiation - - -
F;(MN) differ. E; (M])) differ. U, (m) differ.
47.6% 97.4% 56.5%

F.(MN) | Ec(M]) | Uc(m) | Fe(MN) | Ec(M]) | Uc(m)

Outer shell 27.1 29.2 | 1.835 17.8 8.5 0.883
collapse
(force peak) F.(MN) differ. E.(M]) differ. U.(m) differ.
41.5% 109.5% 70.0%

F,(MN) | E;(M]) | Uy(m) | F,(MN) | E;(M]) | Uy(m)
46.2 101.8 4.253 18.5 29.2 2.509

Inner shell
rupture initiation

F,(MN) E,(M]) U, (m)
85.6% 110.9% 51.6%

F3(MN) | E3(M]) | Us(m) | F3(MN) | Es(M]) | Us(m)
42.5 140.2 5.187 50.1 182.6 6.912

Upper deck
rupture initiation

F;(MN) differ. E;(M]) differ. U; (m) differ.
-16.4% -26.3% -28.5%
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SHEARS

Figure 6.12. Both ships deformable-Angle of collision 90°. Representation of damage according to SHEARS rupture criterion
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RTCLS

Figure 6.13. Both ships deformable -Angle of collision 90°. Representation of damage according to RTCLS rupture criterion
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6.3 Angle of collision 50°
6.3.1 Rigid bow on deformable Tanker side

Figure 6.14 illustrates the force-displacement and energy-displacement curves according
to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material
curve. Also, Figures 6.15 and 6.16 present the damaged side shell of the Tankship after 10 m
of displacement of the rigid bow as predicted by the two criteria. It is noted that, in all cases
of collision scenarios included in section 6.3 where the angle of collision is 50°, the force and
energy quantities were derived in the direction of the striking ship, which is one of the three
global directions in ABAQUS environment. The aim of the present simulation is to
investigate the dependency of the structural energy versus penetration relationship from the
loading angle, i.e. the angle of attack of the striking ship with respect to the longitudinal
direction of the struck ship.

Following the same concept as in the analyses in the previous section, the total force-
displacement and total energy-displacement points, which are related to the initiation of
rupture at the inner shell, outer shell and upper deck respectively of the Tankship, are shown
in Figure 6.14. The respective values are summarized in Table 6.4. RTCLS criterion, shows a
similar behaviour to the one described in sub-section 6.2.1, i.e. the case with a rigid bow and
a collision angle equal to 90° and predicts rupture of the outer shell sooner than SHEARS
criterion and of the upper deck of the Tankship at a later stage. However, in the present
collision scenario the two criteria yield closer results. Moreover, both criteria predict rupture
of the inner shell at the same displacement, exhibiting also almost equal forces and absorbed
energy (see Figure 6.14 and Table 6.4).

At approximately 2.6 m of displacement, the stem of the rigid bow comes into contact
with the upper deck and the side of the Tankship and as the simulation progresses the contact
area between the two ships becomes greater. This is also proved by the steep increase in the
forces in Figure 6.14. Although rupture of inner shell occurs virtually at 4.3m of
displacement, the forces keep on increasing up to 6.3 m of displacement where they reach a
maximum. Beyond that point, extensive buckling and finally, after a few millimeters of
further displacement, tearing of the upper deck occurs (see Figures 6.15 and 6.16). However,
the tanker side seems to withstand further loading, as a rather small drop in the force is
observed while it remains almost constant up to the end of the simulation. In addition, in the
case of RTCLS criterion the force starts to rise again after 8 m of displacement (see Figure
6.14). Due to the relative position of the two ships, i.e. 50° angle of collision, a larger
proportion of the surfaces of the two vessels comes into contact and plastic strains are
developed in a large area. This phenomenon is also evident in the deformation pattern of the
Tankship side as predicted by the two rupture criteria and is presented in Figures 6.15 and
6.16. Representation of damage is very similar in both cases.
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for each rupture criterion at damage points

SHEARS RTCLS
Fy(MN) | Ex(M]) | Uy(m) | F;(MN) | Ex(M]) | Uy(m)
Outer shell 29.2 217 | 1565 | 227 13.0 | 1.200
rupture initiation
(force peak) F{(MN) differ. E, (M]) differ. U, (m) differ.
24.9% 50.3% 26.4%
F,(MN) | E;(M]) | Uy(m) | F,(MN) | Ex(M]) | Up(m)
Inner shell 59.9 120.8 4.253 57.9 116.1 4.253
rupture initiation . . .
F,(MN) differ. E,(M]) differ. U, (m) differ.
3.4% 4.0% 0.0%
F3(MN) | Es(M]) | Us(m) | Fs(MN) | Es(M]) | Us(m)
Upper deck 61.3 331.4 7.491 62.5 346.4 8.095
rupture initiation : - -
F;(MN) differ. E5(M]) differ. U;(m) differ.
-1.9% -4.4% -1.7%

Table 6.4. Rigid bow-Angle of collision 50°. Comparison of numerical values of force, energy and displacement
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Figure 6.14. Rigid bow-Angle of collision 50°. Force and energy-displacement curves. Prediction of rupture
according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material curve.
E,,: inelastic strain energy, Ey,: frictional dissipation energy, E;oiq; = Ep; + Ef, (similarly with the forces)

(black circle: SHEARS criterion, grey circle: RTCLS criterion)
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SHEARS

Figure 6.15. Rigid bow-Angle of collision 50°. Representation of damage according to SHEARS rupture criterion
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RTCLS

Figure 6.16. Rigid bow-Angle of collision 50°. Representation of damage according to RTCLS rupture criterion
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6.3.2 Deformable bow on rigid Tanker side

Figure 6.17 illustrates the force-displacement and energy-displacement curves according
to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material
curve. Furthermore, Figure 6.18 presents the deformation pattern of the bow after 4 m of
displacement of the rigid part of the bow towards the rigid Tanker side as predicted by the
two criteria. It is noted that, in the collision scenarios of this and the next sub-section, where
the bow is driven towards the rigid Tanker side and a rigid wall with a 50° angle of collision,
the displacement is limited to 4 m due to the restrictions in the boundary conditions, i.e. for
further displacement the rigid part of the bow would come into contact with the rigid Tanker
side or rigid wall, respectively. The aim of the collision scenarios in sub-sections 6.3.2 and
6.3.3 is to calculate the stiffness of the bow in different directions.

From Figures 6.17 and 6.18, one may observe that results according to the two criteria are
almost identical with respect to the force and energy-displacement curves as well as the
prediction of the deformation pattern of the deformable bow. At approximately 1.3 m of
displacement, the front part of the bulb section that is up to the third frame, initiates to buckle
and bend, which results in the slight decrease of the forces for about 400 mm of
displacement, as can be seen in Figure 6.17. As the simulation progresses, the surface of the
bulb section which comes into contact with the rigid Tanker side and consequently the force
are increased. In addition, at almost 2.6 m of displacement the stem section of the bow comes
into contact with the rigid Tanker side. This is also depicted in Figure 6.17 with the increase
of the dark green curve, which is related to the force with respect to the stem section,

e. F,;-Stem. Beyond that point and up to the end of the simulation the forces as well as the
corresponding energies, except in the case of the bulb section, steadily increase. In the bulb
location, due to the excessive buckling and bending of the structural components, including
almost 10 frames, 3 decks and the central buttock, the force with respect to the bulb section,

e. F,;-Bulb in Figure 6.17 drops. The latter force starts to increase again after 600 mm of
further displacement, as the back part of the bulb section, which was intact up to this point,
comes into contact with the rigid Tanker side. Thus, the resistance of the bulb section
increases again (see Figures 6.17 and 6.18).

In Figure 6.18 it is observed that, almost the entire surface of the right or starboard side of
the hull up to the fore watertight bulkhead comes into contact with the rigid Tanker side.
However, the most part of the total energy is absorbed by the bulb section, which is
excessively deformed, due to the relative position of the two bodies, i.e. the bow and the rigid
Tanker side (see Figures 6.17 and 6.18). Moreover, no rupture in the bulb and stem sections
of the deformable bow was detected (see also sub-section 6.2.2 and Figure 6.18).
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Deformable bow on rigid Tanker side-Angle 50°
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Figure 6.17. Deformable bow on rigid Tanker side-Angle of collision 50°. Force and energy-displacement
curves. Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with the
powerlaw type material curve. Ey,: inelastic strain energy, Ey,.: frictional dissipation energy,
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Figure 6.18. Deformable bow on rigid Tanker side-Angle of collision 50°. Representation of damage according to SHEARS and RTCLS rupture criteria
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6.3.3 Deformable bow on rigid wall

Figure 6.19 illustrates the force-displacement and energy-displacement curves according
to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material
curve. In addition, Figure 6.20 presents the deformation pattern of the deformable bow after
4 m of displacement of its rigid part towards the rigid wall, as predicted by the two criteria.

Also in this case, SHEARS and RTCLS rupture criteria yield close results with respect to
the force and energy-displacement curves as well as the representation of the deformation
pattern of the bow (see Figures 6.19 and 6.20). In this collision scenario contrary to the
previous case, the stem section of the deformable bow comes into contact with the rigid wall
at an earlier stage. This is due to the differences in the geometry of the upper and lower part
of the bow, i.e. above the sixth deck of the bow the frames are more open curved (see Figures
6.2 and 6.3), which make it possible in a 50° angle collision scenario. In addition, the stem
section is affected more by the impact than the bow section and a greater amount of energy is
absorbed for the deformation of the former (see Figures 6.19 and 6.20).

No sooner than after almost 1.8 m of initial displacement, the bulb section of the bow
came into contact with the rigid wall and the force with respect to the bulb section,
I.e. F,,;-Bulb in Figure 6.19, increased. In general the forces follow an upward route up to the
end of the simulation, except in the case of F,;-Bulb, where the force slightly drops at
approximately 3 m of displacement (see Figure 6.19). The drop in the latter force is related to
the bending and buckling of the front part of the bulb section (see Figure 6.20). However, the
resistance of the bulb section increases again after 400 mm of further displacement, as the
contact surface between the two bodies, i.e. the bow and the rigid wall, becomes greater (see
Figure 6.19). No rupture in the bulb and stem sections of the deformable bow was detected
(see Figure 6.20).
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Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type
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SHEARS

PRIOR TO IMPACT

END OF IMPACT

Figure 6.20. Deformable bow on rigid wall-Angle of collision 50°. Representation of damage according to SHEARS and RTCLS rupture criteria
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6.3.4 Both ships as deformable structures

Figure 6.21 illustrates the force-displacement and energy-displacement curves according
to SHEARS and RTCLS rupture criteria in combination with the powerlaw type material
curve. It is noted that, the total displacement is considered in Figure 6.21, i.e. the
displacement of the rigid part of the bow, during the simulation. Also, Figures 6.22 and 6.23
present the deformation patterns of both ships as predicted by the two criteria, after almost
7 m of total displacement.

The total force-displacement and total energy-displacement points depicted in the
diagrams of Figure 6.21, in the order of appearance are related to: i) outer shell rupture
initiation, ii) outer shell collapse, i.e. the force reaches a peak (F.), iii) inner shell rupture
initiation, iv) upper deck buckling, i.e. (F},), with respect to the Tankship. Furthermore, Table
6.5 summarizes the total force, total energy and displacement values at the aforementioned
points and compares the results between the two criteria. Based on the data included in Table
6.5 as well as in Figures 6.21, 6.22 and 6.23, it is observed that predictions with respect to
SHEARS and RTCLS rupture criteria are considerably different.

According to SHEARS criterion, rupture of the outer shell initiates at almost 1 m of total
displacement later compared to RTCLS criterion’s predictions. In addition, collapse of outer
shell as well as inner shell rupture is not predicted by SHEARS criterion. On the other hand,
RTCLS criterion predicts breaching of the outer shell of the Tankship at almost 2 m of total
displacement, accompanied by a gradual drop in the forces (see Figure 6.21). In both cases at
approximately 2.6 m of total displacement the stem comes into contact with the side and the
upper deck of the Tankship and as the simulation progresses the contact area between the two
ships becomes greater. This is also shown by the steep increase in the forces in Figure 6.21.
Rupture of the inner shell occurs at almost 4.3 m of total displacement according to RTCLS
criterion and finally after virtually 1.5 m of further total displacement, the two criteria predict
buckling of the upper deck of the Tankship (see Table 6.5). However, in both cases no
rupture of the upper deck occurs up to the end of the simulation.

Figures 6.22 and 6.23, manifest that the bulb in the case of SHEARS criterion is
excessively deformed during the impact contrary to the predictions of RTCLS criterion (see
also sub-section 6.2.4). In particular, according to SHEARS criterion extensive bending and
buckling in the location of the bulb is observed, while in the case of RTCLS criterion only the
area close to the bulb tip is affected. Due to the considerable amount of energy that is
absorbed by the bulb, outer shell rupture of the Tankship is delayed in the case of SHEARS
criterion. In both cases the stem, even after almost 4.5 m of total displacement, i.e. from the
time it first came into contact with the upper deck of the Tankship, is slightly affected (see
Figures 6.22 and 6.23).



172

Chapter 6. Full-Scale Simulations

Table 6.5. Both ships deformable-Angle of collision 50°. Comparison of numerical values of force, energy and

total displacement for each rupture criterion at damage points

SHEARS RTCLS
Fi(MN) | Ex(M]) | Uy(m) | F,(MN) | E;(M]) | U;(m)
outer shell 315 36.6 2.199 17.8 10.2 1.143
rupture initiation - - -
F;(MN) differ. E, (M]) differ. U, (m) differ.
55.6% 112.5% 63.1%
F.(MN) | E.(M]) | U.(m) | E.(MN) | E.(M]) | Uc(m)
Outer shell Not predicted 27.7 300 | 1.977
collapse
(force peak) F.(MN) E.(M)]) U.(m)
F,(MN) | E;(M)) | Uz(m) | F,(MN) | E,(M)) | U,(m)
Inner shell Not predicted 63.4 112.7 4.253
rupture initiation . - -
F,(MN) differ. E,(M]) differ. U, (m) differ.
Fy(MN) | E,(M]) | Upy(m) | Fy,(MN) | Ey(M]) | Up(m)
Upper deck 95.9 250.5 | 5.747 69.1 216.8 | 5.839
buckling
Fy(MN) E,(M]) Up(m)
32.5% 14.4% -1.6%
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Figure 6.21. Both ships deformable -Angle of collision 50°. Force and energy-displacement curves.
Prediction of rupture according to SHEARS and RTCLS rupture criteria in combination with the powerlaw type

material curve. Ey;, , .:

inelastic strain energy, Ey,.: frictional dissipation energy, E¢orar = Ep

ltotal

(similarly with the forces) (black circle: SHEARS criterion, grey circle: RTCLS criterion)

+ Efy



174 Chapter 6. Full-Scale Simulations

SHEARS

Figure 6.22. Both ships deformable-Angle of collision 50°. Representation of damage according to SHEARS rupture criterion
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RTCLS

Figure 6.23. Both ships deformable -Angle of collision 50°. Representation of damage according to RTCLS rupture criterion
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6.4 Comparative study

In the present section a comparative study takes place, based on the numerical analysis in
the two previous sections. In particular, comparisons of the numerical results in terms of the
force and energy-displacement curves with respect to different collision scenarios are
performed.

Figures 6.24-6.32 illustrate the force and energy-displacement curves, according to
SHEARS and RTCLS rupture criteria in combination with the powerlaw type true stress-
strain curve considering different collision scenarios. The following comparisons are
performed: a) between the results of the simulations of the rigid bow and both deformable
structures (RB and BD respectively) regarding the collision scenarios with angles of collision
90° and 50° respectively, b) between the results of the RB and c) of the BD simulations, with
angles of collision 90° and 50° (RB90, RB50, BD90, BD50 respectively). In addition,
Figures 6.24-6.32 depict the force-displacement and energy-displacement points, which are
related to the instants that specific damage occurred. Furthermore, the numerical values of
force, energy and displacement at the aforementioned points are summarized in Tables 6.6-
6.9 and the differences are quantified. Note that, Tables 6.6-6.9 include two comparisons:
1) the first comparison is in terms of the results between the two rupture criteria for each
collision scenario and 2) the second with respect to the results between the different collision
scenarios for each rupture criterion. Figure 6.33 shows pictures of both ships taken after the
accident.

According to the comparison in a), the black curves in Figures 6.24, 6.26, 6.27 and 6.29
correspond to the RB simulation, while the red curves to the BD simulation. In particular,
Figures 6.24 and 6.27 show the force-displacement and energy-displacement curves versus
the displacement of a node selected at the tip of the rigid or deformable bulb, while Figures
6.26 and 6.29 show the respective curves versus the total displacement, i.e. the displacement
of the rigid part of the bow. In addition, Figures 6.25 and 6.28 illustrate energy-bulb tip
displacement curves, considering the collision scenarios with angles of collision 90° and 50°
respectively, according to the predictions of both criteria. Figures 6.25 and 6.28 include the
total energy, the frictional dissipation energy and the energies absorbed by the deformable
structures, i.e. the side of the struck ship and the bulb and stem of the striking ship. The
points in Figures 6.24-6.29 in the order of appearance are related with: i) outer shell collapse,
i) inner shell rupture and iii) upper deck rupture of the struck ship. It is noted that, in the case
of the RB simulations the points that are related to outer shell collapse coincide with
initiation of outer shell rupture. Further, the extent of damage at initiation of outer shell
rupture in the RB simulations corresponds to the damage that is observed in the BD
simulations at outer shell collapse.

As one may observe in Figures 6.24 and 6.26, in terms of the 90° angle collision scenario,
the red curve with respect to RTCLS criterion follows fairly well the respective black curve.
On the contrary, in the case of SHEARS criterion the two curves show a very different
behaviour, especially in the range of 2-5m of bulb tip displacement in Figure 6.24. This is
explained by the fact that at approximately 3 m of total displacement, i.e. 2 m of bulb tip
displacement in the BD case according to SHEARS and 2.7 m according to RTCLS criterion,
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the stem of the Bulk Carrier comes into contact with the upper deck of the Tankship (see also
section 6.2.4). Note that, contact of the stem with the upper deck at 3 m is also observed in
the RB simulation. However, in the RB simulation for both criteria as well as in the case of
the BD simulation with RTCLS criterion, contact of the stem with the upper deck follows the
inner shell rupture (see Figures 6.24, 6.26 and Table 6.6). Moreover, the bulb of the bow in
the BD simulation using SHEARS criterion is far more deformed than in the case of RTCLS
criterion (see Figures 6.12 and 6.13). This is also evident in Figure 6.25, by comparing the
energy dissipated for the deformation of the bulb based on the predictions of both criteria. In
Figure 6.26 is clearly shown that outer shell collapse, i.e. force peaks, in the case of the BD
simulation according to SHEARS criterion, occurs at almost 800 mm of total displacement
later than in the case of the RB simulation, due to the crushing of the bulb. Therefore, in the
BD collision scenario using SHEARS criterion, on one hand outer shell collapse is delayed
and on the other the stem of the striking ship comes into contact with the upper deck of the
struck ship before inner shell rupture occurs. As a result, a significant increase in the energy
absorbed by the two ships is observed before rupture of the inner shell of the struck ship (see
Figures 6.24 and 6.26). The deformation of the bulb is also responsible for the difference in
the absorbed energies at outer shell collapse between the RB and DB simulations using
SHEARS criterion (see Figure 6.24 and Table 6.6). Following the previous discussion,
eventually the upper deck ruptures at an earlier stage in the BD simulation with respect to the
RB simulation according to both criteria (see Figure 6.24). However, at that point RB and BD
simulations yield close predictions in terms of the amount of the energy that is absorbed by
the deformable structures (see Table 6.6). The trend is the same irrespective of the criteria. It
is noted that, almost the same amount of energy is dissipated by friction also with respect to
results by both rupture criteria (see Figures 6.4, 6.11 and 6.25).

In the case of the 50° angle collision scenario, it is also observed that a small amount of
energy is dissipated for the deformation of the bulb according to RTCLS criterion's
predictions, i.e. the criterion is activated sooner at the side of the struck ship (see Figures 6.23
and 6.28). On the contrary, according to SHEARS criterion's predictions a significant amount
of energy is absorbed by the bulb which buckles and bends (see Figures 6.22 and 6.28).
Figures 6.27 and 6.28 illustrate the differences between the RB and BD simulations using the
two criteria in terms of the force and the dissipated energies versus the displacement of the
bulb tip (see also Table 6.7). It is obvious that RB and BD simulations with RTCLS criterion
yield close results. However, results between the RB and BD simulations with SHEARS
criterion are fairly different. This is due to the following reasons considering the BD
simulation: 1) bending and buckling of the bulb without inner shell rupture of the struck ship
and limited outer shell rupture, i.e. a small crack initiates at the outer shell of the struck ship
and as a result a great amount of energy is dissipated by friction throughout the simulation
(see also Figures 6.22 and 6.28) and 2) contact of the stem of the striking ship with the side
and upper deck of the struck ship almost 1 m earlier than in the RB simulation, i.e. at 1.7 m
of bulb tip displacement that corresponds to 2.6 m of total displacement.
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Comparison between the rigid bow (RB) and both deformable (BD) simulations according to SHEARS and
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Figure 6.24. Angle of collision 90°. Force and energy-displacement curves.

RTCLS rupture criteria in combination with the powerlaw type material curve
(black circle: SHEARS criterion, grey circle: RTCLS criterion)
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Comparison between the rigid bow (RB) and both deformable (BD) simulations according to SHEARS and
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Figure 6.26. Angle of collision 90°. Force and energy-displacement curves
Comparison between the rigid bow (RB) and both deformable (BD) simulations according to SHEARS and
RTCLS rupture criteria in combination with the powerlaw type material curve
(black circle: SHEARS criterion, grey circle: RTCLS criterion)
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Comparison between the rigid bow (RB) and both deformable (BD) simulations according to SHEARS and

RTCLS rupture criteria in combination with the powerlaw type material curve
(black circle: SHEARS criterion, grey circle: RTCLS criterion)
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Figure 6.28. Angle of collision 50°. Energy-displacement curves
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Moving on, according to the comparisons in b) and c), the inelastic strain energy or
structural energy, which was dissipated during the RB and BD simulations with angles of
collision 50° and 90° respectively as well as the corresponding force, are plotted versus the
displacement which is perpendicular to the direction of the struck ship (see Figures 6.30-
6.32). As frictional dissipation is greater in the RB50 and BD50 simulations than the RB90
and BD90 simulations (see Figures 6.4 and 6.14 and Figures 6.11 and 6.21), friction in both
cases was not included in the comparative study, in order to investigate the differences only
in terms of plastic dissipation. The force-displacement and energy-displacement points
depicted in Figure 6.30, i.e. comparison b), are related with: i) outer shell rupture, ii) inner
shell rupture and iii) upper deck rupture initiation of the struck ship, while the respective
points in Figure 6.31, i.e. comparison c), are related with: i) outer shell rupture initiation, ii)
outer shell collapse, i.e. the force reaches a peak (F;) and iii) inner shell rupture initiation of
the struck ship. Tables 6.8 and 6.9 summarize and compare the numerical values of force,
energy and bulb tip displacement at the aforementioned points in each case. It is noted that,
the notations U;-50°, 90° in Figures 6.30 and 6.31 and U,,, in Tables 6.8 and 6.9 fori =1, 2, ¢
and 3, are related to the bulb tip displacement as derived from the RB50 and BD50
simulations respectively, expressed in the perpendicular to the struck ship direction, i.e.
multiplied by sin50°. Similarly, the notation U;-50°, 90° in Figure 6.32, is related to the total
displacement expressed in the perpendicular to the struck ship direction, i.e. BD50
simulation.

From Figures 6.30-6.32 and the quantified numerical data in Tables 6.8 and 6.9, it is
obvious that the RB90 and BD90 simulations yield more conservative results with respect to
the RB50 and BD50 simulations using both rupture criteria. This implies that damage, i.e.
outer shell rupture etc., in the latter cases is predicted to occur at larger bulb tip
displacements. In addition, the energy absorbed for structural plastic deformation at the
damage points is significantly higher (see Tables 6.8 and 6.9). An interpretation to the
previous observations is that, in the RB90 and BD90 simulations the stem of the Bulk Carrier
comes into contact with the upper deck of the Tankship at 3 m of total displacement, while
the respective total displacement in the RB50 and BD50 simulations is 2.6 m, i.e.
approximately 2 m in the perpendicular to the struck ship direction U, that is almost 1 m of
total displacement sooner (see also sub-sections 6.2.1, 6.2.4, 6.3.1 and 6.3.4). This is also
shown in Figures 6.30 and 6.32, where the forces start to increase after 2 m of total
displacement in the perpendicular to the struck ship direction. Consequently, as contact of the
upper deck of the Tankship with the stem of the bow occurs at an earlier stage in the RB50
and BD50 simulations, the resistance of the structures is also increased sooner and thus
damage, especially beyond 2 m of total displacement, takes place at higher energies. It is
noted that, solely in the case of the RB90 simulation using RTCLS criterion, rupture of the
upper deck occurred at a greater displacement than in the respective case of the RB50
simulation (see sub-section 6.2.1). However, the corresponding inelastic strain energy at that
point was almost 42% higher than in the RB90 simulation (see Table 6.8).
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Figure 6.31. Both deformable. Force and energy-displacement curves. Comparison between the two simulations
with angles of collision 50° and 90° according to SHEARS and RTCLS rupture criteria in combination with the

powerlaw type material curve. Eptyotatgge Evtiotargy: total inelastic strain energies with respect to the 90° and

50°angle of collision simulations as functions of the bulb tip displacement in the perpendicular to the struck ship
direction (U,) (similarly with the forces) (black circle: SHEARS criterion, grey circle: RTCLS criterion)



6.4 Comparative study

187

Both deformable
80 -
——SHEARS-Fpltotal90
70 |- RTCLS-Fpltotal90
——SHEARS-Fpltotal50
60 | -----RTCLS-Fpltotal50
Fpi2,U2-50°,90° )
—_ 50 - > '—\\_\~ ,/,—‘\/ \\\_-
2 contact of stem with side s ’
%40 | and upper deck-50°,90° //
g Fpic,Uc-50°,90° // ,,,,,,,,,
7' ,/ ’,r’
30 1 Fpi1,U1-90° A A .
20 1 \\ /” - //‘ -
S N cme” ~2 contact of stem with
10 4 ' \\\ Aocheee o upper deck-90°
Fpi1,U1-50°,90° Fpic,Uc-90°  Fpi2,U2-90°
0 T T T T T 1
0 1 2 3 4 5 6
Total Displacement-Up (m)
Both deformable
350 -+
——SHEARS-Epltotal90
300 - ----- RTCLS-Epltotal90
——SHEARS-Epltotal50
550 . ----RTCLS-Epltotal50
S 200 -
>
g
2150
w
100 . £ouesgeog 0 X T
50 e ueage X e T
0 e — ‘Eplc,Uc-90° | | | |
0 1 2 3 4 5 6
Total Displacement-Up (m)

Figure 6.32. Both deformable. Force and energy-displacement curves. Comparison between the two simulations
with angles of collision 50° and 90° according to SHEARS and RTCLS rupture criteria in combination with the

powerlaw type material curve. Eptyotaroge Evtiotars,

_: total inelastic strain energies with respect to the 90° and

50°angle of collision simulations as functions of the total displacement in the perpendicular to the struck ship

direction (U,) (similarly with the forces) (black circle: SHEARS criterion, grey circle: RTCLS criterion)
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From the comparative study it is observed that, the RB and BD simulations yield close
results when using RTCLS criterion, which predicts rupture of the side of the struck ship at a
rather early stage. Due to this, a rather small amount of energy is absorbed for the plastic
deformation of the bulb of the striking ship in the case of the BD simulations and as a result
the bulb behaves more or less as a rigid body. However, a completely different behaviour is
observed in the corresponding case with SHEARS criterion, whereby the deformable bulb of
the striking ship is significantly deformed, before the rupture and consequently the decrease
in the stiffness of the side shell. Thus, the structural energy versus penetration curves that are
obtained by the RB and BD simulations when using SHEARS criterion, are considerably
different.

According to the results from the benchmark study in chapter 5, in the majority of the
examined cases, where the structures were loaded transversely by rigid indenters with a rather
similar shape to the shape of the bulb in the full-scale analyses, biaxial straining was
dominant, i.e. triaxialities mainly over 1/+/3 or § > 0 and RTCLS criterion predicted rupture
sooner than occurred in the experiments. Nevertheless, in one simulation, that is in the case of
the CE-2 model, where the rigid indenter had a deformable cap, RTCLS criterion captured
well the first peak in the experimental force-penetration curve, while SHEARS criterion
overestimated the strength of the struck model. Thus, from the examination of all simulations
of the tests it is observed that, where the impacted plating was loaded transversely, with the
exception of the CE-2 model, SHEARS tends to produce results that are closer to the
experimental observations.

As far as the behaviour of the SHEARS and RTCLS criteria in the simulation of the CE-2
model, further investigation led to the following observation: rupture on the outer shell
initiated at the points where the rigid part of the indenter came into contact with the side
shell, which were located under the perimeter of the rigid ring. This was observed in the
simulations with either SHEARS or RTCLS criterion. In addition, both criteria predicted
similar deformation patterns for the deformable cap. This pattern of damage differs from the
damage that was predicted by SHEARS and RTCLS criteria in the simulation of an actual
collision, where the crack that was initiated on the side of the struck ship, propagated
vertically in front of the bulb tip of the striking ship. However, in the actual collision
simulation SHEARS and RTCLS criteria predicted different deformation patterns for the
bulb. The differences between the damage patterns, with respect to the simulations of the
CE-2 and the full-scale models, are mainly due to the different structural configurations of
the deformable cap and the actual bulb. The geometry of the deformable cap is rather simple,
i.e. a thin curved unstiffened shell. On the other hand, the geometry of the actual bulb is more
complex and consists of stringers, i.e. decks, frames and buttocks. Further, a close
examination of the simulation results revealed that, the triaxialities on the side of the struck

structure, in the case of CE-2 model, were mainly in the range of 0 < T < 1/+/3, whereas the

triaxialities, in the case of the full-scale model on the side of the struck ship, were over 1/4/3,
which are rather close to the triaxialities that were observed in the simulations of the tests on
transversely loaded plates. As already discussed in section 5.3, RTCLS criterion yields rather

different predictions compared to the experimental observations for triaxialities over 1/v/3
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and below zero. Therefore, as the triaxialities monitored in the case of the actual collision

simulation are greater than 1/+/3, for which the SHEARS criterion produced good results,
and the damage pattern of the side shell in the full scale simulation differs considerably from
the damage pattern of CE-2 model, it is concluded that SHEARS criterion produces
predictions that represent better the results of actual collisions.

~ PRODUCT CARRIER-BALTIC BULK CARRIER-TERN

Figure 6.33. The damaged side of the Tankship (on the left) and the ruptured bow of the Bulk Carrier (on the
right) after the accident (The Republic of the Marshall Islands 2002)
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Table 6.6. Angle of collision 90°. Comparison between the rigid bow (RB) and both deformable (BD) simulations. Numerical values of force, energy and bulb tip
displacement for each rupture criterion at damage points

Simulation
Rigid bow Both deformable
SHEARS RTCLS SHEARS RTCLS
F (MN) E (M) U, (m) F1(MN) E;(M)) Ui (m) F;(MN) E.(M]) Uc(m) Fe(MN) E.(M]) Uc(m)
27.7 13.3 1.053 18.6 6.3 0.707 24.8 28.4 0.865 16.7 8.2 0.688
Outer shell F, (MN) differ. E; (M]) differ. U, (m) differ. F.(MN) differ. E.(M]) differ. U.(m) differ.
rupture 38.9% 71.9% 39.4% 39.2% 110.4% 22.8%
(force peaks)
SHEARS (RB-BD) differ. RTCLS (RB-BD) differ.
F; ((MN) differ. E; . (M]) differ. Uy (m) differ. F; .(MN) differ. E; . (M]) differ. Uy . (m) differ.
11.0% -72.6% 19.6% 11.3% -26.9% 2.7%
Simulation
Rigid bow Both deformable
SHEARS RTCLS SHEARS RTCLS
Fy(MN) E,(MJ) U (m) F,(MN) E,(M)) Uz (m) F,(MN) E,(M]) U, (m) F,(MN) E,(MJ)) U, (m)
25.6 44.4 2.820 17.1 25.5 2.268 46.2 100.6 2.946 18.5 28.6 2.252
Inner shell F,(MN) differ. E,(M]) differ. U, (m) differ. F,(MN) differ. E,(MJ) differ. U, (m) differ.
rupture 40.1% 54.1% 21.7% 85.6% 111.3% 26.7%
initiation
SHEARS (RB-BD) differ. RTCLS (RB-BD) differ.
F,(MN) differ. E,(M]) differ. U, (m) differ. F,(MN) differ. E,(M]) differ. U, (m) differ.
-57.3% -77.6% -4.4% -8.2% -11.7% 0.7%
Simulation
Rigid bow Both deformable
SHEARS RTCLS SHEARS RTCLS
F3(MN) E3(M]) Us(m) F3(MN) E3(M]) Us(m) F3(MN) E3(M]) Us(m) F3(MN) E3(M]) Us(m)
45.5 126.1 5.321 46.6 2054 7.332 40.6 140.0 3.885 49.7 181.0 6.660
Upper deck F3(MN) differ. E3(M]) differ. Uz (m) differ. F3(MN) differ. E;(M])) differ. U;(m) differ.
_rupture -2.3% -47.8% -31.8% -20.1% -25.6% -52.6%
initiation
SHEARS (RB-BD) differ. RTCLS (RB-BD) differ.
F3;(MN) differ. E5;(M]) differ. U;(m) differ. F3;(MN) differ. E5(M]) differ. U;(m) differ.
11.3% -10.4% 31.2% -6.5% 12.6% 9.6%
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Table 6.7. Angle of collision 50°. Comparison between the rigid bow (RB) and both deformable (BD) simulations. Numerical values of force, energy and bulb tip
displacement for each rupture criterion at damage points

Simulation
Rigid bow Both deformable
SHEARS RTCLS SHEARS RTCLS

F (MN) E (M) U, (m) F1(MN) E;(M)) Ui (m) F;(MN) | E.(M]) | Uc(m) Fe(MN) E.(M]) Uc(m)
29.2 21.7 1.565 22.7 13.0 1.200 Not predicted 26.5 29.3 1.556

Outer shell F, (MN) differ. E; (M]) differ. U, (m) differ. F.(MN) differ. E.(M]) differ. U.(m) differ.

rupture 24.9% 50.3% 26.4% - - -
(force peaks)
SHEARS (RB-BD) differ. RTCLS (RB-BD) differ.
F; ((MN) differ. E; . (M]) differ. Uy (m) differ. F; .(MN) differ. E; . (M]) differ. Uy . (m) differ.
- - - -15.4% -76.8% -25.9%
Simulation
Rigid bow Both deformable
SHEARS RTCLS SHEARS RTCLS

F,(MN) E>;(M)) Up(m) F,(MN) E;(M])) Uz(m) F,(MN) | E;(M)) | U (m) F,(MN) E>;(M)) Uz(m)
59.9 120.8 4.253 59.7 116.1 4.253 Not predicted 64.4 1275 4.074

Inner shell F,(MN) differ. E,(M]) differ. U, (m) differ. F,(MN) differ. E,(MJ) differ. U, (m) differ.

rupture 3.4% 4.0% 0.0% - - -
(force peaks)
SHEARS (RB-BD) differ. RTCLS (RB-BD) differ.
F,(MN) differ. E,(M]) differ. U, (m) differ. F,(MN) differ. E,(M]) differ. U, (m) differ.
- - - -10.7% -9.4% 4.3%
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Table 6.8. Rigid bow. Comparison between the two simulations with angles of collision 50° and 90°. Numerical values of force, inelastic energy and displacement in the

direction perpendicular to the struck ship (U,,) for each rupture criterion at damage points

Angle of collision

50° 90°
SHEARS RTCLS SHEARS RTCLS
Fpi, (MN) Ep,(M]) | Uy(m) | Up, (M) | Fp, (MN) | Ep, (M]) | Uy(m) | Up, (M) | Fpi,(MN) | Epy,(M]) | Uy(m) | Fpi, (MN) | Epi, (M)) Uy (m)
249 16.9 1565 | 1.199 182 100 | 1.200 | 0919 26.0 130 | 1053 | 176 6.2 0.707
O‘r’;;ftj:‘:” Fy, (MN) differ, Eyy, (MJ) differ. U, (m) differ. F, (MN) differ, E,, (M]) differ. U, (m) differ.
initiation 311% 514% 26.4% 38.6% 71.6% 39.4%

(force peaks)

SHEARS (50°-90°) differ.

RTCLS (50°-90°) differ.

Fp, (MN) differ.

Epi, (M]) differ.

Uy, with U, (m) differ.

Fpi, (MN) differ.

Epi, (M]) differ.

Up, with U; (m) differ.

-4.4% 25.9% 13.0% 3.3% 475% 26.1%
Angle of collision
50° 90°
SHEARS RTCLS SHEARS RTCLS
Fyi,(MN) Ep,(M]) | Uy(m) | Up,(m) | Fpi,(MN) | Ep,(M]) | Up(m) | Up,(m) | Fpi,(MN) | Epi,(M]) | Uy(m) | Fpi,(MN) | Epy, (M]) U,(m)
465 94.8 4.253 | 3.258 449 89.7 4253 | 3.258 222 39.1 2.820 14.9 22.3 2.268
Inner shell F,i,(MN) differ. E,.,(M]) differ. U, (m) differ. F,i, (MN) differ. E,.,(M]) differ. U, (m) differ.
rupture 3.5% 5.6% 0.0% 39.5% 54.7% 21.7%
initiation
SHEARS (50°-90°) differ. RTCLS (50°-90°) differ.
Fp, (MN) differ. Epi, (M]) differ. Uy, with U, (m) differ. Fpi,(MN) differ. Ep, (M]) differ. Up, With U, (m) differ.
70.8% 83.1% 14.4% 100.5% 120.2% 35.8%
Angle of collision
50° 90°
SHEARS RTCLS SHEARS RTCLS
Fp, (MN) Ep, M) Us(m) | Up, (m) Fo, (MN) Ep, M]) | Us(m) Uy, (m) Fp, (MN) Ey, M]) | Us(m) Fpu, (MN) E,, M) Us(m)
44.0 250.1 7491 | 5738 443 258.1 8.095 | 6.201 38.6 1053 | 5.321 36.8 168.3 7.332
Upper deck Fpy, (MN) differ. Epy, (M]) differ. Us(m) differ. Fpi,(MN) differ. Epi, (M]) differ. Us (m) differ.
fupture -0.8% -3.1% 7% 4.6% -46.1% -31.8%
initiation

SHEARS (50°-90°) differ.

RTCLS (50°-90°) differ.

Fpi,(MN) differ.

Epi, (M]) differ.

Up, with U3 (m) differ.

Fpi,(MN) differ.

Epi, (M]) differ.

Uy, with Uy (m) differ.

13.1%

81.5%

7.5%

18.5%

42.1%

-16.7%




6.4 Comparative study

Table 6.9. Both deformable. Comparison between the two simulations with angles of collision 50° and 90°. Numerical values of force, inelastic energy and bulb tip
displacement in the direction perpendicular to the struck ship (U,) for each rupture criterion at damage points

Angle of collision

50° 90°
SHEARS RTCLS SHEARS RTCLS
pll (MN) Epll (M]) U;(m) Up1 (m) p11 (MN) Ep11 (M]) U;(m) Up1 (m) p11 (MN) Epl1 (M]) U;(m) p11 (MN) Ep11 (M]) U;(m)
25.8 28.8 1.446 1.108 13.8 7.8 0.978 0.749 19.1 114 0.576 11.8 3.9 0.430
Outer shell Fyi, (MN) differ. Epi, (M]) differ. U, (m) differ. Fpi, (MN) differ. Epi, (M]) differ. U, (m) differ.
rupture 60.7% 114.7% 38.6% 47.0% 97.3% 29.0%
initiation
SHEARS (50°-90°) differ. RTCLS (50°-90°) differ.
Fyi, (MN) differ. Epi, (M]) differ. Up, with U; (m) differ. Fyi, (MN) differ. Epi, (M]) differ. Up, with U; (m) differ.
29.9% 86.8% 63.1% 15.3% 66.2% 54.1%
Angle of collision
50° 90°
SHEARS RTCLS SHEARS RTCLS
For. MN) | Ep (M) | Uc(m) | Up(m) | Fu.(MN) | Ep (M) | Ue(m) | Up(m) | Fpu.(MN) | Eyy.(M)) | Ue(m) | Fou (MN) [ Epi,(M)) U (m)
Not predicted 211 234 1.556 1.192 22.8 27.9 0.865 15.2 8.2 0.688
Outer shell Fp,(MN) differ. Eyi, (M]) differ. U, (m) differ. Fp,(MN) differ. Eyi, (M]) differ. U,.(m) differ.
collapse - - - 39.9% 108.7% 22.8%
(force peaks)
SHEARS (50°-90°) differ. RTCLS (50°-90°) differ.
Fp (MN) differ. Epi.(M]) differ. Up, with U, (m) differ. Fp (MN) differ. Epi.(M]) differ. Up, with U, (m) differ.
- - - 32.6% 95.8% 53.7%
Angle of collision
50° 90°
SHEARS RTCLS SHEARS RTCLS
For, MN) | Ep,M)) | Up(m) | Up,(m) | Foiy(MN) | Epi,(M)) | Up(m) | Up,(m) | Foy(MN) | Epi,(M)) | Up(m) | Fpy(MN) | Epi, (M) Up (m)
Not predicted 48.5 85.8 3.793 2.905 41.5 91.0 2.946 15.7 25.5 2.252
Inner shell Fp, (MN) differ. Ep, (M]) differ. U, (m) differ. Fpi, (MN) differ. Epi, (M]) differ. U, (m) differ.
rupture - - - 90.1% 112.5% 26.7%
initiation
SHEARS (50°-90°) differ. RTCLS (50°-90°) differ.
Fpi,(MN) differ. Ep, (M]) differ. Uy, with U, (m) differ. Fpi,(MN) differ. Epi, (M]) differ. Uy, with U, (m) differ.
- - - 101.9% 108.4% 25.3%
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Chapter 7

Concluding Remarks and Proposals for Future Research

7.1 Overview of the work

In the present investigation twenty two indentation tests and a drop weight test have been
modeled using Abaqus/Explicit FE code, in order to study the behaviour of thin walled
structures made of steel, which represent parts of a ship structure, under extreme loading
conditions. Such loadings that may arise in the case of impacts involving ship structures for
example collisions and groundings, cause different modes of failure, i.e. membrane, bending,
tearing and crushing.

The scope of this study was to find a procedure for the simulation of ship impacts, which
would lead in a realistic description of the material behaviour up to the final stage of rupture
and produce reliable results. To this end, focus was placed on the determination of an
effective material model, namely a suitable combination of a true stress-strain curve and a
rupture criterion, taking also into account the mesh size effect. In addition, strain-rate effect
has been investigated in the case of the drop weight test, where the strains were developed
with relatively high rates.

The true stress-strain curve until necking was determined from uniaxial tensile tests,
whereas the appropriate true stress-strain curve beyond necking was selected to be between a
powerlaw and a tangent type material curve, i.e. tangent to the point of maximum load of the
engineering stress-strain curve. Uniaxial simulations of tensile tests were performed in each
case using different mesh sizes.

Three rupture criteria were programmed into VUMAT subroutine (ABAQUS 2010) to
account for rupture, namely the critical equivalent plastic strain criterion or SHEAR criterion
(Marinatos and Samuelides 2013a, 2013b and 2015), the BWH instability criterion (Alsos et
al. 2008) and the RTCL damage criterion (Tornqvist 2003). SHEAR rupture criterion was
defined not to be activated for triaxialities below -1/3. Further, the behaviour of the failure
criteria that have been implemented in FE codes as well as other criteria for the prediction of
rupture initiation and propagation, were investigated. Also, a procedure for the definition of
the critical equivalent plastic strain as a function of the ratio [/t has been proposed and
applied in the analysis. The numerical results of the benchmark study were compared with
the experimental force-penetration, energy-penetration curves as well as with the damaged
forms of the experimental models using different mesh sizes.
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Based on the benchmark study investigation, the simulation procedure that has been
defined was also applied in an actual ship-ship collision, in order to assess the behaviour of a
deformable bow. Four full-scale collision scenarios were examined considering two angles of
collision, namely 90° and 50°. The ships were modeled as rigid or deformable bodies and in
the most realistic collision scenario both ships were defined as deformable structures. The
simulations were based on the real ship-ship collision accident between the Tankship
BALTIC CARRIER and the Bulk Carrier TERN that took place in the Baltic Sea on 29
March 2001. The prediction of the deformation patterns and the assessment of the structural
energy dissipated during different collision scenarios, was achieved through the application
of the scaled forms of RTCL and SHEAR rupture criteria, where the rupture strain depends
on the element length, in combination with the powerlaw type true stress-strain curve.

7.2 Conclusions

The conclusions from the present work are summarized in the following:
- Material curve

> Beyond the point of necking the powerlaw type true stress-strain curve, i.e. w =0, is
the best choice for element length over thickness ratios greater than one, i.e. [/t > 1,
in most cases

» True stress-strain-rate dependent material curves yield the best reproduction of the
experimental stress-strain rate dependent engineering curves and should be used to
account for strain-rate dependency

- Failure criteria

> Instability criteria show a very different behaviour compared to rupture criteria in the
strain field considering the various loading states

> Differences between the various criteria are rather minimized in the stress field
especially in the range of 8 >0

» The Swift (1952) instability criterion yields more conservative results with respect to
the rest criteria in the range of -1 < 8 <0

» The Storen-Rice (1975b) criterion yields almost identical predictions with the BWH
criterion especially in the range of 0 < <1, while it further determines a limit stress
in a pure shear loading process, i.e. § =-1
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» The reference to criteria that are independent from the stress/strain state is misleading.
It is noted that, a criterion using constant equivalent strain, i.e. SHEAR and Peschmann
(2001) criteria, may be expressed in terms of principal strain or stress which depends on
the stress/strain state

» The Peschmann (2001), SHEAR, RTCL, Lou et al. (2012) and Rupture Index criteria,
show a similar behaviour considering the various loading states

- Simulation technique

» The finer the mesh the lower the resultant force and as a consequence the absorbed
energy at the same penetration depth in the majority of the simulations due to local
phenomena, i.e. geometrical constraints that lead to strain and stress concentrations,
which are captured by small elements; rupture occurs at an earlier stage

> In analyses where the strain field is uniform and local phenomena are not dominant,
scaling of the critical strain results in extended scatter when using different meshes, i.e.
the case of the US Plate model. However, in actual ship impacts local phenomena are
rather dominant due to complicated geometries and an appropriate value of the critical
strain should be selected for the relevant mesh size, i.e. application of a scaling law

» Convergence between different meshes is observed in the majority of the simulations
for element length over thickness ratios between two and three, i.e. 2 < [/t <3 and in
some cases between one and two, i.e. 1 < [, /t <2

» Triaxialities during the loading process and up to rupture in most of the examined cases
were over 1/3 or > -1/2. Significant variations of the magnitude of triaxialities were
observed in the case of the tearing tests and in models with a more complex geometry

» RTCL criterion predicts rupture at an earlier stage when compared with experimental
results in the cases where the structures are loaded transversely and biaxial straining is
dominant, i.e. triaxialities are mainly over 1/+/3 or B >0. The opposite trend is
observed when compared with experimental results of cutting tests, i.e. triaxialities are
mainly below zero or f < -1

» When a material curve that is obtained from a tensile test is associated with the mid
strain-rate applicable to the ends of the specimen during the test, the effect of strain-rate
on material behaviour is overestimated. This is because the so defined mid strain-rate is
lower than the true strain-rate inside the neck
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> Element length over thickness ratios up to 4 yield realistic representation of the
deformation patterns especially in more complex structures

» Realistic simulation of the indentation tests and consistency in terms of the
representation of the deformation patterns and the estimation of the absorbed energy is
achieved with

= the scaled form of SHEAR rupture criterion, i.e. the criterion based on maximum
equivalent plastic strain, with a cut-off value of triaxialities equal to -1/3 below
which the criterion is not activated, whereby the threshold value of strain depends on
the element length over thickness ratio

= a true stress-strain curve that is appropriate for the relevant element length; in most
cases a powerlaw type material curve is the best choice for element length over
thickness ratios greater than one, i.e. [/t > 1

= an element length over thickness ratio between two and four, i.e. 2< [/t <4 in
most of the examined cases

- Actual impacts between deformable bodies

» RTCLS criterion is activated sooner than SHEARS criterion and predicts outer and

inner shell rupture of the struck ship at an earlier stage, i.e. triaxialities over 1/+/3,
yielding also lower force and absorbed energy values at the specific points

» Tearing of the upper deck of the struck ship is predicted at a later stage using RTCLS
criterion, i.e. triaxialities below zero

» The bulb in the cases where both ships are deformable is not significantly deformed
during the impact according to RTCLS predictions, due to the earlier rupture of the side
of the struck ship

» RTCLS and SHEARS criteria predict similar deformation patterns and force and
energy-displacement curves in the case of the collision scenario with a rigid bow and
collision angle 50°

» Rupture of the stem or the bulb of the striking ship is not predicted by RTCLS and
SHEARS criteria in the cases where the deformable bow is driven towards the rigid
Tanker side and rigid wall. As a result both criteria predict similar deformation patterns
and force and energy-displacement curves
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» Damage occurs at an earlier stage accompanied also with lower plastic dissipation
energies according to simulations with collision angle 90° compared to the respective
simulations with collision angle 50°

> In the cases of collision scenarios with collision angle 90° the bulb of the striking ship
is crushed, i.e. concertina form, while in the cases of collision scenarios with collision
angle 50° bending and buckling of the bulb is observed

» The bending and buckling of the bulb in the 50° collision scenario, where both ships are
deformable, leads to limited outer shell rupture of the side of the struck ship according
to SHEARS criterion's predictions

» The extent of damage on the struck ship is highly dependent on the relative position of
the ships as it is found from the analyses with different collision angles. It is noted that,
in the cases of collision scenarios with collision angle 50°, where the bow of the
striking ship is considered rigid, the extent of damage on the side of the struck ship is
greater than in the respective cases of collision scenarios with collision angle 90°

> Frictional dissipation is greater in analyses with collision angle 50°, especially in the
case of the collision scenario where both ships are deformable using SHEARS criterion.
In this case rupture of the side of the struck ship is limited and bending of the bulb
results in an increased contact area during the impact

7.3 Research achievements

In the following are listed the achievements of the present work:

» Definition of the appropriate material relation, i.e. true stress-strain curve, and rupture
criterion that should be used in non linear FE simulations with plane stress elements,
taking also into account the mesh size effect as well as strain-rate effect

» Establishing of an experimental data base of tests simulating the modes of deformation
that mostly occur in ship impacts, which tests can be used for the verification of the
numerical simulation techniques

> Definition of a procedure to determine the critical equivalent plastic strain as a function
of the element length over thickness ratio

» Determination of modeling parameters for the simulation of the response of ship
structures under accidental loading conditions
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> Explanation of the behaviour of various failure criteria under plane stress conditions

> Explanation of the behaviour of scaling law in rupture criteria under different strain
patterns

> Developing VUMAT subroutine in order to incorporate three rupture criteria in
Abaqus/Explicit

> Investigation of the effect of a deformable bow when the bow and the stem is in contact
with the side structure in collision simulations

7.4 Proposals for future research

The section discusses the issues that have been emerged from the present work and should
be investigated in the future.

1. The present investigation showed that the criterion based on a critical equivalent true
plastic strain, i.e. SHEARS criterion, with a cut-off value of triaxialities equal to -1/3
below which the criterion is not activated, whereby the threshold value of strain depends
on the material curve and the element length over thickness ratio, simulates the tests in a
realistic manner. Though, in this form of SHEARS criterion, the critical equivalent true
plastic strain is independent from the stress/strain state encountered during the loading of
a structure. On the other hand, the ductile fracture criterion proposed by Lou et al.
(2012), is a critical equivalent true plastic strain criterion that accounts for the various
fracture mechanisms associated with nucleation, growth and shear coalescence of voids,
which may arise within the material volume during loading, by introducing three
material parameters (see sub-section 4.1.3, chapter 4). However, a practical and reliable
method for the calibration of these parameters, taking also into consideration the mesh
size is not yet established and needs further investigation.

2. The proposed formula for the scaling of the critical equivalent true plastic strain
accounts for local phenomena and it seems that it overestimates the effect of the element
size when the strain is rather uniform over a large area. Thus, it is suggested to
investigate if the scaling law should take into account the uniformity of strain pattern
and consequently if needed to suggest a scaling law that includes this factor.

3. RTCL criterion yields good results for stress triaxialities in the range of 0 < T < 1/+/3,
or -1 < f <0. However, as already discussed in section 5.3 of chapter 5, beyond this
range it yields rather different results from the experimental observations. This different
behaviour may be attributed to the values of the stress triaxiality function f(T) that is
multiplied with the increments of the equivalent true plastic strain. Thus, further
investigation is needed to define appropriate expressions of function f(T) outside the
above range of stress triaxialities.
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4. From the full-scale analyses it is evident that the relative position of the striking and
struck ship has a strong effect on the results, because it influences the contact area
between the two ships, in particular in a realistic simulation with both bodies being
deformable. Further, it was shown that the direction of the loading has an effect on the
energy that is needed to cause damage at a specific penetration depth, i.e. the dimension
of the damage that is normal to the direction of the length of the struck ship. Further
investigation is needed, in order to identify the collision scenarios that should be defined
for the assessment of the structural crashworthiness of a ship.

5. The ABAQUS and VUMAT interaction should be investigated and eventually further
development of the VUMAT subroutine is needed, so that it will be possible a) to use it
in association with BWH criterion in a parallel-process environment and b) to include
the effect of the strain-rate on rupture, when providing as input a bundle of true stress-
strain curves with a strain-rate dependency.

6. In order to improve and validate simulation techniques, it is essential to reproduce
damage patterns that occur in actual ship impacts. Unfortunately, accidents still happen
and it is suggested to inspect damaged structures, so as to obtain data that may be used in
a benchmark study for the verification of the proposed methodology.
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Appendix A

Experimental Data

The annex summarizes the configurations of each test, the dimensions of the test
components, the form of the rigid or deformable indenters and the stress-strain engineering
curves for each material used in the examined experiments.

A.1 US Plate, 1-FB and 2-FB models-(Alsos and Amdahl 2009)

Figure A.1 illustrates the plate, stiffeners and frame configuration as well as the stress-
strain engineering curves for the plate and the stiffener. The dimensions of each component
are included in the schematic view of the test set-up. The plate is welded to a strong frame,
while the stiffeners are welded to the plate and the stiffener ends are fixed to the frame. The
plate and the flat bar stiffeners are made from mild steel (S235JR EN10025).
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Figure A.1. The test set-up and schematic view of each component (upper) and stress-strain engineering curves
for the plates and the FB stiffeners (lower)
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A.2 ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW models-(Paik et al. 1999)

Figure A.2 illustrates a schematic view of the rigid indenter and its position between and
on webs, respectively. The boundaries of the test models are considered to be fixed. The
location of the indenter is at the center of the test structure. The double bottom models are
made from mild steel and are composed of outer-inner skin plating and longitudinal-
transverse webs. Figure A.3 shows a more detailed description of the models. The depth
between the outer-inner skin plating in each case is 350 mm. The thicknesses of the structural
components are 2.8mm and 3.95mm for the cases of the ST-3 and ST-4 models,
respectively. The stress-strain engineering curves for each material are illustrated in Figure
A4,

Figure A.2. Schematic view of the test set-up for initial colliding ‘between webs’ and ‘on webs’ (on the left)
and the rigid indenter (on the right)
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Figure A.3. Details of the ST-3-BW and ST-4-BW models (on the left) and of the ST-3-OW and ST-4-OW
models (on the right)
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Figure A.4. Stress-strain engineering curves for the ST-3 and ST-4 models

A.3US, LS, TS and OS models-(Paik and Tak 1995)

Figure A.5 illustrates the schematic view of the test set-up, representing the stiffened plate
with two longitudinal and transverse stiffeners and the rigid wedge. Table A.1 summarizes
the dimensions of each component shown in Figure A.5. The angle and breadth of the wedge
are 60° and 110 mm, respectively. The edges of the plate and the transverse stiffeners are
considered fixed, except at the side that faces the rigid sharp wedge.

Figure A.5. Schematic view of the test set-up (on the left) and geometry of the orthogonally stiffened plate
and rigid sharp wedge (on the right)

Table A.1. Details of the test specimens (mm)

Specimen A By t t, h, tr hr a b
uUs 499.0 | 502.5 | 7.03 | - - - - - -
LS 502.5 | 499.0 | 7.05 | 7.34 | 7153 | - - - 97.6
TS 504.0 | 502.5 | 7.30 | - - 7.57 | 104.0 | 166.5 -
0S 500.0 | 499.5 | 7.40 | 7.13 | 69.55 | 7.17 | 105.8 | 165.2 | 100.3
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A.4 COLLISION STATIC and COLLISION DYNAMIC models-(ASIS 1993 reported in
ISSC 2003)

Figure A.6 shows the schematic views of the double hull model and the bow. The test
model is scaled down with a factor of about 1:2. The left and right ends of the model are
welded to very rigid support structures and the bottom plate is fixed to the test bed with bolts
and nuts. The details of the double hull model are presented in Figure A.8.

SldC shell /

Er=
Strin erdeck P L+ Loadcell
stlffeier : - ‘
Strmger deck \ 3 ]

P
R=500 \:;._: ] I'!_.;//

Transverse web-—
stiffener Tranverse web

Figure A.6. Schematic view of the double hull (on the left) and bow (on the right)

In the dynamic test the rigid bow shape indenter with a dummy weight and a load cell,
having an overall weight about 8.4 tons, was freely fallen from 4.8 m above the initial
position of the outer hull. The colliding velocity was approximately 9.7 m/sec. Free fall
loadings were repeated until the penetration of the bow reached at about 900 mm. To account
for the strain-rate effect, uniaxial tensile tests were conducted with loading velocities varying
between 0.05-5 m/sec. For specimens with a 50 mm gauge length, this implies strain-rate
values between 1-100 sec™!. Figure A.7 shows the test specimen used in the static and
dynamic tensile tests. The stress-strain relationships measured in the static and dynamic tests
for three material thicknesses are shown in Figure A.9. Note that, the strain-rate values are
mid engineering values.
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Figure A.7. Test specimen of static tensile (on the left) and dynamic test (on the right)
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Figure A.9. Stress-strain engineering curves for the Collision Static and Dynamic tests

A5 OUTER SHELL and INNER SHELL models-(Gong et al. 2013)

Figure A.10 illustrates the schematic views of the outer and inner shell structure models.
Model boundaries are welded to a strong frame. Figure A.11 presents the test specimen and
the engineering stress-strain curves of the plate and stiffeners, respectively.
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Figure A.10. Schematic view of the outer (upper) and inner (lower) shell structure models
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Figure A.11. Test specimen (on the left) and stress-strain engineering curves (on the right) for the shell plate and
stiffener components

A.6 FLAT SPECIMEN and KNIFE SPECIMEN models-(Villavicencio 2012 and
Villavicencio et al. 2013)

Figure A.12 shows the schematic views of the specimen and the indenters with the knife
and flat edges. Model boundaries are welded to a strong frame. Figure A.13 illustrates the test
specimen and the engineering stress-strain curves of the plate and stiffener components.
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Figure A.12. Geometry of the side panel specimen (on the left) and
the (a) knife and (b) flat edge indenters (on the right)
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Figure A.13. Test specimen (on the left) and stress-strain engineering curves (on the right) for the shell plate and
stiffener components

A.7 CE-1 and CE-2 models-(Tautz et al. 2013 and Fricke et al. 2014)

Figure A.14 shows the test rig of TUHH, Institute for Ship Structural Design and Analysis
and the top view of the side structure. The test model is scaled down with a factor of about
1:3. The test rig is mounted on two longitudinal girders. The model area is welded within a

massive supporting frame that represents the boundary conditions of the surrounding
structure.

Total view

moving
direction

Detail: supported side structure

total y-length: 3490
model area: 2260

connection rod bulbous bow model area
total: 8)

of ship side structure
(scale = 1:3)

’ web fréme spaci.ng: 800 7

model area: 3400

supporting frame
(surounding ship side structure)

total x-length: 5490

load cell

(total: 4) | support

Figure A.14. Collision test rig-total and detailed view (on the left) and top view on side structure (on the right)

Figure A.15 presents the geometries of the rigid and deformable bulbous bows. It is noted
that, in the case of the deformable bulbous bow a sheet metal cap 3 mm thick is attached to
the rigid part of the indenter. The test specimens and the engineering stress-strain curves for
each component are illustrated in Figure A.16.
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Figure A.16. Stress-strain engineering curves for the shell, web frame and longitudinal stiffener

A.8 P1-15, P2-15, S1-20 and S2-20 models-(DNV 1993)

Figure A.17 illustrates the schematic views of the experimental set-up, the test specimens,
i.e. the un-stiffened and stiffened plates and the rigid wedge. The specimen material is a
standard ship steel (NVE36). The specimens are fixed to a strong frame by eight high tension
bolts of 80 mm diameter. The wedge is welded to a base, which again is fitted to guides

between the test rig frame.
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Figure A.17. Experimental set-up (upper), specimen configuration (lower on the left) and schematic view of the
wedge (lower on the right)

It is noted that, the stress-strain engineering curves in the preceding figures are in digitized
form except in the case of the shell, web frame and longitudinal stiffener components of the
CE-1 and CE-2 models, which were provided by the author in Tautz et al. (2013).

In the cases of Paik and Tak (1995) and DNV (1993) experiments, the stress-strain
engineering curves were not available. Alternatively, stress-strain engineering curves were
selected according to ArcelorMittal (2009), based on the mechanical properties of the
materials included in the relevant experiments (see Table 2.1, chapter 2). Moreover, due to
lack of the geometries of the flat specimens used in the uniaxial tension tests in the cases of
Alsos and Amdahl (2009), Paik et al. (1999), Paik and Tak (1995) and DNV (1993)
experiments, test specimens with dimensions as derived according to the ASTM (2004)
standard were used in the corresponding uniaxial simulations.

Finally, in the case of the CE-2 model (Tautz et al. 2013 and Fricke et al. 2014), the
material of the shell component, but with thickness 3 mm, was also used for the modeling of
the deformable part of the bulbous bow indenter, as the actual stress-strain engineering curve
was not available.



Appendix B

Calibration of SHEAR and RTCL Criteria

In the present analysis SHEAR and RTCL rupture criteria were calibrated through uniaxial

simulations by calculating the value of the integral [ f (:—m) d&P! = D up to the experimental
eq

point of fracture. For the calculation of the integral in the case of SHEAR criterion function

f (:—m) of the integral was taken equal to one, that is for triaxialities 1/3, (see also Figure 4.1,
eq

chapter 4). The actual value of f (G—m) at the integration point should be taken for the

Oeq

calculation of the critical strain to be used with RTCL criterion. However, it has been found

that in the case of uniaxial tests the triaxialities are close to 1/3, so that the values of f (:—m>
eq

are approximately 1 and the use of the actual value does not alter significantly the results.
This is portrayed in the following diagrams of Figure B.1 for three of the examined materials,
i.e. the shell component with thickness 4 mm (see Tautz et al. 2013 and Fricke et al. 2014)
and the components in ASIS (1993) reported in ISSC (2003), with thicknesses 7 mm and
10 mm, respectively using various [/t ratios (see also Table 2.1, chapter 2). The diagrams
include the variation:

i. of triaxiality T = 2™
Oeq

ii. of function f(T)
iii. of the integral ff(j—m) &Pl = D
eq

iv. of the equivalent true plastic strain &, and
v. of the increments dD, déP!, i.e. defined as de,q in the diagrams of Figure B.1, of the
integral D and equivalent true plastic strain, respectively

as the uniaxial simulation progresses. As can be seen, in each case the values of the two
variables D and &, up to the point the critical displacement is reached are very close. The
critical displacement is defined by the engineering fracture strain (see Table 2.1, chapter 2)
and the gauge length which is equal to 50 mm. In all of the materials used in the simulations
this is the case for ratios l,/t =1, which were used in the simulations of the small to mid-
scale models.
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Figure B.1. Variation of T, f(T), &4, D, d&P' and dD variables as the uniaxial simulation progresses for three
materials and various [, /t ratios



Appendix C

VUMAT Subroutine

A brief description of the programming steps for the development of VUMAT subroutine
(ABAQUS 2010) is given in the following. VUMAT interacts with the Abaqus/Explicit FE
code and refers to an isotropic hardening material that follows the J, flow theory assuming
plane stress conditions. The program applies the iterative radial return plasticity algorithm
presented in Whirley et al. (1989), in order to achieve plane stress conditions, i.e. g;5 = 0.

C.1 Interaction with Abaqus/Explicit

ABAQUS calls VUMAT for a number of through thickness integration points or material
points at each time step of the numerical analysis. In Abaqus/Explicit the time step depends
on the length of the smallest element in the mesh and is usually in the order of magnitude
of 107%sec. In ABAQUS 6.10-2, the maximum number of material points called at a time
step is 136. For example, assume the model is discretized with the four-node reduced
integration quadrilateral Belytschko-Lin-Tsay shell elements, i.e. S4R with one integration
point and five integration points through the thickness and the total number of elements or
material points in a layer of the shells is 585. Thus, at a specific time step the model is
separated into five blocks of material points, where the first four consist of 136 material
points each and the last one consists of 41 material points, i.e. 4x136+41 = 585. Hence,
VUMAT is called five times for each one of the five blocks of material points to perform
calculations for each one of the five layers, i.e. through thickness material points of the shell,
that is 25 times for a time step. This procedure is repeated in a new time step until the total
time of the simulation is reached.

The number of the through thickness integration points is defined at the section properties
of the shell and the thickness integration rule used in the present work is according to
Simpson, i.e. through thickness points of layers 1 and 2 are placed exactly on the upper and
lower surfaces of the shell. Note that, VUMAT first performs calculations successively at the
material points of the outer layers and finally at the material points of the mid layer of the
shells.
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C.2 Programming steps
1. Initial stage
- Steptime=20

The stress tensor for an isotropic material is given by the following relation:

0ij = 2Gef} + 206, (C.1)
where i, j are indices that vary between 1 and 3, G = 2(1E+v) the shear modulus, E the Young's
modulus, v the Poisson's ratio, @ the elastic unit volume change or the trace of the elastic

Ev

H : el el el —
strain tensor, i.e. e7; + &5, + €53, 1 = FETTCRE

Lame's constant and &;; the Kronecker delta,
. 0, i+j
l.e. 61] = {1 i =j

Substituting i, j = 3 in relation (C.1), an increment of the elastic through thickness strain is
determined by the following expression:

Aegh = [—033) + A(4ef] + Aess)] (C.2)

26+
where the superscript ¢, refers to the previous time step. The stresses with respect to the

current time step are derived by the following relation:

O'ij(tu+dt”) = O'ij(t”) + ZGASSI + AA@(S\” (C3)
At step time zero it is g;;("") =0, while def} = Aegh =-0.001 and Aef} = 0.001. Note
that, in the present analysis the true stress and strain components are considered.
2. Evaluation of the yield function
- Step time >0

At the beginning of this stage all the stress and strain components are set equal to zero.
Then, the trial stresses at the current time step are evaluated by the following expression:

O'l'jg'u-'-dtu) = O'l'j(tu) + ZGASSI + /1A96U (C4)
Moreover, the deviatoric trial stresses are given by
(tu+dtu)
kk
Sijgﬁdtu) _ Uijg,”+dt”) _ trT 5 (C.5)

(ty+dty)
(tu"'dtu) — Jkktru ¢

o the trial mean

where k is an index that varies between 1 and 3 and a,,
hydrostatic pressure.
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The trial von Mises or equivalent stress is determined by the deviatoric trial stresses as
follows:

3
(tutdty) — |2 o, (tu+dty) o, . (tu+dty, C.6
Oeq,, \/2 Sugr )sugr ) (C.6)

Finally the yield function F is evaluated, that is:
F= aqutr”dtu) — 0, (C.7)

where o), is the yield stress of the material. According to equation (C.7), it is checked if the
material behaviour is elastic or if plastic strains have started to develop through yielding. Note
that, o, is altered during the analysis after the initial yielding of the material and follows the
path of the material curve given as input by the user. The yield convention is:

F <0 elastic or neutral step

If {F >0 plastic step (C8)

3. Plane stress conditions-Setting o35 =0

If the step is elastic according to the yield convention in relation (C.8), then o35 tutd4tu) js
set equal to zero and the current stresses are determined by relations (C.4)-(C.6). However, if
the step is plastic the secant iteration method is applied, in order to determine the increment of
the through thickness strain Aes5, which would result in o33 &u+4%) = 0, Thus, o35 is defined
as a function of Aesq, i.e. 055(4e35) and two starting values for 4e;5 are given in order the
secant iteration method to initiate. The first value is determined by assuming a purely elastic
behaviour and A833(q_1) is calculated by relation (C.2), while o359~ = 0. The second value
is determined by assuming a fully plastic behaviour, i.e. Ae;; + Aey, + AessP =0, that
is Aez3 P = —(Aey, + Aeyy). In the case where Agy;, = —Ae,, and 033 = 0, two identical
values for Aes; are yielded and secant iteration fails (see relation (C.2)). To avoid this
scenario, it is sufficient to set one of the two strain increments equal to the half of the other,
i.e. 4e;; = 0.54¢,,. According to the secant iteration method it is:

0'33(q) — 0'33(q_1)

0331 = gy, (D = (A533("+1) - Ae33(q)) (C.9)

A£33(q) — Aggs

where g is an index that varies between 1 and 10 and o35+ is the through thickness stress
at the g + 1 iteration, where it is set equal to zero. The stresses in terms of the strain

incrementAe33(q) are calculated from relations (C.4)-(C.6), while the increment of the

equivalent plastic strain 267D it can be shown that is determined by the following
relationship (see the theory guide in ABAQUS 2010):

_ e "0y g = Y (C.10)
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Also 035D, that is the new stress with respect to 267" and Ae55 P is defined as:

(@)
() _ 3GAeV! @

= 033, _7@533” (C.11)
T

Therefore, substituting (C.11) in (C.9) and solving for Ae;*Y by setting 035D =0 it
yields:

G
033D — 033001 + tol

A£33(q+1) = A£33(q) _ (Ag33(q) _ A833(q—1)) (C.12)

where tol is a specified tolerance in the order of magnitude of 1078, in order to avoid the
denominator of the fraction in the above relationship to take a zero value. The method is
checked for convergence with the expression below:

|A£33(Q+1) _ A833(Q)|

|A£33(Q+1)|

< tol (C.13)

If the convention in relation (C.13) is not satisfied, then the values of Ae55 and g55 of the
current iteration are set as initial values, i.e. deg3 @Y = Ae53 @ Ay @ = Aey Y and
03397 Y = 05,@ and a new iteration is performed. When the convention is fulfilled, the
iterations stop, the through thickness stress gs;u*tw) hecomes zero and the values of

Ae33(q+1) and 4571 are accepted as the correct. Note that, a maximum number of iterations
may be defined, in order to avoid a great number of iterations, which would unnecessarily
increase the computational cost. In the present work the maximum number of iterations was
set equal to 10. According to the flow rule the increments of the plastic strain components
could be also determined by the following relationship:

—1(@)
3 A&"!
pl _ """ .

dej; = 2 5. @ Sij! (C.14)

Air
The stresses of the current time step are determined by the expression:
36471 @
O.ij(tu+dtu) — Ui].gz) — W Sl.jgl) (C.15)
tr

It is noted that, the trial subscripts included within the relations of step 3 are referred to the
secant iteration procedure. The von Mises stress and the hydrostatic pressure of the current
time step i.e. o4+ 744w and oy, Cutat) respectively, are determined by the new stresses in
relation (C.15). Therefore, the stress triaxiality of the current time step is equal to the

o (tutdtu)

ratio e )
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4. Energies

The internal or total energy E; and the inelastic energy Ep per unit mass are derived by the
following relationships:

AT
ET(tu‘l'dtu) — ET(tu) _|_ 7

and
1 (C.16)
AT = [[allttu) + 01, @) | Aey, + [0, + 05, @t 0] Ag,y,
+ 2[0—12(tu) + O-lz(tu+dtu)]A£12]
Ep(tu‘l'dtu) — Ep(tu) + &
p
and (C.17)

1
ATpl = E [o’eq(tu) + O-eq (tu+dtu)]A§pl

where AT, AT, are increments of the total strain and plastic strain energy densities
respectively and p the density of the material.
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Appendix D

Quantification of Differences

The annex quantifies the differences between the numerical and experimental results of
the benchmark study, by comparing the force peaks and troughs as well as the energy
absorbed by the structures in each case. Figures D.1-D.24 illustrate comparisons of the
numerical force and absorbed energy-penetration curves, according to the predictions of
SHEARS, RTCLS and BWH rupture criteria for each mesh size, with the respective curves
from the experiments. The force-penetration diagrams in Figures D.1-D.20 include the points
where the force reaches a peak or a trough, as found from the numerical analyses and the
experiment. The energy at the specific points is also indicated in the relevant diagrams.
Tables D.1-D.20 summarize the numerical force, energy and displacement values at the
aforementioned points and compare with the corresponding experimental values in each case.
The best results are highlighted.
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Appendix D. Quantification of Differences

D.1 US Plate, 1-FB and 2-FB models-(Alsos and Amdahl 2009)
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Figure D.1. US Plate model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.1. US Plate model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and

comparison with the corresponding experimental values

SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F,(KN) | differ. | E;(KJ]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
12354 | -19.5% | 913 | -34.9% | 177.7 | -12.9% | 11519 | -26.4% | 79.7 -48.0% 166.7 | -19.2% | 1070.3 | -33.6% | 694 -60.8% 156.9 | -25.2%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F,(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
887.8 | -51.4% | 498 | -89.2% | 1385 | -37.4% | 769.7 | -645% | 40.1 | -105.7% | 1258 | -46.6% | 7175 | -70.7% | 339 | -117.2% | 1172 | -53.3%
BWH
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
- - - - - - 1099.1 | -31.0% | 73.2 -55.9% 1609 | -22.7% | 1103.1 | -30.6% | 737 -55.3% 160.9 | -22.7%
US Plate
Experiment
F (KN) Ei(K]) Uy (mm)
1502.0 130.0 202.2

continued on next page
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continued from previous page

SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
4233 | -33.8% | 1181 | -24.7% | 2294 0.0% | 4644 | -247% | 1110 | -30.8% | 229.4 0.0% | 576.6 -32% | 108.2 | -33.3% | 2294 0.0%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
2339 | -872% | 777 | -643% | 2294 0.0% 2823 | -7T14% | 718 | -713% | 2294 0.0% 355.6 | -50.4% | 70.6 | -72.8% | 2294 0.0%
BWH
l, (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
- - - - - - 3871 | -424% | 978 | -43.0% | 2294 0.0% | 4265 | -33.1% | 102.0 | -39.0% | 229.4 0.0%
US Plate
Experiment
F(KN) E,(K]) U, (mm)
595.4 151.4 229.4
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Figure D.2. 1-FB model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.2. 1-FB model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison

with the corresponding experimental values

SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U (mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
1417.0 | -09% | 1186 | -0.4% 176.3 2.8% | 1267.2 | -12.0% | 969 | -20.5% | 1595 -7.1% | 12138 | -16.3% | 89.8 | -28.1% | 153.6 | -10.9%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F, (KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
1100.8 | -26.0% | 733 | -47.6% | 1400 | -20.1% | 9613 | -39.1% | 56,5 | -71.3% | 1231 | -32.8% | 908.8 | -445% | 52.4 | -77.8% | 1181 | -36.8%
BWH
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F, (KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ.
- - - - - - 12227 | -15.6% | 911 | -26.7% | 1548 | -10.1% | 12355 | -14.5% | 92.7 | -249% | 156.0 -9.3%
1-FB
Experiment
F (KN) Ey (KD Uy (mm)
1429.2 119.1 171.3

continued on next page
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continued from previous page

SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
9374 | 31.1% | 1284 | -2.9% 1844 0.0% 776.9 12.6% | 1208 | -9.0% 1844 0.0% 690.7 0.8% 1174 | -11.8% 184.4 0.0%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
2453 | -945% | 96.3 | -31.4% 1844 0.0% 268.7 | -87.3% | 89.0 | -39.0% 184.4 0.0% 2940 | -79.9% | 88.0 | -40.1% 1844 0.0%
BWH
l, (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
- - - - - - 3920 | -54.4% | 1112 | -17.2% 1844 0.0% 740.4 7.8% 1158 | -13.2% 184.4 0.0%
1-FB
Experiment
F(KN) E,(K]) U, (mm)
685.1 132.1 184.4
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Figure D.3. 2-FB model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.3. 2-FB model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison
with the corresponding experimental values

SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
986.7 | -13.1% | 553 | -19.2% | 123.1 -6.2% | 1021.4 | -9.7% 583 | -14.0% | 1247 -4.9% | 1121.7 | -0.3% 69.3 3.3% 134.1 2.4%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F, (KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
809.1 | -32.7% | 38.7 | -53.6% | 104.6 | -22.4% | 8322 | -29.9% | 412 | -47.8% | 1063 | -20.8% | 898.7 | -224% | 463 | -36.7% | 1114 | -16.1%
BWH
le (mm)
5 10 18
l/t=1 l/t=2 l./t=36
F, (KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ)) | differ. | U;(mm) | differ.
- - - - - - 977.9 | -14.0% | 534 | -22.7% | 1198 -8.9% | 11135 | -1.0% 67.6 0.8% 132.6 1.2%
2-FB
Experiment
F (KN) Ei (K]) Uy (mm)
1124.9 67.1 131.0

continued on next page
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SHEARS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
848.7 151% | 108.2 | -6.2% 184.3 0.0% 864.9 17.0% | 1121 | -2.6% 184.3 0.0% | 486.2 | -40.1% | 116.0 0.8% 184.3 0.0%
RTCLS
le (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
542.6 | -29.4% | 90.6 | -23.8% 184.3 0.0% 539.7 | -29.9% | 963 | -17.7% 184.3 0.0% 551.0 | -27.9% | 949 | -19.2% 184.3 0.0%
BWH
l, (mm)
5 10 18
l/t=1 l/t=2 l,/t=3.6
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
- - - - - - 852.0 155% | 106.9 | -7.4% 184.3 0.0% 912.2 22.2% | 1152 0.1% 184.3 0.0%
2-FB
Experiment
F,(KN) E,(K]) U, (mm)
729.7 115.1 184.3
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D.2 ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW models-(Paik et al. 1999)
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Figure D.4. ST-3-BW model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.4. ST-3-BW model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and

comparison with the corresponding experimental values

SHEARS
le (mm)
5.6 12,5 25
l/t=2 l./t=45 l./t=89
F, (KN) | differ. | E\(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
2756 | 96.7% | 152 | 140.4% | 109.5 | 64.0% | 254.8 | 90.6% 8.6 105.5% 81.1 35.9% | 2512 | 89.5% 8.3 103.3% 81.1 35.9%
RTCLS
le (mm)
5.6 12,5 25
l/t=2 l./t=45 l./t=89
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
2183 | 77.9% 6.6 84.5% 75.2 28.6% | 1842 | 63.1% 4.4 48.2% 615 8.7% 1539 | 46.5% 33 22.4% 56.4 0.0%
BWH
le (mm)
5.6 12,5 25
l/t=2 l./t=45 l./t=8.9
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 230.2 | 82.4% 6.9 89.2% 75.2 28.6%
ST-3-BW
Experiment
F (KN) Ei(K]) U, (mm)
95.9 2.7 56.4

continued on next page
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SHEARS
le (mm)
5.6 125 25
l/t=2 l./t=45 l./t=8.9
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
1494 81.0% 15.9 116.4% 112.8 38.1% 125.6 66.0% 9.7 79.3% 87.1 12.6% 122.9 64.0% 8.9 71.7% 84.0 9.1%
RTCLS
le (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
86.8 31.4% 7.0 49.9% 78.1 1.8% 71.0 11.5% 4.7 10.9% 64.2 -17.8% 62.3 -1.5% 43 2.1% 64.2 -17.8%
BWH
le (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 1114 | 55.1% 9.0 73.0% 90.1 16.1%
ST-3-BW
Experiment
F,(KN) E,(K]) U, (mm)
63.3 4.2 76.7

continued on next page
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continued from previous page

SHEARS
le (mm)
5.6 125 25
1,/t=2 I,/t=45 1,/t=89

F;(KN) | differ. | E5(K]) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F3(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
565.6 | -25.5% | 39.1 5.2% 1935 54% | 577.7 | -23.4% | 37.7 1.4% 185.8 13% | 7177 | -18% | 460 | 21.2% | 18538 1.3%

RTCLS
l, (mm)
5.6 125 25
l,/t=2 l./t=45 l,/t=89

F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | U;(mm) | differ.
501.2 | -37.3% | 31.0 | -18.0% 189.6 3.4% 5465 | -28.8% | 30.7 | -18.9% | 182.0 -0.7% | 6762 | -7.7% | 403 8.2% 185.8 1.3%

BWH
l, (mm)
5.6 125 25
l,/t=2 l./t=45 l./t=89

F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | U;(mm) | differ.
- - - - - - - - 6750 | -79% | 442 | 17.3% 189.7 3.4%

ST-3-BW

Experiment
F3(KN) E3(KJ]) Uz (mm)
730.6 37.1 183.3

continued on next page
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SHEARS
le (mm)
5.6 125 25
I/t =2 lo/t =45 l,/t=8.9
F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(kJ) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. [ U,(mm) | differ.
521.0 -3.7% 516 | -25.2% 216.5 -6.3% Not captured Not captured
RTCLS
le (mm)
5.6 125 25
l/t=2 l/t =45 l,/t=8.9
F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(kN) [ differ. | E,(k)) | differ. | U,(mm) [ differ. | F,(KN) | differ. | E,(k)) | differ. | U,(mm) [ differ.
4784 | -12.2% 38.5 -53.3% 205.0 -11.7% Not captured Not captured
BWH
l, (mm)
5.6 125 25
l/t=2 l/t=45 l,/t=8.9
F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(k]) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. [ U,(mm) | differ.
- - - - - - - - - - - - Not captured
ST-3-BW
Experiment
F,(KN) E,(K]) Uy (mm)
540.7 66.5 230.6

continued on next page
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SHEARS
le (mm)
5.6 12,5 25
l,/t=2 l,/t=45 I/t =8.9
Fs(KN) | differ. | Es(k)) | differ. [ Us(mm) [ differ. | F(KN) | differ. | Es(k)) | differ. | Us(mm) [ differ. | Fs(KN) | differ. | Es(k)) | differ. | Us(mm) | differ.
Not captured Not captured Not captured
RTCLS
le (mm)
5.6 12,5 25
l,/t=2 l,/t =45 l,/t =89
Fs(KN) | differ. | Es(k)) | differ. [ Us(mm) | differ. | F;(KN) | differ. | Es(k)) | differ. | Us(mm) [ differ. | Fs(KN) | differ. | Es(k)) | differ. | Us(mm) | differ.
Not captured Not captured 1350.6 | 36.3% | 202.3 | 12.5% 348.5 -7.6%
BWH
l, (mm)
5.6 12,5 25
l,/t=2 l,/t =45 1,/t =89
Fs(KN) [ differ. | Ec(k)) | differ. | Us(mm) [ differ. | Fs(KN) | differ. [ Ec(k)) [ differ. | Us(nm) | differ. | Fo(KN) [ differ. | E<(K)) | differ. [ Us(mm) [ differ.
- - - - - - - - - - - - 1388.2 | 38.9% | 2074 | 15.0% 353.6 -6.1%
ST-3-BW
Experiment
Fs(KN) Es(KJ]) Us(mm)
935.8 178.4 375.9

continued on next page
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SHEARS
le (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
Fo(KN) | differ. | E¢(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E,(K)) | differ. | Us(mm) | differ. | F(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ.
1004.7 | 18.3% | 1993 | -29% | 4054 0.0% | 10829 | 25.7% | 2134 | 3.9% 405.4 0.0% | 12389 | 38.8% | 269.2 | 26.9% | 4054 0.0%
RTCLS
le (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
Fo(KN) | differ. | E¢(K)) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E,(K)) | differ. | Us(mm) | differ. | F(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ.
9593 | 13.7% | 1902 | -7.7% 405.4 0.0% | 10149 | 193% | 2113 | 2.9% 405.4 0.0% | 1230.8 | 38.2% | 2754 | 29.2% | 4054 0.0%
BWH
l, (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
Fo(KN) | differ. | E¢(K)) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E,(K)) | differ. | Us(mm) | differ. | F(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ.
- - - - - - - - - - - - 12915 | 42.8% | 276.2 | 29.5% | 4054 0.0%
ST-3-BW
Experiment
Fs(KN) E¢(KJ]) Ug(mm)
836.1 205.3 4054
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Figure D.5. ST-3-OW model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.5. ST-3-OW model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and

comparison with the corresponding experimental values

SHEARS
le (mm)
5.6 125 25
l/t=2 l./t=45 l./t=89
F;(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
208.0 3.3% 2.0 83.6% 20.6 99.6% | 2485 | 20.9% 21 85.6% 17.9 89.0% | 3471 | 53.2% 3.8 127.8% 234 109.0%
RTCLS
le (mm)
5.6 125 25
l/t=2 l./t=45 l./t =89
F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
208.6 3.5% 2.0 83.6% 20.6 99.6% | 2485 | 20.9% 21 85.6% 17.9 89.0% | 347.1 | 53.2% 3.8 127.8% 234 109.0%
BWH
le (mm)
5.6 125 25
l/t=2 l./t=45 l./t =89
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
- - - - - - - - - - - - 3473 | 53.2% 3.8 127.8% 234 109.0%
ST-3-OW
Experiment
F (KN) Ei(K]) U, (mm)
201.3 0.8 6.9

continued on next page
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continued from previous page

SHEARS
le (mm)
5.6 125 25
l/t=2 l./t=45 l,/t=8.9
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ)) | differ. | U,(mm) | differ.
341.8 7.7% 183 | -22.5% 91.9 -38% | 2918 | -81% | 20.7 | -10.3% 100.6 5.3% 2974 -6.2% 215 -6.4% 86.3 -10.1%
RTCLS
le (mm)
5.6 125 25
l/t=2 l/t =45 l,/t=8.9
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
2888 | -9.1% | 220 -4.3% 100.6 53% | 3645 | 141% | 29.6 25.4% 115.8 19.2% | 378.9 18.0% 376 | 48.5% 118.9 21.9%
BWH
le (mm)
5.6 125 25
l/t=2 l/t =45 l,/t=8.9
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 2558 | -21.2% | 36.8 | 46.5% 115.8 19.3%
ST-3-OW
Experiment
F,(KN) E,(K]) U, (mm)
316.4 22.9 95.4

continued on next page
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continued from previous page

SHEARS
le (mm)
5.6 12,5 25
I,/t=2 I,/t=45 1,/t=89

F;(KN) | differ. | E5(KJ)) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
2509 | 182% | 339 -7.5% 147.7 -1.7% | 2034 | -27% | 29.8 | -20.5% | 1347 | -10.9% | 208.6 -0.2% 252 | -36.9% | 100.7 | -39.5%

RTCLS
l, (mm)
5.6 125 25
l,/t=2 l,/t=45 l./t=89

Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
2424 | 148% | 303 | -18.7% | 1315 | -13.3% | 2275 | 85% | 338 | -8.0% | 1283 | -15.7% | 408.6 | 64.6% | 532 | 37.1% | 1543 | 2.7%

BWH
l, (mm)
5.6 125 25
l,/t=2 l,/t=45 l,/t=89

Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
- - - - - - - 1523 | -31.4% | 388 | 58% | 1252 | -18.2%

ST-3-0W
Experiment
F3(KN) E3(K)) Uz (mm)
209.0 36.6 150.2

continued on next page
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SHEARS
le (mm)
5.6 12.5 25
l,/t=2 I/t =45 l,/t=8.9
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
7344 | -15.0% | 781 [ 29% | 2392 | 7.9% | 8243 | -35% | 79.9 [11.7% | 2392 | 7.9% | 10740 [ 22.9% | 106.1 [39.6% | 2454 | 10.4%
RTCLS
le (mm)
5.6 12.5 25
l,/t=2 l/t =45 l,/t=8.9
F,(KN) | differ. | E,(k)) | differ. | u,(mm) | differ. | F,(kN) | differ. | E,(kx)) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ.
7647 | -109% | 778 [ 92% | 2423 | 9.2% | 8476 | -07% | 819 [143% | 2299 | 3.9% Not captured
BWH
l, (mm)
5.6 12.5 25
l,/t=2 l/t =45 l,/t=8.9
F,(KN) | differ. | E,(k)) | differ. | u,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ.
- - - - - - - - - - - - Not captured
ST-3-OW
Experiment
Fy(KN) E (K]) Uy (mm)
853.3 710 2211

continued on next page




D.2 ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW models

253

continued from previous page

SHEARS
le (mm)
5.6 12,5 25
l/t=2 l,/t=45 l,/t=89
Fs(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(K)) | differ. | Us(mm) | differ. | Fs(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ.
657.8 | -202% | 774 [ -16.2% | 2454 | 00% | 7275 | -10.2% | 823 | -10.2% | 2423 [ -12% | 996.6 | 21.2% | 127.9 | 33.6% | 2659 | 8.1%
RTCLS
le (mm)
5.6 12,5 25
l/t=2 l,/t=45 l,/t=89
F5(KN) | differ. | Eq(k)) | differ. [ Us(mm) | differ. | F;(KN) | differ. | Es(k)) | differ. [ Us(mm) | differ. | F(kN) | differ. | E-(k)) | differ. [ Us(mm) | differ.
7493 | 72% | 847 | -73% | 2514 [ 24% | 7384 | 87% | 844 | -7.6% | 2330 | -52% Not captured
BWH
l, (mm)
5.6 12,5 25
l/t=2 l,/t=45 l,/t=89
F5(KN) | differ. | E(K)) | differ. [ Us(mm) | differ. | F;(KN) | differ. | Es(k)) | differ. [ Us(mm) | differ. | F(kN) | differ. | E;(k)) | differ. [ Us(mm) | differ.
- - - - - - - - - - - - Not captured
ST-3-OW
Experiment
Fs(KN) E5(KJ]) Us(mm)
805.4 91.1 245.3

continued on next page
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SHEARS
le (mm)
5.6 12,5 25
l/t=2 l,/t =45 l,/t=89
Fo(KN) | differ. | Eg(k)) | differ. | Us(mm) | differ. | F,(KN) [ differ. [ E(K)) | differ. | U,(mm) [ differ. | F,(kN) | differ. [ E.(k)) [ differ. [ Ug(mm) | differ.
11186 | 53% | 1643 | 5.0% | 3427 | 95% | 13695 | 149% | 180.5 | 144% | 3371 | 7.9% Not captured
RTCLS
le (mm)
5.6 12,5 25
l/t=2 l,/t =45 l/t=89
Fo(KN) | differ. | Eg(k)) | differ. | Us(mm) | differ. | F,(KN) [ differ. [ E(k)) | differ. | U,(mm) [ differ. | F,(kN) | differ. [ E.(k)) [ differ. [ Ug(mm) | differ.
1032.7 | -133% | 1479 | -54% | 3219 | 33% | 14058 | 175% | 1939 | 215% | 3331 | 6.7% Not captured
BWH
le (mm)
5.6 12,5 25
l/t=2 l,/t =45 l,/t=89
Fo(KN) | differ. | Eg(k)) | differ. | Us(mm) | differ. | F,(KN) [ differ. [ E(k)) | differ. | U,(mm) [ differ. | F,(kN) | differ. [ E.(k)) [ differ. [ Ug(mm) | differ.
- - - - - - - - - - - - Not captured
ST-3-OW
Experiment
Fs(KN) E¢(K]) Ug(mm)
1179.3 156.2 311.6

continued on next page
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SHEARS
le (mm)
5.6 12.5 25
l/t=2 l./t=45 l./t=8.9
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
1095.7 | 13.1% | 1739 | -12.8% 351.5 0.0% | 12952 | 29.7% | 1995 | 0.9% 3515 0.0% | 1558.6 | 47.5% | 238.6 | 18.7% 3515 0.0%
RTCLS
le (mm)
5.6 12.5 25
l/t=2 l,/t=45 l,/t=8.9
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
1107.1 | 142% | 178.0 | -10.5% 351.5 0.0% | 1420.7 | 38.6% | 2195 | 10.4% 3515 0.0% | 17157 | 56.4% | 2726 | 31.8% 3515 0.0%
BWH
l, (mm)
5.6 12.5 25
l/t=2 l./t=45 l,/t=8.9
F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 16745 | 54.2% | 2554 | 25.4% 3515 0.0%
ST-3-0W
Experiment
F,(KN) E;(K]) Uy (mm)
960.7 197.7 351.6
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Figure D.6. ST-4-BW model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.6. ST-4-BW model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and
comparison with the corresponding experimental values

SHEARS
le (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=63
F, (KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
363.1 121.8% 10.3 147.3% 69.7 73.8% | 353.2 120.1% 9.8 145.0% 67.1 70.4% 351.6 119.8% 9.6 144.1% 67.1 70.4%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=6.3
F, (KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ.
239.1 92.2% 5.0 104.1% 52.0 47.2% | 219.3 | 85.3% 4.1 90.1% 474 38.3% | 2393 92.3% 4.6 97.9% 49.7 42.8%
BWH
l, (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=6.3
F, (KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ.
- - - - - - - - - - - - 391.3 126.4% 11.6 152.5% 725 77.1%
ST-4-BW
Experiment
F (KN) E (KD Uy (mm)
88.2 1.6 321

continued on next page
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SHEARS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=63
F,(KN) | differ. | E,(K)) | differ. | Uy,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
1800 | 64.7% | 133 | 81.8% 83.9 146% | 2044 | 758% | 133 | 81.8% 83.9 146% | 1984 | 732% | 152 | 92.4% 89.9 21.4%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
136.0 | 38.5% 8.5 41.8% 78.1 7.4% 159.5 | 53.7% 8.6 42.8% 78.1 7.4% 136.5 | 38.9% 8.2 38.4% 72.5 0.0%
BWH
l, (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 1854 | 67.3% | 150 | 91.5% 86.8 18.0%
ST-4-BW
Experiment
F,(KN) E,(K]) U, (mm)
92.0 5.6 72.5

continued on next page
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continued from previous page

SHEARS
le (mm)
7.9 12.5 25
l,/t=2 l/t=32 l,/t=6.3
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
1096.5 | -17.1% | 69.1 | -13.4% 193.8 -24% | 11443 | -129% | 755 -4.5% 193.8 -24% | 14241 | 9.0% 95.0 18.4% 197.5 -0.5%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l./t=6.3
F;(KN) | differ. | E5(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
1082.0 | -185% | 66,5 | -17.2% 1975 -0.5% | 1110.2 | -15.9% | 77.7 -1.7% 201.2 14% | 1395.0 | 6.9% 92.4 15.7% 201.2 1.4%
BWH
l, (mm)
7.9 12.5 25
l/t=2 l,/t=32 l./t=6.3
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
- - - - - - - - - - - - 1481.3 | 12.9% | 1095 | 32.4% 208.6 5.0%
ST-4-BW
Experiment
F3(KN) E3(KJ]) Uz (mm)
1302.0 79.0 198.4

continued on next page
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SHEARS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=63
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
8273 | -143% | 87.0 | -48.6% | 2123 -17.7% | 1012.8 | 5.9% 87.7 | -47.8% | 204.9 -21.2% | 12034 | 23.0% | 120.2 | -17.2% | 216.0 -16.0%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=63
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
1057.8 | 10.2% 743 | -63.0% | 204.9 -21.2% | 1096.2 | 13.8% | 818 | -54.3% | 204.9 -21.2% | 13428 | 33.8% | 117.7 | -19.2% | 219.7 -14.3%
BWH
l, (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=63
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 1390.1 | 37.1% | 1255 | -12.8% | 219.7 -14.3%
ST-4-BW
Experiment
Fy(KN) Ey(K]) Uy (mm)
954.9 142.8 253.5

continued on next page
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SHEARS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(K)) | differ. | Us(mm) | differ. | Fs(KN) | differ. | Es(K)) | differ. | Us(mm) | differ.
1888.2 | 22.7% | 3334 | 5.8% 3925 0.1% | 17041 | 12.5% | 348.7 | 10.3% | 3925 0.1% | 23795 | 45.1% | 462.4 | 38.0% | 3925 0.1%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(K)) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
16442 | 8.9% | 3426 | 85% 392.5 0.1% | 1907.8 | 23.7% | 3765 | 17.9% | 3925 0.1% | 2235.7 | 39.2% | 4678 | 39.1% | 3925 0.1%
BWH
l, (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(K)) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
- - - - - - - - - - - - 2596.3 | 53.3% | 4917 | 43.9% | 3925 0.1%
ST-4-BW
Experiment
Fs(KN) E5(KJ]) Us(mm)
1503.4 314.7 392.3
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Figure D.7. ST-4-OW model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)



D.2 ST-3-BW, ST-3-OW, ST-4-BW and ST-4-OW models

263

Table D.7. ST-4-OW model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and
comparison with the corresponding experimental values

SHEARS
le (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=6.3
F,(KN) | differ. | E\(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U (mm) | differ.
495.7 | 21.2% 5.4 21.9% 227 42.5% | 5539 | 32.1% 6.5 39.6% 22.7 42.5% | 640.3 | 46.0% 8.3 62.5% 25.7 54.0%
RTCLS
le (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=6.3
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
4981 | 21.6% 5.4 21.9% 22.7 42.5% | 5539 | 32.1% 6.5 39.6% 22.7 42.5% | 640.3 | 46.0% 8.3 62.5% 25.7 54.0%
BWH
le (mm)
7.9 12.5 25
l/t=2 l./t=32 l./t=6.3
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
- - - - - - - - - - - - 639.4 | 45.9% 8.3 62.5% 25.7 54.0%
ST-4-OW
Experiment
F (KN) Ei (K]) Uy (mm)
400.8 4.3 14.8

continued on next page
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SHEARS
le (mm)
7.9 125 25
l/t=2 l./t=32 l,/t=6.3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
2645 | -19.1% | 238 -0.5% 73.3 13.1% | 253.6 | -23.2% | 288 | 18.2% 78.5 19.9% | 2726 | -16.1% | 39.3 48.6% 89.3 32.6%
RTCLS
le (mm)
7.9 125 25
l/t=2 l/t =32 l,/t=6.3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
2655 | -18.7% | 329 | 314% 81.1 232% | 4043 | 23.2% 474 | 65.7% 103.6 | 46.8% | 499.6 | 43.8% 65.1 92.4% 1125 54.6%
BWH
le (mm)
7.9 12.5 25
l/t=2 l/t =32 l,/t=6.3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K])) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
- - - - - - - - - - - - 306.0 -4.5% 76.0 | 104.1% 121.6 61.7%
ST-4-OW
Experiment
F,(KN) E,(K]) U, (mm)
320.2 24.0 64.3

continued on next page
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continued from previous page

SHEARS
le (mm)
7.9 125 25
l/t=2 l./t=32 l,/t=63
F;(KN) | differ. | E5(K]) | differ. | U;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
489.7 | -11.3% | 620 | -8.2% 159.6 0.9% | 4931 | -10.6% | 66.1 | -1.8% 159.6 0.9% | 499.2 -9.4% 71.0 5.3% 149.9 -5.3%
RTCLS
le (mm)
7.9 125 25
l/t=2 l/t =32 l,/t=6.3
F;(KN) | differ. | E5(K]) | differ. | U;(mm) | differ. | F;(KN) | differ. | E5(K]) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(K]) | differ. | Us(mm) | differ.
402.1 | -30.8% | 73.6 8.9% 166.0 49% | 4517 | -193% | 724 7.4% 149.9 -53% | 496.1 | -10.0% | 838 | 21.8% 140.4 -11.9%
BWH
le (mm)
7.9 12.5 25
l/t=2 lo/t =32 l,/t=63
F;(KN) | differ. | E5(K]) | differ. | U;(mm) | differ. | F;(KN) | differ. | E5(K]) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(K]) | differ. | Us;(mm) | differ.
- - - - - - - - - - - - 586.2 6.7% 925 | 31.6% 153.1 -3.2%
ST-4-OW
Experiment
F3(KN) E3(K]) Uz (mm)
548.4 67.3 158.1

continued on next page
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SHEARS
le (mm)
7.9 12.5 25
l,/t=2 1/t =32 l,/t=6.3
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
15754 | -19.1% | 136.3 | -52.9% | 2414 [ -152% | 1657.2 | -14.1% | 1388 | -51.1% | 2355 | -17.7% | 2026.2 | 6.0% | 207.7 | -12.0% | 2584 | -8.4%
RTCLS
le (mm)
7.9 12.5 25
l,/t=2 l,/t=32 l,/t=6.3
F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ.
18901 | -0.9% | 2074 [ -121% | 2768 | -15% | 1941.8 | 1.8% | 2378 | 1.5% 2793 | -0.6% Not captured
BWH
l, (mm)
7.9 12.5 25
l,/t=2 l,/t=32 l,/t=6.3
F,(KN) | differ. | E,(k)) | differ. | U,(nm) [ differ. | F,(kN) | differ. [ E,(k]) | differ. [ U,Gmm) [ differ. | F,(kN) [ differ. [ E,(k)) | differ. | U,(mm) [ differ.
- - - - - - - - - - - - 2167.0 | 12.7% | 2377 | 1.5% 255.7 | -9.5%
ST-4-OW
Experiment
Fy(KN) E (K]) U, (mm)
1908.0 234.2 281.1

continued on next page
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SHEARS
le (mm)
7.9 12.5 25
l/t=2 l,/t=32 l,/t=6.3
Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(K)) | differ. | Us(mm) | differ. | Fs(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
12994 | -6.2% | 161.2 | -61.0% 258.4 -21.2% | 1250.6 | -10.0% | 165.6 | -58.5% 252.9 -23.4% | 17378 | 22.8% | 275.2 -9.5% 2954 -7.9%
RTCLS
le (mm)
7.9 12.5 25
lo/t=2 l/t=32 l,/t=6.3
F5(KN) | differ. | E(k)) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(k)) | differ. | Us(mm) | differ. | Fo(kN) [ differ. [ E;(k)) [ differ. | Us(mm) [ differ.
1808.2 | 26.7% | 2165 | -33.2% 281.7 -12.7% | 1785.8 | 255% | 2514 | -18.5% 286.4 -11.0% Not captured
BWH
l, (mm)
7.9 12.5 25
lo/t=2 l,/t=32 l./t=6.3
Fs(KN) | differ. | E<(K]) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ.
- - - - - - - - - - - - 1805.5 | 26.5% | 243.2 | -21.8% 258.4 -21.2%
ST-4-OW
Experiment
F5(KN) E5(KJ]) Us(mm)
1382.6 302.7 319.8

continued on next page
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SHEARS
le (mm)
7.9 12,5 25
I,/t=2 I,/t=32 1,/t=63

Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(K)) | differ. | Us(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | Ugs(mm) | differ.
24959 | 53.2% | 3223 | -3.4% 341.1 0.0% | 2824.6 | 64.5% | 3493 4.6% 341.1 0.0% | 2898.7 | 66.8% | 389.2 | 15.4% 341.1 0.0%

RTCLS
le (mm)
7.9 12,5 25
I,/t=2 I,/t=32 1,/t=6.3

Fo(KN) | differ. | Eo(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ.
22740 | 444% | 3411 | 2.3% | 3411 | 0.0% | 28100 | 64.0% | 3794 | 12.9% | 3411 | 0.0% | 3410.2 | 80.8% | 467.7 | 335% | 3411 | 0.0%

BWH
le (mm)
7.9 12,5 25
I,/t=2 I,/t=3.2 1,/t=63

Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ.
- - - - - - - - | 33858 | 80.2% | 467.0 | 33.3% | 3411 | 0.0%

ST-4-O0W

Experiment
Fs(KN) E¢(K]) Us(mm)
1447.8 333.5 341.1
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Figure D.8. US model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the

corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.8. US model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison
with the corresponding experimental values

SHEARS
le (mm)
8 16 30
L/t=11 I,/t=23 I,/t=43

F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ.
138.3 | 10.1% 0.7 -49.5% 14.6 -25.7% | 3324 90.7% 53 128.0% 37.2 65.2% | 577.8 | 1289% | 16.2 | 173.5% 70.5 115.5%

RTCLS
le (mm)
8 16 30
L/t=11 I,/t=23 I,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
178.8 | 354% 14 22.2% 19.2 1.4% 415.9 107.6% 9.1 154.9% 46.5 845% | 611.7 132.1% 14.8 171.2% 65.8 110.8%

BWH
le (mm)
8 16 30
L/t=11 I,/t=23 I,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
156.9 | 22.7% 16 12.8% 19.2 1.4% 397.9 104.4% 8.0 149.9% 44.6 80.9% | 5784 | 128.9% 16.9 174.4% 70.5 115.5%

us
Experiment
F (KN) E (KD Uy (mm)
125.0 1.2 18.9

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
16.2 -132.2% | 105 | 107.8% 87.9 74.6% 72.3 -9.6% 5.6 56.3% 39.0 -29% | 1745 74.8% 176 | 139.2% 75.3 61.0%
RTCLS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mum) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
42.0 -61.8% 6.5 69.3% 48.5 19.0% 1175 | 38.6% 185 | 142.0% 77.8 63.9% | 339.7 | 1241% | 24.6 | 154.6% 87.9 74.6%
BWH
l, (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mum) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
7.2 -166.7% 2.7 -14.7% 305 -27.3% 35.9 -75.6% | 211 | 148.0% 112.1 94.6% | 202.1 87.0% 221 | 150.2% 87.9 74.6%
us
Experiment
F,(KN) E,(K]) U, (mm)
79.5 3.1 40.1

continued on next page
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SHEARS
le (mm)
8 16 30
I,/t=11 1,/t=23 I,/t=43

F5(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
282.6 | 44.0% | 324 | 91.9% | 2371 | 761% | 4224 | 80.2% | 9.2 | -26.1% | 526 | -67.6% | 318.7 | 553% | 20. | 50.2% | 853 | -22.0%

RTCLS
l, (mm)
8 16 30
l,/t=11 l,/t=23 l,/t=43

Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E4(KJ) | differ. | Uy(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
2396 | 284% | 107 | -12.1% | 705 | -40.6% | 2954 | 482% | 284 | 80.9% | 117.6 | 10.0% | 4370 | 83.0% | 44.2 | 1145% | 137.6 | 25.6%

BWH
le (mm)
8 16 30
L/t=11 1,/t=23 1,/t=43

Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
2669 | 385% | 141 | 157% | 1121 | 52% | 3821 | 71.6% | 556 | 128.9% | 2418 | 77.8% | 3731 | 695% | 316 | 89.8% | 1205 | 12.4%

us
Experiment
F3(KN) E3(K)) U (mm)
180.7 12.0 106.4

continued on next page
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continued from previous page

SHEARS
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43

F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | E,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
12.9 -161.4% 344 55.7% 246.5 43.5% 10.3 -168.5% 31.1 46.4% 157.9 -0.3% 42.1 -96.4% 27.2 33.5% 112.1 -34.3%

RTCLS
le (mm)
8 16 30
I,/t=11 I,/t=23 1,/t=43

F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
15.8 -153.7% | 131 | -38.6% 85.3 -60.0% 56.3 -72.5% 39.7 68.7% 172.4 8.4% 131.7 9.0% 45.0 | 79.5% 1405 | -12.0%

BWH
le (mm)
8 16 30
I,/t=11 I,/t=23 1,/t=43

F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
70.0 -53.0% 29.1 39.8% 186.7 16.4% 40.9 -98.7% 65.7 | 108.8% 281.1 55.8% 33.6 -112.7% | 391 | 67.3% 149.2 -6.0%

us
Experiment
F,(KN) E,(K]) Uy (mm)
120.5 194 158.4

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
I,/t=1.1 1./t=23 1,/t=43

F;(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F(KN) | differ. | Es(K]) | differ. | Us(mm) | differ. | F(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
181.1 -49.8% 44.0 -11.7% 309.5 0.0% 233.1 -25.5% 61.6 21.7% 309.5 0.0% 258.0 -15.4% 711 35.9% 309.5 0.0%

RTCLS
l, (mm)
8 16 30
l,/t=11 l./t=23 l,/t=43

Fs(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ. | F;(KN) | differ. | E-(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ.
77.6 -118.0% | 348 | -35.0% | 3095 0.0% 90.7 -107.4% | 541 8.8% 3095 0.0% 129.8 | -79.5% | 100.8 | 68.3% | 309.5 0.0%

BWH
le (mm)
8 16 30
L,/t=11 I,/t=23 1,/t=43

Fs(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ. | F;(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(K]) | differ. | Us(mm) | differ.
2975 -1.2% 58.1 16.1% 3095 0.0% 236.6 -24.0% 70.6 | 352% | 3095 0.0% 168.3 | -56.6% | 747 | 40.6% | 309.5 0.0%

us
Experiment
F5(KN) E5(KJ]) Us(mm)
301.1 49.5 309.6
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Figure D.9. LS model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.9. LS model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison
with the corresponding experimental values

SHEARS
le (mm)
8 16 30
L/t=11 1,/t=23 1,/t=43

F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F;,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
219.1 | 31.7% 3.1 43.8% 331 41.2% | 1828 | 13.9% 15 -26.3% 211 -3.5% | 3355 71.3% 7.7 118.9% 55.0 86.5%

RTCLS
le (mm)
8 16 30
L/t=11 I,/t=23 ,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
288.7 | 57.9% 5.9 99.5% 38.3 54.9% | 264.2 | 49.6% 29 38.7% 27.3 22.3% | 1054.8 | 147.6% | 23.2 | 168.8% 91.9 123.3%

BWH
le (mm)
8 16 30
L/t=11 1,/t=23 ,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
261.5 | 48.7% 2.7 31.8% 26.3 18.8% | 226.1 | 34.8% 2.6 27.3% 26.3 18.8% | 4185 | 89.8% 9.0 128.0% 57.4 89.8%

LS
Experiment
F (KN) E (KD U, (mm)
159.1 2.0 21.8

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
66.4 -33.6% 5.1 11.3% 43.7 0.9% 33.2 -94.8% 1.8 -88.8% 22.8 -62.2% | 146.9 44.7% 165 | 113.6% 86.8 66.8%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
179.9 63.5% 142 | 102.8% 70.1 473% | 1673 56.9% 5.2 14.2% 38.3 -12.3% | 3296 | 111.8% | 284 | 144.9% 102.1 80.9%
BWH
l, (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
71.6 -26.2% 8.8 63.7% 69.0 45.7% | 117.0 22.6% 4.0 -11.8% 34.1 -23.7% | 195.3 70.8% 18.0 | 119.2% 83.6 63.4%
LS
Experiment
F,(KN) E,(K]) U, (mm)
93.2 45 43.3

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
I,/t=11 1,/t=23 1,/t=43

F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ.
420.2 24.9% 16.9 -13.9% 95.8 -19.3% | 3885 17.1% 24.6 23.6% 120.4 3.5% 509.7 43.6% 19.8 2.1% 95.8 -19.3%

RTCLS
l, (mm)
8 16 30
l/t=11 l,/t=23 l./t=43

Fy(KN) | differ. | E5(KJ) | differ. | Uy(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | Uy(mm) [ differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
8159 | 855% | 39.7 | 68.6% | 1158 | -04% | 869.0 | 90.6% | 432 | 759% | 1118 | -3.9% | 11635 | 112.2% | 39.0 | 67.0% | 1168 | 0.5%

BWH
le (mm)
8 16 30
I,/t=11 1,/t=23 1,/t=43

Fy(KN) | differ. | E5(K)) | differ. | Uy(mm) | differ. | Fy(KN) | differ. | E5(KJ) | differ. | U(mm) [ differ. | Fy(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
4749 | 36.8% | 222 | 13.4% | 1158 | -04% | 3816 | 158% | 216 | 10.7% | 1112 | -45% | 509.7 | 43.6% | 235 | 19.0% | 97.7 | -17.4%

LS
Experiment
F3(KN) E3(KJ]) U (mm)
327.3 194 116.3

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l./t=43
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ)) | differ. | U,(mm) | differ.
3942 | 199% | 255 | 16.9% 122.6 -0.1% | 222.0 | -37.0% | 252 | 15.7% 122.6 -0.1% | 632.0 | 64.8% | 29.7 | 32.0% 122.6 -0.1%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
565.8 | 54.7% | 442 | 69.0% 122.6 -0.1% | 566.9 | 54.9% 511 | 81.5% 122.6 -0.1% | 9375 | 97.6% | 452 | 71.1% 122.6 -0.1%
BWH
le (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
3153 | -23% | 243 | 123% | 1226 -0.1% | 300.5 -7.1% 248 | 14.2% 122.6 -0.1% | 5715 | 556% | 311 | 36.5% 122.6 -0.1%
LS
Experiment
Fy(KN) E,(K]) U, (mm)
322.7 215 122.7
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Figure D.10. TS model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.10. TS model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison
with the corresponding experimental values

SHEARS
le (mm)
8 16 30
l/t=11 l./t=23 l./t=43
F, (KN) | differ. | E\(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
2265 | 37.1% 6.9 118.1% 55.8 95.4% | 2175 | 33.1% 2.2 20.7% 25.1 23.7% | 2816 | 57.6% 4.5 87.7% 42.8 73.7%
RTCLS
le (mm)
8 16 30
l/t=11 l./t=23 l./t=43
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
229.1 | 38.2% 2.9 48.5% 26.3 28.3% | 2695 | 53.6% 31 53.3% 28.8 371% | 2816 | 57.6% 4.5 87.7% 42.8 73.7%
BWH
le (mm)
8 16 30
l/t=11 l./t=23 l./t=43
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
2279 | 37.7% 2.8 44.0% 26.3 283% | 277.1 | 56.1% 6.5 113.9% 444 76.7% | 336.1 | 73.4% 7.2 121.0% 52.5 90.5%
TS
Experiment
F (KN) Ei(K]) U, (mm)
155.7 1.8 19.8

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
,/t=11 I,/t=23 I,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
51.4 -69.1% 9.1 75.1% 71.8 60.0% | 147.9 33.3% 45 8.8% 384 -0.8% | 195.1 | 59.5% 6.5 43.6% 50.8 27.1%

RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
1125 6.3% 8.1 64.7% 52.4 30.2% 61.1 -53.5% 150 | 113.3% 75.6 64.6% | 247.7 | 80.4% 6.7 47.4% 50.8 27.1%
BWH
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43

F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
25.9 -121.3% 7.4 56.9% 64.5 50.2% 144 -152.0% 6.7 47.0% 46.0 172% | 1825 | 533% | 19.8 | 130.7% 98.6 87.4%

TS
Experiment
F,(KN) E,(K]) U, (mm)
105.7 4.1 38.7

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F3(KN) | differ. | E5(K)) | differ. | Us(mm) | differ.
2586 | 21.7% | 181 | 44.8% 127.8 413% | 2964 | 351% | 16.1 33.3% 98.6 16.0% | 3504 | 51.0% | 158 | 31.5% 85.0 1.2%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t =43
F;(KN) | differ. | E5(K]) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
2402 | 144% | 124 8.0% 73.7 -13.1% | 3514 | 513% | 228 66.1% 104.5 21.7% | 4052 | 64.3% | 235 | 68.7% 98.6 16.0%
BWH
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t =43
F;(KN) | differ. | E5(K)) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
260.7 | 225% | 115 0.0% 88.9 5.6% 279.1 | 29.2% 9.0 -24.5% 61.0 -31.7% | 4223 | 68.0% | 242 | 71.4% 112.3 | 28.8%
TS
Experiment
F3(KN) E3(K)) Uz (mm)
208.0 115 84.0

continued on next page
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continued from previous page

SHEARS
le (mm)
8 16 30
I,/t=11 I,/t=23 1,/t=43

F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
139.0 2.8% 18.8 0.1% 131.6 2.8% 61.9 -74.5% 18.6 -1.0% 1123 | -13.0% | 1344 | -0.6% | 23.8 | 23.6% | 1123 | -13.0%

RTCLS
l, (mm)
8 16 30
l/t=11 l./t=23 l,/t=43

F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
371 -113.9% | 151 | -21.9% 88.9 -36.0% 9.8 -172.9% | 26.6 34.4% 124.0 -3.1% 238.7 | 553% | 249 | 28.1% 102.6

-22.0%
BWH
l, (mm)
8 16 30
l/t=11 l./t=23 l,/t=43

F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
137.2 1.4% 13.7 | -30.9% 98.6 -25.9% 39.2 -110.1% | 10.0 | -61.3% 737 -53.8% | 128.6 | -5.0% | 29.6 | 44.8% 129.7

1.4%
TS
Experiment
Fy(KN) Ey(K]) U, (mm)
135.2 18.8 127.9

continued on next page
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continued from previous page

SHEARS
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43

Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | Eo(KJ) | differ. | Ug(mm) | differ. | Fs(KN) | differ. | Eq(KJ) | differ. | U(mm) | differ.
540.9 30.5% 27.9 -13.2% 172.1 -6.5% 620.3 43.7% 42.4 28.5% 187.4 2.0% 683.5 52.9% 447 33.4% 170.7 -7.4%

RTCLS
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t =43

Fo(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | F.(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ.
4444 | 111% | 337 | 57% | 1721 | -65% | 7231 | 58.1% | 60.8 | 62.5% | 1999 | 8.4% | 7655 | 63.2% | 625 | 64.9% | 1802 | -1.9%

BWH
le (mm)
8 16 30
I,/t=11 1,/t=23 1,/t=43

Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | F.(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | Fy(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ.
4893 | 20.6% | 37.8 | 17.0% | 1815 | -1.2% | 552.8 | 32.6% | 464 | 37.1% | 1944 | 56% | 6895 | 53.7% | 452 | 34.7% | 1707 | -7.4%

TS
Experiment
F5(KN) E5(KJ]) Us(mm)
397.7 31.9 183.7

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | Us(mm) | differ.
217.0 -47.8% 42.7 11.4% 206.7 3.0% 258.7 -30.9% 51.0 29.0% 206.0 2.7% 543.5 42.4% 49.8 26.6% 179.0 -11.4%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fg(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | F,(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
3174 | -10.7% | 374 | -1.8% 181.5 -10.0% | 3964 11.5% 65.1 | 52.4% 206.7 3.0% 7544 | 724% | 785 | 69.3% | 201.2 0.3%
BWH
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fg(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | F,(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
2337 | -40.8% | 43.0 | 12.0% 195.2 -2.7% 1280 | -93.6% | 48.7 | 24.3% 199.2 -0.7% | 505.0 | 353% | 49.2 | 25.4% 1776 | -12.1%
TS
Experiment
Fe(KN) E¢(KJ]) Us (mm)
353.4 38.1 200.6

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l./t=43
F,(KN) | differ. | E,(KJ)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
329.4 9.0% 43.0 5.9% 207.7 0.1% 4133 31.4% 51.7 24.1% 207.7 0.1% 748.2 85.2% 68.3 51.1% 207.7 0.1%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
3353 | 10.7% | 479 16.6% 207.7 0.1% 518.9 53.1% 65.6 | 47.2% 207.7 0.1% 7789 |885% | 835 | 69.3% 207.7 0.1%
BWH
le (mm)
8 16 30
l/t=11 l,/t=23 l./t=43
F,(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ.
4336 | 36.1% | 48.1 17.0% 207.7 0.1% 260.1 | -146% | 50.8 | 22.6% 207.7 0.1% 6964 | 79.2% | 69.1 | 52.1% 207.7 0.1%
TS
Experiment
F(KN) E,(K]) Uy (mm)
301.1 40.5 207.6
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Figure D.11. OS model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.11. OS model

. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and comparison
with the corresponding experimental values

SHEARS
le (mm)
8 16 30
l/t=11 l,/t=23 l/t=43
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
2116 | -4.6% 38 18.3% 35.3 28.7% | 2540 | 13.6% 3.2 -0.2% 28.6 7.9% | 4927 | 75.9% | 14.0 | 126.1% 67.8 87.8%
RTCLS
le (mm)
8 16 30
l,/t=11 l,/t=23 lo/t=43
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U, (mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ.
3424 | 42.8% 6.6 69.9% 38.2 36.2% | 3219 | 36.9% 3.8 17.4% 29.9 123% | 5953 | 915% | 125 | 118.9% 62.5 81.0%
BWH
Lo (mm)
8 16 30
l,/t=11 l,/t=23 lo/t=43
F,(KN) | differ. | E;(KJ)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ.
2485 | 11.4% 31 -3.8% 26.2 -1.1% | 273.6 | 21.0% 4.3 29.1% 32.6 20.7% | 562.1 | 86.9% | 17.1 | 137.3% 715 92.0%
0s
Experiment
F (KN) Ei (K]) Uy (mm)
221.6 32 26.5

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l./t=43
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
118.1 -16.0% 5.7 -24.6% 45.7 -8.3% 129.3 -7.0% 34 -71.9% 29.9 -49.7% 273.1 65.3% 17.9 84.3% 77.1 43.1%
RTCLS
le (mm)
8 16 30
l/t=11 l/t=23 I/t =43
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
134.9 -2.7% 9.5 26.6% 473 49% | 2378 | 52.7% 5.7 -23.9% 36.7 -30.0% | 527.7 | 116.8% | 20.6 95.8% 77.1 43.1%
BWH
le (mm)
8 16 30
l/t=11 l/t=23 I/t =43

F,(KN) | differ. [ E,(KJ) | differ. | U,(mm) | differ. | Fy(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | Uy(mm) | differ.
848 | -482% | 53 | -309% | 38.2 | -26.3% | 1932 | 32.9% | 6.6 | 9.0% | 426 | -153% | 4675 | 1085% | 280 | 117.6% | 923 | 60.0%

0s
Experiment
F,(KN) E,(K]) U, (mm)
138.6 7.3 49.7

continued on next page
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continued from previous page

SHEARS
le (mm)
16 30
l/t=11 l/t=23 I/t =43
F;(KN) | differ. | E5(K]) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E5(K)) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(K)) | differ. | Us(mm) | differ.
4329 | -11.4% | 163 | -8.3% 92.3 1.1% | 461.6 -5.0% 16.0 | -10.6% 77.1 -16.9% | 662.8 | 30.9% | 27.6 | 43.6% 98.2 7.3%
RTCLS
le (mm)
16 30
l/t=11 l,/t=23 l,/t=43
F;(KN) | differ. | E5(KJ) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(K]) | differ. | Us;(mm) | differ.
553.7 13.2% 233 | 27.0% 86.5 -53% | 6575 | 30.1% 30.2 51.9% 94.3 3.2% 7065 | 37.1% | 264 | 39.1% 86.5 -5.3%
BWH
l, (mm)
16 30
l/t=11 l,/t=23 l,/t =43
F;(KN) | differ. | E;(KJ) | differ. | Us;(mm) | differ. | F;(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(K])) | differ. | U;(mm) | differ.
524.1 7.7% 194 8.8% 94.3 3.2% 399.0 | -195% | 143 | -21.2% 69.7 -26.9% | 6375 | 271% | 312 | 55.0% 98.2 7.3%
0Ss
Experiment
F3(KN) E3(KJ]) Uz (mm)
485.2 17.7 91.3

continued on next page



292 Appendix D. Quantification of Differences

continued from previous page

SHEARS
le (mm)
8 16 30
l,/t=11 I,/t=23 1,/t=43

F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
3184 | -31.0% 19.3 -17.0% 100.1 -2.5% 317.2 | -31.4% 18.2 -22.6% 82.7 -21.5% | 303.9 | -35.6% 29.3 24.5% 102.1 -0.6%

RTCLS
l, (mm)
8 16 30
l/t=11 l./t=23 l,/t=43

Fy(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E4(KJ) | differ. | Uy(mm) | differ.
4617 | 59% | 258 | 102% | 904 | -12.7% | 4235 | -24% | 580 | 86.8% | 1455 | 34.6% | 5399 | 21.5% | 39.8 | 54.1% | 107.9 | 50%

BWH
le (mm)
8 16 30
l/t=11 l/t=23 l./t=43
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
256.7 | -51.6% | 20.1 -12.7% 96.2 -6.4% 3456 | -22.9% | 165 | -32.6% 75.2 -30.9% | 463.6 6.3% 323 | 34.0% 100.1 -2.5%
0s
Experiment
Fy(KN) Es(K]) U, (mm)
435.2 22.9 102.6

continued on next page
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SHEARS
le (mm)
8 16 30
l,/t=11 l/t=23 l,/t=43
Fs(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ.
4502 | -45.7% | 373 -32.7% 147.3 -1.4% 5079 | -34.1% | 273 -62.2% 104.0 -35.8% | 1290.1 | 57.1% | 63.7 20.6% 143.8 -3.9%
RTCLS
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fs(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F,(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ.
786.8 9.3% 49.5 -4.5% 125.3 -17.6% | 1285.0 | 56.7% 89.4 53.2% 183.1 20.2% 8519 | 17.2% | 494 -4.7% 123.4 -19.1%
BWH
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fs(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E<(KJ) | differ. | Us(mm) | differ. | F,(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ.
640.0 | -11.4% | 41.0 -23.2% 142.0 -5.1% 5314 | -29.7% | 305 -51.8% 109.8 -30.5% | 8214 | 13.6% | 473 -9.2% 125.3 -17.6%
(OF]
Experiment
Fs(KN) E5(KJ]) Us(mm)
717.0 51.8 149.4

continued on next page
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SHEARS
le (mm)
8 16 30
I,/t=11 I,/t=23 1,/t=43

F,(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | E;(K)) | differ. | Us(mm) | differ. | F,(KN) | differ. | Eo(K]) | differ. | Us(mm) | differ.
358.1 | -63.3% | 380 | -43.4% | 1490 | -6.8% | 229.1 | -100.3% | 410 | -36.0% | 1473 -8.0% | 767.0 | 10.6% 83.9 34.9% 162.3 1.7%

RTCLS
l, (mm)
8 16 30
l/t=11 l./t=23 l,/t =43

Fg(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
3669 | -61.1% | 631 6.8% 147.3 -8.0% | 859.1 21.9% 93.3 45.0% 186.5 155% | 4303 | -46.3% | 50.6 | -15.2% 125.3 -24.1%

BWH
le (mm)
8 16 30
I,/t=11 I,/t=23 1,/t=43

Fs(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
5410 | -24.2% | 45.0 | -26.9% 149.0 -6.8% | 321.2 -72.9% 338 | -54.2% 117.6 -30.3% | 369.7 | -60.4% | 60.5 2.4% 150.8 -5.7%

0s
Experiment
Fe(KN) Ee¢(K]) Ug(mm)
689.8 59.0 159.6

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t =43
F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
8069 | -18.1% | 53.0 | -39.6% 176.8 -3.7% | 9784 1.2% 622 | -24.1% 186.5 1.6% | 16445 | 51.9% | 120.0 | 40.9% 189.6 3.3%
RTCLS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t =43
F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
895.1 -1.7% 82.6 4.2% 1794 -2.2% | 12837 | 281% | 109.1 | 31.7% 200.2 8.7% | 2029.3 | 70.9% | 1274 | 46.6% 198.2 7.7%
BWH
l, (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
7702 | -22.7% | 59.7 | -28.1% 171.3 -6.9% | 763.7 | -235% | 615 | -25.2% 176.8 -3.7% | 1836.7 | 62.0% | 104.6 | 27.6% 189.6 3.3%
0Ss
Experiment
F,(KN) E,(K)) U, (mm)
967.0 79.2 183.4

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
4169 | -63.8% | 613 | -33.1% 191.6 0.8% 1293 | -1448% | 641 | -28.7% | 189.6 -0.3% | 1427 | -139.9% | 1359 | 454% | 203.9 7.0%
RTCLS
l, (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
7774 -3.8% 87.5 2.2% 185.4 -2.5% | 12034 | 39.3% 1126 | 27.2% 203.0 6.5% | 11384 | 34.0% 140.7 | 48.7% | 2054 7.7%
BWH
le (mm)
8 16 30
l/t=11 l,/t=23 l,/t=43
Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
4196 | -63.3% | 67.6 | -23.5% 185.4 -25% | 2839 -96.0% 629 | -30.5% | 1794 -5.8% 40.1 -181.1% | 1182 | 31.9% 199.6 4.9%
0Ss
Experiment
Fg(KN) Eg(KJ]) Ug(mm)
808.0 85.6 190.1

continued on next page
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SHEARS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
Fo(KN) | differ. | Eo(K)) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eo(K)) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eqo(KJ) | differ. | Ug(mm) | differ.
6988 | -31.6% | 703 | -35.9% | 207.1 0.0% | 4221 | -78.0% | 694 | -37.2% | 207.1 0.0% | 5717 | -50.8% | 137.3 | 30.3% | 207.1 0.0%
RTCLS
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ.
900.6 -6.5% | 107.0 5.6% 207.1 0.0% | 1308.2 | 30.6% | 117.8 | 15.2% 207.1 0.0% | 8351 | -14.1% | 1429 | 342% | 207.1 0.0%
BWH
le (mm)
8 16 30
l/t=11 l/t=23 l,/t=43
Fo(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eo(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | Eqo(KJ) | differ. | Us(mm) | differ.
676.7 | -348% | 815 | -21.5% | 207.1 0.0% | 7339 | -268% | 775 | -265% | 207.1 0.0% | 610.0 | -44.7% | 1217 | 184% | 207.1 0.0%
0os
Experiment
Fo(KN) Eq(K]) Uy (mm)
961.4 101.1 207.0
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D.4 COLLISION STATIC and COLLISION DYNAMIC models-(ASIS 1993 reported
in ISSC 2003)
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Figure D.12. COLLISION STATIC model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.12. COLLISION STATIC model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and

continued on next page

troughs and comparison with the corresponding experimental values

SHEARS, RTCLS and BWH

le (mm)
125 25
l./t=15 l/t=3
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F (KN) | differ. | E;(K]) | differ. | U;(mm) | differ.
551.2 18.8% 1.7 100.5% 9.2 114.0% 612.1 29.1% 2.7 129.8% 9.2 114.1%
COLLISION STATIC
Experiment
Fi(KN) E (K]) U, (imm)
456.7 0.6 25
SHEARS
L, (mm)
125 25
l./t=15 lo/t=3
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ]) | differ. | U,(mm) | differ.
20280 | 17.1% | 928.2 | 16.5% 600.2 5.3% | 3259.7 | 27.7% | 1063.5 | 29.9% 633.5 10.7%
RTCLS
L, (mm)
125 25
l./t=15 l/t=3
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ]) | differ. | U,(mm) | differ.
2722.8 9.8% | 706.2 | -10.8% 522.8 -8.5% | 3026.7 | 20.3% | 886.2 | 11.9% 574.8 0.9%

COLLISION STATIC

Experiment
F,(KN) E,(K]) U, (mm)
2467.7 786.6 569.4
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SHEARS
le (mm)
125 25
l,/t=15 l,/t=3
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
15948 | -1.7% | 1072.1 | 9.5% 657.7 -0.2% | 30149 | 60.1% | 1139.6 | 15.5% 657.7 -0.2%
RTCLS
le (mm)
125 25
l,/t=15 l,/t=3
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
851.2 | -62.3% | 8086 | -18.7% 583.3 -12.2% | 11422 | -34.7% | 1065.7 | 8.9% 673.5 2.2%
COLLISION STATIC
Experiment
F3(KN) E3(K]) Uz (mm)
1621.8 975.3 658.9
SHEARS
l, (mm)
125 25
l/t=15 l/t=3
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
21903 | 0.2% | 1180.1 | -0.1% 711.6 -7.2% | 3397.2 | 43.4% | 12143 | 2.8% 681.3 -11.5%
RTCLS
le (mm)
125 25
l./t=15 l,/t=3
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
9747 | -76.7% | 875.0 | -29.7% 657.7 -15.0% | 1520.0 | -36.0% | 1096.3 | -7.4% 696.6 -9.3%
COLLISION STATIC
Experiment
Fy(KN) E4(K]) Uy(mm)
2186.5 1180.7 764.5
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SHEARS
le (mm)
125 25
l,/t=15 l,/t=3
F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(K]J) | differ. | Us(mm) | differ.
1659.6 | 54.1% | 12084 | -3.5% 726.2 -10.5% | 3003.5 | 103.7% | 1380.5 | 9.8% 7333 -9.5%
RTCLS
le (mm)
125 25
l,/t=15 l,/t=3
F;(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ.
7625 | -22.2% | 895.7 | -33.2% 681.3 -16.8% | 805.9 | -16.7% | 1179.6 | -6.0% 767.5 -5.0%
COLLISION STATIC
Experiment
F5(KN) Es(K]) Us (mm)
952.9 1252.0 806.7
SHEARS
le (mm)
125 25
l/t=15 l/t=3
F¢(KN) | differ. | Eq(K]) | differ. | Ugs(mm) | differ. | Fo(KN) | differ. | E,(KJ) | differ. | Us(mm) | differ.
2210.2 | 77.0% | 1551.3 | 11.4% 904.8 -3.5% | 3854.9 | 118.8% | 1709.9 | 21.1% 832.5 -11.8%
RTCLS
le (mm)
125 25
l/t=15 l/t=3
Fo(KN) | differ. | Eq(K]) | differ. | Ug(mm) | differ. | F,(KN) | differ. | Eq(KJ) | differ. | Us(mm) | differ.
1146.2 | 15.5% | 1100.9 | -22.8% 937.1 0.0% | 1006.3 25% | 13282 | -4.1% 937.1 0.0%

COLLISION STATIC

Experiment
Fe(KN) Ee(K]) Ug(mm)
981.6 1384.1 936.8
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Figure D.13. COLLISION DYNAMIC model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size in the cases with and without strain-rate effect and
no damage and comparison with the corresponding experimental values
(red circle: experiment, black circle: rate effect, grey circle: no rate effect)
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Figure D.14. COLLISION DYNAMIC model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size for each rupture criterion without strain-rate effect
and comparison with the corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS)
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Table D.13. COLLISION DYNAMIC model. Numerical values of force, energy and penetration depth for each element size in the cases with and without strain rate effect
and no damage and in the case with damage and without strain rate effect at the selected peaks and troughs and comparison with the corresponding experimental values

No Damage-with strain rate effect
le (mm)
125 25
l./t=15 l/t=3
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U;(mm) | differ.
1317.8 | 33.7% 9.6 -63.6% 15.2 -77.2% | 13825 | 384% | 114 | -47.5% 15.2 -77.3%

No Damage-without strain rate effect
le (mm)
125 25
l/t=15 l/t=3
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ.
9386 | 0.1% 6.7 -94.3% 15.2 “77.1% | 994.8 6.0% 8.4 -75.6% 15.2 -77.2%

SHEARS-without strain rate effect
I, (mm)
125 25
l./t=15 l,/t=3
F,(KN) | differ. | E(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U;(mm) | differ.
938.6 0.1% 6.7 -94.3% 15.2 -77.1% | 994.8 6.0% 8.4 -75.6% 15.2 -77.2%

RTCLS-without strain rate effect
l, (mm)
125 25
le/t=15 l,/t=3
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E (K]) | differ. | U;(mm) | differ.
938.6 0.1% 6.7 -94.3% 15.2 -77.1% | 994.8 6.0% 8.4 -75.6% 15.2 -77.2%

COLLISION DYNAMIC

Experiment
Fy (KN) E, (K]) U, (mm)
937.3 18.6 34.4

continued on next page
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No Damage-with strain rate effect

le (mm)
125 25
l./t=15 l./t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
2136.1 | -12.7% | 390.7 | -15.5% 3441 -15.7% | 2319.2 | -45% | 392.3 | -15.0% 340.9 -16.7%
No Damage-without strain rate effect
le (mm)
125 25
l./t=15 l./t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
21704 | -11.1% | 3919 | -15.1% 393.1 -25% | 22518 | -7.4% | 393.2 | -14.8% 384.1 -4.8%
SHEARS-without strain rate effect
Lo (mm)
125 25
l./t=15 l./t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
21285 | -13.0% | 389.0 | -15.9% 394.3 -2.2% | 2325.7 | -42% | 394.1 | -14.6% 382.0 -5.3%
RTCLS-without strain rate effect
Lo (mm)
125 25
l/t=15 l./t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
2153.3 | -11.9% | 387.9 | -16.2% 393.9 -2.3% | 2326.8 | -4.2% | 383.1 | -16.1% 379.2 -6.1%
COLLISION DYNAMIC
Experiment
F(KN) E,(K]) U, (mm)
2425.6 456.1 403.0
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No Damage-with strain rate effect
le (mm)
125 25
l./t=15 l,/t=3
F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F3(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
3268.3 6.1% 648.3 | -25.1% 434.3 -17.8% | 3355.7 | 8.7% | 6642 | -22.7% 436.4 -17.3%

No Damage-without strain rate effect
le (mm)
125 25
l./t=15 l./t=3
F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
2703.6 | -12.9% | 8065 | -3.4% 563.4 8.2% | 29499 | -42% | 7513 | -10.5% | 521.9 0.5%

SHEARS-without strain rate effect
I (mm)
12.5 25
l,/t=15 l,/t=3
F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
2673.1 | -14.0% | 806.9 -3.3% 564.7 8.4% 2855.1 | -7.4% | 786.9 -5.8% 536.0 3.2%

RTCLS-without strain rate effect
I (mm)
125 25
l/t=15 l./t=3
F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(K)) | differ. | Us(mm) | differ.
26504 | -14.8% | 520.0 | -46.4% | 447.0 -14.9% | 28913 | -6.2% | 8094 | -3.0% 542.4 4.4%

COLLISION DYNAMIC

Experiment
F3(KN) E3(K]) Us(mm)
30754 834.2 519.2

continued on next page
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No Damage-with strain rate effect
le (mm)
125 25
l./t=15 lo/t=3
F,(KN) | differ. | E,(KJ) | differ. | Uy,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
36509 | 4.2% | 1137.8 | -10.3% 582.8 -10.8% | 3789.4 | 7.9% | 11948 | -54% 596.2 -8.6%
No Damage-without strain rate effect
le (mm)
125 25
l./t=15 lo/t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
31928 | -9.2% | 1095.3 | -14.1% 659.2 15% | 3521.1 | 0.6% | 1125.7 | -11.3% 646.3 -0.5%
SHEARS-without strain rate effect
I (mm)
125 25
l./t=15 lo/t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
3022.2 | -14.7% | 1076.0 | -15.8% 659.1 14% | 3349.7 | -44% | 1132.2 | -10.8% 649.2 -0.1%
RTCLS-without strain rate effect
L (mm)
125 25
l/t=15 l/t =3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
1366.9 | -87.7% | 12379 | -1.8% 1044.0 | 46.6% | 3193.7 | -9.2% | 1038.7 | -19.3% 617.9 -5.0%
COLLISION DYNAMIC
Experiment
F(KN) E (K] Uy (mm)
3501.5 1261.0 649.7

continued on next page
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No Damage-with strain rate effect
le (mm)
125 25
l./t=15 I, /t=3
F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ.
4076.2 | 29.7% | 14985 | -8.0% 676.5 -11.9% | 42084 | 32.8% | 1562.0 | -3.9% 686.3 -10.5%

No Damage-without strain rate effect
le (mm)
125 25
l./t=15 lo/t=3
F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
40019 | 27.9% | 1585.2 | -2.4% 8024 51% | 42256 | 33.2% | 1624.3 | 0.0% 7794 2.2%

SHEARS-without strain rate effect
I (mm)
12.5 25
l,/t=15 l,/t=3
F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
37634 | 21.8% | 1456.0 | -10.9% 784.6 2.9% 3790.4 | 22.5% | 1557.5 | -4.2% 776.4 1.8%

RTCLS-without strain rate effect
I (mm)
125 25
l./t=15 l/t =3
F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | Ec(KJ) | differ. | Us(mm) | differ.
2263.3 | -28.7% | 1500.4 | -7.9% 1167.3 | 42.0% | 1639.3 | -59.3% | 1262.1 | -25.0% | 738.6 -3.2%

COLLISION DYNAMIC

Experiment
Fs(KN) Es(K]) Us (mm)
3022.7 1623.5 762.4

continued on next page
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No Damage-with strain rate effect

l, (mm)

12.5

25

I,/t=15

1,/t=3

Fo(KN) [ differ. | E(K)) | differ. | Ug(mm) | differ.

Fo(KN) [ differ

.| Es(k)) [ differ. [ Ug(mm) [ differ.

Not captured

No Damage-without strain rate effect

le (mm)

12.5

25

I,/t=15

1,/t=3

Fo(KN) | differ. | E;(k)) | differ. | Us(mm) [ differ.

Fo(KN) | differ

.| Es(k)) [ differ. [ Ug(mm) [ differ.

Not captured

SHEARS-without strain rate effect

le (mm)
125 25
l,/t=15 l,/t=3
Fo(KN) | differ. | Es(k)) | differ. | U,(mm) [ differ. | F,(KN) [ differ. | E,(k)) | differ. [ U,(mm) [ differ.
16443 | 105% | 1544.1 | -11.4% | 8176 [ -05% Not captured
RTCLS-without strain rate effect
le (mm)
1255 25
l/t=15 l,/t=3

Fo(KN) [ differ. | E(k)) | differ. | Us(mm) [ differ.

Fo(KN) [ differ

[ Es(kp) | differ. | Us(mm) | differ.

Not captured

COLLISION DYNAMIC

Experiment
Fs(KN) Eq(K]) Us (nm)
1480.1 17314 821.8
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No Damage-with strain rate effect
le (mm)
125 25
l./t=15 l/t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
3717.3 | 136.1% | 1657.6 | -13.9% 717.7 -32.7% | 38334 | 137.7% | 1665.4 | -13.4% 712.3 -33.5%

No Damage-without strain rate effect
le (mm)
125 25
l./t=15 l/t =3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
3829.6 | 137.7% | 1672.6 | -13.0% | 8251 | -19.0% | 3697.4 | 135.8% | 1682.1 | -124% | 7949 | -22.7%

SHEARS-without strain rate effect
I (mm)
12.5 25
l./t=15 l,/t=3
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
743.8 5.1% 1677.0 | -12.7% 971.0 -2.8% | 3322.7 | 129.8% | 1672.4 | -13.0% 811.8 -20.6%

RTCLS-without strain rate effect
I (mm)
125 25
l/t=15 lo/t =3
F,(KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
2283.2 | 105.4% | 1669.0 | -13.2% | 12435 | 21.9% | 21334 | 100.5% | 16794 | -12.6% | 1094.1 9.1%

COLLISION DYNAMIC
Experiment
F,(KN) E;(K]) U,(mm)
706.8 1904.3 998.5
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D.5 OUTER SHELL and INNER SHELL models-(Gong et al. 2013)
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Figure D.15. OUTER SHELL model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.14. OUTER SHELL model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and
comparison with the corresponding experimental values

SHEARS
l, (mm)
8 16
le/t=2 l,/t=4
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
880.9 -0.1% 60.5 1.8% 155.6 2.3% 969.2 9.4% 71.6 18.6% 167.0 9.3%

RTCLS
l, (mm)

1,/t=2 l/t=4
F, (KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
7676 | -13.9% 45.8 -25.9% 137.8 -9.8% | 7935 | -10.6% 49.1 -19.1% 1415 -1.2%

BWH
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(K)) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
7702 | -135% | 458 | -25.9% 137.8 -9.8% | 992.5 11.8% 74.6 22.7% 170.0 11.1%

OUTER SHELL
Experiment
F (KN) Ei (K]) U, (mm)
882.0 59.4 152.1

continued on next page
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SHEARS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
336.4 | -30.9% | 86.7 -5.4% 207.6 0.1% | 366.2 -22.5% 93.0 1.7% 207.6 0.1%
RTCLS
le (mm)
8 16
l/t=2 l/jt=4
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
310.7 | -38.6% | 69.7 | -27.0% | 207.6 0.1% 1296 | -112.0% | 69.3 | -27.6% | 207.6 0.1%
BWH
le (mm)
16
l/t=2 l/jt=4
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
3048 | -40.4% | 672 | -30.6% | 207.6 0.1% 146.6 | -103.2% | 83.2 -9.5% 207.6 0.1%
OUTER SHELL
Experiment
F(KN) E,(K]) U, (mm)
459.3 91.4 207.5
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Figure D.16. INNER SHELL model. Force and absorbed energy-penetration curves.
Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values
(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.15. INNER SHELL model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and
comparison with the corresponding experimental values

SHEARS
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(KJ) | differ. | U (mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
786.8 -7.0% 49.1 | -18.7% 181.3 0.0% 806.2 -4.5% 50.0 | -16.8% | 181.3 0.0%
RTCLS
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
601.7 | -335% | 321 | -59.4% 157.2 -14.2% | 6584 | -24.7% | 363 | -47.9% | 162.8 -10.7%
BWH
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
7420 | -12.8% | 482 | -20.5% 181.3 0.0% 807.0 -4.4% 50.0 | -16.8% | 181.3 0.0%
INNER SHELL
Experiment
Fi(KN) E, (K]) U, (mm)
843.7 59.2 181.2

continued on next page
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SHEARS
le (mm)
8 16
l/t=2 I,/t=4
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
786.8 -7.0% 49.1 | -18.7% | 1813 0.0% | 806.2 -4.5% 500 | -16.8% | 1813 0.0%

RTCLS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
4744 | -56.0% | 442 | -29.1% 181.3 0.0% 3569 | -81.1% | 459 | -254% | 1813 0.0%

BWH
l, (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(KJ) | differ. | Uy(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
7420 | -12.8% | 482 | -20.5% 181.3 0.0% 807.0 -4.4% 50.0 | -16.8% 181.3 0.0%

INNER SHELL
Experiment
F,(KN) Ey(K]) U, (mm)
843.7 59.2 181.2
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D.6 FLAT SPECIMEN and KNIFE SPECIMEN models-(Villavicencio 2012 and
Villavicencio et al. 2013)
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Figure D.17. FLAT SPECIMEN model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.16. FLAT SPECIMEN model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs
and comparison with the corresponding experimental values

SHEARS
le (mm)
8 16
l/t=2 l./t=4
F(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ.
500.1 | 16.9% | 219 29.7% 74.1 18.3% | 5129 | 194% | 221 | 30.8% 73.0 16.8%

RTCLS
l, (mm)

l/t=2 l./t=4
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ.
388.2 | -8.4% 140 | -14.3% 56.7 -8.5% | 4339 2.7% 17.1 5.2% 62.5 1.3%

BWH
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K)) | differ. | U;(mm) | differ.
417.0 | -1.3% 159 -4.7% 60.2 -25% | 4832 | 134% | 187 | 14.2% 66.0 6.8%

FLAT SPECIMEN

Experiment
Fi (KN) Ey (K]) U, (mm)
422.3 16.2 61.7

continued on next page
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SHEARS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(K)) | differ. | Uy,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
4533 | 11.8% | 235 | 28.9% 77.6 17.7% | 4364 8.0% 238 | 30.2% 76.4 16.2%
RTCLS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
368.8 | -8.8% 16.7 -5.2% 63.7 -2.0% | 406.5 1.0% 195 | 10.3% 68.4 5.1%
BWH
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
400.6 | -0.5% 19.1 8.7% 69.5 6.8% 432.9 7.2% 217 | 21.4% 73.0 11.7%
FLAT SPECIMEN
Experiment
F,(KN) E,(K]) U, (mm)
402.7 17.6 65.0
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SHEARS
le (mm)
8 16
l,/t=2 l,/t=4
Fo(KN) | differ. | E,(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
5200 | 84% | 410 | -101% | 1162 | 53% | 5129 | -47% | 459 | 1.2% | 1228 | 02%

RTCLS
le (mm)
8 16
lo/t=2 l,/t=4
Fo(KN) [ differ. | Ex(K)) | differ. [ Us(mm) | differ. | Fy(KN) [ differ. [ Eo(k)) [ differ. | Us;(mm) [ differ.
4747 | -125% | 414 | -9.0% | 1241 13% | 4590 | -158% | 389 [ -152% | 1140 | -7.2%

BWH
lp (mm)
8 16
l/t=2 l,/t=4
Fo(KN) [ differ. | Ex(K)) | differ. [ Us(mm) | differ. | F,(KN) | differ. [ Eo(k)) [ differ. | U;(mm) [ differ.
4218 | -242% | 196 | -792% | 707 | -53.7% | 4765 | -121% | 254 | -565% | 80.9 | -40.9%

FLAT SPECIMEN

Experiment
F3(KN) Es(K]) U (mm)
537.8 45.4 122.5

continued on next page
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SHEARS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
476.4 17.4% 45.1 -2.5% 124.5 0.0% 500.0 22.2% 46.8 1.0% 1245 0.0%
RTCLS
le (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
470.0 16.1% 417 | -10.5% 1245 0.0% | 435.8 8.6% 43.5 -6.2% 1245 0.0%
BWH
l, (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
97.0 -122.0% | 38.1 | -19.4% 1245 0.0% | 4208 5.1% 43.8 -5.5% 1245 0.0%
FLAT SPECIMEN
Experiment
Fy(KN) E4(K)) Uy (mm)
400.0 46.3 124.5
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Figure D.18. KNIFE SPECIMEN model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS, brown circle: BWH)
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Table D.17. KNIFE SPECIMEN model

. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs
and comparison with the corresponding experimental values

SHEARS
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U (mm) | differ.
461.2 -6.7% 32.5 -1.2% 106.7 1.2% 483.5 -2.0% 355 7.4% 110.0 4.2%
RTCLS
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
393.0 | -22.6% | 293 | -11.6% 103.2 -22% | 4336 | -128% | 304 -8.1% 101.6 -3.8%
BWH
l, (mm)
8 16
le/t=2 l,/t=4
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
381.0 | -25.6% | 17.0 | -64.0% 69.5 -41.1% | 486.4 -1.4% 16.6 | -66.0% 65.4 -46.9%
KNIFE SPECIMEN
Experiment
Fi(KN) E, (K]) U, (mm)
493.1 329 105.5

continued on next page
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SHEARS
L, (mm)

lo/t=2 l,/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ.
4345 10.9% 34.2 -3.0% 110.6 0.0% | 4732 | 19.4% 35.7 1.3% 110.6 0.0%

RTCLS
le (mm)
8 16
lo/t=2 I,/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
385.8 -1.0% 32.1 -9.4% 110.6 0.0% | 4113 5.4% 340 | -3.6% 110.6 0.0%

BWH
l, (mm)
8 16
l/t=2 l/t=4
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
1059 | -114.6% | 273 | -25.3% 110.6 0.0% 3306 | -164% | 335 | -5.0% 110.6 0.0%

KNIFE SPECIMEN
Experiment
F,(KN) E,(K]) U, (mm)
389.7 35.3 110.6
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D.7 CE-1 and CE-2 models-(Tautz et al. 2013 and Fricke et al. 2014)
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Figure D.19. CE-1 model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS)
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Table D.18. CE-1 model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and

continued on next page

comparison with the corresponding experimental values

SHEARS
le (mm)
125 25
l./t=23 I/t =47
F, (KN) | differ. | E;(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
1142.3 29.8% | 120.0 | 60.0% 184.3 34.5% | 13327 | 44.7% | 1243 | 63.1% 184.3 34.5%
RTCLS
le (mm)
125 25
l./t=23 I/t =47
F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ.
938.2 10.3% | 65.6 1.4% 130.6 0.4% | 11916 | 339% | 734 | 12.7% 137.6 5.7%
CE-1
Experiment
Fi(KN) E, (K]) U, (mm)
846.0 64.7 130.0
SHEARS
L, (mm)
125 25
l./t=23 I/t =47
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U(mm) | differ.
791.2 6.0% 187.3 | 22.8% 256.9 9.7% 832.6 111% | 2123 | 35.1% 266.7 13.5%
RTCLS
L, (mm)
125 25
l./t=23 l/t=47
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ.
6253 | -17.5% | 134.1 | -10.5% 219.1 -6.1% | 637.7 | -155% | 1615 | 8.1% 231.7 2.0%
CE-1
Experiment
F,(KN) E,(K]) U, (mm)
745.0 148.9 233.0
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SHEARS
le (mm)
125 25
l./t=23 I/t =47
F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
1126.2 | 19.5% | 3130 | 48.8% | 3853 30.6% | 1078.6 | 152% | 292.6 | 424% | 3513 21.5%
RTCLS
le (mm)
125 25
l./t=23 I/t =47
F3(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
986.2 6.3% | 2213 | 151% | 329.2 15.1% | 9415 1.7% | 2078 | 8.8% 297.3 4.9%
CE-1
Experiment
F;(KN) E3(K]) Uz (mm)
926.0 190.2 283.0
SHEARS
le (mm)
125 25
l/t=23 l/t =47
F,(KN) | differ. | E,(k)) | differ. | U,(mm) | differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ.
Not captured 839.5 | 11.5% | 345.6 | 22.4% 408.6 2.1%
RTCLS
le (mm)
125 25
l/t=23 l/t =47
F(KN) | differ. | E,(k)) | differ. | U,(mm) [ differ. | F,(kN) | differ. | E,(k)) | differ. | U,(mm) | differ.
Not captured
CE-1
Experiment
Fy(KN) Ey(K]) Uy(mm)
748.0 276.0 400.0
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SHEARS
le (mm)
125 25
l,/t=23 l/t=47
F;(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ.
3372 | -26.4% | 4380 | 13.2% 673.8 -24% | 5723 | 26.1% | 480.3 | 22.4% 673.8 -2.4%
RTCLS
le (mm)
125 25
l,/t=23 l/t=47
F;(KN) | differ. | E(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E(KJ) | differ. | Us(mm) | differ.
3405 | -25.5% | 326.8 | -16.0% 647.6 -6.3% | 510.8 | 149% | 3825 | -0.3% 647.6 -6.3%
CE-1
Experiment
Fs(KN) Es(K]) Us(mm)
440.0 383.6 690.0
SHEARS
le (mm)
125 25
l,/t=23 l/t=47
Fo(KN) | differ. | Ec(K]) | differ. | Us(mm) | differ. | Fs(KN) | differ. | Eo(K]) | differ. | Us(mm) | differ.
13515 | 54% | 656.0 9.2% 1059.8 1.9% | 1606.6 | 22.6% | 739.6 | 21.1% | 1059.8 1.9%
RTCLS
l, (mm)
12.5 25
l./t=23 l/t =47
Fo(KN) | differ. | Ec(K)) | differ. | Ug(mm) | differ. | F¢(KN) | differ. | E(KJ) | differ. | Us(mm) | differ.
12332 | -3.8% | 5375 | -10.8% | 1048.7 | 0.8% | 12814 | 0.0% | 592.6 | -1.0% | 1014.7 | -2.5%
CE-1
Experiment
Fs(KN) Ees(K]) U (mm)
1281.0 598.6 1040.0
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continued from previous page

continued on next page

SHEARS
le (mm)
125 25
l,/t=23 l/t=47
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;,(K]) | differ. | U,(mm) | differ.
12458 | 4.9% 670.2 3.3% 10708 | -0.9% | 11046 | -7.1% | 780.7 | 185% | 1092.2 1.1%
RTCLS
le (mm)
125 25
l,/t=23 l/t=47
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(KJ]) | differ. | U,(mm) | differ.
679.6 | -54.3% | 568.6 | -13.1% | 1081.6 | 0.1% 9146 | -25.8% | 617.7 | -4.8% | 10375 | -4.0%
CE-1
Experiment
F;(KN) E,(K]) U, (mm)
1186.0 648.2 1080.0
SHEARS
le (mm)
125 25
l/t=23 l/t=47
Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
1381.6 | 5.3% 6844 | -55% 10816 | -5.3% | 14351 | 9.1% | 907.9 | 22.7% | 11899 | 4.3%
RTCLS
le (mm)
125 25
l/t=23 l/t=47
Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
7190 | -58.3% | 6119 | -16.6% | 11431 | 0.3% | 12239 | -6.8% | 686.7 | -5.1% | 1102.7 | -3.3%
CE-1
Experiment
Fg(KN) Eg(K]) Ug(mm)
1310.0 722.9 1140.0
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continued from previous page

SHEARS
le (mm)
125 25
l,/t=23 l/t=47
Fo(KN) | differ. | Eo(K)) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ.
1067.6 | 204% | 8033 | -0.4% 11809 | -3.8% | 988.0 | 12.7% | 948.2 | 16.2% | 1224.0 | -0.2%
RTCLS
le (mm)
125 25
l,/t=23 l/t=47
Fo(KN) | differ. | Eo(KJ) | differ. | Ug(mm) | differ. | Fo(KN) | differ. | Eq(KJ) | differ. | Ug(mm) | differ.
4013 | -73.7% | 6316 | -24.3% | 11809 | -3.8% | 868.9 | -01% | 7641 | -54% | 1189.9 | -3.1%
CE-1
Experiment
Fo(KN) Eq(K]) Uy (mm)
870.0 806.2 1227.0
SHEARS
le (mm)
125 25
l/t=23 l/t =47
Fio(KN) | differ. | Ejo(K)) | differ. | Ujo(mm) | differ. | Fo(KN) | differ. | E;o(KJ) | differ. | Ujo(mm) | differ.
399.3 12.0% 907.0 2.8% 1394.7 0.0% 450.8 24.1% | 10415 | 16.6% | 1394.7 0.0%
RTCLS
le (mm)
125 25
l/t=23 l/t =47
Fio(KN) | differ. | Ejo(K)) | differ. | U;q(mm) | differ. | F;o(KN) | differ. | E;o(KJ) | differ. | Ujo(mm) | differ.
279.5 -23.5% | 688.0 | -24.7% | 1394.7 0.0% 328.7 -74% | 8344 | -55% 1394.7 0.0%
CE-1
Experiment
Fo(KN) E1o(K]) Uy (mm)
354.0 881.8 1395.0
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Figure D.20. CE-2 model. Force and absorbed energy-penetration curves.

Definition of force peaks and troughs for each element size and rupture criterion and comparison with the
corresponding experimental values

(red circle: experiment, black circle: SHEARS, grey circle: RTCLS)
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Table D.19. CE-2 model. Numerical values of force, energy and penetration depth for each element size and rupture criterion at the selected peaks and troughs and

continued on next page

comparison with the corresponding experimental values

SHEARS
le (mm)
125 25
l./t=26 l./t=53
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U;(mm) | differ.
31505 | 19.0% | 589.2 | 31.9% | 527.0 10.6% | 3436.3 | 27.6% | 777.7 | 58.2% | 5705 18.5%
RTCLS
le (mm)
125 25
l./t=26 l./t=53
F, (KN) | differ. | E;(K]) | differ. | U;(mm) | differ. | F,(KN) | differ. | E;(KJ) | differ. | U;(mm) | differ.
2678.6 | 2.9% | 4743 | 10.5% | 4845 2.2% | 25427 | -23% | 4488 | 4.9% 456.8 -3.6%
CE-2
Experiment
Fi(KN) E; (K]) U, (mm)
2603.0 427.2 473.7
SHEARS
Lo (mm)
125 25
l./t=26 l./t=53
F,(KN) | differ. | E,(k]) | differ. [ U,(mm) [ differ. | F,(kN) [ differ. | E,(kJ) | differ. [ U,(mm) [ differ.
15955 | -9.5% | 7185 | 32.8% | 5852 10.4% Not captured
RTCLS
Lo (mm)
125 25
l./t=26 l./t=53
F,(KN) | differ. | E,(K)) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
18924 | 7.6% | 6853 | 28.1% | 5852 10.4% | 18128 | 3.3% | 6155 | 17.5% | 5414 2.6%
CE-2
Experiment
F,(KN) E,(K]) U, (mm)
1754.5 516.3 527.6
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SHEARS
le (mm)
125 25
l./t=26 l,/t=53
F;(KN) | differ. | E5(KJ) | differ. | U;(mm) | differ. | F;(KN) | differ. | E3(K]) | differ. | U;(mm) | differ.
170.7 | -75.8% | 786.7 | 24.5% 7214 5.3% 1771 | -72.6% | 920.6 | 39.9% 706.0 3.1%
RTCLS
le (mm)
125 25
l./t=26 l,/t=53
F;(KN) | differ. | E3(KJ) | differ. | Us(mm) | differ. | F;(KN) | differ. | E3(K]) | differ. | Us(mm) | differ.
1334 | -95.9% | 798.8 | 26.1% 752.3 9.4% 1528 | -85.1% | 790.6 | 25.0% 783.3 13.5%
CE-2
Experiment
F3(KN) E3(K]) Us(mm)
378.9 614.7 684.4
SHEARS
le (mm)
125 25
l/t =26 l,/t=53
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
1972.1 | -10.7% | 11574 | 1.5% 1203.2 0.7% | 2398.7 8.9% 1459.3 | 24.6% 1295.1 8.1%
RTCLS
l, (mm)
125 25
l./t=26 l,/t=53
F,(KN) | differ. | E,(K]) | differ. | U,(mm) | differ. | F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ.
1609.5 | -30.8% | 1038.6 | -9.3% | 11473 | -4.0% | 1772.1 | -21.3% | 11264 | -1.2% | 11894 | -0.4%
CE-2
Experiment
Fy(KN) Ey(K]) U, (mm)
2195.2 1139.9 1194.6
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SHEARS
l, (mm)
125 25
l,/t=26 l,/t=53
F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
14595 | -1.6% | 12809 | 1.4% | 12696 | 0.5% | 1149.3 | -25.3% | 1586.2 | 22.7% | 1366.9 | 7.9%
RTCLS
le (mm)
125 25
l,/t=26 l,/t=53
F;(KN) | differ. | Es(KJ) | differ. | Us(mm) | differ. | Fs(KN) | differ. | E5(KJ) | differ. | Us(mm) | differ.
1302.3 | -13.0% | 1156.6 | -8.8% | 1230.2 | -2.6% | 1207.2 | -20.5% | 1278.0 | 1.2% 12951 | 2.5%
CE-2
Experiment
F5(KN) Es (K]) Us (mm)
1482.7 12634 1262.7
SHEARS
le (mm)
125 25
l,/t=26 l,/t=53
F¢(KN) | differ. | E;(KJ) | differ. | Us(mm) | differ. | Fo(KN) | differ. | E¢(KJ) | differ. | U,(mm) | differ.
1784.9 | -13.5% | 1323.3 | -1.0% 12951 | -04% | 12714 | -46.6% | 1613.9 | 18.8% | 1389.3 | 6.6%
RTCLS
le (mm)
12.5 25
l,/t=26 l,/t=53
Fo(KN) | differ. | E¢(KJ]) | differ. | Us(mm) | differ. | F(KN) | differ. | E,(KJ) | differ. | Us(mm) | differ.
1325.7 | -42.6% | 1174.1 | -13.0% 1243.5 -45% | 13444 | -41.2% | 1325.2 | -0.9% 1331.8 2.4%
CE-2
Experiment
Fs(KN) Eq¢(K]) U (mm)
2042.8 1336.7 1300.8
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SHEARS
le (mm)
125 25
l,/t=26 l,/t=53
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;,(K]) | differ. | U,(mm) | differ.
1433.2 | -30.9% | 1398.6 | -5.4% 13437 | -2.2% | 12625 | -43.1% | 1654.2 | 11.3% | 14213 | 3.4%
RTCLS
le (mm)
125 25
l,/t=26 l,/t=53
F,(KN) | differ. | E,(KJ) | differ. | U,(mm) | differ. | F,(KN) | differ. | E;(K]) | differ. | U,(mm) | differ.
764.9 | -87.6% | 1268.2 | -15.2% | 13318 | -3.1% | 8365 | -80.2% | 13939 | -5.8% | 14002 | 1.9%
CE-2
Experiment
F7(KN) E;(K]) U;(mm)
1956.3 1476.6 1373.6
SHEARS
le (mm)
125 25
l/t=26 l,/t=53
Fg(KN) | differ. | Eg(K]) | differ. | Ug(mm) | differ. | Fg(KN) | differ. | Eg(KJ) | differ. | Ug(mm) | differ.
3756 | 69.8% | 1604.0 | -7.2% 1659.0 | 0.0% 2252 | 21.7% | 17829 | 3.4% 1659.0 | 0.0%
RTCLS
l, (mm)
125 25
l./t=26 l,/t=53
Fg(KN) | differ. | Eg(KJ) | differ. | Us(mm) | differ. | Fg(KN) | differ. | Eg(KJ)) | differ. | Ug(mm) | differ.
269.7 | 39.3% | 1402.8 | -20.5% | 1659.0 | 0.0% 3495 | 63.4% | 1497.9 | -14.0% | 1659.0 | 0.0%
CE-2
Experiment
Fg(KN) Eg(K]) Ug(mm)
181.2 1723.0 1658.8
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D.8 P1-15, P2-15, S1-20 and S2-20 models-(DNV 1993)
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Figure D.21. P1-15 model. Force and absorbed energy-penetration curves using the moving average method and
a period equal to ten force values for each element size and rupture criterion
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Figure D.22. P2-15 model. Force and absorbed energy-penetration curves using the moving average method and
a period equal to ten force values for each element size and rupture criterion
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Figure D.23. S1-20 model. Force and absorbed energy-penetration curves using the moving average method and
a period equal to ten force values for each element size and rupture criterion
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Figure D.24. S2-20 model. Force and absorbed energy-penetration curves using the moving average method and
a period equal to ten force values for each element size and rupture criterion
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