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MODELING LONGITUDINAL DAMAGE IN SHIP COLLISIONS

The primary objective of this project is to improve, validate and assess the simplified collision
damage model SIMCOL. This project focuses on predicting the longitudinal extent of damage
in cases where both ships have forward speed, and at oblique collision angles. Longitudinal
damage is particularly important in oil outflow and damage stability calculations.

In 1979, the Ship Structure Committee (SSC) conducted a review of collision research and
design methodologies. They concluded that the most promising simplified collision analysis
alternative was to extend Minorsky’s original analysis of high-energy collisions by including
consideration of shell membrane energy absorption. The approach taken in this project is to
progressively increase the complexity of SIMCOL starting with a modified Minorsky approach
until results with sufficient accuracy and sensitivity to design characteristics is obtained.

This study takes the second step in predicting side damage and oil outflow in ship collisions. It
provides a rational probabilistic method for defining collision cases, provides a validation of a
simplified collision model both deterministically and probabilistically, and provides results
comparing damage for single hull and double hull tankers. The most significant products of
this study are the demonstration of a rational process and the development of a method for
determining longitudinal extent of damage through transverse structure.
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Rear Admiral, U.S. Coast Guard
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CHAPTER 1 Motivation and Introduction

The primary objective of this project is to improve, validate and assess the simplified collision
damage model SIMCOL, as part of the continuing work of SNAME Ad Hoc Panel #6 (Structural
Design and Response in Collison and Grounding) and IMO working groups. Work
accomplished under prior SSC and SNAME sponsorship made excellent progress towards
predicting damage penetration in ship collisions. This project focuses on predicting the
longitudinal extent of damage in cases where both ships have forward speed, and at oblique
collision angles. Longitudina damage is particularly important in oil outflow and damage
stability calculations. Current models do not provide adequate predictions of longitudinal
damage, particularly in way of transverse bulkheads.

The serious consequences of ship grounding and collision necessitate the development of
regulations and requirements for the subdivision and structural design of ships to reduce damage
and environmental pollution, and improve safety. The International Maritime Organization
(IMO) is responsible for regulating the design of oil tankers and other ships to provide for ship
safety and environmental protection. Their ongoing transition to probabilistic performance-based
standards requires the ability to predict the environmental performance and safety of specific
ship designs. This is a difficult problem requiring the application of fundamental engineering
principles and risk analysis[1,2,3,4].

IMQO’s first attempt at probabilistic performance-based standards for oil tankers was in response
to the U.S. Oil Pollution Act of 1990 (OPA 90). In OPA 90, the U.S. requires that all oil tankers
entering the U.S. waters must have double hulls. IMO responded to this unilateral action by
requiring double hulls or their equivalent. Equivalency is determined based on probabilistic oil
outflow calculations specified in the "Interim Guidelines for the Approval of Alternative
Methods of Design and Construction of Oil Tankers Under Regulation 13F(5) of Annex | of
MARPOL 73/78" [4], hereunder referred to as the Interim Guidelines.

The Interim Guidelines are an excellent beginning, but they have a number of significant
shortcomings:

They use a single set of damage extent probability density functions (pdfs) from limited
single- hull accident data applied to all ships, independent of structural design.

IMO damage pdfs consider only damage significant enough to breach the outer hull.
This penalizes structures able to resist rupture.

Damage extents are treated as independent random variables when they are actualy
dependent variables, and ideally should be described using a joint pdf.

Damage pdfs are normalized with respect to ship length, breadth and depth when damage
may depend largely on loca structural features and scantlings vice globa ship
dimensions.

It is generally agreed that structural design has a major influence on tanker oil outflow and
damaged stability in grounding and collision, but crashworthiness is not considered in present
regulations. Recent work by SNAME Ad Hoc Panel #6 for the SSC [83] has made excellent
progress in developing and benchmarking collision models that are able to predict collision
penetration with reasonable accuracy, however, these models do not provide reliable damage
estimates in the longitudinal direction, particularly near transverse bulkheads. Once watertight



or oil boundaries are penetrated, longitudinal damage becomes extremely important in
determining the extent of oil outflow and flooding. Therefore, it is essential that current collision
models be improved and extended to provide reasonable predictions of longitudinal damage.

The methodology and tools developed in this project provide a practical means of considering
structural design in a regulatory framework, and when implemented would improve the safety
and environmental performance of ships.

Specific objectives are:

To support ongoing work by SNAME Ad Hoc Panel #6 (Structural Design and Response
in Collision and Grounding).

To assess and integrate existing simplified collision-damage models and mechanisms into
a single Simplified Collisson Model (SIMCOL). This model will be used to predict
probabilistic collision damage extents given a probabilistic description of collision
scenarios. This requires that sub-model physics be sufficiently ssmple to support overall
computational efficiency in probabilistic applications where thousands of runs are
required.

Investigate collisions longitudinally impacting transverse bulkheads and deep webs using
finite element analysis (LSDY NA) and actual data where available.

Creation of a smplified collison model for the determination of longitudinal extent of
damage. (Chapter 5)

Creation of a simplified collison model for the determination of striking ship bow
damage. (Chapter 5)

To vaidate SIMCOL in the context of aredlistic collision smulation using real and finite
element model data. (Chapter 6)

To demonstrate the process and predict probabilistic structural damage for oil tankers.
(Chapter 6)

To achieve international acceptance of this validation by publishing results and making
all data and aspects of the research open for discussion and collaboration through
SNAME and the Ship Structure Committee.

To provide the basis for further work in which a parametric analysis of probabilistic
results would be incorporated in IMO oil outflow and damage stability regulations.

In 1979, the Ship Structure Committee (SSC) conducted a review of collision research and
design methodologies [5,6,7]. They concluded that the most promising simplified collision
analysis aternative was to extend Minorsky’s aiginal anaysis of high-energy collisions by
including consideration of shell membrane energy absorption.

A more recent review of the literature and of the applicability of available methods for predicting
structural performance in collision and grounding was made at the 1997 International Ship and
Offshore Structures Congress (ISSC 97) by Speciadist Panel V.4 [8]. Thelr report states:
“Knowledge of behavior on a global level only (i.e, total energy characteristics like the
pioneering Minorsky formula) is not sufficient. The designer needs detailed knowledge on the



component behavior (bulkheads, girders, plating, etc.) in order to optimize the design for
accident loads.”

The approach taken in this project is to progressively increase the complexity of SIMCOL
starting with a modified Minorsky approach until results with sufficient accuracy and sensitivity
to design characteristicsis obtained. SIMCOL Version 3.0 represents the most recent product of
this evolution.

Determination of the energy absorbed through longitudina damage has often been neglected,
treated as minimal compared to the energy absorbed through penetration. However, with oblique
angle collisions (as occur more often than T-bone collisions) the energy absorbed in longitudinal
damage may be greater than the energy absorbed due to penetration. Additionally, absorption of
energy in the longitudinal direction removes energy from the entire system leaving less energy
available for penetration.

The determination of the energy absorbed through longitudinal damage is additionally often
neglected because of the complexity of: the additional degrees of freedom necessary for the
system equations, the additional structural geometry that must be modeled and accounted for as
energy absorbing structure and the formulation for the coupled solution of internal and external
dynamics that properly considers longitudinal damage. Considering only the additional degrees
of freedom necessary for the system equations, Pedersen and Zhang [14] derived expressions for
both the longitudinal and transverse energy absorbed in ship-to-ship collisions. Pedersen and
Zhang's expressions are uncoupled from the internal deformation mechanics of the problem and
do not explicitly consider the longitudinal damage of the transverse structure of the struck vessel
[100]. The determination of energy absorbed through longitudinal damage and the development
of asimplified longitudinal damage model is the primary original contribution of this report.



CHAPTER 2 Collision Basics

Models for analyzing ship collisions were initially developed in the 1950s for ships transporting
radioactive materials, and later were applied to other types of ships, including barges, tankers
and LPG/LNG carriers. SSC Reports 283, 284 and 285 provide an excellent summary of
collision models developed before 1979 [5,6,7]. A more recent review was conducted by the
1997 International Ship and Offshore Structures Congress (ISSC 97), Speciaist Panel V.4 [§].
SSC Report 442, produced under SNAME Ad Hoc Panel #6, provides the most recent update
[83].

Existing models make different assumptions, and use different sub-models and coupling
approaches. The high variability and complexity of damage behavior in ship-to-ship collisions
precludes the ability to predict the exact behavior of the vessels during acollision event.
However, as with most complex systems, various simplifications and assumptions based upon
general behavior collected from multiple events can be made yielding a less complex and
definable system. This Chapter is a collection and description of discovered and defined genera
behaviors, and the simplifications to which they lead.

2.1  Ship-to-Ship Collisions

A ship-to-ship collision is a high energy event occurring over a short period of time, often

described mathematically through energy and momentum balance equations. Generally, from the
time a collision between two vessels is determined imminent until the time of contact, several

seconds or a few minutes pass. During this “pre-contact” time each vessel may attempt
maneuvers to avoid contact. If successful, then the two vessels are involved in either a near miss
or alight contact. If unsuccessful the vessels are involved in a collison. A near miss is the most
desirable result of the pre-contact time where the vessels do not contact at al but miss each

other. A light contact is an event where the vessels collide but either at such an oblique angle that
penetration of one ship into the other does not occur or at such alow speed that again penetration
does not occur. A light contact is best described as a collision in which neither of the hulls of the
two vessels is compromised (ruptured or torn below the waterline).

Striking Ship

A b
T L

Langitudinal Extent of Darnaze

Figure 1 - Collison Damage Definition



A collision is defined as any contact between two vessels resulting in the hull of one or both
vessels being compromised (ruptured or torn below the waterline). For the duration of this report,
acollision will refer to the contact between two vessels where significant rupture and penetration
of one vessd into the hull of the other vessel occurs. This definition of collision is illustrated in
Figure 1 where the striking ship has penetrated the struck ship. Note that the referring of the two
vessels as the striking ship and struck ship does not imply fault of the collison on either vessal.
As with automobile collisions, the fault of the accident is not always on the driver whose forward
end is damaged.

This definition of a collision narrows the study of ship-to-ship collisions to only the high energy
less oblique “T” collisions, leaving the light contact and below waterline raking collisions for
another investigation. Additionally, from the above definition of collision, the definition of
damage extent follows directly as an indication of hull rupture with the following characteristics
or metrics: 1) Extent of transverse penetration of striking ship into struck ship, 2) Longitudinal
extent of outer hull opening, 3) Vertical extent of outer hull opening and 4) Tankage volume
opened to sea. For clarity, the definitions of a collision and collision damage are restated as.

Coallision: the contact between two vessels (striking and struck) where the penetration of one
vessel (striking) into the hull of the other vessel (struck) occurs at an angle at which raking and
sharp puncture are minimal energy absorbing components of the total energy balance.

Damage: an indication of hull rupture and if rupture then the measure of: 1) Extent of transverse
penetration of striking ship into gruck ship, 2) Longitudinal extent of outer hull opening 3)
Vertical extent of outer hull opening and 4) Tankage volume opened to sea

2.2  Collision Physics

A collision between two vessels is modeled as an indlastic collision [9,10,13,15]. An inelastic
collison is formally defined as a collison in which part of the initial kinetic energy of the
colliding vessels changes to another form of energy (i.e. damage work and heat). For this report,
an inelastic collision is specifically defined as a collision between two vessals that act and move
as one body after damage penetration, and where a significant part of the initial kinetic energy of
the colliding vessels is converted to mechanical (deformation) energy.

For an inelastic collision the balance of momentum and energy is described by Equations 2.1 and
2.2.

M.V, + MV, = (M, +M, V, (2.2)
%(MIVIZ-I-MZVZZ):%(Ml+M2)\/32+EA+EF (2.2)
Where:

M1  isthe mass (plus added mass) tensor of the striking vessel
M,  isthe mass (plus added mass) tensor of the struck vessel
V1 is the velocity vector of the striking vessel

Va2 is the velocity vector of the struck vessel



V3 is the velocity vector of the combined striking and struck vessels after contact
Ea is the energy absorbed through structural deformation and damage
Er is the energy imparted to the fluid (wave- making energy) during the collision

As with inelastic automobile collisions, the damage to the struck vessel is often of the shape and
form of the bow of the impinging striking vessel (i.e. local damage vice globa damage). While
damage is sustained to the striking vessel bow, this damage is often the result of heavy and dense
cargo or relatively substartial longitudina structure and weight of the struck ship. These
generalities are supported by the realization that most vessel bows comprise additional
strengthening structure designed to limit the deteriorative effects of slamming. As such, the bow
of the striking vessel is treated as rigid in many analyses, while the damage sustained by the
struck vessel is assumed to assume the shape and form of the penetrating rigid bow. These
assumptions are supported by Figure 2 through Figure 6 and the works of Simonsen [10],
Rosenblatt & Son, Inc. [18] and Chen [35].

Figure 3 - Damage to M/V Enif






Figure 6 - Bow Damage of Collision of M/Gas Roman and M/V Springb(;kh

2.3 Vessel Motion

The motion of any vessel treated as a buoyant rigid body may be defined using a six degree of
freedom system (surge, sway, heave, pitch, roll and yaw). However, as in maneuvering, a vessel
involved in a collision event may be described using only three degrees of freedom (surge sway
and yaw) where the motions of heave, pitch and roll may be neglected because the motion, and
thus the energy, trandated into these degrees of freedom are minimal compared to the motionsin
the surge, sway and yaw directions[9,10,13,14,16].

A vessal in a callision is induced to roll when a force is applied in the sway direction above or
below the vessels vertical center of buoyancy. This statement is only true if the vessd is not
bound or constrained by other forces. As previoudly discussed, a collision is an inelastic event
and as such, for most callisions, the roll of one vessal requires the pitch of the additional vessal
about the combined center of buoyancy of the joined vessels. This coupling of the two vessels
about the combined center of buoyancy limits the ability for either vessel to roll or pitch as the
restoring forces in these directions are high and therefore the only motions generally
unconstrained are the in planar motions of surge, sway and yaw.

Often vessels involved in a collision continue to maneuver after contact occurs. The maneuvers
are either from the attempt to pull away from the collision or from the continuation of a vessel's
momentum due to maneuvers performed prior to the contact. Because of the complicated
dynamics involved during a collision these post-contact maneuvers are often neglected [9,10,15]
and the forces involved in the contact are assumed to include only those forces that are derived
from each vessdls respective forward momentum at the time of contact.



During an inelastic collision, the yaw of the struck vessel about its own centroid is damped by
the requirement to additionally sway and yaw the striking vessel about the struck vessels center
of buoyancy (similar to the argument for a three degree of freedom system). A similar argument
is made for the yaw of the striking vessel where the damping is provided by the requirement to
surge and yaw the struck vessel. With this logical argument the continuation of the yaw
momentums of either vessel are effectively damped by the addition of the second vessels mass
(i.e. the two ships constrain each others motion). Figure 7 illustrates this phenomenon. The above
logical argument does not however eliminate the ability of the combined vessels to yaw about
the combine center of buoyancy nor does it preclude the yaw induced from non-amidships
contacts, which are due to the initial forward momentum of the striking vessel and the contact
location.

Striking Ship

Corabined Center of T

T
@=1 4

/D+-j—-+@ = \
Figure 7 - lllustration of Constrained Vessel Yaw

The argument for neglecting the propulsion brces of each vessel during a collision event is
justified through the multitude of collision reports [84] where the vessels involved in collisions
often attempt to limit the damage by shutting down the engines or clutching out the shaft and
propeller near the time of contact. For those collisions where this does not occur, often the
vessels are placed in full astern sometime near the time of contact [84]. In these situations the
time at which the propulsion system of the vessel to change the propeller force direction
(approximately 100 seconds) is often greater than the time of the entire collision event (less than
ten seconds) and therefore the effect is similar to shutting down the engines or clutching out the
shaft and propeller.

2.4  Energy Absorbing Structure

Recalling the energy balance of Equation 2.2, the energy absorbed through damage term (Ea)
consists of al the energy absorbed through each structural and nonstructural member of the
vessel. For the duration of this report, the energy absorbed through damage will only refer to the
energy absorbed through the structural components of the vessdl, as such; the effects of cargo,
ballast and ouitfit are neglected and saved for future investigations.



Examination of multiple collisions of varying speeds, collision angles, vessel types and collision
locations relative to amidships on the struck vessel allows the general statement that the majority
of the energy absorbed by damage to structure in a ship-to-ship collision is absorbed by the
following eight structural members; side shell, longitudinal bulkheads, decks, stringers, web
frames, transverse bulkheads, longitudinal girders and transverse girders.

Table 1 presents the energy absorbed by each of the above structural components for multiple
collisions where the struck ship is atanker. The ships were modeled using finite element analysis
as discussed in Chapter 3. Information regarding the structure of each vessel is provided in
Appendices A through G.

The average percentage of the total energy absorbed in the collisiors by the eight structural
members is approximately 95% or simply stated; the magjority of the energy absorbed in a ship-
to-ship collision is absorbed by the deformation and damage of the side shell, longitudinal
bulkheads, decks, stringers, web frames, transverse bulkheads, longitudina girders and
transverse girders. Thus the energy absorbed by additional structure such as struts, columns and
brackets may be neglected. While this is generally true, some non-standard structure or structural
arrangements may need additional investigation to determine the relevance of the energy
absorbing capacity in any individual collision.

Table 1 - Collision Energy Absorbing Structure

Collision 1 | Collision 2 | Collision 3 | Collision 4
Total Energy in Collision (J) 1.88E+08 6.32E+08 2.27E+08 3.83E+08
Total Energy Absorbed by Structural Damage 4.98E+07 1.93E+08 3.95E+07 1.76E+08
Energy Absorbed By Striking Ship Bow 1.34E+07 5.89E+07 1.45E+07 8.11E+07
Energy Absorbed by Struck Ship 3.65E+07 1.34E+08 2.50E+07 | 9.49E+07
1 Side Shell 2.43E+07 4.17E+07 8.39E+06 3.66E+07
2 Longitudinal Bulkheads 2.37E+05 1.56E+07 4.95E+05 1.75E+07
3 Decks 4.04E+06 7.81E+06 9.45E+06 7.88E+06
4 Stringers B o507 | 474405 | 1.12E+07
5 Webs 3.78E+06 8.99E+06 3.90E+06 1.42E+07
6 Transverse Bulkheads 2.51E+06 4.04E+07 1.19E+05 2.77E+04
7 Longitudinal Girders B >--c05 | 180E+04 | 2.26E+05
8 Transverse Girders 8.80E+05 2.32E+05 1.76E+05 2.37E+06
Total Energy from Parts 1 - 8 3.57E+07 1.27E+08 2.30E+07 | 8.99E+07
I % Energy 8 Parts of Struck Ship Energy Absorbed 97.96% 94.89% 92.12% 94.73%
% Energy Bow of Total Energy Absorbed 26.83% 30.57% 36.68% 46.08%

Thecollisons in Table 1 are described in Table 2.

Table 2 - Callision Descriptions

Striking | Struck
Collision Ship Ship
Collision Angle Speed Speed
# Striking Vessel Struck Vessel (Degrees) | (knots) (knots) Collision Location
1 C4 Cargo Vessel T2 Tanker 55 5.5 6.81 9.923 m fwd amidships
2 150k dwt Bulk Carrier 150k dwt Double Hull Tanker 0 5 0 20 m fwd amidships
3 150k dwt Bulk Carrier 150k dwt Double Hull Tanker 45 3 0 20 m fwd amidships
4 40k dwt Container Ship | 150k dwt Double Hull Tanker 0 7 0 3.5 m fwd amidships

Although the striking ship bow is often considered rigid as discussed in Section 2.4, this
assumption is not always accurate as presented in Table 1 and Table 3. The damaged bow may
absorb a large percentage of the total energy of the collison. The energy absorbed through
damage to a striking vessel bow is discussed and summarized by Vakkalanka [55]. Woison [17],
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Amdahl [23] and Pedersen [22] have aso investigated the energy absorbed through damage of
the striking vessel bow where it is shown that:

“The amost universal assumption of a rigid striking ship bow in ship collision
analysisis not valid. Differencesin striking ship bow stiffness, draft, bow height and
shape have an important influence on the allocation of absorbed energy between
striking and struck ships and the extent of damage in the struck ship. The energy
absorbed by the striking ship can be significant and varies in different collision
scenarios.” [83]

A reanalysis of Minorsky’s[9] results discussed in Section 4.1.1 and presented in Table 3 shows
that the percentage of energy absorbed by the striking ship in real collision cases is significant
and is not constant. Using finite element analysis, Vasgard and Pettersen modeled a collision
with a double hull struck ship and deformable striking bow that absorbed 55% of the total
absorbed energy. Table 1 shows bow energy absorption of up to 46%. Using closed-form
equations for bow stiffness, Lutzen., Simonsen, and Pedersen [47] show that bow energy
absorption for a large striking ship with a longitudinally-stiffened bow is small. Bow energy
absorption for smaller striking ships and for striking ships with transversely-stiffened bows is
significant and variable (Table 4).

Table 3 - Percentage of Energy Absorbed by Striking Ship Bow [15,36]
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10| Esso Greenshoro 21800 1| o083 15 90 60 60 2988 3250 262 8.1
Esso Suez 19500 15
11| Tullahoma 21900 2 0.8 10 90 20 5 800 1100 300 | 27.3
P& T Adventurer 8900 14
21| Gulf Glow 21900 2 0.8 0 65 20 33 1216 1700 484 28.5
Imperial Toronto 16000 14
22| Mojave 5600 2 0.5 10 70 28 23 644 900 256 28.4
Prometed 16000 14
38| Catawba Ford 21800 1 0.8 10 90 27 10 216 250 A 13.6
Hoegh Clair 6600 8
46| David EDay 8700 2 0.7 16.3 55 35 17 833 1300 467 35.9
MarineFlyer 20400 16.5
B | AndriaDoria 20900 6 | 0.375 15 90 50 30 3375 3800 425 11.2
Stockholm 16200 18
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Table 4 - Percentage of Energy Absorbed by Striking Bow in Collisions [47]
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Often a collision analysis is evaluated assuming either a rigid striking or arigid struck vessel. A
more appropriate approach is that for a single time step the vessel that is treated as the rigid
vessd is the one that would absorb more energy given the same amount of relative deformation.
This method is equivalent to a path of least resistance method where the damage is applied to the
vessel which absorbs less energy in a given displacement or penetration in a given time step.
Figure 8, Figure 9 and Figure 10 illustrate cases of significant bow damage.
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Figure 10 - Karisa Bow Damage

Thus, a ship-to-ship collision is a high energy event occurring over a short time that can be
modeled as an inelastic collision considering only the motions of surge, sway and yaw for each
vessal. Theinitial kinetic energy isimparted to: 1) the remaining kinetic energy of the combined
vessels, 2) radiation or wave making energy and 3) deformation energy. The deformation energy
is suitably approximated by the summation of energy absorbed by 1) the striking ship bow and 2)

the struck ship’s side shell, longitudinal bulkheads, decks, stringers, webs, transverse bulkheads,
longitudinal girders and transverse girders.

13



CHAPTER 3 Finite Element Modeling of Ship Collisions

One of the important tools used in this research is finite element analysis (FEA). FEA is used
throughout this report for developing and evaluating smplified methods. As discussed in
Chapter 2, the cost of full scale collision testing and the inability to properly capture true
collison behavior with physical scale modeling precludes live experimentation. The remaining
methods of accident investigation and FEA must therefore be used to show and support the
theories and simplified analysis described in this report.

LSDYNA is the primary FEA code used in this research, but many of the same issues that must
be resolved to effectively use LSDY NA must also be resolved for the efficient application of any
FEA code. Other codes in common use for collison modeling include: ABAQUS-EXPLICIT,
DYNA3D, and MSC-DYNA.

3.1 Overview of FE Modeling

Finite element modeling of ship collisions cannot be performed with confidence without
significant research, experimentation and validation of modeling techniques, element and
material models, and careful model parameter value selection. The casual and undisciplined
application of commercial software may produce impressive pictures, but be entirely wrong. The
open literature and even detailed technical reports on the subject do not provide sufficient detail,
analysis and validation to reproduce or defend many anayses, and “Calibration” of model
parameters to one or two validation cases may only provide valid results for a very narrow range
of problems.

LSDYNA is a general-purpose, explicit finite element program used to analyze the nonlinear
dynamic response of three-dimensiona inelastic structures. It was developed primarily for
automotive collision applications, but can also be used for ship-to-ship collisions. It performs a
fully dynamic analysis, not quas-static. Crash behavior has large displacements, and is very non
linear with multiple point contact and rupture. Explicit time integration is best for these
problems. The use of small time-steps is required for stability, but explicit integration does not
require inversion of a large stiffness matrix as is required with implicit methods. Explicit
integration also allows discontinuous failure criteria such as rupture strain. The run time required
for an explicit code is approximately proportional to the number of nodes vice the square of the
number of nodes as with implicit codes.

Case studies in this Chapter use LSDY NA to model collisions between a striking ship and a
struck oil tanker, and a striking ship and a double hull wall section. In some cases the striking
ship bow is assumed to be rigid and in other cases the bow is deformable.

3.2  Structural Geometry

There are a number of important objectives to be considered when FEA modeling struck and
striking ship structures:

14



Minimize the number of nodes and elements to reduce computation time consistent with
sufficient computational accuracy

Minimize complexity

Minimize ratio of triangular to quadrature elements

Minimize numerical instabilities through the use of global parameterization controls
Minimize numerical instabilities by modeling with a consistent, uniform mesh

Have a minimum of 3 elements per side of any section in the entire vehicle and a
minimum of 6 elements per buckle in the energy absorbing parts of the structure

Have a time step sufficiently small to capture proper behavior and sufficiently large to
minimize computational cost

Minimize element warpage, but limit warpage to 10°
Avoid edge-to-edge contacts
Avoid initial penetration

Figure 11 shows a striking ship to struck ship collision as modeled in LSDYNA. The striking
ship geometry is developed from an AutoCAD modédl. It includes a detailed bow model forward
of the collision bulkhead and lumped beam elements aft of the collision bulkhead. The detailed
portion of the bow model is shown in Figure 12 with side-shell, deck, stem, stringers, and
primary girder components modeled using meshed shell elements. Stiffeners are smeared into
plates as discussed in Section 3.5.

Figure 11 - Ship-to-Ship Collision as Modeled in LSDY NA



-

Figure 12 - Detailed LSDYNA Bow Model

In order to simplify the bow model geometry of transverse frames, they are modeled as “stiff”
transverse bulkheads using panel elements. “Stiff” is quantified as having increased element
thickness or increased material density an order of magnitude beyond the actual structural or
material value. Collision results using “ stiff” transverse frames compare well with results using
detailed transverse frame models. The collision bulkhead is the boundary between the detailed
portion of the bow and the remainder of the striking ship. It is aso modeled as a “stiff”

transverse bulkhead. Fully rigid transverse frames and bulkheads were found to cause very high
stresses and premature failure at their interface with the side shell and deck panel elements. They
are not used. The remainder of the striking ship aft of the collison bulkhead is modeled using
“stiff” Hughes-Liu beam elements and concentrated masses such that the total mass and mass
moment of inertia are the same as in the actual ship (including actual mass and added mass in the
surge direction). The total cross sectional area of the longitudinal beam elements in this part of
the model is determined such their sum is equal to the total longitudinal structure sectional area
aft of the collision bulkhead in the real ship. Again, fully rigid beams were found to cause very
high stresses and premature failure at their interface with the panel elements so stiff deformable
beam elements are used.

The struck ship is usually modeled with only one side of the struck cargo tank, or tanks, in detail.
Figure 13 and Figure 14 show the struck cargo tank section. The struck section includes shells,
webs, girders, transverse and longitudinal bulkheads and stringers modeled as panel elements.
Stiffeners are smeared into the plate thickness.

The remainder of the struck ship is modeled using “stiff” Hughes-Liu beam elements and
concentrated masses, as with the bow model. This is based on the assumption that in ship
collision cases local structural response dominates the collision results as determined through the
results shown in Table 1. Dimensions of the longitudinal lumped beam elements are selected to
model the horizontal moment of inertia at amidships. This alows some flexibility for hull girder
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horizontal bending (HGHB), although with a large struck ship, horizontal bending in collision is
usually small [57]. Forward and aft transverse bulkheads are at the boundaries between the
detailed cargo section model and the remainder of the struck ship. In order to simplify the
geometry of the boundary transverse bulkheads, they are modeled as “stiff” transverse bulkheads
using panel elements only. When a transverse bulkhead is in the way of or close to the collision
contact, detailed tank structure is modeled on both sides of a detailed transverse bulkhead and the
stiff bulkhead boundary is moved to the opposite end of an additional tank, shown in Figure 15.
The centerline bulkhead model is also modeled using a “stiff” bulkhead unless it is in way of or
close to the collision contact. When close to the collision contact the centerline bulkhead model
is based on ship scantlings and geometry, supported with stiff beam elements that connect to
nodes on the opposite deck edge at each frame, deck and stringer as shown in Figure 16. Again,
fully rigid beams were found to cause very high stresses and premature failure at their interface
with the panel elements so “tiff” deformable beam elements are used.

Figure 13 - Struck Ship LSDY NA Model
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Figure 15 Struck Ship Cargo Section Geometry View from Outboard

Figure 16 Struck Ship Cargo Section Geometry View from Certerline
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3.3 Element Types

LSDYNA has many element types to choose from. In order to save CPU time, solid modeling
and a fine mesh are avoided in favor of shell and beam elements and a more coarse mesh. The
Hughes-Liu beam element is used for all struck and striking ship model beam elements. Hughes-
Liu elements are designed not to fracture and provide out of plane bending not provided by truss
elements. Belytschko-Tsay shell elements are used for all plate panels in both the struck and
striking ship models. This element uses a local coordinate system that deforms with the element
and provides a higher degree of numerical accuracy than a standard shell element at alower time
cost. Numerous runs with other element types available in LSDYNA were not as
computationally efficient. Single point (reduced), standard Gauss integration is used and the
panel reference location is taken at mid-plane.

Lemmen and Vredeveldt [72] found that two or three integration points through the thickness of
a belytschko-tsay element were sufficient. Hourglassing' was not a problem with their small
mesh (80x80mm). The LSDY NA manual recommends that hourglass energy be less than 10% of
the internal energy. Otherwise, other methods should be used, such as triangle-elements instead
of quadrilateral-elements or fully integrated elements instead of reduced integration elements. To
reduce hourglassing while using the coarse elements, 5 integration points were found to be
necessary to maintain the hourglass energy below 10% of the interna energy for most analysis.

34 Finite Element Mesh

Starting with an AutoCAD line model of the ship hull geometry, surfaces are created over the
lines in the finite element model builder program (FEMB). Next, surfaces are partitioned and
joined consistent with mgor energy absorbing structural members discussed in Chapter 2. The
surfaces are auto-meshed with a minimum element dimension of 0.20 meters and a maximum
element dimension of .3 meters. Element dimensions less than 0.5 meters are processing time
prohibitive (3 to 5 days on a Pentium 1V Desktop for the smplified models discussed in Section
3.9), however to obtain a true physical description of the deformed geometry of parts in the
struck ship, elements of these sizes are required. Hourglassing is also an important concern with
large mesh sizes and must be monitored closely. Finally, mesh problems are repaired manually.
The resulting element length to thickness (L/t) ratio is typically 8:1 to 12:1. A uniform mesh
throughout both the struck and striking ships detailed sections must be used to eliminate possible
numerical errors in the contact due to trandation of forces from element to element.

3.5 Smearing Techniques

To reduce computational time and to allow the use of alarger shell element mesh in the bow and
cargo section models, plate stiffeners, flanges, and structural holes are smeared into plate panels.
This is a common practice, but various methods can be used. Though smearing is not ided, it is

! Numerical deformation modes other than rigid body that do not contribute to strains at the
integration points
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essential as a method to reduce the finite element computational time requirement. As such, the
following smearing methods were compared:

No smearing

Equivalent Tensile Strength (Area) Smearing
Equivalent Compression Strength Smearing
Equivalent Membrane Strength Smearing
Equivalent Moment of Inertia Smearing

This comparison is performed using an LSDY NA test case of a simple struck ship double-side
configuration as shown in Figure 17. Table 5 provides details for the struck double-sided section.

Figure 17 - Rigid Bow Caollision with Double-Sided Test Section
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Table 5 - Double-Sided Test Section Parameters

Global Dimensions

=tringer Spacing 9m
Double Bottom Height Jm
Double Side Width 3.4m
struck Section Depth 30 m
struck Section Length 25m
YWeb Spacing Am
Sideshell

Thickness (3mto 30 m) 20 mm
otiffener Spacing (3 mto 30 m) 0.9m

otiffener Dirmensions (3 mto 30 m)

T500,10,200 25

Innershell

Thickness (0 mto 30 m) 16 mm
otiffener Spacing [0 mto 3 m) 1m
otifferer Spacing (3 mto 30 m) 0.9m

atiffener Dimensions {0 mto 30 m)

T500,10,200 25 mm

otringers and Deck (3,12,21,30m)
Thickness 15 mm
otiffener Spacing 0575 m

otiffener Dimensions

T250,10,100,15 mm

Bottarm and Bilge keel

Thickness 21 mm
otiffener Spacing 0.7 m
otiffener Dimensions 600 25 mm
Wehs

Thickness 15 mm
“erical Stiffener Spacing 1.7 m
otiffener Dimensions 1000 20 mm

The traditional smearing method [56] provides equivalent tensile strength under longitudinal
tension loading using area smearing. The equivaent plate (only) thickness, T, is calculated using
Equation 3.1.

—_ NS>(Af+AN)+Ap
h=—5F—" (3.1)

Ns is the number of stiffeners and A, Ay and A, are the stiffener flange, web and plate sectional
areas, and B is the plate span.

Equivalent compressive strength smearing provides equivalent strength under a longitudinal
compressive buckling loading. The equivalent compressive strength plate (only) thickness, T, is
calculated using Equation 3.2.

=bhx _p®
T =bx [

(3.2)
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The variable b is the dtiffener spacing, a is the plate length, and &? is the plate denderness
parameter [85].

The equivalent membrane strength smearing provides equivaent strength under transverse
tension (perpendicular to stiffener direction) loading. Because the stiffeners do not provide any
support in the transverse direction of the plate, the equivalent membrane strength thickness, Tm,
is equal to the original plate thickness Tp. Thus the equivalent membrane strength plate has the
dimensions of aand B with athickness of Ty, or Tp.

The equivalent Moment of Inertia smearing is based on plates under an out of plane loading. To
develop the equivalent inertial thickness, T;, the moment of inertia for the stiffened plate is set
equal to that of an equivalent nonstiffened plate and the thickness, T, is solved. Equation 3.3
provides the value of T;.

— 3124
T, =3¢ (33)
Smearing test cases and a combination smearing case where the sideshell and innershell were
tension-smeared and the remaining parts were membrane-smeared are summarized in Table 6.
Figure 18 and Figure 19 compare absorbed energy vs. penetration results for each smearing
method.
Table 6 - Smearing Test Case Nomenclature

Case Smearing Method
1 MO SMESRING (&5 BUILT)
[ EQUIVILEWT TEWSILE STEEHNGTH
(&BEEL) SMEARING
23 EQUIVILENT COLPRESSION
STREHMGTH shME&RIHG
[0 EQUIVILEMT MEMBEANE STREMNGTH
SMELRING
5 EQUIVILENT WICWIENT OF INERTIA
SMELRING
[ COLBINATION SMMEARING
20EA
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2 A0E+8
2.00E+8 |
1.60E+8 | ] P
& 120E+8| : P
g  B.O0E+T| C3 e 2 CE\‘ -
4.00E+7 | e e
L : s . C4 4
1LOOE-20 Lo vt ; i . i :
(0. D0EA+D 1.00E+HD 2.00E+D 3.00E+D 4.00E+D 5.09EH]
Penetration {m)

Figure 18 - Smearing Test Result Comparison of Energy vs. Penetration
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Figure 19 - Smearing Cases 1, 2 and 6 Result Comparison of Energy vs. Penetration
Comparison of smearing results to the unsmeared detailed structural model results indicates the

following:

Compression and Moment of Inertia smearing (C3 and C5 respectively) provide too stiff
a structure resulting in an under-prediction of penetration and over-prediction of absorbed

energy.

Tension and membrane smearing (Cases C2 and C4 respectively) under predict the

energy absorbed and over predict the penetration.

The average percent difference on penetration between C1 and C2 isless than one half of
one percent. The average percent difference on Absorbed Energy between C1 and C2 is
22.00%. The variation in Absorbed Energy between C1 and C2 is due to the increase of
Hourglass energy in C2 over C1 as shown in Figure 20 where the hourglass energy for
C2 is approximately 27% higher than the hourglass energy at 0.3 seconds or 5.05 meters

of penetration.

2.60E+3
2.40E+3
2.20E+3
2.00E+3
1.80E+3
1.60E+3
1.40E+3
1.20E+3
1.00E+3
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6.00E+2
4.00E+2
2.00E+2
0.00E+0

Hourglass Energy (1)
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Figure 20 - Smearing Cases 1 and 2 Hourglass Energy vs. Time
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Equivilent tension strength smearing provides the best method for modelling ship structures in
collision compared to the other smearing methods considered. Tension strength smearing is used
in al subsequent analysis.

3.6  External Dynamics and Constraints

An LSDYNA simulation is used to model both the internal structural response in collision and
the external ship dynamics including hydrodynamics. To save CPU time, an inertia-equivalent
method is used vice an explicit calculation of the fluid-structure interaction [58]. Masses and
mass moments of inertia in surge, sway and yaw represent the virtual masses (actual plus added
mass) for each ship. The masses of the striking ship outside of the bow section are assumed to be
concentrated in three transverse section parts shown in Figure 11 in red. The masses of the bow
parts are summed and the remaining mass is adjusted by assigning an appropriate mass density to
the transverse section parts so that the total mass of the striking ship model is equivalent to the
mass of the actual ship, plusits added mass in surge. The locations of the forward two transverse
section masses are determined by matching the required added mass moment of inertia in yaw.
A similar procedure is followed for the struck ship when the vessdl is anchored, moored or still at
the time of collision, where the model mass is equivalent to the mass of the actual ship plus the
added mass in sway. When the struck ship has forward velocity at the time of the collision, the
inertia-equivalent method begins to break down as the mass of the vessel may only be adjusted in
the model for a single degree of freedom. To overcome this problem, an equivalent momentum
method is applied to the struck ship.

The equivalent momentum method requires that the actual mass (M) of the vessel times the
actual forward velocity (Vi) of the vessal is equa to the model mass (M) times the model
forward velocity (Vm). Defining the model mass as equivalent to the actual mass of the vessel
plus the added mass in sway, then the forward velocity of the struck ship model is calculated
using Equation 3.4.

Vin = i Va (34)

Mm (3.5)
The equivalent momentum method provides the best results based on comparison of method
results to the validation case study discussed in Section 3.9.

Added mass values vary over the duration of the collision and depend on hull form [13]. For
model simplicity, average added mass coefficients are used where:

a =Gy
Ay = CpoMy (3.6)
a33 = %3' s33
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Coefficients values used in this report are selected to standardize results when compared to other
published model results, specifically Pedersen [14], Simonsen [10] and Paik [29]. Assumed
added mass coefficients are 0.05 in surge (c11), 0.85 in sway (c;2) and 0.21 in yaw (Cs3).

The motion of the striking ship is prevented in the 3, 4 and 5 directions (tranglation in the Z-axis,
rotation around the X-axis and Y-axis or heave, pitch, and roll) by constraining the nodes in the
collision bulkhead in these directions. These constraints allow the striking ship model to be very
simple and provide for a faster FEA solution. The striking ship motions in heave, pitch, and roll
are relatively small and less significant in a collision event as discussed in Chapter 2. The
motions of the struck ship are also constrained in these directions, allowing only sway, surge and
yaw by constraining the nodes in the boundary transverse bulkheads and beam elements in these
directions. This effectively limits ship global motion to the horizontal plane, but allows the
deformable sections a full six degrees of freedom.

3.7 LSDYNA Analysis Parameters

Other FEM parameters requiring particular consideration include: contact types, failure strain,
strain rate dependency, friction and other material properties. A very coarse finite element mesh
using primarily panel elements to save CPU time also requires close attention to hour- glassing.

Lemmen and Vredeveldt [59] also use LSDYNA to model full-scale collision tests. Their report
identifies variable values that provide results consistent with their test results. Servis et. a. [60]
and Naar [61] aso provide some excellent general guidance. These are discussed in the
following sections.

3.7.1 Contact and Friction

For the ship-to-ship collision analysis the NODES TO_SURFACE and SINGLE_SURFACE
contact types are used, alowing the master segments of the striking ship to penetrate into the
struck ship, while ensuring deformation through the nodal equirement (i.e. compatibility).
Figure 21 illustrates the nodal requirement where the red slave nodes are not alowed to penetrate
through the blue master surface but must remain on the postive side (indicated by normal
arrows) of the master segments.
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Figure 21 - Contact Nodal Requirement

In NODES TO_SURFACE contacts, nodes in the struck ship are assigned as save nodes and
surfaces in the striking ship are defined as master segments. The contact interface does not allow
the slave nodes to penetrate the master segments. If the striking ship is defined as master
segments then the penetration of the striking ship into the struck ship may occur and both are
enabled to deform. If however, the struck ship is defined as the master segments then the striking

26



ship cannot penetrate into the struck ship because slave nodes are not allowed to penetrate a
master segment as defined by the compatibility requirement. Multiple NODES TO_SURFACE
contacts are defined inasingle analysis.

Parts in the striking or struck ship are also defined as master segments over other parts in the
same ship. As an exanple, the side shell is defined as a master surface while slave nodes define a
web. Each contact is an independent interface such that a part defined by slave nodes in one
contact interface may be defined by master segments in another contact interface.

In SINGLE_SURFACE contacts, a part in the striking and/or struck ship acts as both master
surface and slave nodes to itself. This contact ensures proper physical behavior when the side
shell is peeled back and contacts itself. Again SINGLE_SURFACE contact uses a similar
approach asthe NODES TO_SURFA CE contact where the part nodes are constrained to stay on
the original side of the contact surface.

Care should be taken to ensure that all possible part-to-part contacts have been considered and
accounted for as failure to properly define contacts where contacts exist will alow nonphysical
violations (i.e. striking ship passing through struck ship without resistance or deformation).

The correct consideration of friction in a ship-ship collison model is also important. As friction
is increased the penetration of the striking ship into the struck ship is decreased or the absorbed
energy per unit penetration is increased. Several considerations of friction and various static and
dynamic friction coefficient values are reported in the literature. The most common value found
in the literature for the dynamic friction coefficient is 0.3 [22,59,62,63,64,65]. Reported dynamic
coefficients of friction vary from 0.0 to as high as 0.6 and static coefficients are reported at
values between 0.5 and 0.8 [28,66,67,68,69]. Wisniewski et al [70] modeled collisions with a
40K dwt container ship striking a 105K dwt double hull crude oil carrier using ABAQUS-
EXPLICIT. The dynamic coefficient of friction was varied from 0.0 to 0.6 in a parametric study.
Plots of Wisniewski’s results are provided in Figure 22 where it is shown that the higher the
friction coefficient the faster the loss of kinetic energy of the striking ship. The difference
between the friction curves for 0.3 and 0.6 is much smaller than between the curves for 0.0 and
0.3. As aresult Wisniewski states, “The effect of friction will not increase significantly for larger
values (greater than .6) of the coefficient.”

== fric 0.1
== fric 0.3
= fric 0.6
<8 i 0.0
- | S 1 == kin (.1

| | e kin 0.3

| |~ kin 0.6/

100] — : '
]lll |
0 i, el Sl

cqergy [M4]

| 2 3 4
Pagalealizg [m]

Figure 22 - Friction and Kinetic Energy vs. Penetration [70]
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The friction model in LSDY NA is based on the Coulomb friction relation given by Equation 3.7.
m = FD+(FS- FD)e "o (3.7)

Where:

m coulomb friction coefficient

FS  oatic coefficient of friction for mild steel on steel
FD  dynamic coefficient of friction for mild steel on stedl
Ve  relative velocity of contact surfaces

DC  exponentia friction decay coefficient

The LSDYNA User’'s Manual [71] suggests a value of 0.74 for the static friction coefficient (FS)
of dry mild steel on steel. An average value from the literature for FS of wet mild steel on stedl is
0.7. The LSDYNA User's Manual suggests a value of 0.57 for the dynamic friction coefficient
(FD) of dry mild steel on steel. An average value from the literature for FD is 0.3, for wetted,
mild steel on steel. Figure 23 shows the Coulomb Friction value as a function of the change in
relative velocity of the contact surfaces in meters per second with a DC vaue of 7.0. By
increasing the value of DC the value of the relative velocity at which the steel on steel contact
acts in a dynamic manner is decreased, i.e. the rate of change from the static friction coefficient
to the dynamic is increased. Vaues selected for these coefficients in this report are FS= 0.7, FD
=0.3and DC =7.0.
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Figure 23 - Coulomb Friction vs. Relative Vel ocity of Contact Surfaces

3.7.2 Material Properties

Only three of many (nearly 100) material types available in LSDYNA were found to be suitable
or necessary for ship collision analyses:
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Type 24 — Elastic/Plastic Isotropic with Piecewise Linear Plasticity — This materia type
allows strain rate effects and complete material fracture. All panels in the struck ship are
modeled using LSDYNA Material Type 24. Material behavior is specified using the
following parameters. Young's modulus, yield stress, tangent modulus, failure strain and
Cowper and Symonds strain rate parameters.

Type 3 — Elastic/Plastic Isotropic with Kinematic Plastic Hardening - All transverse
beams in the struck and striking ship and panels in the striking ship are modeled using
LSDYNA Materiad Type 3. Material Type 3 is used in the striking ship because of the
“No Fracture” behavior in its stress-strain curve shown in Figure 24. It was found that
Master Elements modeled with Material Type 24 confuse the contact algorithm in the
rare cases when these elements fracture. Model elements away from damaged areas must
remain intact for model integrity. The use of Type 3 materia avoids these problems.

Loss of Strength

Stress Ep Ha Frart

Stram

Figure 24 - Kinematic/Isotropic Elastic Plastic Material Stress Strain Curve
Type 20 — Rigid — Material Type 20 is used in special model cases specifying a rigid
bow. Rigid elements are bypassed in deformation processing and are very time efficient.

Parameter values for modeling ABS materials Grade B, AH32 and AH36 using Material Types 3
and 24 are listed in Table 7 and Table 8. Figure 25 shows the resulting stress verses strain curves
for Type 3 and Type 24 Material at each grade.

Table7 - Materia Type 3 Definitions

MATERIAL TYPE 3

NAME (Material Name) M3GB M3GAH32 [ M3GAH36
TYPE (Material Type) 3 3 3

MID (Material Identification Number) 601 602 603

RO (Material Density) 7.78E+03 | 7.83E+03 | 7.85E+03

E (Material Modulus of Elasticity) 1.90E+11 | 2.00E+11 | 2.10E+11

PR (Material Poissons Ratio) 0.281 0.292 0.303
SIGY (Material Tension Yeild Stress) 2.35E+08 | 3.15E+08 | 3.55E+08
ETAN (Material Tangent Modulus) 3.75E+09 | 3.05E+09 | 3.22E+09
BETA (Material Hardening Parameter) 0 0 0
SRC (Cowper-Symmonds Strain Rate Parameter C) 40.4 40.4 40.4
SRP (Cowper-Symmonds Strain Rate Parameter P) 5 5 5

FS (Material Failure Strain) 0 0 0

VP (Material Formulation for rate effects) 0 0 0
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Table 8 - Material Type 24 Definitions

MATERIAL TYPE 24
NAME (Material Name) M24GB M24GAH32 | M24GAH36
TYPE (Material Type) 24 24 24
MID (Material Identification Number) 701 702 703
RO (Material Density) 7.78E+03 | 7.83E+03 | 7.85E+03
E (Material Modulus of Elasticity) 190E+11 | 2.00E+11 | 2.10E+11
PR (Material Poissons Ratio) 0.281 0.292 0.303
SIGY (Material Tension Yeild Stress) 2.35E+08 | 3.15E+08 | 3.55E+08
ETAN (Material Tangent Modulus) 3.75E+09 | 3.05E+09 | 3.22E+09
FAIL (Plastic Strain to Failure) 0.1 0.1 0.1
TDEL (Minimum Time Step Size for Automatic Deletion) 0 0 0
C (Cowper-Symmonds Strain Rate Parameter C) 40.4 40.4 40.4
P (Cowper-Symmonds Strain Rate Parameter P) 5 5 5
(Load Curve Identification Number for Effective
LCSS Stress verses Plastic Strain) 0 0 0
(Load Curve Identification Number for Strain Rate
LCSR Scaling Effect on Yeild Stress) 0 0 0
VP (Material Formulation for rate effects) 1 1 1
EPS1 (Effective Plastic Strain Value 1) 0 0 0
EPS2 (Effective Plastic Strain Value 2) 0 0 0
EPS3 (Effective Plastic Strain Value 3) 0 0 0
EPS4 (Effective Plastic Strain Value 4) 0 0 0
EPS5 (Effective Plastic Strain Value 5) 0 0 0
EPS6 (Effective Plastic Strain Value 6) 0 0 0
EPS7 (Effective Plastic Strain Value 7) 0 0 0
EPS8 (Effective Plastic Strain Value 8) 0 0 0
ES1 (Corresponding Yeild Stress Value to EPS1) 0 0 0
ES2 (Corresponding Yeild Stress Value to EPS2) 0 0 0
ES3 (Corresponding Yeild Stress Value to EPS3) 0 0 0
ES4 (Corresponding Yeild Stress Value to EPS4) 0 0 0
ES5 (Corresponding Yeild Stress Value to EPS5) 0 0 0
ES6 (Corresponding Yeild Stress Value to EPS6) 0 0 0
ES7 (Corresponding Yeild Stress Value to EPS7) 0 0 0
ES8 (Corresponding Yeild Stress Value to EPS8) 0 0 0
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Figure 25 - Material Types 3 and 24 Stress/Strain Curves
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3.7.3 Element Failure

The difficulty in material modeling in finite elements is the determination of the plastic strain at
which the element fails, fractures or ruptures (effectively losing strength and the ability to
maintain a stress loading). In this report, the point at which an element is no longer able to
provide resistance to loading is referred to as failure. At failure, the element is eliminated from
the analysis providing no further resistance to the global deformation.

Lemmen and Vredeveldt [59] used Materia Type 24 as discussed in Section 3.7.2 and
considered two element failure criteriac 1) criteria with bending (CB) - elements fail at specific
integration points (stress then set to zero) when specific integration point equivaent plastic strain
reaches the failure value - fails layer by layer; and 2) criteria with membrane strains only (CM) -
stresses at all element integration points are set to zero when equivalent plastic strain reaches the
faillure value in the centra layer — the element fails over its full thickness. CB was found to
provide results more consistent with their tests and is used throughout this report. Figure 26
illustrates the differences between CB and CM.

Element failure strain has a significant effect on collision model results. A fundamental approach
to determining its value is much preferred to the typical “model calibration” approach. Thisis
discussed in the following section.
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Figure 26 - Comparison of Element Failure Criteria CB and CM

3.7.3.1 Determination of Failure Strain

Failure of a material may be either ductile or brittle. Ductile failure is defined as failure that
occurs after significant material thinning and is illustrated Figure 27. Brittle failure is defined as
failure that occurs without significant material thinning and is also shown in Figure 27.
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Figure 27 - Illustration of Ductile and Brittle Fractures

In ship-to-ship collisions either ductile or brittle faillure may occur. The type of failure is
dependant on many variables including temperature, loading, homogeneity, welds, and
eccentricity. Because of the complexity of failure, most research has concentrated on the
development of a single parameter value (failure strain) that accounts for both ductile and brittle
fracture on aglobal scale (i.e. applicable to al materia in a vessdl).

Failure strain is the value of effective plastic strain at which a materia fails and is based on the
St. Venant theory of fracture mechanics [86]. Effective plastic strain EL is calculated using

Equation 3.8 for each element, where E; is the plastic strain rate given as the difference between
the total strain rate and the elastic strain rate.

t X X
E& = Q3EPE p)dt (3.8)

In the initial phases of using the finite element method, the materia failure strain as determined
by static tension tests or their equivalent was used in the models. Various materia tests
performed to determine an appropriate FEA failure strain include the mild steel static tension
tests performed by Naar et a [61] yielding a failure strain of 18%, and agreeing with the value of
Lehmann et a [46]. Wisniewski et al [70] report a material failure strain of 17% for both mild
steel and high tensile steel. Simonsen and Lauridsen [73] report a material failure strain of 19%
determined via a tension test on mild stedl. Kitamura [57] reports “a lot of nateria tests have
shown that [failure strain] of ordinary mild steel is about 30%.” Finally, Servis et a [60] report a
tested material failure strain for mild steel at 46.1%.
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Comparison of finite element models to experiment shows that numerical failure strain (the value
used in a FEA modd) is a function of element size [29,57,59,60,61,69,72,73,74,75], and
therefore is not purely a material property. Much research has been performed to determine the
proper value of the failure strain. Agreement as to the proper value or relation has yet to be
shown though it is generally agreed that the larger the element size the smaller the numerical
faillure strain value should be. Figure 28 shows a collection of reported failure strains verses
element size as used by various authors [29,57,59,60,61,69,72,73,74,75].
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Figure 28 - Reported Failure Strains vs. Element Length Size [29,57,59,60,61,69,72,73,74,75]

Paik and Pederson [29] and Kitamura [57] explain that the lower values of failure strain are used
with larger element sizes to numerically account for stress concentration factors such as cracks,
corrosion and impact loadings etc... in the model that Brger size elements do not properly
capture. For this reason, the use of small material samples for the determination of the failure
strain is invalid as smal material samples do not provide a true representation of actua
distributions of imperfections, stress concentrations or provide information as to an average
stress state which occurs in larger elements. Paik and Pederson also state, “ship collisions are
essentially dynamic problems and dynamic effects may not be neglected.” For this reason, the
use of static or quasi-static experiments to validate the numerical failure strain to be used ina
dynamic model is also invalid.

Kitamura [57] performed a series of dynamic drop tests and quasi-static penetrations where
either scale models were struck repeatedly by a free falling rigid bow model of 8.44 tons or
dowly indented by the same rigid bow. Modeling these tests by finite elements, a relation as
shown in Figure 29 for failure strain verses average element edge length was determined.
However it is unclear whether this relation was developed based on the dynamic tests or the
guasi-static.

33



0.5 T T T T

04 —

153 03— —]

a1 I I I I
o 100 200 300 400 A00

Er,
mm

Figure 29 Kitamura Necessary Failure Strain Results [57]

To further examine the relationship between the element edge length and the numerical failure
strain while incorporating strain rate effects, a solely dynamic yet simplified test is desired. The
simplest dynamic test to which a finite element model is easily implemented with little
computational and modeling effort is the Charpy-V-Notch (CVN) test which measures the total
material absorbed energy (Charpy energy) prior to fracture. The disadvantage of using the CVN
test is that the material sample is smal and the distributions of imperfections;, stress
concentrations or average stress state is not considered.

The Charpy energy, often called the impact energy, is determined by impacting a material
sample using a pendulum device as shown in Figure 30. A Pendulum of a known mass is
released from a known height and allowed to swing into the material sample located at the
bottom of the pendulum’s arc. The absorbed energy is calculated by measuring the height to
which the pendulum swings after the impact.

PEMDULUM-TYPE
HAMMER .

MOTCHED SAMPLE

Figure 30 - Charpy-V-Notch (CVN) Test
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The standard size of a CVN test specimenis set by ASTM E23 and has dimensions as shown in
Figure 31. The long dimension of the sample (55-mm) is cut parallel to the rolling direction of

the stedl.
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Figure 31 - Charpy-V-Notch (CVN) Sample Dimension

CVN impact tests conducted on ABS GR. B materials at various temperatures by Francis, Cook
and Nagy as reported in SSC Report 276 [76] yield an impact energy verses temperature plot
(Figure 32) where the transition from brittle to ductile behavior of the material occurs at O
degrees Fahrenheit and the upper shelf impact energy (absorbed energy in full ductile behavior
range) is approximately 57 ft-lb (77 Joules). However, the CVN test is not the most accurate
measure of the energy required to fracture a material sample. A large statistical error is present in
most tests, and reproducibility is a common problem between facilities. (SSC Report ro. 235
[77] reports a CVN upper-shelf impact energy of 112 ft-Ib for the ABS GR. B materia.)
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Figure 32 - Sample Charpy Test Data of ABS Grade B Steel [76]

Although statistically abhorrent with a low number of samples, the CVN test is still a very
affordable way to determine a statistical impact energy for a specified material and temperature,
and is still used by many steel manufacturer’s and ship building firms to classify the reliability of
specific materials for designed tasks such as ice-breaking, cold-weather transport, and recently
collision survivability and damage prediction.

To correlate the FEM to the CVN test data, FEA absorbed energy is compared to the absorbed
energy from the actua material (ABS GR. B) at an average service temperature of 60°F. The
finite element model of the CVN test specimen consists of a flat plate comprised of varying
number of elements and fixed on either end with a constant width of 10 mm and length of 55 mm
(an example model shown in Figure 33). This model is developed for application to deck
fracture, and uses the Belytschko-Tsay shell element vice a solid element formulation. The shell
element is used in the global ship-to-ship finite element model. The use of the shell element in
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this case is valid because the stresses developed in the model are all planar and do not vary
through the thickness.

The finite element model of the pendulum impactor is modeled by arigid structure matching the
dimensions as specified by ASTM E23. The test specimen is modeled having the materia
properties of ABS Grade B mild steel as provided in Table 8, where the plastic strain to failure
(failure strain) is varied.

| e T
Figure 34 - CVN FEM Analysis
Figure 34 shows that the materia sample does not have a uniform planar state of stress and

supports the conclusions that the failure strain is not a pure materia property but is sersitive to
the test configuration and geometry in finite element analysis.

The average computational time on a standard Pentium 111 Desktop computer for the CVN model
was under a minute. After several variations of failure strain (FS), element thickness (t) and
average element edge length (L) the absorbed energy (AE) was found to be a function of t, L,
element type and material properties. By maintaining constant element type (Belytschko-Tsay
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shell element) and all material properties except failure strain, the absorbed energy is a function
of t, L and FS only. Noting that the absorbed energy is a linear function of element thickness as
shown by Figure 35 the effects of element thickness may be eliminated such that the dimensional
parameter AE/t becomes only a function of the dimensionless parameters L/t and FS as in
Equation 3.9.

AE/t = F((L/), FS) (3.9)
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Figure 35 - FEA Charpy Energy vs. Sample Thickness

Maintaining a constant failure strain of 5% (for simplicity) and varying the average element edge
length and thickness of the elements in the test specimen numerical convergence of the AE/t
parameter is shown to occur in Figure 36 for L/t ratios greater than 2.5.

g
’ . & * * +
B + e + - N e N -
".’ ¥ * hd hd W
+
_ +*
£ 5 =
£ 0"0
34l
=
273
2
1
0 t
] 1 2 3 4 o] 53 7 a =l 10 1
LT

Figure 36 - FEA Charpy Energy vs. L/T Ratio

Thus, the functional dependence of the absorbed energy on L of elements whose average element
edge length is greater than 2.5 times the element thickness may be neglected. At some L/T ratio
much greater than 2.5 the element size will not capture the physics of the material sample used in
the CVN test and this approximation method will break down. Therefore, as long as the above
conditions are true, L/t = 2.5 and L/t not >>2.5, then the absorbed energy is only a function of the
failure strain and the element thickness as in Equation 3.10.
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AE = F(FS) if L/t=2.5 and not >>2.5 (3.10)

Examination of the effect of failure strain on the absorbed energy in the Charpy-V-Notch model,
for the ABS GR. B material shows that the absorbed energy is linearly related to the failure strain
(Figure 37), where AE is the absorbed energy in Joules divided by 10 and FS is the failure
strain).
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Figure 37 - FEA Charpy Energy (divided by 10) vs. Failure Strain (FS)

By matching the average of reported Charpy energy for mild steel at 60°F [76,77] to Figure 37
where the thickness of both test specimens (numerical and actual) is equal to 10 mm, the
numerical failure strain to properly model ABS Gr. B mild steel using Belytchko-tsay elements
with material model and properties as given by Table 8 and Figure 25 is approximately 10%
(between 6 and 14% to match the actual material test values of [76 and 77]), aslong asthe L/t =
2.5 condition is met. For ship-to-ship collision analysis a failure strain of 10% will therefore be
used for most analyses.

3.7.4 Strain Rate

The Cowper and Symonds strain rate model accounts for the effect of stain rate on yield strength.
Lemmen and Vredeveldt [59] found this model to give good results. The influence of materia
inertia forces was found to be negligible, i.e. other than the effect of strain rate, materia
properties are not sensitive to velocity.

The Cowper-Symonds constitutive equation, Equation 3.11, is widely used and has been found
adequate for many theoretical and numerical calculations [29]:
Sp =8, [1+ ()" (3.11)

Where:

SD dynamic yield stress

Sy material static yield stress

e plastic strain rate when the LSDY NA viscous-plasticity option flag isset at 1
C,P materia constants
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The plastic strain rate, g, is calculated using Equation 3.12. The materia properties C and P are
most often taken as 40.4 sec’* and 5.0 respectively for mild steel [28,29,72]. Paik et al. [28] used
C equal to 3200 sec* and P equal to 5.0 for high tensile steel materials based on unidentified test
data. These values of C and P for mild steel and high strength steel are used in the collision
analysis presented here. Ship to ship collision strain rates in this project reach maximum values
of approximately 0.1 sec’*. These result in a dynamic yield stress that is 1.3 times the static yield
stressin mild steel and can have a significant effect on the results.

— De
e == (3.12)

Where:
De isthechangein plastic strain;
Dt isthe time step.

3.8 Typical Results

Numerical results for the LSDYNA collision simulation runs are provided and discussed in
Section 3.9. Figure 38 shows typical upper bow deformation consistent with the photographs in
Figure 8. Figure 39 through Figure 41 show typical shell damage results predicted by the model.
Figure 42 through Figure 44 show bow penetration into the double side with damage to adjacent
webs.

Figure 38 - Folding- Down Upper Bow of Conventional Bow Model
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Figure 39 - Ship to Ship Collision Simulation

Figure 40 - Damaged Outer Shell and Deck for Double Hull Tanker
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Figure 42 - Damaged Web and Shell of DH150
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Figure 43 - Damaged Web and Shell of DH150

Figure 44 - Damaged Web and Shell of DH150

3.9 Calibration

The LSDYNA methodology presented above is calibrated (time step, damping factors and
analysis control parameters adjusted) using a real collison case described by Minorsky’s [9]
origina collision data, and additional data and drawings obtained at the National Archives. This
was the only near-complete set of data found after nearly two years of search. The calibration
case is the collision between the David E. Day and the Marine Flier [84] in the Pacific Ocean on
May 17, 1952.
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3.9.1 David E. Day - Marine Flier Callision

On May 17, 1952 the C4 cargo vessel “Marine Flier” struck the T2 tanker “David E. Day” at a
reported 55-degree collision angle between frames 59 and 62 of the David E. Day, approximately
9 meters forward of amidships. The reported vessel speeds at the time of the collision were 16.3
knots for the David E. Day and 16.5 knots for the Marine Flier causing a reported 17 ft of
penetration and 35 ft of damage length. However, extensive examination of documents related to
the collision revealed that the actual speeds of the Marine Flier and David E. Day at the time of
the collision were closer to 5 to 7 knots and the collision angle was in actuality between 50 and
55 degrees. In part these changes were due to last minute “Full Astern” and “Hard Right Rudder”
orders given by the masters of each vessdl in aneffort to avoid the collision.

Structural drawings for both ships were obtained through the National Archives and Records
Administration and specific data was used in the LSDYNA FEM model shown in Figure 45.
Appendix C provides information on the “Marine Flier” and Appendix F provides information
on the “David E. Day”. The collision angle used in the smulation is 51 degrees with a collision
location of 10 meters forward of amidships. The initial striking vessel speed is 5.5 knots, and the
struck vessel speed is 7 knots. The FEM results are 5.09 meters or 16.7 ft of penetration, and 10
meters or 32.8 ft of damage length. The FEM results are non-conservative by approximately
1.8% in penetration and 6.3% in damage length compared to Minorsky’s [9] reported penetration
and damage length values.

Figure 46 through Figure 68 provide a visua record of the David E. Day — Marine Flier collision
at haf-second intervals until the end of the collision event occurring at 4 seconds. The sustained
damage in the finite element analysis is similar to the description of the damage reported in [84].

Figure 45 - David E. Day - Marine Flier Collison Analysis FEA Model
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Figure 47 - David E. Day FEA Hull Damage at 0.5 Seconds

Figure 48 - Marine Flier FEA Bow Damage at 0.5 Seconds
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Figure 49 - David E. Day - Marine Flier Damage at 1.0 Seconds

Figure 50 - David E. Day FEA Hull Damage at 1.0 Seconds

Figure 51 - Marine Flier FEA Bow Damage at 1.0 Seconds
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Figure 52 - David E. Day - Marine Flier FEA Damage at 1.5 Seconds

Figure 53 - David E. Day FEA Hull Damage at 1.5 Seconds

Figure 54 - Marine Flier FEA Bow Damage at 1.5 Seconds
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Figure 55 - David E. Day - Marine Flier FEA Damage at 2.0 seconds

Figure 56 - David E. Day FEA Hull Damage at 2.0 seconds

Figure 57 - Marine Flier FEA Bow Damage at 2.0 Seconds

47



Figure 58 - David E. Day - Marine Flier FEA Damage at 2.5 Seconds

Figure 59 - David E. Day FEA Hull Damage at 2.5 Seconds

Figure 60 - Marine Flier FEA Bow Damage at 2.5 Seconds
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Figure 61 - David E. Day - Marine Flier FEA Damage at 3.0 Seconds

Figure 62 - David E. Day FEA Hull Damage at 3.5 Seconds

Figure 63 - Marine Flier FEA Bow Damage at 3.0 Seconds
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Figure 65 - David E. Day FEA Hull Damage at 3.5 Seconds

Figure 66 - Marine Flier FEA Bow Damage at 3.5 Seconds
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Figure 67 - David E. Day - Marine Flier FEA Damage at 4.0 Seconds

Figure 68 - David E. Day FEA Hull Damage at 4.0 Seconds

Figure 69 - Marine Flier FEA Bow Damage at 4.0 Seconds
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3.10 Summary of Finite Element Analysis in Ship-to-Ship Collisions

While the FEA methods discussed above provide reasonable results as shown in Section 3.9.1,
the use of finite element analysis for design optimization or the development of variable response
surfaces is currently impractical due to the computational requirements of the finite element
methods. A practical example is the use of a small Monte Carlo optimization [35] scheme where
1000 analysis are used varying a set number of design parameters for a single collision scenario.
Being conservative and using only one fourth of the average ship-to-ship finite element analysis
time on a Pentium |V desktop yields a single analysis time of 22 hours. Thus, 1000 anaysis
requires a& minimum 22000 hours or precisely 2 % years. If four collison scenarios are
examined, then a full decade of computational time is required. The use of finite element
analysis in the remainder of this report is limited b the application of a virtual laboratory
assigting in the development and proof of theories and arguments as discussed in later Chapters.
It is a development and assessment tool for more simplified modeling methods.
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CHAPTER 4 Simplified Methods for Modeling Ship Collisions

With the high computational cost of finite element analysis, other methods of determining the
damage sustained during ship-to-ship collisions were evaluated. Many authors and institutions
have investigated aspects of ship-to-ship collisions. A short summary of the methods is provided
in the following section with the more applicable methods to this report discussed in detail in
Sections 4.1 through 4.3.

Models for analyzing ship collisions were initially developed in the 1950s for ships transporting
radioactive materials, and later were applied to other types of ships, including barges, tankers
and LPG/LNG carriers. SSC Reports 283, 284 and 285 provide an excellent summary of
collision models developed before 1979 [5,6,7]. A more recent review was conducted by the
1997 International Ship and Offshore Structures Congress (ISSC 97), Specidist Panel V.4 [8].
SSC Report 442, produced under SNAME Ad Hoc Panel #6, provides the most recent update
[83].

From details of Chapters 2 through 3 the following list of characteristics necessary for any
analytical ship-to-ship collision method is provided. This list can be used to determine the
completeness of any method and provides a way to compare each of the methods referenced in
Section 4.4 and discussed in Sections 4.1 through 4.3.

Post Collison Momentum — Any collison anaysis method should include the
determination of each of the energy components of Equation 2.2 including the energy
remaining in the system as kinetic energy due to the post collison motion of the
combined vessels as occurs in inelastic collisions.

Struck Ship Forward Velocity — The collision analysis method must consider struck ship
forward velocity and its contribution to the initia kinetic energy of the system.

Obligue Angle Collisions — The collision analysis method must consider collisions which
are not ninety degree T-bone collisions, but occur at varying oblique angles. Few actual
collisions occur at exactly a ninety-degree collision angle.

Determination of Enerqy from Eight Energy Absorbing Structures — The collision
anaysis method must consider the energy absorbed from the eight critical energy
absorbing structures as found in Chapter 2.

Deformable Bow— The collision analysis method should consider a deformable or energy
absorbing striking ship bow structure as some bow structures may not properly be treated
asrigid as discussed in Section 2.4.

Longitudinal Extent of Damage — The collision analysis method must consider not only
the penetration of the striking ship into the struck ship, but also the length of damage
along the struck ship known as the longitudinal extent of damage for the determination of
the full extent of damage which occurs to the vessal during the collision.

Low Computational Cost — As discussed in Section 3.10, the collision analysis method
must encompass a low computational cost while maintaining high solution fidelity. The
method must alow for the implementation in an optimization scheme or be used to create
response surface curves for use invessel design phases.
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Coupling of Internal Mechanics and Externa Dynamics — The collision analysis must
consider the effect of the interaction between the global behavior of the vessels and the
local deformation and resulting forces.

Prior to discussion of various methods, it is worthy to note that collision analysis models include
three primary elements:

External ship dynamics sub-model;
Internal sub-model of structural mechanics for the struck and striking ships; and
Simulation approach that couples the internal and external sub- models.

And collision analysis models may also be categorized by function as:
Methods suited for determining energy absorbed by struck ship.
Methods suited for determining energy absorbed by striking ship bow.
Methods for Determining Energy Absorbed by Both the Striking and Struck Ships

SSC 422 [83] discusses each collision analysis model as categorized by primary elements where
here discussion is formatted around the function of each collision analysis model.

4.1 Methods for Determining Energy Absorbed by the Struck Ship

4.1.1 Minorsky (Energy Coefficient) Method

Minorsky’s correlation between the volume of ship structure damaged in a collison and the
collisions kinetic energy is based upon the following three assumptions:

Only the component of the striking ship speed normal to the course of the struck ship
contributes to the kinetic energy available to cause damage;

The mass of the water entrained during the collision in the sway of the struck ship is
equal to forty percent of the displacement of the struck ship;

The collision is an inelastic event.
Using these assumptions the kinetic energy absorbed in damaging the ship structures during the
collision is given by Equation 4.1.

ARE = —.
2 I'I.I'ISE + I'I.I'IM + Cm.HMsus

[l ]

4.2
where:

?KE isthe energy absorbed due to damaging structure in the collision
Mgs isthe displaced mass of the striking ship

Mgs Isthe displaced mass of the struck ship

Cm22 isthe added mass coefficient in sway

Vgs istheveocity of the striking ship

q isthe collision angle



By plotting the kinetic energy absorbed in damaging ship structures during the collision versus
the volume of damaged steel material for several collisions as reported by Minorsky [9], and
fitting the data points through a linear least squares fit, the correlation between the kinetic energy
and the damaged volume is given by Equation 4.2.

AKE = 473 He + 327 (4.2)

Where Ry is the volume of damaged steel, the coefficient multiplying Rr is the energy
coefficient and the intercept term represents the energy absorbed in puncturing and tearing
through the shell of the struck ship. Reardon and Sprung [15] reevaluated Minorsky’s correlation
adding new collision cases after Minorsky’s origina 1959 data and estimated the intercept term
based upon the average of shell damage energy from seven collisions. Based on the new data,
Reardon and Sprung [15] reported an updated Minorsky correlation given by Equation 4.3.

AKE = 471-Ro 4+ 284 (4 3)

Minorsky’s assumptions are conservative, not considering the energy due to the motion of the
struck vessel and only considering a forty percent increase of the mass of the struck vessdl in
sway motion. Paik, Choe and Thayamballi [28] neglect Minorsky’s first assumption and allowed
the kinetic energy available in the collision to be a function of the relative velocity between the
two ships, the ?KE function reported is:

Lv(1+cal) >(1+Ca2) XM1>M2 )VZ

DKE =
? (1+Cal)le+(1+CaZ)xM2 r

(4.4

Where ¢y and G are the added mass coefficients for the striking and struck ships in surge and
sway respectively, M1 and My are the displaced masses of the striking and struck ships
respectively, and V; is the relative velocity between the two vessels as given by Equation 4.5.

Vi =V, 4V, >c05(Q) (4.5)

Vi1 and V, are the forward velocities of the striking and struck ships respectively. Applying
Equation 4.4 to the collision data of Reardon and Sprung yields an empirical relation for DKE as
given by Equation 4.6.

DKE = 33xRy + 28.4 (4.6)
The results of Reardon and Sprung, and Paik, Choe, and Thayamballi’s empirical
approximations are shown Figure 70 and Figure 71. The high scatter of the results in Paik, Choe,

and Thayamballi’s empirical approximations becomes more prominent with the use of additioral
data points.
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Reardon & Sprung (1996)
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Figure 70 - Reardon and Sprung Absorbed Energy vs. Damaged Volume

Paik, Choe & Thayamballi (2002)
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Figure 71 - Paik, Choe and Thayamballi Absobed Energy vs. Damaged Volume
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Severa authors have investigated the Minorsky energy coefficient attempting to determine aless
empirical approach to the value. Of these, Pedersen and Zhang [14] and Paik and Pedersen [29]
approaches are discussed here.

4.1.2 Pedersen and Zhang Energy Coefficient

Pedersen and Zhang developed a relation for the energy absorbed per volume of damaged steel
material from the work of Amdahl [23] and Wierzbicki ard Abramowicz [87]. The method is
based on the crushing, folding and denting modes of L, T or X shaped cross sections. The
developed formulation of the Energy Coefficient (Ecoer) IS given by Equation 4.7. Where K is a
coefficient that depends on the geometrical shape of the crushed structure, the authors proposed
an average value of 3.5 for K.

Ene = K8, X3)’ (47)
So isthe flow stress, t is the average thickness and b is the span of the crushed material. Figure

72 shows the comparison of a fitted line (Minorsky approach) to data points evaluated using
Pedersen and Zhangs method of Equation 4.7 on Minorky’ s original data [9].

Pedersen & Zhang (1998)
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Figure 72 - Pedersen and Zhang Absorbed Energy vs. Damaged Volume

Pedersen and Zhang also developed a relation for the cutting and tearing of bare plate that is
given by Equation 4.8. G is the width of the tearing object (often rigid wedge width) if steady
state tearing has been reached otherwise G is the torn length of the plate.

E. =3.2Ls X&) (4.8)
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4.1.3 Paik and Pedersen Energy Coefficient

Paik and Pedersen developed two relations for the energy coefficient based on the crushing and
folding, cutting and tearing damage nodes of plated structures (with and without material strain
rate effects). These formulations are derived from Amdahl [23] and are well formulated in [29].
Equation 4.9 is the formulation of E..e Without strain rate effects and Equation 4.10 includes the
effect of strain rate.

E. = (1.9514x1)% +0.3661%) s (4.9)
Eo = U+ () ™) (L.9514X(H) ° +0.3661%4) 55 (4.10)

Vm is the mean impact speed that is determined by Equation 4.11.

V.=

m

fd
& 411
fit .10

Where d(t) is the relative motion between the striking and struck vessels.

414 ALPSSCOL

ALPS/SCOL is a coarse-mesh 3-D nortlinear finite element code using super-elements based on
the Idealized Sructural Unit Method (ISUM) [28,29]. The geometry of the striking and the
struck ships is described in a global (three-dimensional) rectangular coordinate system. The
stressin an ISUM unit is described in a local element coordinate system ALPS/SCOL considers
sway and yaw of the struck ship with the following assumptions:

The added masses of the striking and the struck ships are calculated based on ships of similar
type and size using a linear strip theory-based computer program.

The striking ship is assumed to berigid.
The analysis of the external and the internal dynamics is undertaken separately.

The longitudinal velocity of the struck ship is not considered.

Since ALPS/SCOL is based on a simplified 3D nonlinear finite element approach, damage in
three directions (penetration, vertical and horizontal damage) is considered.

The geometry of the striking ship bow shape is described by gap/contact elements. One cargo
hold of the struck ship is taken as the extent of the struck ship anaysis. ISUM stiffened panel
units are used to model the struck vessel structure.

The geometry of the struck ship is described using rectangular or triangular ISUM units. If the
deformation of the struck ship is symmetric, the total degrees of freedom in the numerical model
are reduced by half. Each node has 3 degrees of freedom. Figure 73 shows damage calculated in
atypical ALPS/SCOL simulation.
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Figure 73 - Damage from ALPS/SCOL Simulation

Design data required for the striking ship includes a detailed bow geometry description, length,
beam, depth, draft and displacement. Design data for the struck ship includes, length, beam,
depth, draft and displacement, transverse bulkhead location, COG, and detailed structural design
and scantlings. Scenario data required includes striking ship velocity and longitudinal location of
impact in the struck ship.

415 DAMAGE

The computer progran DAMAGE was developed at MIT under the Joint MIT-Industry Program
on Tanker Safety. This project, lead by Professor Tomasz Wierzbicki, was initiated in 1991, and
in addition to the program DAMAGE, the project produced more than 70 technical reports about
prediction of grounding and collison damage. The program DAMAGE Version 5.0 can be used
to predict structural damage in the following accident scenarios [10]:

Ship grounding on a conical rock with arounded tip (rigid rock, deformable bottom)
Right angle ship-ship collisions (deformable side, deformable bow)

Compared to previous models for prediction of grounding and collison damage, a major
advantage of DAMAGE is that the theoretical models are hidden behind a modern graphical user
interface (GUI). The program has been devel oped with the objective of making crash analysis of
ship structures feasible for engineers that do not have any particular experience in the field of
crashworthiness.

The DAMAGE Caollision Module calculates velocities and lost kinetic energy after impact using
conservation of linear momentum, angular momentum and energy as shown in Equations 4.12
and 4.13:
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where:
M1y virtual mass of the struck ship including added mass in sway;
Moy virtual mass of the striking ship including added mass in surge;
l12 virtual moment of inertiain yaw of the struck ship including yaw
added mass (moment of inertia);

vi? final velocity of struck ship in the sway direction;
w;? final angular velocity of struck ship;
V2 initial velocity of striking ship;
V2 final velocity of striking ship in the sway direction of the struck ship; and
X1 impact point to the midship point of struck ship.

The kinetic energy absorbed in the collision is then:

DKE = %Mlyvf‘z +% M 2~ +%|1wa12 - %M oV (4.13)

Deformation of the bow and the side are calculated separately by moving the striking ship into
the struck ship in small increments. In each increment, the total resistance forces from crushing
of the bow and penetration into the side are compared. The actual crushing/penetration increment
takes place in the ship with lowest resistance. Absorbed energy is @lculated. This process
continues until absorbed structural energy equals the lost kinetic energy calculated previously.
DAMAGE cannot analyze collisions with an oblique striking angle or an initial struck ship
velocity. DAMAGE considers the material and dructural scantlings of all major structural
components of the side structure. The model for the internal mechanics is based on the direct
contact deformation of super-elements. The super-elements used to model the sde in DAMAGE
are

Shell and inner side plating panels (laterally loaded plastic membranes)
Deck panels and girders (crushing)

Beams (loaded by a concentrated |oad)

X-, L- and T-form intersections crushed in the axial direction

60



4.2  Methods for Determining Energy Absorbed by the Striking Ship Bow

421 Amdahl’'sMethod

Amdahl’s model for the energy absorption of a striking ship bow is based on theoretical
considerations and is correlated against model test results [23]. The model considers the energy
dissipated during plastic deformation of basic structural elements such as angles, T-sections and
cruciforms. The total crushing load of a specific structure is obtained by adding up al basic
element crushing-loads. Amdahl’s method leads to the following equation for average crushing
length.

2
3

1
I

2
2y F
fig T fip + 031 -np DA
(g, nar.7,D4, 00,01 = 242.0p |og7+127 :
Da far (nc +10 31-:1-1-)-1:2

Thetotal crushing load is then found by Equation 4.15.

(4.14)

PﬂvliDzéh ,U,:j' i= DH'UE (4 15)

Where:

Sc is the average crushing strength of the bow;

So is the ultimate strength of sted!;

t is the average thickness of the cross section under consideration;
DA  isthe cross sectional area of the deformed steel material;

Ne is the number of cruciforms in the cross section;

nr is the number of T-sections in the cross section;

nat isthe number of angle and T-sections in the cross section.

Appendix H provides a detailed calculation using Amdahl’s method for the 150K DWT Bulk
Carrier Bow Model described in Appendix A.

4.2.2 Pedersen’sMethod
Pederson [22] proposed a smplified method that consists of an empirical expression to estimate

the maximum bow collision load. The maximum bow collision load is given by Equation 4.16.
0.5
Poor = |[PoLoa Eoa + [5- Lug) Toa™ ]| # Bog 2 Los2®

[2.24-P.;,- (Ew-r_wj”] otherwise (4.16)

Where:

Poow 1S the maximum bow collision load in MN;
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Po is Pederson’ s reference load equal to 210 MN;
Lpar isnontdimensional length given as LBP/275;
Epar  1Sthe nondimensional energy given asthe initial energy divided by 1425 MN-m.

The total penetration or crush length of the bow of the striking vessel is given by Equation 4.17
and the total duration of the impact is given by Equation 4.18.

e
2 From (4.17)
Ty = 16722
s (4.18)
Where:

Eo istheinitial kinetic energy of the striking ship;
Snax ISthetotal crush distance of the bow;
Vs is the maximum service speed of the striking ship.

Appendix | provides a detailed calculation using Pederseris method for the 150K DWT Bulk
Carrier Bow Model described in Appendix A.

4.3 Methods for Determining Energy Absorbed by Both the Striking and Struck
Ships

43.1 DTU Coallision Mode€

The Technical University of Denmark (DTU) ship collison model solves the external ship
dynamics problem uncoupled from the internal mechanics problem and applies the calculated
absorbed energy to plastic deformation of the struck ship. Solution of the external dynamics is
accomplished based on an analytical method devel oped by Pederson and Zhang. [14]

Pederson and Zhang apply three local coordinate systems to the striking ship, the struck ship and
the impact point separately as shown in Figure 74. By analyzing the motions and impulses
around the impact point, the absorbed kinetic energy is derived in both the longitudinal and
transverse directions relative to the struck ship. Important assumptions in this analysis include:
1) small rotation during the collision (the angles a and b in Figure 74 are considered constant);
and 2) a constant ratio of absorbed plastic deformation energy for the transverse and longitudinal
directions is assumed for the entire collision event. The absorbed energy is calculated uncoupled
from the internal mechanics problem.
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Figure 74 DTU Ship Dynamics Model

Collision absorbed energies in the x (transverse) and h (longitudinal) directions are:

X max 1 1 . 2
= Fdx =——————x(0
5 ZU X 2D, +nD, ©
e 1 1 )
E, :ZO F.dh :El—h(O)z (4.19)
Kx +Kh

m
Enu =E, +E,

where the coefficients Dy, Dy, Ky, Kn are algebraic expressions that are a function of the ship
masses, strike location, collision angle, and added mass coefficients. Added mass coefficients are
assumed to be 0.05 in surge, 0.85 in sway and 0.21 in yaw. h(0) and x (0) are the relative
longitudinal and transverse velocities between the two ships just prior to impact. Equation 4.19
assumes that the two ships stick together on impact. Whether the two ships slide or stick is
determined by the ratio of transverse to longitudinal force-impulses at impact. If this ratio
exceeds the coefficient of static friction, it is assumed that the two ships slide. The impulse ratio
at impact is assumed constant for the entire process.

This method separately estimates the fraction of the kinetic energy that is available for
deformation of the ship structure in the transverse and longitudinal directions. Where the largest
assumption of the method is that the ratio of the energy dissipation in the longitudinal direction
to the transverse direction is constant over the entire collision. The energy loss for dissipation by
structural deformation is expressed in closed form expressions. The procedure is based on arigid
body mechanism, where it is assumed that there is negligible strain energy for deformation
outside the contact region, and that the contact region is local and small. This implies that the
collision can be considered instantaneous as each body is assumed to exert an impulsive force on
the other at the point of contact. The model includes friction between the impacting surfaces so
those situations with glancing blows can be identified. Both ships have three degrees of freedom:
surge, sway and yaw. The interaction between the ships and the surrounding water is
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approximated by simple added mass coefficients, which are assumed to remain constant during
the collison. The loss in kinetic energy by the method is determined in two directions,
perpendicular and paralel to the side of the struck ship. Both the right and oblique angle
collisions are considered and both vessels may have velocity before the collision. The model for
the internal mechanics is based on a set of super-elements, where each element represents a
structural component. The calculation method is based on the principle that the area of the struck
vessel affected by the collision is restricted to the area touched by the striking vessel. The super-
elements and mechanisms are:

Latera plate deflection and rupture. Large deflections are assumed; this implies that the
bending resistance can be neglected

Crushing of structure intersection elements (Cruciform or T-Section elements)
In plane crushing and tearing of plates
Beam deflection and rupture

The design data for the struck vessdl includes length, beam, depth, draft, displacement, center of
gravity (COG) and detailed structural design and scantlings. The bow of the striking vessdl is
assumed to be deformable through Amdahl’s [23] approach for longitudinally stiffened bows or
Lehmann and Y u [46] for transversely stiffened bows however, only the striking ship bow or the
struck ship side structure may deform in any one time-step. By a comparison of the crushing
energies for the bow and side of the struck vessel it can be determined which structure deforms
during the considered time step. If the striking vessel is equipped with a bulbous bow, the
analysis of the crushing forces is separated into a bulb analysis and an analysis of the top of the
bow above the bulb. The design data for the striking vessel includes stem angle, breadth, bow
height, and structural details and scantlings. If the bow is equipped with a bulb, this is assumed
to have the form of an eliptic parabola. Scenario data required includes striking and struck ship
velocity, collision angle and longitudinal location of impact at the struck vessel. Further details
on DTU’s collison model can be found in [88].

432 SIMCOL Version 2.1

SIMCOL Version 0.0 was developed as part of the work of SNAME Ad Hoc Panel #3 [2,11]
where a probabilistic approach to the determination of damage extents was employed. Based on
further research, test runs and the need to make the model sersitive to a broader range of design
and scenario variables, improvements were progressively made at Virginia Tech [35]. A
sweeping segment method was added to the moddl in SIMCOL Version 1.0 to improve the
calculation of damage volume and the direction d damage forces. Models from Rosenblatt
[16,18] were applied in Version 1.1 assuming rigid web frames. In Version 2.0, the latera
deformation of web frames was included. In Version 2.1, the vertical extent of the striking ship
bow is considered. Version 2.1 is described in this section.

SIMCOL uses a forward difference time-domain simultaneous solution of external ship
dynamics and internal deformation mechanics smilar to that originaly proposed by Hutchison
[12].
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Figure 75 - SIMCOL Simulation Process

Figure 75 shows the SIMCOL simulation process. The Internal Sub-Model performs Steps 2 and
3 in this process. It calculates internal deformation due to the relative motion of the two ships
and the interral reaction forces resulting from this deformation. The External Sub-Model
performs Steps 1 and 4 in this process. It applies the internal forces to the global motion of the
two ships and calculates the resulting accelerations, velocities and motions of the two ships
during a time step.

4.3.2.1 SIMCOL Version 2.1 Externa Dynamics Sub-M odel

The External Dynamics Sub-Model uses a global coordinate system shown in Figure 76. Its
origin is at the initial (time of strike) center of gravity of the struck ship with the x-axis towards
the bow of the struck ship. The initia locations and orientations of the struck and striking ships
in the global coordinate system are:

Y10 =0 010 =0

LBP2

%10=0

cosf
(4.20)

~Bi, Leer dnf
2 0
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where;

X1, Y1 center of gravity of the struck ship (m), assumed at amidships;
J1 heading of the struck ship;

X2, Y2 center of gravity of the striking ship (m), assumed at amidships;
(o P heading of the striking ship;

LBP, length between perpendiculars of the striking ship (m);

B: breadth of the struck ship (m); and

f collision angle.

1y

-

X

Figure 76 - SIMCOL Externa Ship Dynamics

A loca damage coordinate system, x-h, is established on the struck ship to calculate relative
movement and collision forces. The origin of thissystem is set at amidships on the shell plate of
the damaged side of the struck ship. Axes x and h point aft and inboard relative to the struck
ship. Local coordinate systems are also established at the centers of gravity of both struck and
striking ships. Forces and moments in the local systems are transformed to the global x-y system

for solution of the ship dynamics. In the local ship systems, the hydrodynamic added mass for
each ship is atensor in the form:

€1 5 3U
€, u
A=y axn &y (4.21)

g3 Az agsf

66



Considering the approximate symmetry of the ships, and with the center of gravity of the ships
assumed to be at amidships, the off-diagonal terms of the added mass tensor for each ship are
zeros:

ey, 0 00

_e u

g0 0 &y
Where:

a1 added mass in the surge direction (kg) ;
a2,  added massin the sway direction (kg); and
agzs  added massin the yaw direction (kg-nr).

The added mass tensor is transformed in accordance with the orientation of each ship to the
global coordinate system. The transformed tensor, Aq, for each ship is:

%ill COqu + aZZS‘n Zq (all - a22)cosq sn q 0 l;J
é

Aq =a(a;- ay)cosqsng  a,sng +ay,cos’q 0y (4.23)
8 0 0 assﬂ

The added mass in surge is approximated by the added mass of a circumscribed cylinder [12].
The added mass in surge, a1, for each ship is:

3 3
a, :gr 0 (B1y2 = 0752051 (BT)2 (4.20)
p
Where:

r density of seawater, 1025 kg/nT;
B breadth of the ship (m); and
T draft of the ship (m).

The added mass in sway is approximated assuming that the cross sections of ships are
rectangular [12]. The added massin sway, az», for each shipis:

a,, =1.189r T?Lgp (4.25)
Similarly, by assuming that the water planes are rectangular, the added mass in yaw, ass, is[12]:
2 3
= 2.378r T2Lg” _ 0.0091r T2L .

24 (4.26)
Instead of calculating added mass directly, added mass coefficients may be used where:
&, =CyMmy
8y, = CpMy (4.27)
83 = Cysleg

Coefficients are used in this report to standardize results when compared to other models.
Assumed added mass coefficients are 0.05 in surge (c11), 0.85 in sway (c22) and 0.21 in yaw (Cs3).
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The actual mass for each ship is dso represented by a tersor:

e, 0 04
e

Maip=g0 m, 0 (4.28)
B0 0 Igf

where;

ms  ship mass(kg); and
lss  mass moment of inertia about the yaw axes of each ship (kg-nt).

The virtual mass M, for each ship is then:

ém,,; my, O0d
— _€ u
Myg =Magip tAqg =adMyor My, 0

g o 0 Iyl

4 2 . 2 . . (4.29)
gms +a,,c08°q +a,,9n“qQ (a;1 - a,,) cosg Snq 0 3

—_ : a2 2

=g (a41- ay)cosgsng ms +a,;,9N"Qq +a,,C0s"q 0 q
& 0 0 | g3 + 833}

In Steps 2 and 3 of Figure 75, the Internal Model calculates the resulting deformation, and the
average forces and moments generated by this deformation over the time step as discussed in
Section 4.3.2.2. In Step 4 of Figure 75, these forces and moments are applied to each ship. The
new acceleration for each shipis:

F
Ve=—— (4.30)
M \YA}
or:
uC= Famy 2, - Fy”\z/lz
My11My 22 - My1o
F,my, - F
vo= YV Xm;lz (4.31)
My19My 2o - My1o
we= l
lyss
Where,

F forces exerted on each ship in the global system, F = {Fx, Fy, M} ";
Fx forcein the X direction in the global coordinate system (N);

Fy forcein the Y direction in the global coordinate system (N);

M moment about the center of gravity of each ship (N-m);

V& ship acceleration, V&= {u¢ v wg ;

uc acceleration in the X direction in the global coordinate system (m/s);

68



ve acceleration in the Y direction in the global coordinate system (m/s); and
w¢  angular accelerationof each ship in yaw (degree/s).

The new velocities for each ship at the end of the time step are:
Vgna =Vgpn T V(L (4.32
Where:

n time step number; and
t length of the time step (second).

Referring to Figure 75, step 1, the velocities from the previous time step are applied to the ships
to calculate their positions at the end of the current time step:

X =X, +Vt (4.33)
Where:
X location and orientation of each ship in the global system, X = {x, y, g} ".

4.3.2.2 SIMCOL Version 2.1 Internal Sub-Module

Referring to Figure 75, Steps 2 and 3, the Internal Sub-Model calculates the struck ship
deformation resulting from the ships relative motion, and the average internal forces and
moments generated by this deformation over the time step. The Internal Sub-Model determines
reacting forces from side and bulkhead (vertical) structures using detailed mechanisms adapted
from Rosenblatt [16,18] and discussed in detail in this section. It determines absorbed energy
and forces from the crushing and tearing of decks, bottoms and stringers (horizontal structures)
using the Minorsky correlation [9] as modified by Reardon and Sprung [15], Equation 4.3. Total
forces are the sum of these two mechanisms. In SIMCOL Version 2.1, the striking ship bow is
assumed to be wedge-shaped with upper and lower extents determined by the bow height of the
striking ship and the relative drafts of the two ships. Deformation is only considered in the
struck ship. The striking ship is assumed to berigid.

Penetration of the struck ship begins with the side shell plating and webs (vertical structures).
Figure 77 illustrates the two basic types of strike determined by the strike location relative to the
webs. The following assumptions are made consistent with Rosenblatt [18]:

Plastic bending of shell plating is not considered - The contribution of plastic bending in
the transverse deformation of longitudinally stiffened hull plates is negligible. The
sample calculation sheets in Rosenblatt [18] support this argument. In six test cases, the
energy absorbed in plastic bending never exceeds 0.55% of the total absorbed energy
when the cargo boundary is ruptured. It is a good assumption that the plastic membrane
tension phase starts from the beginning of collision penetration and is the primary shell
energy-absorption mechanism.

Rupture of stiffened hull plates starting in the stiffeners is not considered - As suggested
in McDermott [16], this mechanism is unlikely for most structures except for flat-bar
stiffened plates. It is a standard practice to use angles instead of flat bar for longitudinal
stiffeners of side shell and longitudinal bulkheads, therefore, this option is not considered
in SIMCOL.
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Web frames do not yield or buckle before plates load in membrane tension - McDermott
demonstrates that this mechanism is unlikely and does not contribute significantly to
absorbed energy in any case. This mechanism requires very weak web frames that would
not be sufficient to satisfy normal sea and operational loads.

Web frames acting as a vertical beam
distort in bending, shear or compression

y

Strike at web Strike between
frame webs

v v

Analyze each shell Analyze each shell

separately separately with
consistent with nodes consistent
web deformation. with web
deformation.

Figure 77 - Web Deformation in SIMCOL

SIMCOL Version 1.1 assumes that flanking web frames are rigid. Version 2.0 and subsequent
versions consider the transverse deformation of webs.

In aright-angle collision case, Equation 4.34 gives the total plastic energy absorbed in membrane
tension in time step n. This assumes that the plate is not ruptured, that flanking webs do not
deflect in the longitudinal direction, and that compression in the side shell caused by longitudinal
bending of ship hull girder is small.

En = Tm etn (4.34)
T,=StB

Where:

En plastic energy absorbed by side shell or longitudina bulkhead (J);

Tm membrane tension (N);

Sm yield stress of side shell or bulkhead adjusted for strain rate (Pa);
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€n total elongation of shell or bulkhead structure in the web spacing;

t smeared thickness of side shell or bulkhead (m);
Be effective breadth (height) of side shell or bulkhead (m);
| I /
Side Shell 7
: :
£ 2
= =)
w LE]
= =
Ly
- .

Figure 78 - Membrane Geometry

Figure 78 illustrates the membrane geometry for calculation of elongation where e; and e, are the
elongation of legs L1 and L, respectively:

g =L +w? - L @%
! 4.35
6 =6 +e == Y
2L,L,
Where:

Lg damage length, or distance between adjacent webs (m)
Whn deflection of side shell or bulkhead at time step n (m)

Side shell rupture due to membrane tension is determined using the following criteria:

The strain in the side shell reaches the rupture strain, e;, which is taken as 10% in ABS
Stedl;

The bending angle at a support reaches the critica value as defined in Equation 4.36
[18]:
= ﬂ Sm
™ 3s,-s,,C080,

ang, tang, =1.5D (4.36)

Where:

€m maximum bending and membrane-tension strain at hull rupture;
Sm in-plate stress under membrane-tension (MPa);

Su ultimate stress of the plate (MPa);

Jc critical bending angle; and

D tension test ductility in a 2-in gage length, 32% for ABS sted.
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The criteriafor rupture is then:

e = % e,
1i (4.37)
W oW
= —arctan— @—
qbl 2 I—i 2|—i qc
where
e graininleg i; and

Obi bending angle at flarking web frames of leg i.

Since the striking bow normally has a generous radius, the bending angle at the impact location
is not considered in the rupture criteria. From these equations, it can be seen that only the strain
and bending angle in the shorter leg need be considered for right angle collisons. Based on
material properties of ABS stedl, the critica bending angle g from Equation 4.37 is 19.896,
17.318 or 16.812 degrees for ABS grade B (mild steel), AH32 or AH36 grades respectively.
Once either of the rupture criteria is reached, the side shell or longitudinal bulkhead is considered
ruptured and does not continue to contribute to the reacting force.

N - reacting force
component normal to
struck ship

T, —tensoninlegL,

Theoretical resultant
neglecting propagation of
yielded zone

T, —tensioninleg L, , Theoretical resultant
considering propagation

/ of yielded zone
Fr - force required to

propagate yielded zone F; - nominal friction
Figure 79 — Force Diagram for an Oblique Angle Collision

For collisons a an oblique angle, the membrane tension is only fully developed in the leg
behind the strike, L, in Figure 78. This is demonstrated in the force diagram shown in Figure 79,
where T is much smaller than T,. It is also assumed that all the plastic strain developed from
membrane tension is behind the striking point.

The first rupture criterion in Equation 4.37 becomes:

e, =2 fe (4.38)
I‘b

Where e, and Ly, represent the strain and length of the leg behind the strike.
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In SIMCOL Version 2.0 and later, transverse deformation of web framesis also considered. Web
failure modes include bending, shear, and compression. Web frames are alowed transverse
deformation while keeping their longitudinal locations. The resisting force is assumed constant
(plastic) at a distorted flanking web frame, and the transverse deformation of the web frame is
assumed uniform from top to bottom. The magnitude of this force is its maximum elastic
capacity. FromFigure 79, the applied force on arigid flanking web frame is:

P=T Lﬂ (4.39)

|

Where P; and T; are referred to the particular leg L;. If the applied force, P;, is greater than the
maximum elastic capacity of the flanking web, Py, the particular web frame is deformed as in
Figure 80. The change of angle, g., at the distorted web is:

vaf
9s @— (4.40)
Side Shell

L L, L
| A -
Figure 80 Deflection and Forces in Distorted Web Frames

Rosenblatt [18] proposes an approach to determine whether Pi exceeds the capacity Py, and to
estimate the value of Pys. First, the allowable bending moment and shear force of the web frame
at each support, the crushing load of the web, and the buckling force of supporting struts are
caculated. Then, the load, Pj, is applied to the web frame, and the induced moments, shear
forces and compression of the web frame and struts are calculated, considering the web frame as
abeam with clamped ends. The ratios of the induced loads to the allowable loads are determined
using Equation 4.41. If the maximum ratio, Ry, is greater than unity, the load, P, exceeds the
capacity, and the web frame deforms.

P
- 441
Ro=p (441)
The deflection at the outermost distorted web frame is:
L 1
Wy = (W= gl +5 (- LT} (442)

! S
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Where:

n total number of deformed web frames on the Li side; and
Ls web frame spacing (m).

The deflection at other deformed web framesis:
. 1 . .
Wj :(n' J +1)Wn +E(n' J)(n' J +1)902Ls (443)

Where| is the number of web frames counted from the striking point. The elongation in adjacent
webs is:

€ = \/(Wj - Wj+1)2 + Li - L (4.44)
And the elongation in the struck web is:

& =J(w- w)2+1% - L, (4.45)

With these elongation and deformation results, the same rupture criteria given in Equations 4.44
and 4.45 are applied to all deformed webs. The total elongation on the L; side is:

& =6 +a €ji (4.46)

j=1

And the energy absorbed in membrane tension and web deformation is.

n

E =Te; + PRy é. Wi (4.47)
=1

For right angle collisions, T; aways equals Ty, as calculated in Equation 4.34. In oblique angle

collisions, T; equals T, if L; is on the side behind the strike. Based on experimental data,
Rosenblatt [18] suggests using ¥z T, ahead of the strike and thisis used in SSIMCOL 2.1.

For double hull ships, if the web frames are distorted because of bending, shearing and buckling
of supporting struts, the deformed web frames push the inner skin into membrane tension as
shown in Figure 77, and the right angle collision mechanism is applied to the inner hull. Inner
skin integrity is checked using Equations 4.37 and 4.38, and the energy absorbed in inner skin
membrane tension is calculated using Equation 4.34.

In the ssimulation, the energy absorbed in membrane tension and web deformation during a time
step is.
DKEn = (Ei,n+1 + E2,n+1) - (Eln + EZ,n) (448)

Considering the friction force, Fs, in Figure 79, and assuming the dynamic coefficient of friction
has a constant value of 0.15, the reacting forces and moments are calcul ated:

74



DKE, =N, (W - W)+ Foo| Lo - 1| = N [(W,., - w,)+0.15
(ELn+1 + Ez,n+1) - (Ein + Ez,n)

|n+1' |n|]

th = Nn =
(Wn+l- Wn)+0.1q|n+l- In| (449)

Fxn - Ff (|n+1 - In) :O.lthn (|n+1 - ln)

| n+l |n| |In+l_ |n|
I\/In =- I:xndn + thln
Where:
Nn = Fnn  Force on struck ship normal (transverse) to centerline (N)
Fxn Force on struck ship parald (longitudinal) to centerline (N)
My Y aw moment on struck ship (N m)
dn Distance of longitudinal line of force from centerline (m)
In Distance of transverse line of force from midship (m)

In addition to the friction force, another longitudinal force, Fg, the force to propagate the
yielding zone, is considered, as shown in Figure 79. McDermott provides an expression for this
force [16]:

s ,d¢é s RS al¢ 05t, s R

Frp =—2 ed¢wa-el- = +t; (b- t,) R (4.50)

R g g dE 5 é de d& ‘ZH

Where:

de depth of side shell longitudinal stiffeners;

R radius of the striking bow;

tw thickness of side shell stiffener webs,

ts thickness of side shell stiffener flanges,

b width of side shell stiffener flanges; and

E modulus of elasticity.

Or when ssimplified:

Ce = Fe
S y At

o, = Dt (4.51)
Atotal

Fr =CrCps (B
Where:

Cr force coefficient;

Ca ratio of sectional areas;

Agir  Sectional area of stiffeners; and

Awtar  total sectional area of stiffeners and their attached plate.
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The full implementation of this equation requires structural details that are not appropriate for a
smplified analysis. In this study, based on a sampling of typical side shell scantlings, a
smplified calculation is used where ceCa is assumed to have a constant value of 0.025.

Since Fr aso affects membrane tension energy, Equation 4.49 become:

DKE _thl.( Wh1 - n)+0'15||n+1' |n|J+FR(ln+1' ln)
(Binu ¥ Egpar) - (B ¥ Bpp) - Frlpua - 1y)

R =
(Wi - W )+015||n+1- |

n

) (4.52)
= (Fg +0.15F,,) ;- 2L—ne
| In+1 - |

n

Mn =- I:xndn +th|

The Internal Sub-Model determines absorbed energy and forces from the crushing and tearing of
decks, bottoms and stringers (horizontal structures) in a much more simplified manner using the
Minorsky correlation [9] as modified by Reardon and Sprung [15] provided by Equation 4.3.

Step 2, of Figure 75, in the SIMCOL collision simulation process calculates damaged area and
volume in the struck ship given the relative motion of the two ships calculated in Step 1 by the

Externa Sub-Model. Figure 81 illustrates the geometry of the sweeping segment method used
for this calculation in SIMCOL Version 2.1.

begiming of titme step »

sinling
mhip

P4?¢+'I: Pﬁ?ﬂ+'l

Pyr. Psx

v, |

side shell

end oftime stepn

damaged area

S el during tine step B

Figure 81 - Sweeping Segment Method
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The intrusion portion of the bow is described with five nodes, as shown in Figure 81. The
shaded areain Figure 81 is the new damaged area of decks and/or bottoms during the time step.
Coordinates of the five nodes in the x-h system at each time step are derived from the

penetration and location of the impact, the collision angle, f , and the half entrance angle, a, of
the striking bow.

Ps is specified by the penetration and location of the striking ship relative to the struck ship:

Py ={xz.h 3} ={1,d} (4.53)
fe=p-f '

If the parallel body of the striking ship has not penetrated into the struck ship then:

S B S B
P.P,<—2 orPP,=—2  and
2t e 2 e

P = 'r R \: =] —L’D
2= 162,72 {53 P
P ={&.m)=P,

P = f . \: = = L,ﬂ
4 L‘§4 T {53 tan(ﬂ:+r;f"]
Ps ={&.m5) =P,

(4.54)
If the parallel body of the striking ship has penetrated into the struck ship then:
—— B —— B
P.P,>—=2 or PP, >—2 and
Zan & 77 2l
B ‘ 8, . ‘
Pzz{ggs’?z}:{é_ .2 '305':_'53""35:':’?3_ .2 Sm(_ﬁ""ﬁ')}
2sin e 2sin e
P ={& ml=dg — 2
] =157 {‘5:4 tan ¢ }
B ) 8, ¢
P4:-[§4,r;r4}:{§3— .2 cosie+g' )1 — .2 5111':95‘"‘};':'}
25 o 25 o
P.=(f pl=dr, -t g
5 = 155. 775 {5':4 tan ¢ }
(4.55)
Where:

P node of penetrated bow;
Xi, hj coordinates of node in x-h system (m); and
B, breadth of the striking ship (m).
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Once the node coordinates before and after the time step are calculated, the segment of the bow
plan that has caused further damage during the time step and the area swept by a specific
segment are determined. In the case of the segment P;P, in Figure 81, the out-sweeping area, A,
during time step n is calculated as follows:

1 X2n Xln
An=5&L "
" 2§‘hz,n hln

The damaged plating thickness t is the sum thickness of deck, stringer and/or bottom structures
that are in the upper and lower extents of the striking bow. Given the damaged material volume
(areatimes thickness), the Minorsky force is calculated based on the following assumptions:

Xontt  Xon|  Kintr Xonsa|  Xin Xpnn

(4.56)

Q- -0:

h2,n+l hz,n h1,n+1 h2,n+l hln h1,n+1

The resistant force acting on each out-sweeping segment is in the opposite direction of
the average movement of the segment. The force exerted on the struck ship is in the
direction of this average movement.

The work of the resistant force is done over the distance of this average movement.
The total force on each segment acts through the geometric center of the sweeping area.

Using the Minorsky relation as modified by Reardon and Sprung, the energy absorbed by the
sweeping segment P;P; isthen:

DKE,, =47.1 10°R;,, =47.1 10°A  t (4.57)

1

P'E.rll-l

Figure 82 - Sweeping Segment Geometry
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The average motion, S;, and the geometric center of the sweeping area, C,, for the segment PP
in time step n are approximated as follows (Figure 81 and Figure 82):

Select Py, 0N Pyp+1Pope, sOthat Pp.Pona = PraPony

1 s * -
Sy = E (P2nPonia +PinPrnia)

1 PP,
= E[PZ,nﬂ - Py + (Popur - F)J,n+1)%

1,n+l" 2,n+l

- Ppol (4.58)

Cin = % (Pyn + P + Py +Popi)
The force exerted through the segment P;P, on the struck ship, F1 », and the moment to the origin
of the local coordinate system, My ,, are then:
DKE,,
Sin

F = 6§x1,n 9_ fgl,n COSlen 9
1n — - ; +
I:hl,n 7] I:1,n an Zl,n /)]

I:1,n = |Fln| =

(4.59)

Ml,n :OCLn ’ Fl,n
Where § , =[S;,| and ., isthedirection of Syp.

Forces and moments acting on other segments are calculated similarly. The total exerted force,
Fn, is the sum of the forces and moments on each segment:

4
I:n = é {in,n’Fhi,n’Mi,n} (4-60)
i=1

These forces are added to the side shell, bulkhead and web forces.

Internal forces and moments are calculated for the struck ship in the local coordinate system, i.e.
the x-h system, and converted to the global system. The forces and moments on the striking ship
have the same magnitude and the opposite direction from those on the struck ship.

The damage length, Lp, is:

Lp =max(x; ;)- mn(x; ;) i=1,...,5 j=1...,m (4.61)
Where mis the time step and the penetration is given by:

Po=max(h;;) i=1,...,5 j=1,....m (4.62)

Table 9 provides a summary of the modeling method used in SIMCOL Version 2.1 for each
energy absorbing structure discussed in Section 2.4.
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Table 9 - Energy Absorbing Structure Method Summary for SIMCOL

Energy Absorbing
Structure Modelling Method
Sideshell Adapted Rosenblatt Method
Decks Reardon and Sprung Energy Correlation with Sweeping Segment Method
Stringers Reardon and Sprung Energy Correlation with Sweeping Segment Method
Longitudinal Bulkheads Adapted Rosenblatt Method
Transverse Bulkheads Treated as Rigid
Longitudinal Girders Reardon and Sprung Energy Correlation
Transverse Girders Reardon and Sprung Energy Correlation
Webs Adapted Rosenblatt Method

4.3.2.3 SIMCOL Probabilistic Damage Assessment

SIMCOL calculates probahilistic structural damage using a Monte Carlo simulation [35] with a
probabilistic description of the accident scenarios as the primary input. This method uses a
simplified collision scenario and striking ship input consistent with available collision scenario
and world fleet data. The striking ship is described using a smplified wedge bow geometry [83]
shown in Figure 81. SIMCOL aso calculates a mean value of penetration, longitudinal extent of
damage and oil outflow (discussed in Section 4.3.2.4).

4.3.2.4 SIMCOL Simplified Probabilistic Oil Outflow Calculation

Current hypothetical outflow and tank size requirements for oil tankers are found in Regulations
22-24 of Annex | of MARPOL 73/78. Recognizing that these regulations do not actually assess
the environmental performance of tankers, IMO instructed its BLG (Bulk Liquids and Gases)
Sub-Committee to develop a new accidental oil outflow regulation modeled after the
probabilistic methodology contained in the IMO Guidelines [4]. This new regulation will still not
consider the crashworthiness of the structural design. One of the primary objectives of the
SIMCOL project is to provide a methodology and model that does consider crashworthiness for
potential application in future IMO regulations. The IMO Guidelines provide a probabilistic-
based procedure for assessing the oil outflow performance of an alternative tanker design. The
aternative design is compared to selected reference double hull design based on a pollution
prevention index.

The IMO Guidelines present two procedures for evaluating the oil outflow. The “conceptua”
method, applicable for conceptual design approval, assumes the ship survives the damage. For
bottom damage, the ship is assumed to rest on the ground at itsinitial intact drafts, with zero trim
and heel. The “survivability” method, applicable to final designs, requires damage stability
calculations. For damage cases that fail to satisfy the specified survivability criterion, it is
assumed that the ship islost and 100% of all cargo oil onboard outflows to the sea.

A fully probabilistic evaluation of a specific vessel on a specific route would require
development of the following probabilities:

The probability that the ship will have a grounding or collision accident
The conditional probability density function for damage location and extent;

The expected consequences (i.e. quantity of outflow).
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The IMO Guidelines do not specifically deal with the probability of whether the ship will have
an accident. Rather, it is acknowledged that the risk exists, and it is assumed that the vessdl is
involved in a grounding or collision event significant enough to breach the outer hull. This is
because data for accidents where the outer hull is not breached is rarely recorded. The resulting
oil outflow is therefore conditional on an accident significant enough to breach the outer hull.
The SIMCOL methodology is conditional only on a collison accident occurring. SIMCOL
considers accidents that do not breach the outer hull. This better reflects the true crashworthiness
of a structural design.

Rigorous application of the probabilistic oil outflow methodology contained in the IMO
Guidelines is a calculation intensive effort based on an empirical description of damage extent
and location. SIMCOL follows the basic steps of the IMO methodology, but assembles the
damage cases using a Monte Carlo ssimulation with a probabilistic description of the accident
scenarios as the primary input. The following steps are followed in the SIMCOL process:

Step 1: Assemble Damage Cases

For each collision case in the Monte Carlo simulation, SIMCOL calculates damage extent. Once
collision damage calculations are completed, SIMCOL determines which cargo tanks have been
penetrated and ruptured by comparing damage extents to cargo tank subdivision boundaries
specified in the SIMCOL input. In addition to depth and length of penetration, SIMCOL also
flags when a tank boundary is ruptured. It is assumed in side damage that if a tank is penetrated
and ruptured, its entire contents are spilled. The volume of oil in each tank is specified in the
SIMCOL input. For a specified collision case, SIMCOL sums the outflow from al ruptured
tanks to determine the total outflow for the case.

Step 2: Calculate Oil Outflow

Consistent with the IMO analysis approach, 100% outflow for al cargo tanks sustaining side
damage is assumed.

Step 3: Calculate Oil Outflow Parameters

The probability of zero outflow, Py, represents the likelihood that no oil will be released
into the environment, given a collision or grounding accident. Ry equals the cumulative
probability of all damage cases without outflow.

The mean outflow parameter, Qy, is the non-dimensionalized mean or expected outflow,
and provides an indication of adesign’s overall effectivenessin limiting oil outflow. The
mean outflow equals the sum of the products of each damage case probability and the
associated outflow. Qu equals the mean outflow divided by the total quantity of oil
onboard the vessal.

The extreme outflow parameter, O, is the non-dimensionalized extreme outflow, and
provides an indication of the expected oil outflow from particularly severe casualties.
The extreme outflow is the weighted average of the upper 10% of all casualties (i.e. all
damage cases inthe cumulative probability range from 0.9 to 1.0).

Step 4: Compute the Pollution Prevention Index
The Pollution Prevention Index is calculated as in the IMO Guidelines.
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Alternative designs are compared to reference double hull designs by substituting the outflow
parameters for the reference design and the alternative design into the following formula:

_ (0.5)(Po) = (0.4)(0.01+Owmr) = (0.1)(0.025+ Okr)
E= + + (4.63)
Por 0.01+ Owm 0.025+ O :

Po, Ou, and Ot are the oil outflow parameters for the aternative design, and Pyr, Ovr, and Ocr
are the oil outflow parameters for the IMO reference ship of equivalent size.

4.4  Summary of Simplified Methods

Table 10 provides a summary of the applicability of each smplified method discussed in Chapter
4 with respect to the criteria set forth in Section 2.4.

Table 10 - Simplified Method Summary

Energy Ahmdahl Pedersen SIMCOL
Method Coefficient | (cruciform) | Empiracle | DAMAGE DTU version 2.1
Post Collision Momentum No No No No Yes Yes
Struck Ship .Forward NoO NoO NoO NoO Yes Yes
Velocity
Oblque Angle Collisions No No No No Yes Yes
Deformable Bow No Yes Yes No Yes No
Longitudinal Extent of No No No No Limited Limited
Damage
Low Computational Cost Yes No Yes Yes Yes Yes
Coupled Internal
Mechanics and External No No No No No Yes
Dynamics
o Sideshell Yes Yes Yes Yes Yes Yes
c —
o Longitudinal Yes Yes Yes Yes Yes Yes
5 Bulkheads
8 Structural Yes Yes Yes Yes Yes Yes
< 2 Decks
g 5 Stringers Yes Yes Yes Yes Yes Yes
s o Web Frames Yes No No Yes Yes Yes
c 5
= Transverse
w = Yes No No No No No
=9 Bulkheads
S —
= angltudlnal Yes Yes Yes Yes Yes Yes
5 Girders
«© Tr.ansverse Yes No No Yes Yes Yes
Girders

As Table 10 shows, the two most promising simplified analysis methods for ship-to-ship
collisions are the DTU model discussed in Section 4.3.1 and SIMCOL Version 2.1 discussed in
Section 4.3.2. The DTU mode is based on a super element formulation that has the advantages
of the cruciform approximations and experiments performed by Amdahl [23] and Wierzbicki

[20]. However, the internal mechanics and the external dynamics of the analysis are uncoupled
and the formulation of the structural input does not allow for an easy manipulation of the method
for use in optimization or response surface generation, as does SIMCOL.
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SIMCOL, asitisin Version 2.1, is limited in its application necessitating several updates and
corrections in order to achieve the desired level of performance as set out in Section 2.4 or as
required to fulfill the objectives of the IMO as discussed in Chapter 1. These improvements
include a complete method of determining the longitudinal extent of damage through bulkheads
and transverse structure and a method for evauating a deformable bow. Chapter 5 discusses
these improvements and inclusions in SIMCOL while creating SIMCOL Version3.0.
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CHAPTER 5 SIMCOL Version 3.0

SIMCOL Version 3.0 includes four minor and one major improvement from \ersion 2.1. The
minor improvements are as follows and are discussed thoroughly in Sections 5.1 through 5.4.
The minor improvements are:

Modification of the energy coefficient method used for the treatment of structural decks
and stringers.

Treatment of longitudinal crushing of longitudinal bulkheads through the use of an
energy coefficient method

Treatment of transverse crushing of transverse bulkheads through the use of an energy
coefficient method

Inclusion of a deformable wedge bow model through the use of Pedersen’s empirical bow
crushing model

The maor improvement to SIMCOL is the inclusion of a method for the determination of the
energy absorbed through the nonruniform longitudinal deflection of transverse bulkheads and
webs, which is a necessity whenever the longitudinal extent of damage is to be accurately
determined. The method of determining of the energy absorbed through the non-uniform
longitudinal deflection of transverse bulkheads and webs is discussed in Section 5.4.

Again, from Section 2.4, the mgjority of the energy absorbed by damage to structure inaship-to-
ship collision is absorbed by the following eight structural members; side shell, longitudinal

bulkheads, decks, stringers, web frames, transverse bulkheads, longitudinal girders and
transverse girders. Section 5.1 discusses methods of energy absorption by the decks and stringers
and Sections 5.2 and 5.4 discuss methods of energy absorption by the side shell, longitudinal

bulkheads, web frames and transverse bulkheads. The energy absorbed by longitudina and
transverse girders is calculated and determined through the methods of SIMCOL 2.1 (Section
4.3.2).

5.1 Energy Coefficient Method for use with Structural Decks ad Stringers

SIMCOL Version 2.1 makes use of the Reardon and Sprung [15] energy coefficient as described
in Section 4.1 by Equation 4.3. However, the Reardon and Sprung energy coefficient formulation
was developed for a T-bone collision with a statistical damage volume method of determining
energy absorption. With this method, the mode of damage (i.e. crushing and folding or cutting
and tearing) is not important. The Reardon and Sprung energy coefficient (Equation 4.3) is not
sensitive to specific structure or the damage modes of the structure such as crushing shown in
Figure 83 and combined modes of crushing, folding and tearing as seen with decks and stringers
in actud collisions or finite element simulations, Figure 84 through Figure 87.
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Figure 86 - Rigid Wedge Cutting and Crushing Deck in Drop Test [89]
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Figure 87 - FEA Deck Cutting and Crushi n

An investigation of the Reardon and Sprung and Paik and Pedersen [29] energy coefficient
methods, Equations 4.9 and 4.10, was performed to determine which method most accurately
captures the energy absorption of decks and stringers when involved in collision. Paik and
Pedersen’ s methods separate the differing types of structure (decks, bulkheads etc.) and modes of
damage (crushing, tearing, etc.) and thus may be more applicable for the determination of energy
absorption by different structural designs.

The theory of Reardon and Sprung and Paik and Pedersen for crushing, folding or tearing of
deck structure is compared to finite element results for a rigid wedge striking the top deck
structure of a 150k dwt double hull oil tanker, where the deck, the supporting transverse deck
frames, and longitudinal girders are included as shown in Figure 88. The rigid wedge has a mass
of 1.0E+06 kg and is given aforward velocity of 5 m/s. The deck structure is described in Table
11.

Transverse Decle
Frames

Longitudinal

'\ Girders
Decle

b
x.ﬂ’&

Figure 88 FEA Simplified Deck Crushing and Cutting Test Model
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Table 11 - FEA Simplified Deck Crushing and Cutting Test Parameters

Deck Length 9.9m
Deck Width 50m
Deck Thknss (stiffeners smeared) 31.4 mm
Tr. Deck Frame Depth 3.0m
Tr. Deck Frame Thknss (flange smeared) 15.0 mm
Outer Long. Girder Depth 3.0m
Outer Long. Girder Thknss (stiffeners smeared) 23.3 mm
Inner Long. Girder Depth 3.0m
Inner Long. Girder Thknss (stiffeners smeared) 23.0 mm
Tr. Deck Frame Spacing 3.3m
Long. Girder Spacing 20m

The forward and aft most edges of the deck structure are simply supported (free only to rotate)
while the edge opposite of the impacted edge is clamped (no trandation and no rotation). The
finite element model uses Belytschko-Tsay shell elements with a uniform mesh size of 250 mm.
The deck material is modeled with a Piecewise Linear Plasticity model for steel representing
ABS Gr. B with parameters given in Table 8. Anaysis with the Finite Element model is
performed by substituting nodal constraints on the deck in the z trandation and the rotation about
the y axis a the intersection for the transverse webs. Additionally, the longitudinal girders are
replaced with nodal constraints on the deck in the z trandation and rotation about the x axis
along the intersection. Replacing the physical structure of the transverse deck frames and
longitudinal girders with nodal constraints alows an independent determination of the energy
absorbed through the deck plate alone to be evaluated. This is necessary for consistent
application with the other models in SIMCOL. The nodal constraints avoid double counting the
deformation energy of the webs and longitudinal supports. Friction is assessed through the use of
coulomb friction, Equation 3.7 and is representative of mild steel on steel.

The finite element nodel is run three times. Each iteration uses a different rigid wedge half
entrance angle (HEA) specifically HEA = 30, 45 and 60 degrees. Representative deformation of
the deck structure is shown in Figure 89 through Figure 93 for the analysis with HEA = 30
degrees.

Comparative results between the theory for crushing or tearing of deck structure using the
Reardon and Sprung formulation (Equation 4.3) and the finite element analysis are provided in
Figure 94. Comparative results between the theory for crushing or tearing of deck structure using
the Paik and Pedersen formulation without strain rate effects (Equation 4.9) and the finite
element analysis are provided in Figure 94 through Figure 96. Finaly, comparative results
between the theory for crushing or tearing of deck structure using the Paik and Pedersen
formulation with strain rate effects (Equation 4.10) and the finite element analysis are again
provided in Figure 94.
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Figure 89 - FEA Deck Crushing and Tearing with HEA = 30 Degrees at 0.5 Seconds

Figure 90 - Deck Crushing and Tearing with HEA = 30 Degrees at 1.0 Seconds
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Figure 91 - Deck Crushing and Tearing with HEA = 30 Degrees at 1.5 Seconds
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Figure 92 - Deck Crushing and Tearing with HEA = 30 Degrees at 2.0 Seconds

89



Crushing

:':_'.-:._.__._.'_.-'. = Tearing

Figure 93 FEA Plate Mesh Showing Crushing and Tearing at 2.0 Seconds from HEA = 30
Degrees

Absotbed Energy v, Penetration at HE&A = 30 Degrees
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Figure 94 - Absorbed Energy vs. Penetration at HEA = 30 Degrees

Absorbed Energy vs Penetration at HEA = 4% Degrees
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Figure 95 - Absorbed Energy vs. Penetration at HEA = 45 Degrees
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Figure 96 - Absorbed Energy vs. Penetration at HEA = 60 Degrees

All analyses are run until the initial kinetic energy of the striking rigid bow is absorbed
(1.25E+07 Joules). Therefore, the determination of the best method is based on a correlation
coefficient between the finite element results and the energy coefficient method. Determination

of the correlation coefficiert (or average error) is calculated in Equation 5.1 where a correlation
coefficient of 1 means perfect correlation.

FEi-TiQ
FEi g

N
a d-
=i:1e

R

N (5.1
Where:
FE;  value of finite element ordinate
T value of energy coefficient (or other method) ordinate
N number of abscissa data points
Table 12 provides the correlation results of all tests at HEA = 30 degrees.
Table 12 - Correlation of Energy Coefficient Methods to FEA at HEA = 30 Degrees

Method R (HEA = 30)
Reardon & Sprung 0.683
Paik & Pedersen w/o
strain rate effects 0.779
Paik & Pedersen w/
strain rate effects 0.658

At an HEA of 45 and 60 degrees the correlation coefficients for the Paik and Pedersen
formulation without strain rate are 0.77 and 0.82 respectively. As shown by Table 12 the most
appropriate energy coefficient method (of those tested) for use in SIMCOL Version 3.0 for the
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determination of the energy absorbed by structural decks and stingers is Paik and Pedersen’s
formulation without strain rate effects as given by Equation 4.9. Additionally, Paik and
Pedersen’s formulation without strain rate effects is more conservative than the Paik and
Pedersen’s formulation with strain rate effects

5.2 Energy Coefficient Method for use with Longitudinal and Transverse
Bulkheads and Longitudinal Crushing of Side Shell

Because of the simplicity of the energy coefficient methods, the use of one of these methods for
the damage sustained to longitudinal bulkheads subject to an axial or longitudinal force and to
transverse bulkheads subject to a transverse force is desired. As shown by Figure 97 and Figure
98 of actual and finite element simulation damage to transverse and longitudinal bulkheads
subjected to an axia (paralld to bulkhead) load the use of a crushing energy coefficient
mechanism is most appropriate.

Longitudinal Bullchead
Crushing

Figure 98 - FEA Example of Longitudinal Bulkhead Crushing
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An investigation of the Reardon and Sprung and Pedersen and Zhang [14] energy coefficient
methods is performed to determine which method most accurately captures the energy absorption
of crushed bulkheads in ship collisions.

The models for crushing of longitudinal and transverse bulkheads are compared to finite element
results of arigid box striking the side shell structure of a 150k dwt double hull oil tanker, where
the side shell, the supporting web frames, and stringers are included as shown in Figure 99. The
rigid box has a mass of 3.0E+06 kg, a height of 17.475 m and is given a forward velocity of 5
m/s. The side shell structure is described Table 13.

Direction of

/ Motion

stringers 5

4 &J
A

Figure 99 Simplified Longitudinal/Transverse Bulkhead Crushing Model
Table 13 - Simplified Longitudinal/Transverse Crushing Parameters

Sideshell Height 20.50 m
Sideshell Length 6.60 m
Sideshell Thknss (stiffeners smeared) 23.25 mm
Web Frame Depth 2.00 m
Web Frame Thknss 15.00 mm
Stringer Depth 200m
Stringer Thknss 11.70 mm
Web Frame Spacing 3.30m
First Stringer Height above bottom of Sideshell 1.95m
Secord Stringer Height above bottom of Sideshell | 6.20 m
Third Stringer Height above bottom of Sideshell 11.30 m
Fourth Stringer Height above bottom of Sideshell 16.40 m

The upper and lower most edges of the side shell structure are smply supported while the edge
opposite of the impacted edge is fixed. The finite element model uses Belytschko-Tsay shell
elements with a uniform mesh size of 250 mm. The materia of the deck structure is modeled
with a Piecewise Linear Plasticity model for steel representing ABS Gr. B with parameters given
in Table 8. Analysis of the Finite Element model is performed by eliminating the web frames and

93



substituting the structure with nodal constraints on the sideshell in the y trandation and the
rotation about the x axis at the intersection. Additionally, the stringers are replaced with nodal
constraints on the deck in the y trandation and rotation about the z axis along the intersection.
Again, the purpose for replacing the physical structure of the webs and stringers is to
independantly determine the energy absorbed only through the side shell plate. Friction is
assessed through the use of coulomb friction, Equation 3.7 and is representative of mild steel on
stedl.

The finite element model is run once. Representative damage is shown in Figure 100 through
Figure 103.

Figure 100 - Bulkhead Crushing at 0.5 Seconds

Figure 101 - Bulkhead Crushing at 1.0 Seconds
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Comparative results between the theory for crushing bulkheads using the Reardon and Sprung
formulation (Equation 4.3) and the finite element analysis are provided in Figure 104 through
Figure 106. Comparative results between the theory for crushing bulkheads using the Pedersen
and Zhang formulation (Equation 4.7) and the finite element analysis are also provided in Figure

Figure 102 - Bulkhead Crushing at 1.5 Seconds

Crushing

Figure 103 - Bulkhead Mesh Crushing at 1.5 Seconds

104 through Figure 106.
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Figure 104 - Absorbed Energy vs. Time for Crushing of Bulkheads
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Damage Extent vs Time
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Figure 105 - Damage Extent vs. Time for Bulkhead Crushing
Absorbed Energy vs Damage Extent
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Figure 106 - Absorbed Energy vs. Damage Extent for Bulkhead Crushing

All analyses are run until the initial kinetic energy of the striking rigid box structure is absorbed
(1.91E+07 Joules). The determination of the best method is again based on a correlation
coefficient of the absorbed energy between the finite element results and the energy coefficient
methods. The correlation coefficient is calculated using Equation 5.1. Table 14 provides the
correlation results for all tests.
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Table 14 - Correlation Results of Energy Coefficient Methods for Bulkhead Crushing
Method R

Reardon & Sprung 0.869

Pedersen & Zhang 0.459

Asshown by Table 14 the most appropriate energy coefficient method (of those tested) for use in
SIMCOL Version 3.0 in the determination of energy absorbed by crushing longitudinal and
transverse bulkheads is the Reardon and Sprung formulation as given by Equation 4.3.

5.3 Deformable Bow Model

SIMCOL Version 3.0 incorporates a deformable bow sub-module that is based on a comparative
energy and force method. The energy required to crush the bow norma to the course of the
struck ship is compared to the lateral resistive absorbed energy (normal to the side shell of the
struck ship) due to the penetration of the striking ship into the struck ship. The lesser energy
determines which vessal will sustain damage in the amount of the relative bow motion in the
time step (as discussed in Section 2.4). If the energy to crush the bow is less, then the striking
ship is not moved or geometrically deformed in the time step. The force due to crushing the bow
is applied to both vessels and the energy due to crushing the bow in the time step is added to the
total energy absorbed in the collison. The time step is then cycled. The force and energy
required to crush the bow is determined using Pederson’s method as discussed in Section 4.2.2
because of its relative simplicity in application while maintaining a reasonable degree of
accuracy as shown in Figure 107. Figure 107 compares Pedersen’s method (Appendix 1) to that
of Amdahl’s method (Appendix H) for the bow of a 150k dwt bulk carrier described in Appendix
A. Theinitia kinetic energy of the striking ship (Eo) is given by Equation 5.2. SIMCOL assumes
a maximum service vessal speed (V) of 16 knots in the Pedersen equation for all striking ships.
The crush force per damage length of the bow is given by Equation 5.3 where a simple half sine
wave is assumed.

Bow Crushing Force

450

400

/
350
300 //_/7/
zgg /{ / —e—Pedersen

/ —&— Amdahl
150
100 %
50
0 ,//J T T T T T

Penetration (m)

Force (MN)

Figure 107 - Crushing Force vs. Penetration for Bulk Carrier Striking Wall at 90 Degrees
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By = (1 + oyg) My ¥,
2 (5.2)
Fhorr = sm[;—'x]hw
ma (5.3)
Where:

Eo is the assumed kinetic energy of the striking ship;

C11 is the added mass coefficient in surge (0.05);

Msgs isthe displaced mass of the striking ship;

Vs is the maximum service speed of the striking vessel (16 knots);
Foow iSthe crushing force of the bow;

X is the crush distance parallel to the striking ships centerling;
Smax 1S the maximum crush distance of the bow (Equation 4.16);
Poow 1S the maximum crushing force of the bow (Equation 4.15).

Pederson’s method accounts for the effect of strain rate, impact velocity, vessel loading
condition, and vessel size for merchant vessels between 500 DWT ad 300,000 DWT. Not
included in Pederson’s method are the effects of eccentric impacts (oblique angle mpacts). In
SIMCOL, only the right angle components of the forces are compared retaining the applicability
of Pederson’s method to the oblique angle cases in SIMCOL.

5.4  Longitudinal Deflection of Transverse Bulkheads and Webs

This section presents the most significant and substantial contribution of this report. A definitive
theory does not exist for the determination of the energy absorbed through the longitudinal

deflection of transverse bulkheads or webs. However, in a ship-to-ship collision, where the
struck ship has forward speed or the collision occurs at an oblique angle, the striking ship both
penetrates into the struck ship and crushes transverse structure longitudinaly, parallel to the
struck ship centerline and at a right angle to the transverse structure. This damage along the
length of the struck ship increases the longitudinal extent of damage while absorbing additional

energy and providing a resistive force on the striking ship. In this longitudinal damage, energy is
absorbed via two mechanisms; 1) the longitudinal crushing of longitudinal bulkheads as
discussed in Section 5.2 and 2) the longitudinal deformation of webs and transverse bulkheads.
The non-uniform longitudinal or lateral deflection of transverse bulkheads and webs is shown in
Figure 108 through Figure 110 where the deformation of the bulkheads and webs is seen to
match the geometry of the striking vessel as discussed in Section 2.4.

The energy absorbed through the lateral deformation of webs and/or transverse bulkheads is
determined using a plastic membrane energy approach that is derived in detail in Sections 5.4.1
through 5.4.5. The following simplified description is provided as an introduction to the method.
This simple example assumes that the striking ship does not contact the internal plate boundaries.
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Any transverse bulkhead or web (or primary transverse structure such as transverse girders) may
be idealized as a plate of uniform properties with the edges bound by some constraints, (simply

supported or free) as shown in Figure 111. The outboard shell of the ship (RS) is considered a
longitudinal bulkhead in this analysis.

-

-

<y

Longitudinally
Detormed Web

Figure 108 - Actual Longitudinally Deformed Web [89]
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Figure 109 - Damage Showing Longitudinally Deflected Bulkhead and Striking Bow Shape

§ striking Vessel Bow

Longitudinally Deformed
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Figure 110 - FEA Showing Longitudinal Deformation of Transverse Bulkhead (looking
vertically up)
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Figure 111 - Idealized Transverse Plate Model

The span (A) is either the web depth or represents a transverse bulkhead bounded by longitudinal
bulkheads and the height (B) is bounded either by decks or by stringers (PS and QR). The upper
and lower edges (PS and QR) are thus always simply supported (z = 0) so as to not double count
energy absorbed by other mechanisms such as deck or stringer crushing discussed in Section 5.1.
PS or QR being the intersection of the bulkhead or web and a deck or stringer the edges are
trandationaly fixed while rotationally free. The inboard most edge (QP) is free only if the plate is
a web not bounded by two longitudinal bulkheads. Otherwise the inboard edge is simply
supported being the intersection of the transverse structure (bulkhead or web) and a longitudinal
bulkhead. The outboard most edge of the plate (RS) is always considered free, neglecting any
interaction with the longitudinal bulkhead supporting this edge by making the assumption that
the energy absorbed via the crushing of the longitudinal bulkhead along this edge is considered
by the method of Section 5.2 (i.e. avoids double-counting the energy absorbed in the longitudinal
bulkhead at the outer edge).

The transverse plate of Figure 111 can then be assumed to absorb energy independent of other
contacted structure. Making use of this independence, the plate is laterally deformed by the
striking ship represented in SIMCOL as awedge model shown in Figure 112.
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Figure 112 - SSIMCOL Wedge Model

For this derivation the wedge is assumed to be rigid, considering only the energy absorbed in the
plate. This wedge model alows for four contact scenarios by which the wedge may strike the
plate. These contact scenarios are:

Contact Scenario 1 - Port or starboard bow section contacts the plate at any angle (f) less
than ninety degrees and greater than zero degrees (illustrated Figure 113 and shown finite
element time step progression in Figure 114 through Figure 117).

Contact Scenario 2 - Port or starboard bow section contacts the plate at any angle () less
than or equal to zero degrees (illustrated in Figure 118 and shown finite e ement time step

progression in Figure 119 through Figure 121).

Contact Scenario 3 - Port or starboard after body contacts the plate at any angle (a) less
than ninety degrees and greater than zero degrees (illustrated in Figure 122 and shown
finite element time step progression in Figure 123 through Figure 126).

Contact Scenario 4 - Port or starboard bow section and after body contact the plate where
the angle (f ) is less than ninety degrees and greater than zero degrees and the angle (@) is
less than or equal to zero degrees (illustrated in Figure 127 and shown finite element time
step progression in Figure 128 through Figure 130).

Figure 113 - Contact Scenario 1 Geometry
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Figure 114 - Contact Scenario 1 FEA Test Case at 0.1 Seconds

Figure 115 - Contact Scenario 1 FEA Test Case at 0.2 Seconds

Figure 116 - Contact Scenario 1 FEA Test Case at 0.3 Seconds

Figure 117 - Contact Scenario 1 FEA Test Case at 0.8 Seconds
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Figure 118 - Contact Scenario 2 Geometry

Figure 119 - Contact Scenario 2 FEA Test Case at 0.2 Seconds

Figure 120 - Contact Scenario 2 FEA Test Case at 0.25 Seconds
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Figure 121 - Contact Scenario 2 FEA Plate Mesh Deflection at 0.25 Seconds with 8 region

model overlay

Y

'

Figure 122 - Contact Scenario 3 Geometry
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3 FEA Test Case at 0.1 Seconds

10

Contact Scenar

123

Figure

Figure 124 - Contact Scenario 3 FEA Test Case at 0.2 Seconds

Figure 125 - Contact Scenario 3 FEA Test Case at 0.3 Seconds
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Figure 126 - Contact Scenario 3 Plate Mesh Deformation at 0.3 Seconds
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Figure 128 - Contact Scenario 4 FEA Test Case at 0.1 Seconds

Figure 129 - Contact Scenario 4 FEA Test Case at 0.2 Seconds
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Figure 130 - Contact Scenario 4 Plate Mesh Deflection at 0.2 Seconds
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As an example, assume the rigid wedge strikes the plate in Contact Senario 2 Figure 118
through Figure 121), where the angle (f) equals zero degrees and the wedge model has the initia
component velocity zero m/s in the direction paralel to the plate but greater than zero in the
direction normal to the plate as described by Figure 131.

-

o]
Figure 131 - Longitudinal Deflection Simplified Argument Example Geometry

The plate is struck by the rigid wedge over the shaded region (DF) of Figure 132 in the z
direction with an initial velocity V at the time t = 0 seconds (the moment of contact).
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Figure 132 - Idealized Plate Geometry Definitions for Simplified Argument
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In this example, the rigid wedge strikes between the upper and lower edges of the plate. Using
the nomerclature of Figure 132, G=0 and G+F=B. Figure 133 through Figure 135 show all
possible vertical positions of the wedge relative to the plate. These will be considered in the final
25 region model discussed in Section 5.4.5.

Wedge

Plate

Figure 133 - Centered Vertical Position of Wedge Striking Plate

Flate

Wedge

Figure 134 - Lower Vertical Position of Wedge Striking Plate

Wedge

Plate

Figure 135 - Upper Vertical Position of Wedge Striking Plate

For the current contact problem of Figure 131, the inboard edge of the plate is assumed to be
simply supported. In contact scenario two with the angle (f) equal to zero degrees, then the
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deflections at (X,Y) = (0,G); (X,Y) = (0,G+F); (X,Y) = (D,G) and (X,Y) = (D,G+F) are equd at
any time t. After a small time (t) a linear form of the deflection of the plate maybe drawn as
shown in Figure 121. Note that the deformed shape in Figure 121 is similar to the deformation of
the finite element analysis of contact scenario 2 shown in Figure 119 through Figure 120 and
provided again in Figure 136 for side-by-side comparison.

Figure 136 - Simplified Plate Deflection and Similar FEA Plate Mesh Deflection
The plate is divided into eight energy-absorbing regions defined as shown in Figure 137.
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Figure 137 — Eight- Region Plate Model

The energy absorbed through the plastic membrane stretching of each region is calculated over
each time step and summed to provide the energy absorbed through the lateral deflection of the
plate in each time step. The more complicated but required twenty-five-region plate Figure 142
replaces the smple eight-region plate of Figure 137 to properly capture the deformation of the
plate using a linear approximation for the more complicated contact scenarios. Development of
the energy absorbing rectangular and triangular regions is discussed in Sections 5.4.2 and 5.4.3
while the super positioning and assembly of the full energy absorbed by the plate is discussed in
Section 5.4.4.

5.4.1 Flow Theory of Plasticity

Prior to discussion of the energy absorbed by the rectangular and triangular regions presented in
Section 5.4.2, a brief review of the flow theory of plasticity is presented. The basic assumptions
of flow theory are 1) that the strain of any material may be represented as the sum of an elastic
strain and a plastic strain (Equation 5.4) and 2) there exists a loading function (F) at every stage
of plastic deformation that prevents the relaxation of the elastic portion of the deformation.

ejj e +ej (5.4)
The second assumption yields the condition that plastic deformation exists and is definable based

upon a yield condition. Making use of Von Misses yield function the yield criterion for plastic
deformation is given by Equation 5.5.

=1 1 2=
F 586 - =6, 0
2>SJ>SJ 3 y

(5.5)
Where:
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S11+S22 % S33
>d..

Sij = sij - 3 i

(5.6)
Additionally, by making use of the Drucker Postulates [90]:
During loading, positive work is performed
The net work perfor