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1.3  Overview of Ice Classes for various Classification Societies

Ice classifications of ships are offered by many of the various classification societies:
Lloyds Register (LR), Germanischer Lloyd (GL), American Bureau of Shipping (ABS),
and Det Norske Veritas (DNV), name a few. Ice classifications of ships are generally
be broken into two main divisions: icebreaking vessels and ice-strengthened vessels.
Icebreaking ships have greater hull strengthening than ice-strer hened ships, and are
used primarily as support ships. Icebreakers (depending on their ice class) are capable of
managing and manoeuvring in up to all types of ice regimes’. Ice-strengthened ships are
generally shipping vessels (e.g. tankers, supply ships, cargo ships, etc...) whose hulls
have been strengthened for possible contact with ice. Various levels of ice-class may be
assigned to ice-strengthened shi  allowing them to operate in ice regimes of various ice
thickness and concentration; but  r capabilities for breaking ice, managing ice. or
manoeuvring in difficult ice conditions (e.g. multi-year ice) are highly limited or non-
existent. This thesis is primar  concerned with ice-strengthened shipping vessels, as

these types of vessels would be those classed by the new IACS unified polar rules.

1.3.1 History of ice classifications

Ice classifications are a result enacted by us countries to protect their arctic

waters and interests. Canada, Rus Finland, and Sweden are a notable few of these

" An ice regime is composed of anv mix or combination of ice types, including open water. An ice regime
occurs as a region in navigable v 1 with generally consistent ice conditions; i.e. the distribution
of ice types and concentrations ige very much from point to point in this region. Definition
taken from Transport Canada (T1 | da 1998).



countries. Each of these countries has developed its own rules and regulations concerning
the strengthening of ships for trar  t through its arctic waters. They are the:

e Canadian ASPPR/CAC Classes,
e Russian LU Classes, and 1

e Finnish/Swedish “Baltic” Classes.

Of these, Finland and Sweden have developed a set of rules called the “Finnish-Swedish
Ice Class Rules” (FMA-SMA 2008) which apply to shipping vessels entering the Baltic
Sea. Ice classifications based on ti  : rules are typically referred to as “Baltic classes”.
The Finnish-Swedish ice class rules Iso form the basis for equivalent ice classifications
granted by most of the major ship classific ion societies (e.g. ABS, LR and DNV) for

arctic shipping vessels (rather the icebreakers).

1.3.2 Unified polar rules

The IACS unified polar rules (IACS 2007) were created by an international committee
composed of both IACS members and non-members in response to a global interest in
“harmonising™ existing safety : . pollution standards for marine operations in polar
waters (IACS 2006). These rules are intended to be used in conjunction with the
International Maritime Organiz on’s (IMO) “Guidelines for ships operating in arctic
ice-covered waters” (IMO 2002). The IMO document provides a framework for the
design and operation of ice-s ed ships and the IACS document provides specific

structural and machinery requi ents. These documents apply primarily to ships















1.4.2 Collision physics

Impacts/collisions are common occurrences for all types of ships worldwide. Damage to
a ship’s hull can result from collisions with other ships or other floating objects (e.g. sea
ice); collisions with stationary objects (e.g. piers, bridge supports, and level ice); and

collision with submerged objects (e.g. rocks and anchor ice).

Analysis of the physics of ship  )act/collision is usually divided into two parts: external
mechanics and internal mechanics (Pedersen 1995). External mechanics deal with the
rigid body motion of the ship durii impact as well as the hydrodynamic pressures over
its wetted surface. Internal mechanics encompass the ship’s structural response during an
impact/collision and subsequent ¢ ormati External and internal collision mechanics
can be treated separately or coupled, depending on the analysis. The research presented
in this thesis entirely neglects exte | mechanics and concentrates wholly on the ship’s
structural response (internal mechanics) to progressive damage. The reasons for this are
twofold: the numerical model developed herein was created in order to study progressive
damage at a basic structural lev: (i.e. internal mechanics) and to identify the associated
failure mechanisms; and the numerical model was validated against experiments that also

neglected the external mechanics.

Internal collision mechanics usi |y describe the structural response of the ship in terms

of shell membrane tension; shell rupture; web frame bending; shear and compression

loads; yield strength; failure-st n; friction; and crushing and tearing of decks, bottoms.
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1.6 The Finite Element Method
The finite element method is the industry standard numerical modeling method with
which to model ship structures (Paik et al. 2003; Kitamura 2002; Sajdak and Brown 2004;

Paik and Pedersen 1996).

1.6.1 Classes of finite elen t codes

Finite element codes may essentially be ¢ sed according to two categories: time and
linearity. Codes that solve equations that explicitly include time are called explicit codes,
while codes that do not are called implicit codes. Codes that solve equations with
nonlinearities are called nonlinear codes, while codes that do not are called linear codes.
Any finite element code must be cla  d from both of these categories simultaneously; for
example, a code that includes time, but solves only linear equations would be an explicit
linear code, and a code that exclud: time but includes nonlinearities would be an implicit

nonlinear code.

1.6.1.1 Implicit and explicit time integration
Unlike implicit analyses, in order to perform an explicit anal: , a time vector must be
defined and the initial inertial properties (velocity, translational mass, and moments of

inertia) of all bodies must be de  d at time zero.































accomplished via one of three methods: the automatic method “GREEDY”, the
automatic method “Recursive Coordinate Bisection (RCB)”, or manually by the user.
The GREEDY method is a simple neighbourhood expansion algorithm (LSTC 2007a).
The RCB method recursively divides the model in half by slicing the section on which it
is working along its longest axis; this method tends to generate cube shaped sections
aligned along coordinate axes (LSTC 2007a). The manual method allows the user to
decompose the model. If manual decomposition is not required by the model’s geometry,

the RCB method generally gives 2 best performance (LSTC 2007a).
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2.2.1 Structural components

The large grillage structure may be broken up into five distinct components: the hull
plating; the transverse frames; the longitudinal frame webs; the longitudinal frame
flanges; and the boundary structure. The longitudinal frame webs and flanges are broken
into separate components because they are constructed from steel of a different nominal

thickness, that was cut from different types of stock (as outlined below).

The “hull plating” was constucted from 10 mm (nominal) steel plate and was meant to
represent the outside hull platii  of an ice-strenthened ship. The hull plating was the
portion of the large grillage stucture to which the loads were rectly applied. The
transverse frames were constru  d from 18 mm (nominal) steel plate and were meant to
represent the primary stiffening. The longitudinal stiffener webs were constructed from 8
mm (nominal) steel plate and were meant  represent part of the secondary stiffening.
The longitudinal stiffener flanges were con ucted from 10 mm (nominal) steel flatbar of
width 75 mm, and were meant to represent the other part of the secondary stiffening. The
boundary structure does not correspond directly to any part of a ship’s structure; however,
it was designed to provide bour * ry conditions for the large grillage structure, consistant
with the boundary conditions that would exist if the model was infinitely surrounded by
other identical grillage structure (Daley and Hermanski 2008b). The boundary structure

was constructed from 30 mm (nominal) steel plate.
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While intrinsically obvious, it should be noted here that the deflection values reported for
loads applied on load patches 2 and 3 have their zero position corresponding to the
deformed hull plate position, rather than the original (undeformed) position of the hull
plating. If the zero point for deflections were based on the undeformed hull plate
position, load would not increase from zero for the second and third load-displacement

curves shown in Figure 2-7 until contact between the hydraulic ram and the hull plate was

established.

Load [MN]
o B e
o] - N E-3 [=)]

o
o

0.2

0 10 20 40 50 60 70 80 90 100
Displacement [mm)]

F ire 2-7: Load-displacement plot for loads applied to the three load patches.

2.7.1 Load patch 1

The overall load applied to load patch | r hed approximately 1.37 MN at a deflection
of 92 mm. The central longitudinal stiffener plastically buckled starting at a deflection of

approximately 70 mm. The load-displacement curve for load patch 1 is shown in blue in
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2.8 Material Tensile Tests

Uniaxial material tensile tests were also performed. This was done to verify the material
properties of the steel used in the fabrication of the large grillage structure. Where
possible, scrap steel left over from the construction of the large grillage was used to create
some of the tensile test coupons. Using sci » steel ensured that residual stresses from the
experimental loadings were not present in the test coupons. However, scrap steel for the
8 and 10 mm steel plates were not available and therefore had to be cut from the second
large grillage, subsequent to the e _ :riments. In order to ensure that this steel was cut
from a section of the large grillage in which no residual stresses were present (i.e. no
strain-hardening), a numerical model (an early version of that outlined in Chapter 3) was
created and loaded using nominal iterial properties. In an attempt to ensure that no
permanent residual stresses would be present in the samples cut from the large grillage.
they were cut only from areas of the structure that the numerical model showed to contain
less than 250 MPa residual effective stress (von Mises criterion). Figure 2-10 shows all
residual stress greater than 225 MPa as a light blue colour. This provided a nominal 100
MPa of safety margin as the steel was supposed to have a nominal yield stress of 350

MPa.
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2.8.3.1 Specimen 1

Test specimen | was cut from 18 mm thick scrap steel that was used to construct the
transverse frames of the large grillage structure. The engineering stress-strain plot for this
specimen is shown in Figure 2-14. These results are flawed at an approximate strain of
0.085 mm/mm as shown by the sudden decrease in engineering stress corresponding to a
slightly decreasing strain (circled section). While the ultimate strength data is missing, the
yield stress and Young’s modulus for this specimen are available and are presented in

Table 2-1.

600
500

400

Engineering Stress [MPa]

200

100

Engine straln fnwn/mm]

Figure 2-14: Stre -ain plot for uniaxial tensile test specimen 1.



Table 2-1: Material properties for uniaxial tensile test specimen 1.

Engineering Yield Young’s Engineering Ultimate Engineering Failure
Stress MPa Mo-niys GPa .«nsile Stress MPa Strain mm/mm
350 157 ' nla n/a

2.8.3.2 Specimen 2

Specimen 2 was cut from scrap 10 mm steel plate that was used to make the “hull
plating” of the large grillage structure. The engineering stress-strain piot for this
specimen is presented in Figure 2-15. It w  apparent from analysis of the data that the
test specimen slipped in the Ips of the test apparatus at the start of the test. This
slippage was only present for a ¢ all p ion of the elastic range of the specimen:
therefore, this bad data was removed and the zero point (i.e. the point that would have
been the start point of the test had the specimen not slipped in the grips) was extrapolated
using the remaining linear ele c¢ portion of the curve. The material properties for

specimen 2 are given in Table 2-2.
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Figure 2-15: Stress-strain plot for uniaxial tensile test specimen 2.

Table 2-2: Material properties r uniaxial tensile test specimen 2.

Engineering Yield Yow ° " Engineerii
Stress MPa Moduh Tensile Stress mra Srean mana s
420 s v 566 V.22

2.8.3.3 Specimen 3

Specimen 3 was one of two specimens cut from the large grillage structure as there was
no scrap steel available from which to machine test specimens. The steel for these test
specimens was removed from a longitudin: stiffener near one of the corners of the large
grillage where the residual stress v shown to be quite low (the circled area of Figure
2-10). Specimen 3 was cut fr  a longitudinal stiffener web, which was constructed

from steel plate that was nomina '8 mm ick. The engineering stress-strain plot for this

46



specimen is presented in Figure 2-16. Like specimen 2, there was minor slippage of the

specimen in the grips of the tensile test apy

atus. Again, this was limited to a small part

at the start of the elastic region and the data was modified by hand to obtain the proper

zero point. The material properties for specimen 3 are given in Table 2-3.

500

100

01

015 02 0.25 03

Engineering Strain frum /mm)

Figure 2-16: Stre

Table 2-3: Material properties

Engineering Yield
Stress MPa

370

strain plot for uniaxial tensile test specimen 3.

r uniaxial tensile test specimen 3.

Jltimate
ss MPa

Engineering Failure
Strain mm/mm

0.271
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2.8.3.5 Specimen 5

Specimen 5 was the other specimen cut from the large grillage structure (cut from circled
section of Figure 2-10). The steel for the test specimen was removed from a longitudinal
stiffener “Tee”. The longitudin stiffener “Tee” flanges were constructed from 75 mm
wide steel flat bar stock that was nominally 10 mm thick. The engineering stress-strain
plot for this specimen is presented in Figure 2-18. [t was apparent from analysis of the
data that test specimen slipped in the grips of the test apparatus at the start of the test.
This slippage was only present for a small portion of the elastic range of the specimen;
therefore, this bad data was removed and the zero point (i.e. the point that would have
been the start point of the test had the specimen not slipped in the grips) was extrapolated
using the remaining linear el: c¢ portion of the curve. The material properties for

specimen 5 are given in Table 2-5.

600

20t

Figure 2-18: Stress -ain plot for uniaxial tensile test specimen 5.
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3 NUMERICAL MODEL

The numerical model developed in this chapter is the basis for the dynamic structural
response predictions presented in Chapter 4. The m rical model was developed based
on input from the large grillage «periments, literature, advice from experts, past

experience, and trial-and-error.

3.1 Methodology

As mentioned above, an explicit nonlinear FEM is the natural choice with which to model
a progressive damage scenario. Modeling large structural deformation requires nonlinear
geometric and nonlinear material modeli capabilities. Modeling collisions, which are
also intrinsic phenomena of prc essive damage, requires contact detection and explicit
time integration. MPP-Dyna is an plicit nonlinear finite element code that has all the
capabilities required to model pr essive damage to a ship’s structure. It is used

exclusively throughout this rese  h.

The following inputs were required to define the numerical model:

¢ Geometric structural mo
e | teelement mesh
o Element types
= Element parameters
o Mesh conversion st -
e Material model
e Boundary conditions

e Part definition
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3.3 The Finite Element Mesh

After the geometric structural model has been created, it must then be meshed. Several
steps are required to create a finite element mesh; they are, choice of finite element(s).

choice of finite element parameters, and mesh density.

3.3.1 Element choices

All parts of the large grillage structure were constructed from steel plate and flat bar
stock. Steel plate and flatbar stock have a thickness much less than their length and
width. Shell elements can model plate stru res efficiently. The general shell element in
Dyna is a 4-node planar surface (2D) element that has bending and membrane
capabilities. Each node has six d.  es of freedom —translations and rotations in the x-,
y- and z-directions. A shell e/ ent may 2 loaded in-plane and normal to its surface.
They can model through plane thickness the thickness is small compared with the
length and width (see Figure 3-4). Shell thickness is input as a property of the shell
element rather than with a strict - ~ometrically definition using nodes. This gives shell
elements a huge computational advantage over solid elements, which require up to 8

nodes per element to model the n physics.

Shell elements were used to model all five components of the large grillage structure

defined in 2.2.1.
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Figure 3-4: Shell element geometry (ANSYS Inc. 2007a).

The indenter (i.e. the 130 mm x 130 mm steel block between the ram and the hull plating
of the large grillage structure) was modeled using 8-node solid elements (see Figure 3-5).
The general solid element in Dyna is an 8-node brick (3D) element. Each node has three
degrees of freedom: translations in the x-, y-, and z-directions. A solid element may be
loaded at each node and on each face normal to its surface. Solid elements were used for
several reasons: the first is that the indenter is thick compared to its length and width,
thereby ruling out the use of shell elements; the second is more complicated and outlined

below.
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Figure 3-5: S« lelement »metry (ANSYS Inc. 2007a).

The indenter used in the large illage experiments was of sufficient size and thickness
that it was not expected to suffer any plastic deformation. The magnitude of the plastic
damage to the large grillage structure is very large compared to the indenter’s elastic
deformation, therefore this elastic defc  ation is considered negligible. For this reason,
the indenter was modeled asar 1 body. From an ideal standpoint, it should not matter
whether the indenter was modeled using shell or solid elements because the indenter is
rigid. In practice, a difference arises because of the algorithm used to identify contact
between elements during the application of jad. This contact algorithm is more prone to

error for rigid shell elements than for rigid solid elements (ANSYS Inc. 2007a).
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3.3.2 Element formulations

For the large grillage structure. an element formulation capable of predicting large
structural deformations, plate bending. 1 mbrane effects, and shell thinning was
required. Thirty-nine shell element formulations are available in Dyna for a broad range
of analyses, but the default shell element formulation, the Belytschko-Tsay formulation,
was most appropriate for this numerical model. The Belytschko-Tsay formulation
implements the required structural phenomena: bending. membrane, and shell thickness
changes; it employs reduced integration which means that the number of points for
numerical integration of a shell :ment is less than that necessary for exact integration
(ANSYS Inc. 2007a); it includes transverse shear: it has built in hourglass control; and it
is the fastest of the explicit dyr ics shell element formulations (ANSYS Inc. 2007a).
The Belytschko-Tsay formulation is the recommended choice for most structural

applications (LSTC 2007a).

Reduced integration is desirable for two reasons: it increases the speed of finite element
calculations. and it alleviates shear locking which is a phenomenon common with 4-node
(i.e. lower order) shell elem: shes. Shear locking is an increase in structural stiffness
thence locking) that increases as finite element mesh size decreases. Reduced integration
is a technique employed to elimin  shear locking, however. it has the drawback that it

allows hourglassing to occur.
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3.3.4 Meshing

The geometric model was meshed entirely with quadrilateral (4-node) shell elements
using the ANSYS*® meshing to As mentioned in chapter 1.6.2, shell elemel : are
generally the best choice with which to model structures constructed from steel.
Quadrilateral shell elements were used in order to avoid the *locking” effect that
triangular (3-node) elements can experience if the entire mesh is composed of 3-node
elements (ANSYS Inc. 2007a). Further, triangular elements are simply degenerate
quadrilateral elements where two of the four nodes composing the quadrilateral element
are coincident, forming a triangular element. It is generally recommended that degenerate
elements be avoided for nonlinear structural analyses because they are much less accurate

and should not be used in regions of igh stress gradient (ANSYS Inc. 2007b).

The geometric model was initially meshed with quadrilateral shell elements of an average

sizeof Scm x 5 cm.

3.3.5 Model decomposition

A study was performed to determine the optimal decomposition of the finite element
mesh. The parameters of the study were the “goodness™ of the decomposition and the
efficiency of running that decomposed mc | on the computer cluster. The goodness of
the decomposition refers to the quality of the sections created during the decomposition.
Factors influencing the goodness of the decomposition for this finite element mesh are the

relative sizes of the sections and the sectioning of the contact surfaces.
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grillage structure took place). The indenter mesh density (i.e. solid element count) varies
with shell element mesh density because the relative size of elements on both contact
surfaces is important (Hallquist 2006). The master surface (i.e. the large grillage) mesh
density should be less than the slave surface (i.e. the indenter) mesh density: otherwise
the contact algorithm may allow some master nodes to penetrate the slave surface,

unrestricted.

Mesh Conversion Study - Mesh 1

Figure 3-7: Mesh conversion study — mesh 1.
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Mesh Conversion Study - Mesh 4

Figure 3-10: Mesh conversion study — mesh 4.

3.3.6.1 Load scenario

The same load scenario was applied to each of the four meshes at load patch | (load patch
location shown in Figure 2-4). The load applied is similar to the loads discussed in
section 3.13. Boundary conditions and contact definition were also similar to those
presented below. Note: this study was performed as part of the design spiral of creating
this numerical model, and hence its results should not be compared with the results of the

final numerical model presented zlow.

3.3.6.2 Mesh comparisons

Structural response results for each mesh were compared on a one-to-one basis via plots.

The structural response plotted is vertical load on the indenter. These plots are given
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below in Figure 3-11 through Figure 3-15. It is obvious from Figure 3-14 that the mesh
density for this numerical model converges for mesh 2. This is because the relationship
between the results of mesh 2 and mesh 3 are almost perfectly one-to-one (i.e. nearly
identical). After this discovery, an attempt to combine mesh | and mesh 2 was made in
the hopes that a one-to-one relationship with mesh 2 results would be achieved. This was
not the case as is shown in Figure 3-15. Mesh 2 was used throughout the rest of the

research presented in this thesis.
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Figure 3-11: Mesh conversion study omparison of Mesh 1 and Mesh 2 results.
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3.4 Material Model

A material model is a material formulation together with its required inputs. A material
formulation is similar in idea to an element formulation; that is, it defines the physics that
will be included in a material model, and controls how those physics are implemented.

Dyna has over 200 material formulations from which to choose.

Two material formulations were ultimately chosen and employed in this numerical model.
They are MAT_PIECEWISE LINEAR PLASTICITY (Mat_24) (LSTC 2007b) and
MAT RIGID (Mat_20) (LSTC 2007b). Mat 24 was used to model the deformable large
grillage structure and Mat 20 was used to model the rigid steel indenter used in the

experiments outlined in Chapter 2.

Much time and energy was put into investigating the most appropriate material model
with which to model the defor »>le large grillage structure. Many different material
model formulations including Mat_3 — MAT_PLASTIC_KINEMATIC (LSTC 2007b)
and Mat_105 — MAT DAMAGE (LSTC 2007b) were tested. Mat_3 is basically a
simpler version of Mat_24, and Mat_105 is a continuum damage mechanics model which
can be used to mod: necking in a tensile steel specimen. These material models were
ultimately rejected in favour of Mat 24 because better results were achieved using that

formulation (see section 3.13 for an explanation of desired results).
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3.4.1 Mat 24

The proper name for Mat 24 is Piecewise Linear Isotropic Plasticity Model. It is an
isotropic elasto-plastic material formulation. The term isotropic refers to the method of
application of strain-hardening within the formulation. With isotropic strain-hardening,
the centre of the yield surface is fixed and the radius is a function of plastic strain
(Hallquist 2006). Elasto-plastic means that the material formulation is nonlinear and is
capable of undergoing elastic (or completely reversible) deformation or plastic

(permanent) deformation as required.

Using Mat_24, a user can define an arbitrary stress-strain relationship that is dependent
on strain-rate. Stress-strain relationships may be defined by up to eight points directly
within the formulation, or a m : detailed curve may be defined that is called by the
formulation. Several methods of including strain-rate effects also exist. It is possible to
employ the Cowper-Symonds nes and Wierzbicki 1983) strain-rate model. a user-
defined strain-rate model, or to implement several stress-strain curves based on different
strain-rates with which the for 1lation will use and interpolate between as necessary.

The Cowper-Symonds model ales the yield stre by a factor of:
s
1+ (5)° 3]

where: € is the strain-r:
C and P are the Cowper-Symonds strain-rate parameters

Mat 24 also has dedicated input for a b near material model (a bilinear stress-strain

curve is shown in Figure 3-16) which requires only three inputs to define the stress-strain
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relationship: Young’s (elastic) modulus, yield stress, and tangent modulus. The tangent
modulus is the slope of the second line in the bilinear model and it defines the rate of
strain-hardening with strain. For a thorough description of Mat_24, please see Hallquist

(2006).

Stress

Figure 3-16: Bilinear stress-strain curve.

Much experimentation was done usiit  ti  Mat ~ 1 material formulation. Some of the

experience gained from thisexp  nentation is given below.

3.4.2 Mat_20

Mat 20 is a convenient way of turning a part into a rigid bc ' Rigid bodies are
extremely efficient because r d elements are bypassed in the element solving, and no
storage is allocated for saving their history variables (Hallquist 2006). Inputs for Mat_20

include inertia properties, Young’s Modulus, and Poisson’s ratio. The latter two inputs
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are used for determining sliding interface parameters for contact with other bodies.

Mat_20 was used for the indenter model.

3.4.3 Utilizing uniaxial tensile test data in numerical models

Much research exists regarding the utilization of uniaxial tensile tests results in numerical
models. Paik (Paik 2007a) summarizes the common practices in this regard and presents
a new method for accomplishir this effectively. These common practices and Paik’s

method for manipulating these test data are outlined below.

3.4.3.1 Method I
Method | is the traditional method used in finite element simulations. It involves using
the following equations to transform an engineering stress-strain curve into a true stress-
strain curve:
.= 0.(1+¢g) (4]
and
& ~In(1+e¢,) [5]
where: g, is true stress
0O, is engineering stress
&, is true strain

£, is engineering st n
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Only points of the engineering stress-strain curve up to the ultimate stress are considered
for this method. Method 1 is often not appropriate as it overestimates the strain-hardening

characteristics and does not account for necking/softening beyond the ultimate stress.

3.43.2 Method I1
Method II is identical to method | except all points on the engineering stress-strain up to
the failure-strain are used in the transfor ation. Necking is modeled more accurately

with this method; however, it 0 :stimates e strain-hardening characteristics.

3.4.3.3 Method III (Paik’s method)

Method 1l is a brand new appr :h proposed by Paik (2007a), called the “knock-down
factor approach”. This approach w  validated against tensile tests using steel coupons.
Equation [4] and the followi new equations are used to transform an engineering stress-

strain curve to a true stress-strain curve:

O f(ge)ae(l + Ee) [6]
where: f(g,)is “knock-down factor” function
and
~ ey m(1+e)}+1 0<eg <g,
f(Ee) = o (C—Cy)in(1+5y) [5]

{In(1+e)}+C,— £y < E < &

In(1+£)—In(1+&,) In(1+ef)~In(1+£y)
where: g isthe e1 ‘neerii  fracture strain

£, is the strain at the engineering ultimate stress
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C1 =0.9
Cc,=0.85
Method Il modeled the necking and strain-hardening behaviour of the tensile tests very

well (Paik 2007a).

3.4.4 Material Instability

It was quickly discovered that material models containing a negative slope in the stress-
strain curve (i.e. strain softening) ¢ sed element deformations that grew without bound.
Such a stress-strain curve, defined by 27 stress-strain point inputs, is given in Figure 3-17.
Literature (specifically Chapter 6, section 7 of Belytschko, Liu, and Moran (2000))
suggested that a negative stress-strain slope for material formulations similar to Mat_24
(i.e. elasto-plastic formulations) caused this unstable deformation. To verify this theory, a
simple numerical model of a plate was created with an entirely negative stress-strain
curve for its material model ( spendix C: Material Instability Test for specific
details). A small perturbation to the centre of this plate caused unstable growth of the
plate’s deformation, thus confirming that material instability was the cause of the problem

(see Hill (1962)).
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Figure 3-17: 27| nt stress-strain curve with strain softening.

3.4.5 Stress-strain curve definition

Various degrees of stress-strain curve complexity were explored: a 17-point curve. a {0-
point curve, a trilinear curve, and a bilinear curve. [t may be seen in Figure 3-18 that
shape of the actual stress-strain curve shown in Figure 2-16 is captured very well by the
17 and 10-point stress-strain curve definitions (which are shown plotted only up to the
ultimate stress). The trilinear curve was an attempt to include the stress plateau (the
flattened area of a stress-strain curve just after the elastic portion) in a “bilinear type”
model. The bilinear curve is a ¢ ird bilinear model which requires input of only the
Young’s modulus, yield stress, and tangent modulus. A tangent modulus of 1.0 GPa was
found to work well and provided a realistic ultimate strength for the failure-strain (shown
by green line in Figure 3-18).  1e reader is referred to Kozarski (2005) for a detailed

treatment of the bilinear stress-strain model.

77



600

550
'5'500
3
- ar
” 450
g ar
w 400

350 lilinear

300

0 0.05 0.1 0.15 0.2 0.25

Strain [mm/mm]

Figure 3-18: Stress-strain curves of varying complexity.

Results for each of these stress-strain curves are presented in Figure 3-19, along with the
load-displacement curve from the large grillage experiments for load-patch 1. This
experimental load was the load applied to the numerical model for these tests. It is
apparent from this figure that the bilinear material model (green line labelled line “B” in

the Figure 3-19) best matches the experimental load-displacement curve.
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2 Material Model Stress-Strain Comple Test Results
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Figure 3-19: Load-displacement curv( sults for various material model inputs.

3.4.6 Material model for each component

The large grillage is composed of five components (described in 2.2.1 and 3.6). A
uniaxial tensile test was conducted for each of the five components. It was theorized that
assigning separate material models to each component, based on their uniaxial tensile test
results, would improve the overall accuracy of the numerical model. The parameters for
each material model based on these tensile tests, and modified using Paik’s method
(outlined in 3.4.3.3), are given in Table 3-3. Load-displacement results for both the
multiple material models and the single bilinear material model are given in Figure 3-20,
along with the experimental results. As in 3.4.5, the single bilinear material model gave

the best results.
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3.4.7 Final material models

For the large grillage odel, the research outlined in this section ultimately suggested that
a single bilinear material model implemented using Mat_24 and employing Paik’s
method I, provided the best comparison with experimental results. The inputs for this

material model are given in Table 3-4.

Table 3-4: Large Grillage material model parameters.

Lz : Materi~! Mndak Rzt 24
Density [kg/m?] oisson’s Ratio | Yield Stres< rPal | Etan [Pa]
7850 2.00t+11 | 3 3.50E+HRs | 1.00E+09

For the indenter model, Mat_20 was used to define it as rigid. Inputs for Mat_20 were

identical to those given in Table 3-4 where propriate.

3.5 Boundary Conditions

The boundary conditions for this model come from two main sources: experimental

model supports, and contact. The latter will be discussed in detail in section 3.7.

The large grillage model is supported by the test frame as discussed in section 2.3. The
test frame was not expected to plastically deform during the large grillage experiments
and therefore, because the plastic deformation of the large grillage structure is so large,
any elastic deformation of the test frame is considered negligible. Hence, the boundary

conditions applied to the large g age model during the experiments were effectively
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3.6 Part Definition

As mentioned in Chapter 2, Section 2.2.1, the major components of the large grillage
structure are: the transverse frames (top ft of Figure 3-22); the boundary structure
(bottom left of Figure 3-22); the hull  ting (top right of Figure 3-22); and the
longitudinal stiffener webs and the longitu nal stiffener flanges (both shown in bottom
right of Figure 3-22). Dyna applies elemei parameters and material models to elements

by collecting them into groups called parts.
Ideally, each large grillage component has uniform steel thickness and material
properties.  Also, elements used to model the components would likewise have

homogenous parameters. Therefore, it was convenient to define the numerical parts to be

equivalent to the large grillage components.

Figur.  22: Large grillage model “parts”.
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In addition to these parts. a rigid indenter part was defined. It is shown in Figure 3-23.

T

48 mm

4
|

-
130 mm 130 mm
sl

Figure 3-23: Rigid indenter “part”.

3.7 Contact

Implementation of a contact algorithm in these simulations was necessary to allow the
large grillage structure to interact with the indenter model. Contact algorithms have been
included in Dyna since at least 1976 and their implementations are based on three basic
contact methods: the kinematic constraint method (Hallquist 1976). the penalty method,
and the distributed parameter r hod (Ha |uist 1978). The penalty method is possibly
the most-general and most-used contact a Hrithm (Hallquist 2006), and will be discussed

in detail below.

Regardless of the contact aly ithm used. Dyna defines contact interfaces in three

dimensions by listing all triangular and quadrilateral segments that make up each side of
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the interface (Hallquist 2006). Interface surfaces are differentiated by labelling one side
the master surface and the other the s/ave surface. Upon contact between the master and
slave surfaces, nodes on the slave surface = constrained to slide on the master surface

until a tensile force occurs, at which time the surfaces may separate.

3.7.1 Penalty method

In contrast to the kinematic constraint method where slave nodes are not allowed to pass
through the master surface (problems arise if this happens), the penalty method expressly
makes use of slave node penetration into the master surface. The penalty method consists
of identifying the slave nodes that penetrate the master surface and placing discrete
springs normal to the surface between the master surface and slave nodes (Hallquist
2006). A given spring exerts a force on its slave node that is proportional to the slave
node’s penetration through the master surface (Hallquist 2006). Each spring’s modulus is
unique and depends on the bulk moduli of the slave and master surfaces. Drastic
differences in material bulk moduli at the interface can cause problems and several
algorithms are available to add s these issues; however, for these simulations, both the
large grillage structure and the indenter are composed of similar steel; negating the need
to employ other than the stan d a’ »rithm. Because of this, the standard algorithm
provides spring moduli approxin :ly equal to the material moduli at the contact
interface. An added benefit of hay  z approximately equal spring and material moduli is

that the explicit time step is not affected by the contact algorithm (Hallquist 2006).



Further explanation of the penalty method is necessary. The time steps of explicit
structural simulations are sufficiently small (on the order of 107 seconds for these
simulations) such that the slave node penetration for each time step is also small. During
a single time step, the relative position of the slave and master surfaces are calculated
without considering contact between them. The contact algorithm is then employed
(Belytschko, Liu, and Moran 2000) and if a contact interface is found. slave nodes that
penetrate the master surface are “pushed” back to the surface by a force equal to the nodal

penetration times the interface spring modulus.

Some of the major benefits of using the pe 'ty method include: little to no excitement of
hourglassing; exact conservation of momentum without imposing impact and release
conditions; and no special treatment of intersecting interfaces is required (Hallquist

2000).

3.7.2 Shell element thickness

Shell element thickness is accounted for in the contact algorithm. Because the “hull
plating” is 10 mm thick, with the 1l ele ent through thickness centre having 5 mm of
thickness on either side, then anything contacting the “hull plating” will actually contact

“nothing” 5 mm below the element.
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3.8 Loading

Several methods of applying loads were ivestigated. Forces applied to nodes, and
pressures applied to elements (on an area equal in size to that of the experimental
indenter) were the two methods first attempted. These methods resulted in the hull
plating expanding like a balloon (high men -ane forces) around the longitudinal stiffener
web, while the web remained comparatively unloaded. Next, direct displacement of the
nodes (coinciding with the size and position of the indenter) was tried. This proved much
better for loading the structure t 1 the first method (force/pressure), but tended to stretch
the surrounding finite element mesh unnaturally because elements that would normally be
moving perpendicular to the load direction were instead being restrained. Finally. a
separate finite element mesh for the indenter was created. and loads were applied to the
grillage structure by displacing the inden - and defining contact between the grillage
model and the indenter. This method allowed the hull plating to be displaced by the
indenter (as in the experiments), while not unduly restricting any nodal degrees of

freedom.

3.9 Damping

Tests of the numerical model during its development revealed that structural oscillations
were evident in the 120-150 Hz range. These oscillations were an artefact of the loading
method chosen. Several methods of removing these oscillations were attempted. The
most effective method was to employ 20% critical damping to the structure over the 120-

150 Hz range using the DAMPING FREQUENCY RANGE card. Sensitivity tests were
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The “termination” control defini the point in simulation time that the simulation of the
problem terminates. This value ¢ 1ges depending on the simulation time required by

each simulation.

The “timestep” control defines the “computed timestep scale factor”, and allows for
“mass scaling” which overrides the computed timestep in favour of a user-defined one.
Mass scaling is useful for quasi-static simulations because it can reduce the amount of
time required to solve a simulation (i.e. the run time). Mass scaling was not used in this
numerical model because minimization of run time was not an issue. The computed
timestep scale factor was unchanged from the default value of 0.9. This is essentially a
safety factor, in that it dec ses the computed timestep such that the numerical
simulation remains stable. Values lower an 0.9 were tested, but gave no appreciable

change in results.

3.11 Results Declaration

Results are recorded in Dyna via two databases: an ASCII database and a binary database
(also known as the dyna datab: . The output frequency (i.e. the amount of simulation
time between output of results) may be =cified separately for each database. Results
from the ASCII database may be plotted versus time, or cross-plotted against other
results. The dyna database may also be plotted thus; however, it also contains
information that may be plotted in fringe plots overlaying the elements in the numerical

model. Two examples of this are structural deformations and stresses. The finite element

89



mesh may be plotted in a deformed state with stresses caused by the deformation (see

Figure 3-24).

Time = 0.0049995 Fringe Levels
T o 35980401

3.2380+00
287900
2.5190+0(
2.1590+81
1.7990+01
1.439e+0
1.079¢ 0
7.197e+0i
3.5980+00
0.000¢+01

Figure 3-24: Plot of deformed structure overlaid with von Mises stress fringe plot.

3.12 Modifications from Trial-and-Err«

As mentioned above, creation of this numerical model is a design spiral process. This
means that the process is not linear such that one step flows seamlessly into the next.
Continual testing and modification of the numerical model was necessary in order to

bring it to a level in which confi nce in the results are high.

3.12.1 Hourglassing

Hourglassing was observed for m¢ 2 along the central longitudinal stiffener above the
loaded area. The hourglassing problem was resolved by increasing the mesh density

along the central longitudinal stiffener flange for its entire length between the transverse
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A similar load was applied to the deform le large grillage numerical model using the
rigid indenter model — the details of both are described above. Instead of applying the
load in small increments, as in the experiments, the load was applied at a constant rate of
indentation from 0 to 92 mm. Since time-dependant phenomena (e.g. material strain-rate
and sliding friction) were not in. ided in this numerical model. the choice of indentation
rate depended only on ensuring that enough timesteps were included in the simulation
time that the structural reaction to 1 load was properly modeled. Indentation rates that
equated to simulation-times of 0.001, 0.1, and | second were tried. The results for 0.1
and | second were identical; indicating at 0.1 seconds was a sufficient period of

simulation time in which to apply the 92 m displacement.

3.13.2 Results

The results of the numerical model validation are given in the form of load-displacement
curves. The numerical model was considered validated when the structural reaction force
versus indenter displacement curves matched as closely as possible. Figure 3-26 shows
these results. It is obvious from this figure that the numerical model overestimates the
structural response to smaller displacement-loads; however, the response is very good for
higher displacement-loads. Much ¢ ort was put into modifying the numerical model so
that the lower response was more accurate; however, in all cases this caused the upper
response to worsen dramatically. It was decided to continue with the numerical model
that provided the results shown below as the best compromise. The discrepancy at the

lower indentation levels is most likely because the steel test frame on which the large
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grillage structure was mounted (the purple structure in Figure 2-1) during the physical
experiments was not numerically modeled. If included in the numerical model. the test
frame would most likely have absorbed a considerable amount of energy during the lower
(linear) portion of the load-displacement curve. Including the test frame in the numerical
model would most likely have lowered the reaction force felt by the indenter and
provided closer agreement with the experimental results. Note that it is also possible that
there was some “settling” of the large gri .ge structure during the initial experimental
loading (akin to the “slipping in the grips” associated with material tensile tests). This

settling would also serve to reduce = : initial reaction load.

Numerical Model Validation
s

ixperimental
1.2
tumerical

0.8
0.6

0.4

Reaction Force [N] (E+6)
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[} 0.02 0.04 0.06 0.08

Cylinder Deflection [m]

Figure 3-26: Com ri 1 of experimental and numerical model results.

93



3.14 Numerical Model Summary

This section summarizes the inputs used to define the numerical model.

3.14.1 Finite element mesh

Mesh 2. with the re-meshed central longitudinal stiffener flange was chosen as the final

mesh.

3.14.2 Material model

A single bilinear material model implemented using Mat_24 was used for the large
grillage structure. The inputs for this ma ‘ial model were given in Table 3-4 and are

repeated here in Table 3-5

Table 3-5: ' -ge Grillage material model parameters.

iwat_24 ‘ |
Id Stress [Pa] | ktan [Pa]
3.50E+08 1.00E+09

Mat 20 was used to  fine the inc  ter model as rigid. Inputs for Mat_20 are identical to

those given in Table 3-5 where appropriate.
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3.14.3 Boundary conditions

Constraints were applied using “sit _e poc  constraints”, to a set of nodes located at the
positions of the bolts for the large grillage experimental model. All six degrees of

freedom were fixed.

3.14.4 Part definition

Six parts were defined: transverse ames, boundary structure, hull plating, longitudinal
stiffener webs, longitudinal stil  er flanges, and the indenter. Two inputs were required
for part definitions: “section” and “material model”. The section refers to a card
containing the element parameters. These cards are defined in 3.14.1. The material
model for all parts except the indenter was Mat_24. The material model for the indenter

was Mat_20.

3.14.5 Contact definition

An automatic surface to surface (ASTS) contact definition was applied to a master part
set containing all the deformable parts (i.e. the entire large grillage model) and a slave
part id which was the rigid indenter. The master elements considered by the contact
algorithm w« | ted to those within a user defined box; the dimensions of which
depended on the path of the r 1 indenter. The Coulomb friction model and contact

damping were not employed. A other val s input were default values.
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3.14.6 Load definition

Loads were defined using BOUNDARY_DESCRIBED_MOTION_RIGID cards which
apply translational or rotational motion (as well as their time derivatives — velocity and
acceleration) to a rigid part; in s case the rigid indenter. Motions were input by using

DEFINE_CURVE cards to define translational motions versus time.

3.14.7 Damping definition

Damping was employed using the DAMPING FREQUENCY_RANGE card. 20%
critical damping over a frequency range of 120-150 Hz applied to the large grillage

structure.

3.14.8 Solution control paramete

All energies were computed and in ided in the energy balance using the
CONTROL_ENERGY card. Shell thickness change with membrane stretching was
included using the CONTROL_Slt...LL card (ISTUPD-1). Further, the Belytschko-Tsay
element formulation was used. The “c puted timestep scale factor” was left at the

default value of 0.9.

3.14.9 Results declaration

ASCII files containing results outputs for 4x10™" seconds of simulation-time were

recorded: they are:
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¢ Boundary condition (BNDOUT) forces and energy

e Global statistics (GLSTAT AND GLSTAT_MASS_PROPERTIES) including
mass and inertial properties

e Material energies (MATSUM)

e Nodal (NODOUT) displacement, velocity, and acceleration data for top central
indenter node

e Rigid body data (RBDOUT)

e Resultant interface forces (RCFORC)

e Sliding interface ene ‘es (SLEOUT)

e Single point constraint . tion forces (SPCFORC)

Dyna database results were ov 1t r every 5x107 seconds of simulation-time. These
results include:

e Geometric deformations

e Results output for top, n |, and bottom integration points
e Stress and strain tensors

e Effective plastic strain

e Stress resultants

e Internal energy and thickness

e Shell hourglass energy

e Material energy
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4 PROGRESSIVE DAMAGE TESTS AND RESULTS

This chapter describes the investigation of the structural capacity and reaction of an IACS
ice-strengthened large grillage model to various progressive damage scenarios. It is
expected that these load scenarios would coincide with scenarios considered during the
design of an IACS ice-strengthened ship. This investigation was carried out using the

nonlinear explicit numerical model described in Chapter 3.

4.1 Notes on Loading, Analy . 1d Results

Progressive damage causes nonlinear st -strain behaviour; therefore. the method of
load application is important because the principle of superposition does not hold. The
method of load application used for this investigation consists of three separate actions:
first, the indenter is pushed into @ hull plating (z-direction motion only); next. the
indenter is dragged laterally (x- d/or y-directions only); and third, the indenter is pulled
out of the hull plating (again in the z-direc n only). Henceforth, the{  loading action
may be referred to as the static load, the  ond may be referred to as the dynamic load.
and the third action may be refer  to as unloading. This loading method was chosen
because it is the est method with which to apply prc essive damage. Each cha

in the indenter’s motion is isolated, enabling observation of its effects on the structure.
Examples of several load-history curves resulting from the application of this loading
method are given in Figure 4-1. It was generally observed that the structural capacity of
the large grillage model was lower for the dynamic load than for the static load. The

initial part of a curve (denoted by a green “S” in the figure) shows the structural reaction
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to the static load. The second part of a curve (denoted by a red “D™ in the figure) shows
the structural reaction to the dynamic load. The third part of a curve shows the structural
reaction during unloading. For brevity. the unloading section is not denoted in the figure,

but it follows the dynamic load.

The final value of the static load part of a curve is the large grillage’s static structural
capacity at the start location of : dynamic load. This value represents the structure’s
reaction to a simple z-direction indentation at this location. Any value along the dynamic
load part of a curve may be referr  to as the dynamic structural capacity. This value
represents the structure’s reaction to a z-direction indentation that has caused previous
damage at other locations thror “iout the -ucture. Each progressive damage scenario
presented in this chapter has | 1 designed such that the dynamic load stops at a lateral
location that is symmetrically opposite frc  that of its start location. Further, the large
grillage structure is itself a sym : stru re. Because both the structure. and the start
and finish locations of the dynamic load are symmetric, a direct comparison between the
static structural capacity and the dynamic structural capacity may be made for these
locations. Further. static indentations for = ‘ious other lateral locations were carried out.
These locations were chosen to in the path of the dynamic loads for the various
progressive damage scenarios described in this chapter. Knowledge of the static
structural reactions at these locations enabled further comparison between the structure’s

static and dynamic structural capacities.
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Figure 4-1: Example load history curve show static (green “S”) and dynamic (red “D”) loads.
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displacement. This is true because the static load (i.e. z-direction loading) has already
occurred before any lateral indenter motion kes place; therefore, there is already a large
force on the indenter when the lateral motion is still zero, and hence a large z-force at the
start of the load-displacement curves. As a point of note, all following plots are given in

standard Sl units (e.g. Pascals and metres) unless otherwise noted.

4.2 Progressive Damage between Transverse Frames

The first part of this study consists of load :narios where progressive damage is applied
to the large grillage structure between its transverse frames. The transverse frames
themselves are not directly loaded. All load scenarios in this category begin with the
static load at a longitudinal (x-di  .ion) distance of 450 mm away from a transverse
frame, and end with removal of the load a distance of 450 mm away from the other
transverse frame. A distance of 450 mm was used because it corresponds with load
patches | and 2 from the lar; _ llage experiments (described in Chapter 2). This
distance allows the shear reaction of the structure at this longitudinal position to be
investigated without excessive influence from the much stiffer transverse frame.
Progressive damage closer than 450 mm to the transverse frames is discussed in section

4.3.

4.2.1 Load scenario 1: progres :damage between longitudinals

The static load was appl | to the hull plating between two longitudinal stiffeners at

location | (shown in Figure 4 ,. The d mic load consisted of dragging the indenter
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because the lever arms would be small. The structural reaction to these loads would be
dominated by shear forces (i.e. | :h shear forces and low bending moments). When the
indenter reached the centre of the structure, the bending moment would be maximized.
and the shear force required to support the rad would therefore be reduced; causing the

“bowl shaped” load-displacement curves.

60 -PROGRESSIVE DAM/ STIFFENERS B/W TRANS STIFF
| - ! ' ! 11 nAd.Disp
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Figure 4-3: Load scenario 1: load-displacement curves for 0.2 and 0.5 cm load cases.

Indeed, this superposition supposition is ue for the 0.2 cm load case. The z-force
reaction drops slightly as the indenter moves away from its start, is a minimum at the
centre of the lateral displacement, and gradually rises again to the same level as it
approaches the other transverse frame. Because the start and finish loads are equal, the
static structural capacity and the dynamic structural capacity are the same for location 1.

In addition, because superposition holds, the structures reaction to this load case is
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the structural mechanisms associated with the dynamic application of a load have a
negative effect on the structures  Hacity to sustain that load.

The load-displacement results for all five load cases are given in Figure 4-6. A distinct
and immediate drop | the z-force reaction is apparent for the higher load cases. This
load drop happens upon commencement of the lateral motion of the indenter for the 2, 5,
and 10 cm load cases. As well, the “bowl shape” of the 0.2 and 0.5 cm load-displacement
curves is not evident for the higher load cases. Instead, the load drops sharply to a much

lower level, at which point it approximately remains steady (i.e. independent of lateral

position).
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Figure 4-6: Load scenario 1: load-displacement curves for all five load cases.
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Figure 4-7 shows the z-force time-history curves for these load cases. This figure
presents the same z-force information as Figure 4-6, but because it is plotted against time,

the maximum values for the static load reactions are easier to discern.
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The structure’s reaction to a static load is  sarently quite different to that of a dynamic
load for these higher load cases. For the 2 cm load case, the static load capacity at
location lis approximately 244 kN (as seen in Figure 4-7: line C before the load drop).
The dynamic capacity is approximately 175 kN (as seen in Figure 4-7: line C just before
the unloading section). This equals a 28% decrease in structural capacity between the
static and dynamic loads. For the 5 cm load case, the static load capacity is 838 kN, the
dynamic load capacity is 337 kN, and the dynamic decrease in capacity is approximately
60%. For the 10 cm load case, the static load capacity is 1.39 MN, the dynamic load

capacity is 450 kN, and the dyna ¢ decrease in capacity is approximately 68%" .

Figure 4-8 and Figure 4-9 show the residual plastic strains for the 2 and 5 cm load cases.
The maximum and average plastic strains for the 2 cm load case are 4.32% and 3.45%
plastic elongation, respectively. The maximum and average plastic strains for the 5 cm
load case are 41.01% and 16.40% plastic « ngation, respectively. Figure 4-10 shows a
maximum plastic strain of 143% lastic elongation, and an average of approximately 56%
plastic elongation for the 10 cm load case. Note that the load-curve for the 10 cm load
case is not to be taken as an lication of the structures actual reaction to a 10 cm
progressive damage load. Clearly, the hull plating would have failed under these
conditions. It is presented to give an exaggerated indication of the phenomena prevalent

in the lower load cases.

*! This latter number is presented only to indicate the trend. As mentioned above, it is expected that the
large grillage would fail (i.e. the indenter would tea  rough the hull plating) for this foad case.
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Figure 4-22: Load scenario 2: d-disp ement curves for 0.2 and 0.5 cm load cases.

As in load scenario |, the “bowl shaped” reaction force is present for the 0.2 and 0.5 cm
load cases. Unlike the previous load scenario, there is an initial drop in load that rises

again quickly. Further, the start  d finish loads are not equal for both cases.

4.2.2.1 0.2 cm load case

Investigation of the 0.2 cm load e showed that plate bending was small for this level of
indentation. The longitudinal stiffener is 1 ich stiffer than the hull plating. and tends to
dominate the structural response. > illustrate this, Figure 4-23 shows the Mxy moment
distribution for the dynamic load section of the 0.2 cm load case, for both load scenario |
and load scenario 2. The fringe levels in both plots have been set equal so that a direct
comparison may be made. It is obvious from the figure that the magnitude of the Mxy

moment distribution is much smaller for Ic  scenario 2 than for load scenario 1.










drop in load, followed by another rebound at which point the vibration was finally
damped out. It is therefore assumed that t initial load drop observed in Figure 4-22 is
an artefact of the method of application of load, and that the load-displacement curve for
the 0.2 cm load case should have equal s t and finish loads. Further, the load-curve
should be “bowl shaped” and symmetric about the centre of the x-axis of Figure 4-22.
The same holds true to a lesser extent for the 0.5 cm load case. Plastic damage is slightly
more prominent for this load case (as out ed below) but it is not clear if this plastic
damage is sufficient to affect the structures overall response. It is probable however. that
this plastic damage served to dampen the dynamic oscillation to a greater degree than for

the 0.2 cm load case, resulting in an initial load oscillation that was smaller in magnitude.
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Figure 4-25: Load scenario 2: rigid body z-displacement of the longitudinal stiffener web: 0.2 cm
load case.
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structural capacity for location 3 at an indentation of 0.5 cm is 249 kN. The dynamic

structural capacity from Figure 4-22 is 233 kN. Therefore, the decrease in structural

capacity for the 0.5 cm load case at location 3 is approximately 6.5%.
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Figure 4-27: Static load capacity curve for location 3.
Investigation into the dynamic decrease in structural capacity was conducted. Plastic

damage to the longitudinal stiffenel

id the hull plating began to affect the reaction of the

structure at the 0.5 cm load case. Plastic strain for the structure for this load case is a

maximum of approximately 8% plastic elongation, and an average of approximately 4%

plastic elongation (as seen in Figure 4-28).

A plot of the Mxy moment distribution

(Figure 4-29) reveals that plastic damage is starting to affect the symmetry of the

structural plate bending (as seen by the re

ive difference in “lobe” areas | and 2). The









structural capacity at location 2. At location 3, for the 2 cm load case, the static structural
capacity is approximately 550 kN (from Figure 4-27) and the dynamic structural capacity
is 475 kN. This indicates a 13.5% decrease in structural capacity at location 3. At
location 2, for the 5 cm load case, the static structural capacity is 1.014 MN and the
dynamic structural capacity is 400 kN. This indicates 60% decrease in structural capacity
at location 2. At location 3, for the 5 cm lo  case, the static structural capacity is 927 kN
and the dynamic structural capacity is 400 kN. This indicates 57% decrease in structural

capacity at location 3.

Investigation into the structural mechanisms causing the dynamic reduction of structural
capacity suggests that there are three me anisms involved: stiffener buckling, plate

bending, and membrane stretching.

It is known that the central longituc al stiffener web does not buckle at location 2 until a
static load of approximately 7 ¢ is reached (see Chapter 2, Figure 2-4 or Chapter 3.13).
The indentation required to buckle the sti ner at location 3 is not known; however, it is
known (from a static indentation « ulatic ) that no buckling occurs for a 10 cm static
load (shown in Figure 4-31). Upon con encement of the dynamic load, the central

longitudinal stiffener 2ganto b immediately for the 2 and 5cm load cases.
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(when the stiffener buckling was more pronounced), the plate bending and membrane
stretching reactions increased in 1 itude. This indicates that plate bending reaction
and membrane stretching (see the middle : | bottom of Figure 4-33. respectively) were
carrying more load. Note F° re 32 and Figure 4-33 that the Mxy bending
moment distributions show bendi  only in the direction ahead of the indenter’s lateral
motion (i.e. asymmetric plate ding). As in load scenario |, this asymmetric plate
bending most likely contributes to the decrease in structural capacity observed between
the static and dynamic loads. The membrane behaviour, however, remains relatively
symmetric until the stiffener buckling becomes large during the second half of the
dynamic load. At this time, the “highly stressed” areas discussed in load scenario |

reappear.
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For the 5 cm load case, the m itude of the longitudinal stiffener buckling was much
larger immediately following the commencement of the dynamic load than for the 2 cm
load case. The interaction of plate ben: 1g, membrane stretching, and longitudinal
stiffener buckling was similar to that of the 2 cm load case, but was more subdued. This
is because the longit linal stiffener buckled more after the start of the dynamic load.
requiring the Mxy bending and the membrane stretching reactions to carry more load
initially. Figures showing the : - start and near finish longitudinal stiffener buckling,
Mxy bending, and maximum in-pla  stress plots (similar to those presented above for the
2 cm load case), are given in F  re 4-34 and Figure 4-35, respectively. It is interesting
to note that the “highly stressed” areas pre it for the second half of the 2 cm load case.

were present for the entire dynan  load for e 5 cm load case.

136































Figure 4-40: Load scenario 3: i :nter lateral motion and effective width (plate not shown).
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4.3 Progressive Damage across ..ansverses

The second part of this study extends the three load scenarios outlined in section 4.2 to
include direct application of progressive damage to the transverse stiffeners. All load
scenarios in this category begin with the static load at a longitudinal (x-direction) distance
of 475 mm away from the boundary structure at the end of the large grillage, and end with
removal of the load at a distance of 475 mm away from the boundary structure at the
other end of the grillage. The total change in longitudinal position of the indenter for
each load scenario in this section is 5.1. » m. The indenter encounters both of the

transverse stiffeners over this longitudinal ¢ n.

4.3.1 Load scenario 4: pr essive damage between longitudinals and across

transverses

This load scenario is an extension of load s 1ario | to include progressive loading of the
transverse stiffeners. The lar 3¢ del is tically loaded at location 5 (shown in
Figure 4-43). The indenter is tl  dragged 5.1176 m laterally in the longitudinal
direction to the point of unloading. Figure 4-43 depicts this scenario as well as the
locations of the static and dynamic structur capacity comparisons (labelled “location 17,

“location 5, and “location 6”).
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boundary structure, the longitudinal stiffeners. and the indenter have been hidden in this

figure.

Figure 4-44: Load scenario 4: collision between the indenter and the transverse stiffener: 5 cm load
case (z-deformation shown).

The load-displacement results for the 0.2 and 0.5 cm load cases are given in Figure 4-45,
and again in Figure 4-46. The humps in Figure 4-45 correspond to the encounters
between the indenter and the transverse f nes. Figure 4-46 has a limited y-axis that

allows for better examination of the structural response before and after these encounters.

151


















Load scenarlo 4 - 2 [em] k
T

1.4

1.2+

© 08+
&
£
o 081
5
s L
N
0.4+
0.5
c —_d PR IT 1 } 1 f 1 — _f
0 1 2 3 4 s

X-disy yment [m]

Figure 4-49: Load scena1  4: loa displacement curve: 2 ¢m load case.

Two things are noticeably different from Figure 4-45; they are the initial drop in
structural capacity upon commencement of the dynamic load, and the difference in the
shape of the humps; specifically, a load drop occurs about halfway through each hump.
This load drop is due to the transverse frame buckling shown in Figure 4-50. The
maximum deflection of the buckl  in the x-direction is 2.0 cm, as shown by the red
fringes in Figure 4-50. Note t  the boundary structure, the longitudinal stiffeners, and
the indenter are hidden in this figure to allow better observation of the stiffener buckling.
Note also that the indenter’s position in this figure is directly below the transverse
stiffener. It is important to note further that e transverse stiffener does not buckle under

a 2 c¢m static load.
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As in load scenario 4, the transverse stiffener buckles during the encounter with the
indenter; however, this time the geometry ¢ the interaction is different. A “cut-out™ is
present in the transverse stiffener, as shown circled in Figure 4-57. Because of this cut-
out, only approximately half the width of the indenter encounters the transverse stiffener.
This reduced contact impliesa  uced structural capacity, because less of the transverse
stiffener is involved. In load scenario 4, for the transverse stiffener encounter, the
difference between the initial “pre ickle ' load (i.e. the max “hump” value) and the
following buckled load (i.e. the re :ed “hump” value) is approximately 500 kN (from
Figure 4-49). The difference for this load enario (and this load case) is approximately
150 kN. This indicates that the t sverse stiffener has a much lower stiffness at this
“cut-out” location. Further, tl overall structural reactions to the transverse stiffener
encounters were of similar magnitude, for both load scenarios 4 and 5; indicating that the

dynamic structural capacities are s lar despite the “cut-out”.

Figure 4-57: Load scenario 5: wireframe plot of cut-out and indenter-transverse frame interaction:
2 cm load case.
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The reaction of the structure between the transverse stiffeners is similar to that of the
structure at the start of the load curve. That is, the effect of plastic damage (in this case to
the transverse stiffener) reduces with distance from the point of damage., causing a
gradual increase in capacity. The capacity gradually decreases again as the indenter
approaches the other transverse stiffener because the longitudinal stiffener buckles. The

reaction of the rest of the structure is similar to the above.

The static structural capacity, dynamic structural capacity, and the resulting percentage
decrease in structural capacity for each of the four locations shown in Figure 4-52 are
given in Table 4-2, for each load case. Note that a separate simulation was performed to
determine the static structural capacity at location 8. The static z-force versus z-
displacement curve for location 8 is given in Figure 4-58. A similar curve for location 3

was presented for load scenario 3 in Figure 27.

Table 4-2: Structural capacities for load scenario 5.

Location 2 I s
Load ]Static|Dynamic % Stauc |uvnalme 7 Static jDynamic % Static|Dynamic %
Case (kN] | [kN] |Decreasel ™1 | {] |Decrease] [kN]| [kN] [Decrease| [kN] [kN] [Decrease
0.2 167 101 39.5% e 79 B% 183 159 13.1% 428 561 -31.1%
0.5 329 214 35.0% 249 183 26.5% 374 324 13.4% 748 696 7.0%
2 602 418 30.6% 550 ' 20.5% 612 355 42.0% | 1203 1057 12.1%
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Figure 4-58: Location 8 static structural capacity curve.

4.3.3 Load scenario 6: progressive d nage diagonally across longitudinals and
transverses
This load scenario is an extension of load scenario 3 to include prc essive loading of the
transverse stiffeners. The large grillage model is statically loaded at location 9 (shown in
Figure 4-59). The indenter is then simultaneously dragged laterally 5.1176 m in the
longitudinal direction, and 1.050 m in the transverse direction (for a total diagonal
distance of 5.224 m). to the point of unloading. Figure 4-59 depicts this scenario as well
as the locations of the static and dynamic structural capacity comparisons (labelled

“location 9 and “location 3).
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The phenomena present in load scenarios 4 and 5, as well as the new hump observed in
this load scenario can be used to explain the mechanisms occurring in the load curves in

Figure 4-60.

As in the other load scenarios, the first la : magnitude hump corresponds with the first
indenter-transverse encounter. Like load scenario 5, the in nter encounters the
transverse at one of its longitud | stiffener cut-outs. Unlike load scenario 5. this part of
the cut-out is not supported by an attac :d longitudinal stiffener (see Figure 4-61);
however, the structural capacity at this point is very similar to load scenarios 4 and 5.
suggesting that the transverse stiffener provides the majority of the structural stiffness at

this location.

LS-DYNA KEYWORD DECK BY LS+
Time = 0.17

S

Figure 4-61: Load scenario 6: wireframe plot of cut-out and 1* indenter-transverse frame
ini  ction: 2 cm load case.

After the indenter-transverse encounter, th. : is a drop in load for all scenarios caused by
plastic damage to the transverse —: >ccurred in load scenarios 4 and 5. Following this is

a gradual increase in structural capacity that is partly due to the increasing distance from
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the plastic damage, and the dec  ing distance to the central longitudinal stiffener. As in
the initial part of the load curves, as the indenter nears the longitudinal stiffener, the
structural reaction increases due to the increased structural stiffness. For the 0.2 and 0.5
cm load cases, this reaction is very similar to the initial part of their load curves. For the
2 cm load case, the reaction is different in that the load does not decrease after the onset
of longitudinal stiffener buckling. This is due to the prior extensive plastic damage to the
transverse stiffener as well as the increased overall flexibility of the structure at this
central location. As the proximity between the indenter and this damage increases. so too
does the structural reaction. Further, the extent of buckling is much less than before,
indicating that it is as much a limiting factor. The increased flexibility allows the entire
structure to deflect in the z-direction more than before, allowing increased bending and

membrane reactions in the hull plating.

The second indenter-transverse encounter hump is larger in magnitude than the first

because the encounter occurred between two cut-outs (see Figure 4-62). This meant that

more of the transverse stiffener was involved in the contact, providing a stiffer reaction.
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Figure 4-62: Load scenario 6: wireframe plot of cut-out and 2™ indenter-transverse frame
interaction: 2 cm load case.

The subsequent structural reactions e explained similarly.

Comparisons between static and dynamic structural capacities were made for locations 9

and 3, and are given in Table 4-3.

Table icities for load scenario 6.
[Location 9
Load Static |Dynamic % Static} Dynamic %
Case [kN] " N] |Decreasef "'-*i] [kN] IPecrease
0.2 111 ” 35.1% 13 14 24.1%
0.5 249 J 27.2% 47 35 25.6%
2 550 434 21.1% 188 108 42 7o
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4.4 Progressive Damage Parallel with Transverses

The third part of this study explores prc essive damage parallel to the transverse
stiffeners.  Specifically, two load cases are considered: the first case considers
progressive damage between the transverse stiffeners at a position equidistant from each
(i.e. across the longitudinal centre of the structure); and the other case considers
progressive damage along a transverse stiffener. All load scenarios in this category begin
with the static load in the same 1  sverse (y-direction) distance as the diagonal load
scenarios 3 and 6, and end at a s, etric: y opposite position on the other side of the
structure. The total change in transverse position of the indenter for each load scenario in
this section is 1.050 m. The indenter encounters all of the longitudinal stiffeners over this

transverse span.

4.4.1 Load scenario 7: progressive damage b¢ een transverse stiffeners

This load scenario explores prc :ssive damage between transverse stiffeners at the
longitudinal centre of the struc re. The large grillage model is statically loaded at
location 10 (shown in Figure 4-63), the indenter istl  dragged 1.050 m in the transverse
direction to the point of unloading. Figure 4-63 depicts this scenario as well as the
locations of the static and dynamic structural capacity comparisons (labelled “location

10” and “location 3).










maximum plastic elongation for this load case is 3.73%. which is significantly higher than

the 0.2 cm load case. Again, no longitudinal stiffener buckling was observed.

The 2 cm load case exhibits excessive plass damage. The load curve is asymmetric, and
the static and dynamic load capaciti  at locations 3 and 10 are very different. There is an
initial drop in load, as observed in other load cases above, followed by a sharp rise in load
as the indenter encounters the fi  loi  tudinal stiffener. This sharp rise develops into a
hump (as with the other inden stiffener encounters described above). however as the
hump crests, there is a drop in load followed by a sharp increase that returns the load to
the same level. This drop is i ociated with a slight indenter-stiffener collision
mechanism coupled with longitt stiffener web buckling. The hollow following this
hump is not symmetric; it falls off more quickly on the left side than it rises on the right.
This shows that the structure adjacent to the =~ naged longitudinal stiffener cannot
support the same amount of load as the structure adjacent to the next longitudinal
stiffener. Results of previous load scenarios suggest that this is because of prior plastic
damage (i.e. to the first longitud | stiffener). Each of the subsequent humps and
hollows are simply a repetition of these mechanisms, with no new phenomena occurring.
The maximum plastic elongation for this load case is just over 19%, indicating that the
results are indeed realistic and not subject to the excessive strains associated with large

indenter-stiffener collisions.
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The structural mechanisms involved in this load scenario are similar to those of load
scenario 3, with the addition of a slight collision mechanism coupled with longitudinal

stiffener buckling.

Comparisons between static and dynamic structural capacities were made for locations 10

and 3 and are given in Table 4-4.

Table 4-4: Structural capacities for load scenario 7.

Location 3 10
Load Static ' ) Static] Dynamic %
Case [kN] apen lbhl] Twan NaAarra~en
0.2 111 ' (WIS 0 nn‘.'-)—&L ] na na 1 (A3 A
0.5
2
ee———

4.4.2 Load scenario 8: prog .ive damage along a transverse stiffener

This load scenario explores ved ge along a transverse. ... large grillage
model is statically loaded at location 11 (shown in Figure 4-65), the indenter is then
dragged 1.050 m in the transverse direction, to the point of unloading. Figure 4-65
depicts this scenario as well as the locations of the static an dynamic structural capacity
comparisons (labelled “location 6” and “location 8”). This load scenario is unique from
the others in that the start and finish locatic s of the indenter are not symmetric. This is
because of the geometry of the cut-out in the transverse. Because of this asymmetry, no
comparison between the static and dynamic structural capacities at location |1 will be

made.
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The load-displacement results f the 0.2, 0.5, and 2 cm load cases are given in Figure
4-67. The hollows in these load-displacement curves correspond to indenter-*“cut-out”
encounters. As seen in this figure, the structural ca; ity at the cut-outs is significantly

less than along the rest of the transverse sti  ner.

2 Load Scenarlo 8 - Progressive Damage along a Transverse
T T T T

Load Lase

Zforce [N] (E+6)

0 0.2 0.4 0.6 0.8 1

Y-displ  ment [m}

Figure 4-67: Load scenario 8: load-displ ment curves for 0.2, 0.5, and 2 cm load cases.

It should be noted that all three of these )jad cases exhibited large magnitude plastic
damage. The 0.2 cm load case showed a maximum plastic elong: on of approximately
26.2%, which while confined to the transverse stiffener and the immediately adjacent
structure, was significant ine t e Figure 4-68). The 0.5 cm load case exhibited a

30.7% plastic elongation, and the 2 cm load case showed a 145.5% plastic elongation.
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load cases., as the levels of inden ion are small. Their relative contributions to the
overall structural reaction rise briefly at the points where the centre of the indenter is at
the centre of a cut-out (i.e. the hollows in the load-displacement curves). This is because

the indenter is contacting very little of transverse frame at this time.

The majority of the structural stiffness is provided by the transverse stiffener itself. It is
thick compared with the other structural components (almost twice as thick as most of the
other steel in the structure), and therefore is very stiff, and does not tend to share load
with adjacent structure. The overall structural response is mostly provided by
compression of the transverse stiffener’s web, and slight bending of its flange. Figure
4-69 shows the normal force reaction of e transverse stiffener to the static (top) and
dynamic (bottom) loads. The nc 1l force distribution is relatively symmetric for the
static load, but upon commencement of : dynamic load, the extent of distribution
dramatically decreases. This is the cause of the initial drop in load observed at the start of
the load-displacement curves for these cases. The load continues to drop towards the
“hollow” because the indenter is nearing the cut-out. As the indenter moves away from
the cut-out, the structural reaction increases in magnitude again. These phenomena repeat

for the subsequent two cut-outs.















combination of the mechanisms identified in load scenarios | and 2. as the indenter
passed from “between longitudinals” to “on longitudinal” locations, respectively. In
addition, it was observed that hull plating failure was probable for the 5 cm load case.
This hull plate failure would re. t in collision between the indenter and the longitudinal
stiffeners upon continued loading. As in load scenario 2. longitudinal stiffener buckling
occurred for the 2 and 5 cm load cases. Based on the large grillage experiments, stiffener
buckling would not occur under these | ling conditions if the loads were statically
applied. Overall, the level of dynamic structural decrease in capacity increased with each

load case.

Load scenario 4 is an extension of load scenario | to include direct loading of the
transverse stiffeners. A collision echanism was observed for the indenter-transverse
stiffener encounters for the 5 and 10 cm load cases. A decrease between static and
dynamic structural capacities was observed for this load scenario. Structural mechanisms
similar to load scenario were present, with the addition of transverse stiffener buckling.
As with other load scenarios, the ' 1sv e stiffener buckled at a dynamic load that was
lower than that required to buckle the stiffener statically. Further, the plastic damage to
the transverse stiffeners caused a  ther decrease in structural capacity to the adjacent
structure — even for the 0.2 and 0.5 cm load cases. Overall, the level of dynamic
structural decrease in capacity increased with each load case. A dynamic increase in
structural capacity was observed for the 0.2 cm load case at location 6. It is suspected
that this is not a legitimate increase, but is, instead, an artefact of an inertial effect

associated with the loading method.
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stiffener. The dynamic structural capacity of the transverse frame, however, is still
approximately equivalent in m¢ _ tude to load scenarios 4 and 5. The second indenter-
transverse frame encounter occurs between cut-outs. The initial structural reaction is
larger, but the overall (i.e. buckled) load is equivalent to the first encounter. Both
transverse stiffeners buckle for the 2 cm load case. Again, plastic damage to the
transverse stiffeners reduces the wuctural capacity of their adjacent structure. Overall,
the level of dynamic structural decrease in capacity increased with each load case for

location 9, and decreased for location 3.

Load scenario 7 explores pro ‘ssive damage between transverse stiffeners at the
longitudinal centre of the structure. Again, the 5 and 10 cm load cases are omitted due to
excessive strain from the collision mechanism between the indenter and the longitudinal
stiffeners. A decrease between static and dynamic structural capacities was observed for
this load scenario. The structural mec 1isms involved in the decreased dynamic
structural capacity are similar to load scenario 3. In addition, slight indenter-longitudinal
stiffener collision was observed, cor ed w | longitudinal stiffener web buckling for the
2 cm load case. Further plastic d: y a longitudinal stiffener decreased the structural
capacity of the adjacent structure. Overall, the level of dynamic structural decrease in
capacity increased with each load case for location 10, and remained about constant for

location 3.

Load scenario 8 explores progressive damage along a transverse. Results from this load

scenario are in question because t / are contradictory to results from all other load



scenarios; that is, progressive dam : generally causes a dynamic increase in structural
capacity for the longitudinal stiffeners. Collision mechanisms were observed for the 5
and 10 cm load cases. Further excessive plastic deformation was observed for the 2, 5.
and 10 cm load cases. The 0.2 and 0.5 cm load cases were also highly plastically

deformed.



5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From results of the load scenarios presented in Chapter 4, it is evident that there is a
general decrease in the structural capacity of the “IACS polar class” large grillage
structure to carry progressive ice loads, versus static ice loads. The level of decrease in
structural capacity depends on the levi of indentation into the structure, the location of
the progressive damage, and the tent of the progressive damage. The structural
mechanisms associated with this decrease arise from the transition from a static to a
dynamic load (i.e. an impact to a scoring/raking load). Static loads were shown to create
a symmetric response throughout 1 structure adjacent to the load (where permitted by
the geometry of the structure). Upon comr ncement of the dynamic load, this symmetry
vanished. The magnitude of the bend gz moment, membrane stress, and through-
thickness shear reactions were all generally smaller on the trailing side of the progressive
load. Further, previous plastic¢ : :tol e structural members (such as the transverse
frames) was shown to have a definite weakening effect on the capacity of the structure

adjacent to them.

In conclusion, it was determined that an “IACS polar class” ship structure demonstrates a

decreased structural capacity to  ithstand progressive damage ice loads, as compared to

static ice loads.
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again. The second recommendation is that a more realistic method of loading be
employed. An objective of this thesis was to identify the structural reactions associated
with progressive damage due to ice. This was partially accomplished by completely
separating the indentation and the scoring (i.e. lateral) motions of the indenter. This
loading situation would rarely occur in practice with real ship-ice interactions. Instead,
some combination of indentation and scoring would occur simultaneously. It is
recommended that a new, more realistic method of loading incorporating some
combination of simultaneous indentation and scoring be employed, and the numerical

simulations be solved again.

Finally, it is recommended that this researc be extended, and that a relationship between
progressive damage indentation level, location, and extent of damage be developed. This
relationship could then predict the dynamic de.  1se in structural capacity associated with
a given progressive load. It is then recommended that the effect of this relationship on

the design scenario for the IACS >lar rules be investigated.
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Includes NI-DAQmx, VI Logger Lite data-logging software, and other
measurement services
Correlated DIO (8 clocked lines, | Mhz)
NIST- traceable cal -ation c¢ ficate and more than 70 signal conditioning
options
Select higher-speed M Ser : for 5X faster sampling rates or high accuracy
M Series for 4X resolution
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