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STRUCTURAL ASSESSMENT OF AGED SHIPS

The drive to improve efficiency and load carrying capability has led to highly optimized ship
structures often utilizing thinner and higher strength materials to minimize ship weight. This has
resulted in increased inspection and maintenance requirements to ensure structural integrity
throughout the life of the vessel. At the same time, there is increased pressure to reduce vessel
downtime and maintenance costs, all contributing to increasing the risk of structural failure.

This report describes the development of an assessment process to predict the survivability of a
corrosion-degraded ship in specific wave conditions. The method developed utilizes a ship
specific 3-D hydrodynamic model to simulate the ship’s rigid body dynamic response to wave
conditions, measuring the resulting ship motions and pressure distribution on the hull. Pressure
and acceleration data from the hydrodynamic model is then input into a 3-D finite element model
of the degraded ship structure where the resulting stresses in stiffeners and plating are assessed
against various failure modes, including buckling modes, which are calculated according to
IACS Common Structural Rules. The results form the basis of a degraded ship strength
assessment, which can be provided to a ship owner and operator to make operational and repair
decisions.

We thank the authors and Project Technical Committee for their dedication and research toward
completing the objectives and tasks detailed throughout this paper and continuing the Ship
Structure Committee’s mission to enhance the safety of life at sea.
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Conversion Factors
(Approximate conversions to metric measures)

To convert from to Function Value
LENGTH
inches meters divide 39.3701
inches millimeters multiply by 25.4000
feet meters divide by 3.2808
VOLUME
cubic feet cubic meters divide by 35.3149
cubic inches cubic meters divide by 61,024
SECTION MODULUS
inches? feet centimeters? meters multiply by 1.9665
inches? feet centimeters? multiply by 196.6448
inches? centimeters? multiply by 16.3871
MOMENT OF INERTIA
inches? feet? centimeters? meters? divide by 1.6684
inches? feet? centimeters* multiply by 5993.73
inches* centimeters? multiply by 41.623
FORCE OR MASS
long tons tonne multiply by 1.0160
long tons kilograms multiply by 1016.047
pounds tonnes divide by 2204.62
pounds kilograms divide by 2.2046
pounds Newtons multiply by 4.4482
PRESSURE OR STRESS
pounds/inch? Newtons/meter? (Pascals) multiply by 6894.757
kilo pounds/inch? mega Newtons/meter? multiply by 6.8947

(mega Pascals)

BENDING OR TORQUE
foot tons meter tons divide by 3.2291
foot pounds kilogram meters divide by 7.23285
foot pounds Newton meters multiply by 1.35582
ENERGY
foot pounds Joules multiply by 1.355826
STRESS INTENSITY
kilo pound/inch? inch#(ksivVin) mega Newton MNm?? multiply by 1.0998
J-INTEGRAL
kilo pound/inch Joules/mm? multiply by 0.1753
kilo pound/inch kilo Joules/m? multiply by 175.3
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1 INTRODUCTION

1.1  Purpose

The purpose of this project is to develop an assessment process to accurately predict the
survivability of a corrosion-degraded ship in specific wave conditions. The process could then be
employed to assess degraded ship structures against specific sea conditions, thereby providing
the ship owner and crew with more detailed information on which to make operational and repair
decisions. This ultimately allows them to understand the risk of, and help minimize the
probability of structural failure when operational requirements, budgets or schedule do not
permit the full remediation of the degradation. It may also be useful when assessing when a
specific hull needs to be removed from service and scrapped.

1.2  Background

The drive to improve efficiency and load carrying capability has led to highly optimized ship
structures often utilizing thinner and higher strength materials to minimize light ship weight.
This has resulted in increased inspection and maintenance requirements to ensure structural
integrity throughout the life of the vessel. At the same time there is increased pressure to reduce
vessel downtime and maintenance costs, all contributing to increasing the risk of structural
failure.

Previous attempts to model strength-degraded ship structures have used dimensional and form
factors to model the ship, which is subjected to various headings and sea states to estimate
vertical, lateral, and torsional moments. The output is derived using numerical techniques and
empirical data. These outputs are then input into various reliability models of the component
failure modes which are analyzed in series to predict the probability of failure occurring. Ship
management can then use this probability to decide whether to subject the vessel to a specific
wave condition.

In contrast, the method developed and applied herein utilizes detailed 3-D models that are
specific to one ship, thus allowing a more refined engineering analysis to support decisions on
whether to limit the wave environments that the ship is allowed to encounter. The developed
process utilizes a ship-specific 3-D hydrodynamic model to simulate the ship’s rigid-body
dynamic response to an array of wave conditions, and measures the resulting ship motions and
hydrodynamic pressure distribution on the hull, in the time domain. Pressure and acceleration
data from the hydrodynamic model are then input into a detailed 3-D finite element model
(FEM) of the degraded ship structure. The resulting stresses in hull beams and plating are
assessed against various failure modes, including buckling modes, which are calculated
according to the IACS Common Structural Rules (Ref. 4).

1.3  Scope

The overall objective of the project is to develop a process for evaluating degraded ship structure
under various seaway conditions. To meet this objective within the available time and funding
constraints, simplifying approaches and assumptions were used. The key ones are listed below.
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1)

2)

3)

4)

5)

6)

7)

While the entire hull and deckhouse structure was included in the structural finite element
model, only the ship’s mid-body region was evaluated for structural failure. This was
considered acceptable because this is the region where maximum wave-induced hull girder
bending occurs.

Green sea loads and bottom slamming were not addressed, because these are hard to quantify
and model, and tend to occur far from the midships region where longitudinal hull girder
stresses are highest.

Hydrostatic and sloshing pressures from liquids inside tanks were not modeled. The internal
liquid pressure acting on the tank walls that also form the hull surface tend to cancel the
external hydrostatic and hydrodynamic (wave) loading. Thus it is generally conservative to
assume no internal pressure here. And since the interior tank bulkheads are often loaded by
internal fluids on both sides, in which case the pressures largely cancel each other, fluid loads
on interior bulkheads were neglected. This is also justified because the focus of this analysis
is hull girder integrity, so bulkhead integrity was a secondary consideration.

To minimize the number of load cases, only seaway loads associated with bow/head seas in
long crested waves were modeled. Luckily, ships tend to take this heading to the waves in a
storm. Similarly, only one wave modal period was analyzed for each significant wave
height. Modal periods that produce wavelengths close to the ship’s length tend to be more
critical.

This analysis utilized measured pressures and accelerations resulting from only 20-minute
hydrodynamic runs, whereas longer and/or more runs are required to produce statistically
significant maxima, and generate meaningful statistics on probability of exceedance for a
given exposure time.

Corrosion is applied as a uniform percent reduction in plating and stiffener (web and flange)
thicknesses throughout the entire ship. This doesn’t reflect reality in terms of corrosion
distribution but is conservative and vastly simplifies the analysis.

Service life (fatigue life) is not addressed in this project. Several years ago, there was an
extensive structural evaluation performed on a variety of in-service U.S. Navy ships, as part
of a joint NAVSEA-ABS project which included remaining fatigue life estimation. While
fatigue life is affected by widespread corrosion, it was not shown to be as predominant an
issue as loss of local hull strength which has an immediate impact on seaworthiness.
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2 SHIP SELECTION

Several different hull forms were considered based upon the availability of seakeeping and
structural model data.

The US Coast Guard’s 378 Hamilton Class Cutter was initially proposed because it has
documented in-service hull and corrosion evaluations available. However, no usable FEM or
useful seakeeping model files were located. The Expeditionary Sea Base (ESB), a U.S. Navy
Auxiliary ship, was chosen because of the availability of both FEA and seakeeping models along
with several other advantages listed below:

e Commercial/Navy Hybrid
e Structure Designed to ABS SVR
ABS Classed

General particulars of the ESB are shown in Table 2-1.

Table 2-1: General Particulars for ESB Vessel

Length Owverall TES 2| feet 23973 meters
Length between Perpendiculars TS 1| feet 2332 meters
Max Beam 164.0 | feet 50.0 meters
Depth to Main Deck 207 feet 155 meters
Minimum Draft 312 feet 9.5 meters
WVovage Draft 343 feat 10.5 meters
Matimum Draft 394 feet 12.0 meters

3 MODELS

3.1 Hydrodynamic Model

The numerical hydrodynamic modeling and analysis tool chosen for the project is the non-linear
Rankine panel code initially developed at MIT by Dr. David Kring, and currently licensed to
DNV-GL as the solver in their WASIM software. The particular versions of WASIM and its
user interface (Hydro-D) used for this analysis were VV5.1-03 and VV4.5-08 respectively. As with
the creation of any hydrodynamics model the process starts with input of the “offsets”, i.e. X/Y
coordinates, of points on a series of section cuts spanning the length of the hull form. Other
similar codes such as Fredyn, Aegir or LAMPS could have been used but each different program
and in many cases each version, uses a somewhat different custom input format. In the case of
this study, the WASIM-compatible input files for the ESB hull form had already been developed.
This was in the form of a text file that was loaded into WASIM and Hydro-D.
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The WASIM software simulates three dimensional wave loading on the ship, computing both
global responses and local loading on any displacement hull moving at forward speed. Data
output includes:

Ship Motions Summary

Ship Accelerations Summary

Shear Force and Bending Moment Statistics

Hydrodynamic pressure distribution on the hull

Plottable maximum and minimum shear forces and bending moments

Extreme hogging and sagging values in the time series and 6 DOF accelerations at those
time steps

The pressure distribution across the hull and acceleration at the ship’s center of gravity from
each wave selected are used as inputs to the FEA model of the degraded ship. The time step
selected for each wave is that which maximizes the bending moment near midships. While
midships is about 120m forward of the Aft Perpendicular (AP), as shown in Figure 3-1, the
maximum occurred a little further forward of this, and this is the maximum that was used. Note
that the absolute values of the bending moments are shown in this figure.

WASIM Generated ESB Bending Moment

2.5E+10 MAX = 2.48E+10 —4— 4Sag
E - 9= 4Hog
£ 2.0E+10 650
& 1.5E+10 —B— 6Hog
g e——dr— 9S5ag
S 1.0£+10
£ = A= 9Hog
£ 5.06409 —#— 11.5Sag
: — A= 11.5Hog
0.0E+00 -
0 50 100 150 200 250 O 14Sag
Longitudinal Location From AP (m) =@ 14Hog

Figure 3-1:  WASIM-Generated Bending Moment

The legend on the right hand side of the chart contains the significant wave height in meters
followed by the type of bending moment on the hull (hogging or sagging). Thus: 4SAG is a 4
meter significant wave height that puts the ship in the sagging condition.

3.1.1 Hydrodynamic Pressure Distribution

The WASIM software allows the output of pressure distribution from the sea on the hull exterior
but has restrictions on the number of panels that can be selected for pressure reporting. Either all
panels must be selected, or the user may select up to 100 panels, with the latter decreasing output
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file size and computing time. Instead of running the simulations with all panels selected, three
different groups of 100 panels each, corresponding to the fore-hull, mid-hull, and aft-hull of the
ship were chosen and the remaining panel pressures were interpolated after importing into the
FEA model. Each simulation configuration is run three times where the only difference is which
panel set was turned on. To ensure identical ship motions and pressure distributions were
produced between the runs, the same wave component phase seed (start time) was used for each
set of three runs. Statistical properties of the ship motions, i.e. displacements, velocities, and
accelerations, and of the waves themselves, for one set of three runs were compared. The
differences between them were zero out to at least 4 decimal places, therefore the waves and
motions were considered statistically identical for all three runs in the set.

Figure 3-2 and Figure 3-3 below show the panels selected for pressure reporting (highlighted in
red). Some are above the still waterline, but most are below, where the highest pressures occur.

Figure 3-2:  Mid-Hull 100 Panels (in Red) Where Pressure is Measured (WASIM Screengrab)

Figure 3-3:  Aft-Hull and Fore-Hull 100 Panels (in Red) Where Pressure is Measured

3.1.2 Hydrodynamic Simulation Cases

Five different hydrodynamic simulation cases were analyzed, where the significant wave height
and an associated wave modal period were varied between all cases, and the ship speed differs
for some of these cases. The simulation cases were limited to head seas in long-crested waves to
keep the number of inputs to the FEA model manageable.

The hydrodynamic simulations were also limited to a single draft condition. The AMCM
Mission Loaded Departure condition was selected because it includes minimal sea water ballast
in the tanks near midships, maximizing the hogging stresses, which are the most critical for the
ESB, because the structural, machinery and outfitting weights are concentrated near the ends of
the ship.

The run matrix of the modeled simulation cases is shown in Table 3—1.
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Table 3-1: Hydrodynamic Analysis Run Matrix

Ship Speed H1/3 Tm Wave Heading Crested | Draft Trim | Duration Run Run Run
knots m's m seconds | Degrees words m seconds Bow mid aft
100 pts | 100 pts | 100 pts

16 823 4 97 180 Head Seas | Long 9.5 Level 1200
9 4.63 6 124 180 Head Seas Long 9.5 Level 1200
5 2.57 9 15 180 Head Seas Long 9.5 Level 1200
5 2.57 11.5

1
—
e |4

157 180 Head Seas | Long 9.5 Level 1200
164 180 Head Seas Long 9.5 Level 1200
The significant wave heights used in the investigation range from the top of sea state 5 to the top
of sea state 8. The Bretschneider wave spectrum was used with the modal period for each
significant wave height corresponding to the most probable. The duration of each run was kept

low (20 minutes) to save analysis time because hydrodynamic simulation accuracy and statistical
significance was not the goal but rather the modeling method development.

For a full analysis the run durations would be longer and/or more numerous to make sure the
outputs are statistically significant. Also, the output values would be adjusted using, for example,
Ochi’s Method described in Reference 1, based on the projected duration in the given sea
condition, and the acceptable probability of exceedance.

Table 3-2 shows that the 6m wave case (in green) with a 12.4 second modal period has almost
the same wavelength as the ship length, which is the classical design case used to check the
longitudinal strength of a ship balanced atop a wave crest at midships, maximizing hogging, or
supported near its ends by two wave crests, maximizing sagging. Shorter and longer period
waves tend to be less critical for longitudinal strength. This becomes relevant when trying to
understand why ‘smaller’ waves sometimes produce higher stresses in the structural analyses
covered later in this report.

Table 3-2:  Comparison of Wavelength to Ship Length

Ship LOA 230 3[meters
Ship LBEP 233 2|meters

H1/3 Tm Lambda
meters seconds | meters

4 9.7 146.9
6 12.4 2400
9 15 351.2
11.5 15.7 384.7
14 16.4 419.8

A discussion of the range of conditions to model for a more complete analysis is included as
Appendix A.
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3.1.3 Hydrodynamic Data Output

The WASIM software allows for user-defined cut planes at which the program then calculates
the 3-axis shear force and 3-axis bending moment time series. A cut plane was included near
midships.

The maximum bending moments at the midship section over the course of the evaluated time
series, for both hog and sag conditions, were identified. The pressure distribution at the
associated time step was extracted for import to the FEA model. The 6DOF accelerations at the
CG at this time step were also extracted for application to the FEA model. It is notable that the
accelerations at the time of maximum hogging or sagging are not the maximum accelerations
that occur throughout the whole time series.
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3.2 Structural Model

3.2.1 FEMAP Model Grouping

The structural FEM used for the project began with a FEMAP v11.0.0 model of the ESB ship
structure developed by NASSCO as a Detailed Design and Construction phase deliverable to the
Navy. This model required substantial re-formatting to enable the analysis defined herein. For
instance, the material and property cards required consolidation, and the element directionality
and orientation were made common as required.

Figure 3-4: ESB Finite Element Model
(Midbody analysis region in BLUE)

The final model consists of 335,159 plate and 170,857 beam elements. The main structural
components such as the shell, main deck, inner-bottom, longitudinal and transverse bulkheads,
and the deck framing were all formed into separate groups within FEMAP.

These groups were further divided into the five (5) major sections of the midbody of the ESB
vessel with each section break at a main transverse bulkhead. (See Figure 3-5 and Figure 3-6)
These sections are numbered from aft (1) to forward (5).

The node spacing is approximately 1.3m, which provides a good balance between results fidelity
and analysis manageability. At least one plate element exists between longitudinal stiffeners,
with a minimum of three (3) elements between primary supporting members.

The ship is not constrained to ground with any pinned or fixed connections. Rather, inertial
relief is employed which acts equal and opposite to the net pressure load which otherwise would
lift the ship vertically.
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FR65

z FR57

Figure 3-5:  Main Transverse Bulkhead Locations

Section #1
Section #2

Section #3

Section #4 .
Section #5

Figure 3-6: ESB Midbody Sections
(Each with different groupings displayed)
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In addition, as FEMAP allows for the grouping of groups, the five midbody sections are each
composed of the different groups of structural elements. Furthermore, the five sections of the
midbody can be combined into a single group containing all of the elements within the midbody.

Hull + Hull Stiffeners

Figure 3-7: ESB Midbody Section Cutaway
(Flight Deck not shown for clarity)

3.2.2 Units

The structural analysis of the ESB was performed using the metric system units shown in the
table below:

Table 3-3:  System of Units used for the Structural Analysis of the ESB

Length mm
Force N
Mass mT
Acceleration mm/s?
Pressure MPa
Stress MPa

3.2.3 Material Properties

The ESB is constructed of A-36 (Mild Steel) and AH-36 (High Strength Steel), with the higher
strength AH-36 specified in the midbody. Material properties used in the FEA model for the
ESB are specified in Table 3-4 below. Figure 3-8 shows where each is used.
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Table 3-4: Structural Material Specifications

A-36 Steel
Modulus of Elasticity 206000 MPa
Poisson's Ratio 0.3
Yield Stress 235 MPa
AH-36 Steel

Modulus of Elasticity 206000 MPa
Poisson's Ratio 0.3
Yield Stress 355 MPa

L
e .

ot

A-36 Steel
AH-36 Steel

Figure 3-8: ESB Material Specification Key

3.2.4 Mass Modeling

To model the weight distribution of the AMCM Mission Loaded — Departure condition (9.5m
draft) chosen for the study, the ship was divided into the 18 zones defined in the ESB
Longitudinal Strength Assessment, Reference 3. The density of the steel in each zone was
adjusted upward to match this loading condition’s associated station weight, which includes not
just steel but possibly ballast, fuel, machinery, outfitting, etc. To enable this process, structural
groups were generated for each zone.

When the ship corrodes, the plating and stiffeners thin and therefore become lighter. To maintain
a constant ship weight, the density in each zone is again adjusted to maintain the same weight in
the zone, simulating the additional ballast that would be carried to achieve the desired draft. This
process is repeated for each corrosion level analyzed.
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The mass of the mission loaded ship at departure is 82,112mT. Table 3-5 shows the weight in
each zone, which is plotted in Figure 3-9.

Table 3-5: ESB Longitudinal Weight Distribution Numbers

LOCATION 20.585 17 16 FR57 15 14 13 12 11
Approx FRAME AP 46 56 57 59 62 65 67.5 71.5
Dist from AP 0 36.23 47.82 52.22 59.41 70.99 82.58 94.17 105.76
FEM WEIGHT 0 8676 4502 1814 2207 3147 3369 3702 3727
10 9 8 7 6 5 4 3 2 0 TOTAL
73 76 79 82 85 88 91 94 97 FP
117.35 128.94 140.52 152.11 163.7 175.29 186.88 198.47 210.06 239.325
4153 5337 5383 5545 5504 5625 6424 5671 4668 2658 82112

ESB Longitudinal Weight Distribution

10000

9000

8000

7000

6000

5000

4000 -

Station Weight (MT)

3000 -

2000 -

1000 -

20.585 17 16 FR57 15 14 13 12 11 10 9 8 7 6 5 4 3 2 0
STATION

Figure 3-9: ESB Longitudinal Weight Distribution Graph

3.2.5 Corrosion Modeling

Corrosion is modeled at 0%, 25% (maximum allowable limit for renewal under Navy and
ABS/IACS), 40%, 55%, and 70% as uniformly reduced plate & stiffener thicknesses across the
whole ship (plating and both web and flange of stiffeners). This method of applying and
modelling corrosion is conservative as it reduces the overall hull girder strength rather than
reducing strength locally, increasing the ship’s overall deflection and stress for a given load case.
The higher percent wastages were included in this study in order to incorporate realistic
situations where corrosion wastages may be in excess of 25% and the ship is required to be
operating at sea.
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The procedures and files used to parse the geometrical properties from the property card listings,
and the steps required to corrode and then update the structure’s inertial values and re-establish
the proper mass are outlined in Appendix C.

3.2.6 Load Application
The wave pressure and body CG acceleration data from the WASIM seakeeping model must be

translated into the FEMAP model and combined to produce the loadsets required for analysis.
The process for importing the wave pressure and body CG acceleration data is outlined below:

e Mirror pressure inputs from port to starboard (for head seas only)

e Convert pressure and location units

e Import pressures at pseudo-node locations into FEMAP

e Expand pressure application to all submerged plating panels using FEMAP interpolation
controls

e Generate display of wave pressure from loading input and inspect.

e Generate loadsets by combining body CG accelerations and wave pressure loads.

Figure 3-10 illustrates the location of the 300 pseudo-nodes representing the center of port-side
pressure panels from WASIM (yellow marks). These pressure values are mirrored to the
corresponding starboard side locations to represent the head seas conditions modeled and the
units adjusted in an EXCEL file. Using the Data Surface Tool within FEMAP the discrete
pressure locations are interpolated across the entire surface of the submerged hull. Proper
selection of the built-in interpolation controls allows for the smooth pressure distribution shown
in Figure 3-10. Details of this process and the remaining nine (9) hull pressure distributions
examined as part of this analysis are included in Appendix C.

o1

0099

0088

0077 —

0.088 —‘

0055 ——

0.044 —
0033

0.022

\N(\i 0011
X el

Figure 3-10: Pressure Point Locations and 14m Hog Wave Pressure Distribution

Table 3-6 contains the acceleration data of the ship’s CG from the WASIM output. It is noted
that these acceleration values are from the time step that produced the largest bending moment at
the midship location for the given significant wave height and are not necessarily the highest
acceleration during the 20 minute run.
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The wave-induced pressure load is then combined with the 3 translational and 1 rotational body
acceleration to form the ten (10) loadsets initially used in the analysis. Az is a combination of
gravity (-1g) and the vertical acceleration. The acceleration values are low compared to typical
structural design accelerations associated with long-term exposure.

Table 3-6:  Acceleration Data

WAVE A, A, A, R,
(m) Type (G's) (rad/s’)
14 HOG -0.122 -0.119 -1.108 0.025

SAG 0.180 0.067 -1.039 -0.004

115 HOG -0.067 -0.077 -1.187 0.024
SAG 0.139 0.063 -1.005 -0.005

9 HOG -0.096 -0.107 -1.084 0.023
SAG 0.135 0.074 -1.050 -0.005

6 HOG -0.054 -0.061 -1.023 0.011
SAG 0.088 0.068 -1.008 -0.010

4 HOG -0.006 -0.015 -1.044 -0.001
SAG 0.021 0.028 -0.983 -0.006

3.2.7 Load Cases

Initially, both hog and sag cases were run at both the baseline (0% corroded) and 25% corroded
for all wave cases. After analyzing the response it was determined that in the maximum sag case
the midbody sees much lower stresses than in the maximum hog condition. The reason for this is
the ship selected for this project has a natural hog in still water. The low stresses in the main
deck are unlikely to produce a buckling response. The higher wastage percentage runs were
therefore limited to the maximum hog cases for the final runs, and no structural analysis was
undertaken on the maximum sag cases. The final load cases analyzed are numbered and listed
below in Table 3-7.
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Table 3-7: Final Load Cases (All Hogging)

LOAD CASE His (m) Ship Speed (knots) Percent Corroded
1 4 16 0
2 6 9 0
3 9 5 0
4 11.5 5 0
5 14 5 0
6 4 16 25
7 6 9 25
8 9 5 25
9 11.5 5 25
10 14 5 25
11 4 16 40
12 6 9 40
13 9 5 40
14 11.5 5 40
15 14 5 40
16 4 16 55
17 6 9 55
18 9 5 55
19 11.5 5 55
20 14 5 55
21 4 16 70
22 6 9 70
23 9 5 70
24 11.5 5 70
25 14 5 70

3.3 Yielding Criteria

An assessment against yielding criteria defined in the IACS Common Structural Rules was
performed. The midbody sections are constructed of AH-36 Steel, therefore the mild steel base
yield strength of 235 MPa is divided by the AH-36 material factor of .72 for an allowable stress
of 326.4 MPa as described in Part 1, Chapter 3, Section 1, 2.2.1. This allowable stress criteria is
compared against the Von Mises stress results from the FEA model to calculate a yielding
evaluation ratio (FEA model stress/allowable stress).
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3.4 Buckling Criteria
Buckling assessment is performed in accordance with the IACS Common Structural Rules.

3.4.1 Plate Buckling

The limit stress in the plating must satisfy four (4) separate interaction formulas. The equations
in section 2.2.1 of Reference 4 are simplified and rewritten as 4 separate Buckling Coefficients
(BC), the largest of which is the limiting case and which must remain less than unity to indicate a
no-buckling response:

(GX/GCX)eO - B*(GX/GCX) ® /2*(GY/GCY) e + (GY/GcY)eO + ( | T | /Tc)eo = Bcl
BpO. Bp0.
(GX/GCX)Z/ p0.25 + (lfl/fc) 2/Bp0.25 _ BC2
2/Bp0.25 2/Bp0.25
(GY/GCY) + (7] /TC) = BC,
|t|/t, =BC,

The variables e0 and B, and Bp are geometry and material dependent factors as defined in

Section 2.2.1 of Reference 4. The ultimate buckling stress terms (Gcx, Ocy, Tc) are dependent
on the stiffened panel edge conditions and the stiffener type (Tee, Bulb, Flat bar, etc) and are
defined in Sect. 2.2.3 of the same reference.

3.4.2 Stiffener Buckling

The single buckling coefficient (BC) that determines the initiation of stiffener buckling is
composed of three (3) stress components that are combined and compared to the material yield

stress. These stress components are the effective axial stress (Ga) acting at the midspan of the
stiffener, the bending stress (Gb) due to lateral pressure loading, and the stress due to torsional
deformation (Gw).

(c6,+o,+c,) /F =BC

The derivation of each stress term is described in detail in Appendix D. The computation of
these variables was easily accomplished in an EXCEL spreadsheet.
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4 STRUCTURAL ANALYSIS

Analysis of the FEMAP model is carried out with the NeiNastran solver (v10.1.0.410). As
previously noted, the still water bending moment of ESB class vessel produces a hog response.
This is mainly due to the ships unequal weight distribution with more weight concentrated in the
ends. Therefore in small waves (whether analyzing the maximum hog or maximum sag case) the
ship bridges over multiple waves and there is little difference in the plate or stiffener stress (or
buckling) response from the still water condition. In fact, the 14m maximum sag wave is the
only condition that produced a sag response in the ship. As this sag response is working against
the still water hog condition it generates minimal stress in the hull and main deck as shown in
Figure 4-1. Conversely, a hog wave reinforces the natural hog response of the ship, resulting in
significant stresses as seen in Figure 4-2.

For the buckling analyses, the normal stress in the X (longitudinal) and Y (transverse) directions
are utilized. From the 14m maximum hog von mises stress plot shown in Figure 4-3 it is clear
that the main deck is in tension while the lower hull experiences compressive stress.
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Figure 4-1: 0% Corroded (14m) Maximum Sag - VVon Mises Stress Plot
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Figure 4-2: 0% Corroded (14m) Maximum Hog - Von Mises Stress Plot

i -80.
% -l

-100.

Figure 4-3: 0% Corroded (14m) Maximum Hog — Normal X Stress Plot

4.1 Model Plots and Stress Results
A maximum vyielding assessment of the various groups in each midbody section are presented in

Table 4-1 below including the maximum ratio of calculated stress to allowable stress. Purple
shading indicates where stresses exceed allowable and yellow shading indicates where they are
close to exceeeding allowable. Plots showing the 0% corrosion stress distribution in each of
these structural groups are seen in Figure 4-4 through Figure 4-12. The 14m maximum hog load
case typically produced the maximum von mises stresses at the various corrosion levels. The
maximum stresses for the 70% corroded case far exceeded the material yield strength and
therefore were not included in the results.
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Table 4-1: Maximum Yielding Assessment Results

Group Midbody| 0% Corroded 25% Corroded 40% Corroded 55% Corroded
Section |VM Stress| Ratio |VM Stress| Ratio |% Increase| VM Stress| Ratio | % Increase | VM Stress| Ratio |% Increase|
1 161 0.49 216 0.66 34% 271 0.83 68% 355 1.09 120%
2 165 0.51 211 0.65 28% 257 0.79 56% 336 1.03 104%
Hull Plating 3 125 0.38 161 0.49 29% 203 0.62 62% 278 0.85 122%
4 148 0.45 198 0.61 34% 251 0.77 70%. 332 1.02 124%
5 95 0.29 164 0.50 73% 254 0.78 167% 446 1.37 369%
1 190 0.58 250 0.77 32% 308 0.94 62% 400 1.23 111%
2 165 0.51 208 0.64 26% 255 0.78 55% 324 0.99 96%
Main Deck Upper Plating 3 143 0.44 184 0.56 29% 226 0.69 58% 291 0.89 103%
4 108 0.33 131 0.40 21% 159 0.49 47% 205 0.63 90%
5 40 0.12 50 0.15 25% 60 0.18 50% 78 0.24 95%
1 140 0.43 188 0.58 34% 234 0.72 67% 304 0.93 117%
2 103 0.32 133 041 29% 165 0.51 60% 217 0.66 111%
Main Deck Lower Plating 3 105 0.32 133 0.41 27% 165 0.51 57% 216 0.66 106%
4 84 0.26 111 0.34 32% 139 0.43 65% 183 0.56 118%
5 49 0.15 64 0.20 31% 80 0.25 63% 104 0.32 112%
1 265 0.81 343 1.05 29% 425 1.30 60% 551 1.69 108%
2 277 0.85 358 1.10 29% 443 1.36 60% 579 1.77 109%
Main Deck Framing 3 236 0.72 305 0.93 29% 379 1.16 61% 503 1.54 113%
4 205 0.63 278 0.85 36% 346 1.06 69% 465 1.42 127%
5 103 0.32 131 0.40 27% 162 0.50 57% 215 0.66 109%
1 152 0.47 195 0.60 28% 235 0.72 55% 292 0.89 92%
2 117 0.36 154 0.47 32% 192 0.59 64% 250 0.77 114%
Inner Bottom Plating 3 87 0.27 113 0.35 30% 140 0.43 61% 183 0.56 110%
4 71 0.22 94 0.29 32% 117 0.36 65% 154 047 117%
5 53 0.16 69 0.21 30% 85 0.26 60% 112 0.34 111%
1 163 0.50 208 0.64 28% 258 0.79 58% 337 1.03 107%
2 206 0.63 271 0.83 32% 341 1.04 66% 451 1.38 119%
Inner Bottom Framing 3 137 0.42 184 0.56 34% 229 0.70 67% 301 0.92 120%
4 105 0.32 136 0.42 30% 171 0.52 63% 224 0.69 113%
5 66 0.20 87 0.27 32% 109 0.33 65% 143 0.44 117%
1 222 0.68 290 0.89 31% 365 112 64% 483 1.48 118%
2 103 0.32 134 0.41 30% 168 0.51 63% 220 0.67 114%
Longitudinal Bulkheads 3 143 0.44 187 0.57 31% 233 0.71 63% 307 0.94 115%
4 200 0.61 259 0.79 30% 326 1.00 63% 429 1.31 115%
5 110 0.34 143 0.44 30% 180 0.55 64% 235 0.72 114%
Blkhd 64 86 0.26 112 0.34 30% 139 0.43 62% 181 0.55 110%
FR 65 ->71 1 174 0.53 243 0.74 40% 303 0.93 74% 405 1.24 133%
Blkhd 72 73 0.22 100 0.31 37% 125 0.38 71% 166 0.51 127%
FR73->79 2 182 0.56 257 0.79 41% 318 0.97 75% 421 1.29 131%
Transverse Blkhd 80 81 0.25 109 0.33 35% 137 0.42 69% 183 0.56 126%
Frames & Blkhds FR 81 -> 87 3 213 0.65 300 0.92 41% 375 1.15 76% 503 1.54 136%
Blkhd 88 75 0.23 101 0.31 35% 126 0.39 68% 168 0.51 124%
FR 89 -> 95 4 205 0.63 278 0.85 36% 346 1.06 69% 465 1.42 127%
Blkhd 96 157 0.48 200 0.61 27% 246 0.75 57% 319 0.98 103%
FR 97 -> 103 5 99 0.30 129 0.40 30% 162 0.50 64% 215 0.66 117%
Blkhd 104 19 0.06 25 0.08 32% 31 0.09 63% 42 0.13 121%
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V: Greg's Generic View Settings

L: 6m HOG Pressure
C: Minimal constraint

?r
|
-}
4m HOG Stress
Deformed(286.6): TOTAL TRANSLATION

4
Elemental Contour: SHELL M&X VON MISES BOTTOM/TOP

Output Set

Hull Bottom Plating - 0% Corrosion — 14m Hog — VVon Mises Stress

Figure 4-4

Greg's Generic View Settings

V:

L: 6m HOG Pressure

C

Minimal constraint

G: Section #3 - Inner Bottom Framing,Section #4 - Inner Bottom Framing....

i
o

AL

sy

iy
S

Wi
iR

A

At

LIAATECL Y
(AT
B
_._.:..,-,.._ (T
.

e
i
TS bl
LRI

7t

_—1—.-.-.55—"——
SR,
v
o
I
Ay
ta—_?——;
? ——.—_._—.
u—-—..—:_-——:
—_—-nd__—._—v;
——::-———._—;—
TR
pa’--ra-»o»-:-—

i
iR

S
i i
AT
..—...-.-._._,.—:::

D
s

Output Set: 14m HDE Stress

Deformed(286.6): TOTAL TRANSLATION

Elemental Contour: SHELL M&X VON MISES BOTTOM/TOP

Main Deck Plating — 0% Corrosion — 14m Hog — VVon Mises Stress

Figure 4-5

imited

Distribution Unl

20



February 22, 2018

bt

.
i

RO
T
A
o
A
R

R
S
i
i o
o

A
.:—.._.
it

et

A

LD

.ﬁ.,::.;......:.«...:.—.
Ay

e

i
iy
il

W
R

o
i
o
i
o
S
iy
A

!
S

W
S

R

R

54y,

i
i

3
3

o
T,

ARG

e
g

T

it
ey

it
e AR A T
R

i
T
TR

A
g
P
B
R
)

Main Deck Framing - 0% Corrosion — 14m Hog — Von Mises Stress

imited

Distribution Unl

21

Greg's Generic View Settings

L: Bm HOG Pressure
C: Minimal constraint

¥
G

v
it
s
T

o

Main Deck Inner Top Plating - 0% Corrosion — 14m Hog — VVon Mises Stress

o

Figure 4-6

Output Set: 14m HUE Stress

ﬁ:—
E...._.
e
Y
iy
PRRE e
)
,.4

| constraint
Shell Bow Region, BLKHD 80,BLKHD 88,BLKHD 36, BLKHD 72,FwD Blkhd #104 (Lower)....

Section #2 - Main Deck Subfloor,Section #3 - Main Deck Subfloor....

inimal

Greg's Generic View Settings

Deformed(286.6): TOTAL TRANSLATION
Elemental Contour: SHELL MAX VON MISES BOTTOM/TOP

Output Set: 14m HDE Stress

Deformed(286.6): TOTAL TRANSLATION
Elemental Contour: SHELL MAX VON MISES BOTTOM/TOP

L: 6m HOG Pressure

C:M

Structural Assessment of Aged Ships

V:
G

Figure 4-7




February 22, 2018

Greg's Generic Yiew Settings

Minimal constraint

G: Section #3 - Inner Bottom Framing,Section #4 - Inner Bottom Framing,

L: 6m HOG Pressure

!
C

Structural Assessment of Aged Ships

ft
i
i
i
i

0

Ry
iy
A,
o
v
AN,

R
e
W 5
%uvwéao \:
SRR

ﬂ- iy
¥\
P

% gyt

W

)
)

A,

!

v
Sy

,.
WG
N
SN
R
SN e
R

AN

SHELL MAX VON MISES BOTTOM/TOP

R
TR S
R )
SRR
R e
R S s
e 0
R
TR R
AR TR TR

Deformed(286.6): TOTAL TRANSLATION

Output Set: 14m HDE Stress
Elemental Contour.

Inner Bottom Plating — 0% Corrosion — 14m Hog — VVon Mises Stress

Figure 4-8

Greg's Generic View Settings

4
3
2
4
&
o
o
o
T
=
&
o

!

| constraint

Minimal

E

S enreririti

75

G: Shell Bow Region,BLKHD 80,BLKHD 88 BLKHD 96 BLKHD 72, FwD Blkhd #104 (Lower)..

11550))),

T

ot

RISt

i

L1171

ALY
R

W
e

Elemental Contour: SHELL MAX VON MISES BOTTOM/TOP

Deformed(286.6): TOTAL TRANSLATION

Output Set: 14m HDE Stress

\VVon Mises Stress

Inner Bottom Framing — 0% Corrosion — 14m Hog

Figure 4-9

imited

Distribution Unl

22



asisates

77.78 —
B6.67 =
44.44 ——

February 22, 2018

Stress

I1SES

14m Hog - Von M

on —

Long’l Blkhds — 0% Corros

BLKHD 72 Transverse Frames and Bulkheads

(72}
o
(9p] 2
£
- 5
o
() =
O] s %
o
< 3 2| S
Y— B = =
(= = 1
© = (= <
o = o
c % 2| 2
& rifl =]
e & 82| T
(%3] =3 5= @
w % 35 g
£ = e
[<B] @ o = 2 <
AN 5 & % & 2
%] E- 9E= = %
< T S | T @
s cag ..
= Zozs 506 Lozl 7
© G3EE oy c 35
o - a4 i o =295
T U2 T T T wgom
= 5L 58 ] 50 58
-~ [ T =80 (L T
[ [=] X
(&) =k BT3B A=t
S oL .EF g = o EL
Dick o SEC DEES
= S&=o £35 Se=a@
N 00 [=F=Yrr] g

—\Von Mises Stress

14m Hog

on —

Distribution Unlimited
23

Transverse Frames and Bulkheads — 0% Corros

Figure 4-11

Elemental Contour: SHELL MAX VON MISES BOTTOM/TOP

Output Set: 14m HOG Stress




Structural Assessment of Aged Ships February 22, 2018

V: Greg's Generic Yiew Settings
L: 6m HOG Pressure
C: Minimal constraint
G: Section #2

Output Set: 14m HOG Stress
Elemental Contour: SHELL MAX VON MISES BOTTOM/TOP

Figure 4-12: Section 2 — 0% Corrosion — 14m Hog — Von Mises Stress

4.2  Determining Buckling Capacities

Buckling capacities were determined using the IACS Common Structural Rules. The buckling
coefficients (BC) were determined at each wave state and corrosion level for the maximum hog
condition. A detailed explanation of the procedure employed to determine bucking coefficients
is included in Appendix D.
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4.2.1 Buckling Strength - Hull Bottom Longitudinal Stiffeners

The buckling coefficients calculated for the hull bottom longitudinal stiffeners in the various
significant wave heights for corrosion levels of 0%, 25% and 40% are shown in Table 4-2. All
are below 1.0 so are acceptable.

Table 4-2: ESB Hull Bottom Longitudinal Stiffener Buckling Response for 0%, 25% & 40% Corrosion

, CORROSION = 0% CORROSION = 25% CORROSION = 40%
Longl I [ 125m | om 6m am 14m | 115m | 9m 6m 4m 14m | 115m | 9m 6m am
27
26 | 049 | 0404 | 0354 | 0235 | 0233 | 0627 | 0508 | 0443 | 0290 | 0287 | 0801 | 0650 | 0567 | 0372 | 0372
.25

-24 0.598 0.495 0.464 0.355 0.347 0.763 0.629 0.590 0.448 0.437 0.978 0.807 0.757 0.577 0.577
-23 0.508 0.424 0.412 0.326 0.322 0.654 0.543 0.528 0.414 0.409 0.836 0.695 0.676 0.532 0.532
-22 0.522 0.435 0.424 0.335 0.331 0.667 0.554 0.539 0.424 0.418 0.853 0.709 0.691 0.544 0.544
-21
-20 0.454 0.380 0.349 0.279 0.276 0.597 0.497 0.462 0.370 0.366 0.750 0.627 0.584 0.471 0.471
-19 0.461 0.368 0.354 0.287 0.289 0.604 0.487 0.466 0.372 0.371 0.758 0.614 0.589 0.472 0.472
-18 0.461 0.372 0.352 0.281 0.279 0.604 0.493 0.468 0.376 0.374 0.759 0.622 0.590 0.478 0.478
-17 0.463 0.387 0.357 0.276 0.276 0.608 0.492 0.472 0.355 0.350 0.763 0.621 0.597 0.453 0.453
-16
-15 0.461 0.385 0.358 0.283 0.280 0.605 0.504 0.474 0.354 0.350 0.759 0.635 0.599 0.479 0.479
-14 0.461 0.385 0.354 0.280 0.277 0.605 0.504 0.469 0.372 0.368 0.759 0.635 0.593 0.473 0.473
-13 0.456 0.380 0.354 0.279 0.276 0.598 0.497 0.469 0.370 0.367 0.751 0.626 0.593 0.471 0.471
-12 0.457 0.380 0.350 0.274 0.271 0.598 0.498 0.463 0.364 0.361 0.752 0.627 0.586 0.463 0.463
-11 0.453 0.377 0.351 0.275 0.272 0.594 0.493 0.464 0.364 0.360 0.746 0.621 0.586 0.463 0.463
-10 0.455 0.378 0.348 0.272 0.268 0.597 0.495 0.460 0.360 0.355 0.749 0.624 0.582 0.458 0.458

-9 0.453 0.376 0.347 0.271 0.266 0.595 0.492 0.459 0.358 0.353 0.747 0.620 0.580 0.456 0.456
-8

-7 0.449 0.372 0.347 0.271 0.267 0.589 0.489 0.460 0.359 0.353 0.740 0.615 0.581 0.458 0.458
-6 0.454 0.377 0.349 0.273 0.269 0.595 0.494 0.462 0.361 0.356 0.747 0.622 0.584 0.461 0.461
-5 0.456 0.379 0.353 0.277 0.272 0.598 0.497 0.466 0.366 0.360 0.751 0.626 0.589 0.466 0.466
-4 0.462 0.385 0.354 0.276 0.272 0.605 0.503 0.466 0.366 0.360 0.759 0.634 0.590 0.466 0.466
-3 0.462 0.385 0.357 0.280 0.276 0.605 0.504 0.473 0.371 0.366 0.760 0.634 0.597 0.473 0.473
-2 0.467 0.390 0.359 0.281 0.277 0.612 0.510 0.474 0.372 0.367 0.768 0.643 0.599 0.474 0.474
-1 0.468 0.390 0.363 0.285 0.281 0.614 0.512 0.480 0.378 0.372 0.771 0.644 0.607 0.481 0.481
0

1 0.470 0.392 0.362 0.285 0.281 0.616 0.514 0.480 0.377 0.372 0.774 0.648 0.607 0.480 0.480
2 0.467 0.390 0.362 0.272 0.281 0.613 0.511 0.480 0.358 0.353 0.770 0.644 0.606 0.456 0.456
3 0.469 0.391 0.361 0.282 0.278 0.614 0.512 0.474 0.373 0.368 0.771 0.645 0.599 0.476 0.476
4 0.463 0.386 0.359 0.282 0.278 0.607 0.505 0.474 0.374 0.368 0.762 0.636 0.599 0.476 0.476
5 0.463 0.386 0.355 0.278 0.274 0.607 0.505 0.469 0.368 0.363 0.762 0.636 0.593 0.469 0.469
6 0.456 0.379 0.354 0.277 0.273 0.598 0.497 0.468 0.367 0.362 0.752 0.626 0.592 0.468 0.468
7 0.452 0.375 0.350 0.274 0.270 0.594 0.492 0.464 0.363 0.357 0.746 0.620 0.586 0.463 0.463
8

9 0.456 0.378 0.349 0.273 0.269 0.598 0.496 0.462 0.361 0.356 0.752 0.625 0.584 0.460 0.460
10 0.456 0.379 0.351 0.275 0.270 0.599 0.497 0.464 0.363 0.358 0.752 0.626 0.587 0.463 0.463
11 0.459 0.382 0.351 0.274 0.270 0.601 0.499 0.464 0.363 0.359 0.754 0.629 0.586 0.463 0.463
12 0.456 0.380 0.354 0.278 0.274 0.598 0.497 0.468 0.368 0.364 0.751 0.626 0.592 0.468 0.468
13 0.462 0.385 0.354 0.277 0.274 0.604 0.504 0.468 0.368 0.365 0.759 0.634 0.592 0.469 0.469
14 0.461 0.384 0.358 0.272 0.269 0.604 0.504 0.474 0.359 0.354 0.759 0.634 0.599 0.458 0.458
15 0.465 0.388 0.359 0.269 0.265 0.610 0.509 0.475 0.356 0.351 0.765 0.641 0.601 0.453 0.453
16

17 0.463 0.374 0.359 0.272 0.274 0.608 0.496 0.475 0.353 0.348 0.764 0.626 0.600 0.450 0.450
18 0.465 0.371 0.352 0.278 0.277 0.610 0.491 0.467 0.372 0.370 0.765 0.620 0.590 0.472 0.472
19 0.460 0.371 0.355 0.285 0.287 0.603 0.491 0.464 0.372 0.369 0.757 0.619 0.586 0.472 0.472
20 0.457 0.382 0.351 0.264 0.262 0.599 0.500 0.465 0.351 0.348 0.752 0.630 0.587 0.447 0.447
21

22 0.522 0.435 0.424 0.335 0.330 0.667 0.554 0.539 0.423 0.417 0.853 0.709 0.690 0.543 0.543
23 0.508 0.424 0.412 0.325 0.321 0.653 0.542 0.527 0.413 0.408 0.835 0.694 0.675 0.531 0.531
24 0.599 0.496 0.465 0.356 0.348 0.764 0.630 0.591 0.449 0.439 0.979 0.809 0.759 0.578 0.578
25

26 0.496 0.405 0.355 0.236 0.234 0.628 0.510 0.445 0.292 0.289 0.803 0.652 0.569 0.375 0.375
27

MAX 0.599 0.496 0.465 0.356 0.348 0.764 0.630 0.591 0.449 0.439 0.979 0.809 0.759 0.578 0.578
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Figure 4-13 and Figure 4-14 show how these bottom stiffener buckling coefficients vary along
the length and width of the midbody for the 14m hog wave with no corrosion.

Hull Stiffener Buckling Response
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Figure 4-13: Hull Bottom Stiffener Buckling Response — 14m — 0% Corrosion
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Figure 4-14: Hull Bottom Stiffener Buckling Response — 14m — 0% Corrosion
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Figure 4-15 shows how the peak buckling coefficient in these stiffeners varies along the midbody
length and for the different corrosion levels up to 55%. For the 55% corrosion case, some
stiffeners are likely to buckle in the 14m hog wave condition because their buckling coefficient
exceeds 1.0.
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Figure 4-15: Hull Bottom Stiffener Buckling Response — 14m — 0% Corrosion
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4.2.2 Buckling Strength - Hull Bottom Plating

The buckling coefficients calculated for the hull bottom plating in the various significant wave
heights for corrosion levels of 0%, 25%, 40% and 55% are shown in Table 4-3. At or above
40% wastage the peak buckling coefficients are over 1.0 regardless of wave height and therefore
indicate buckling failure.

Table 4-3: Hull Bottom Plating Buckling Response

) 0% CORROSION 25% CORROSION 20% CORROSION 55% CORROSION
Long' 5T 1iem | om 6m 4m Tam | 115m | om 6m 4m T4m | 115m | om 6m 4m T4m | 115m | om 6m 4m
27 0121 | 0092 | 0085 | 0065 | 006l | 0593 | 0456 | 0426 | 0331 | 0313 | 1780 | 1391 | 1309 | 103L | 0980 | 6123 | 4871 | 4622 | 3.703 | 3533
26 0111 | 0081 | 0079 | 0058 | 0055 | 0542 | 0404 | 0393 | 0294 | 0280 | 1633 | 1241 | 1210 | 0924 | 0882 | 5644 | 4374 | 4276 | 3333 | 3104
25 0113 | 0084 | 0070 | 0050 | 0047 | 0555 | 0.420 | 0351 | 0254 | 0241 | 1676 | 1202 | 1091 | 0806 | 0.766 | 5790 | 4540 | 3.884 | 2937 | 2801
24 0118 | 0089 | 0074 | 0054 | 0051 | 0576 | 0442 | 0371 | 0278 | 0263 | 1739 | 1356 | 1150 | 0878 | 0833 | 6.015 | 4776 | 4004 | 3188 | 3.036
23 0122 | 0093 | 0077 | 0059 | 0055 | 0594 | 0.461 | 0.388 | 0209 | 0282 | 1791 | 1410 | 1200 | 0939 | 0890 | 6.187 | 4.956 | 4.264 | 3398 | 3232
22 0120 | 0091 | 0074 | 0057 | 0053 | 0588 | 0454 | 0376 | 0292 | 0275 | 1772 | 1301 | 1164 | 0917 | 0868 | 6119 | 4886 | 4149 | 3323 | 3.159
21 0112 | 0085 | 0069 | 0050 | 0047 | 0551 | 0425 | 0347 | 0255 | 0241 | 1666 | 1305 | 1080 | 0809 | 0768 | 5779 | 4606 | 3861 | 2952 | 2812
20 0121 | 0090 | 0075 | 0053 | 0050 | 0583 | 0442 | 0371 | 0263 | 0248 | 1748 | 1349 | 1144 | 0823 | 0783 | 5992 | 4710 | 4041 | 2978 | 2841
19 0097 | 0072 | 0059 | 0041 | 0042 | 0479 | 0364 | 0301 | 0212 | 0213 | 1461 | 1129 | 0047 | 0682 | 0660 | 5114 | 4028 | 3419 | 2525 | 2408
18 0.093 | 0069 | 0060 | 0044 | 0043 | 0463 | 0351 | 0303 | 0.226 | 0224 | 1414 | 1092 | 0047 | 0720 | 0715 | 4949 | 3895 | 3410 | 2647 | 2628
7 0.090 | 0067 | 0064 | 0052 | 0053 | 0.445 | 0334 | 0323 | 0265 | 0268 | 1363 | 1040 | 0987 | 0817 | 0825 | 4770 | 3714 | 3550 | 2910 | 2936
16 0.089 | 0065 | 0060 | 0049 | 0050 | 0438 | 0320 | 0309 | 0252 | 0257 | 1342 | 1025 | 0065 | 0778 | 0791 | 4708 | 3666 | 3486 | 2815 | 2818
E 0109 | 0079 | 0078 | 0059 | 0056 | 0522 | 0385 | 0381 | 0288 | 0273 | 1560 | 1171 | 1159 | 0874 | 0833 | 5322 | 4077 | 4036 | 3004 | 2965
14 0.094 | 0070 | 0071 | 0054 | 0052 | 0469 | 0358 | 0.361 | 0.277 | 0270 | 1433 | 1111 | 1120 | 0874 | 0854 | 5025 | 3968 | 4002 | 3184 | 3117
13 0101 | 0075 | 0070 | 0052 | 0052 | 0498 | 0375 | 0352 | 0273 | 0271 | 1515 | 1160 | 1095 | 0862 | 0855 | 5280 | 4124 | 3912 | 3142 | 3116
12 0116 | 0082 | 0081 | 0057 | 0056 | 0566 | 0409 | 0404 | 0293 | 0200 | 1702 | 1256 | 1242 | 0922 | 0912 | 5836 | 4397 | 4353 | 3346 | 3313
ET) 0110 | 0082 | 0078 | 0058 | 0055 | 0545 | 0414 | 0392 | 0300 | 0284 | 1650 | 1275 | 1213 | 0943 | 0897 | 5732 | 4515 | 4317 | 3421 | 3265
10 0115 | 0086 | 0079 | 0060 | 0057 | 0566 | 0431 | 0397 | 0307 | 0202 | 1708 | 1322 | 1227 | 0963 | 0919 | 5911 | 46l | 4360 | 3484 | 3335
9 0122 | 0091 | 0087 | 0068 | 0064 | 0599 | 0458 | 0439 | 0345 | 0327 | 1804 | 1400 | 1347 | 1075 | 1020 | 6235 | 4927 | 4758 | 3857 | 3675
8 0128 | 0097 | 0001 | 0071 | 0067 | 0630 | 0484 | 0454 | 0350 | 0340 | 1800 | 1477 | 1393 | 1115 | 1.059 | 6508 | 5176 | 4.905 | 3990 | 3802
7 0132 | 0100 | 0092 | 0072 | 0068 | 0648 | 0498 | 0460 | 0366 | 0345 | 1942 | 1517 | 1406 | 1133 | 1072 | 6674 | 5305 | 4945 | 4.043 | 3840
5 0133 | 0100 | 0092 | 0072 | 0067 | 0.650 | 0498 | 0450 | 0364 | 0343 | 1950 | 1518 | 1404 | 1128 | 1.067 | 6.698 | 5309 | 4.936 | 4.026 | 3825
5 0127 | 0095 | 0086 | 0066 | 0062 | 0621 | 0471 | 0431 | 0334 | 0315 | 1867 | 1442 | 1306 | 1043 | 0989 | 6428 | 5057 | 4.678 | 3.746 | 3563
2 0121 | 0090 | 0081 | 006l | 0057 | 0593 | 0447 | 0407 | 0311 | 0204 | 1788 | 1372 | 1257 | 0077 | 0926 | 6171 | 4827 | 4451 | 3524 | 3353
3 0116 | 0087 | 0077 | 0057 | 0054 | 0570 | 0432 | 0387 | 0293 | 0276 | 1725 | 1327 | 1201 | 0924 | 0876 | 5964 | 4679 | 4263 | 3346 | 3183
2 0114 | 0086 | 0070 | 0050 | 0047 | 0561 | 0431 | 0353 | 0.258 | 0244 | 1696 | 1325 | 1099 | 0819 | 0778 | 5879 | 4675 | 3925 | 2988 | 2847
El 0111 | 0084 | 0067 | 0048 | 0045 | 0545 | 0418 | 0341 | 0248 | 0235 | 1650 | 1287 | 1062 | 0790 | 0749 | 5722 | 4544 | 3796 | 2885 | 2.747

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.105 0.078 0.063 0.044 0.045 0.516 0.391 0.318 0.229 0.236 1.566 1.208 0.996 0.728 0.748 5.442 4.279 3.571 2.686 2.748

0.112 0.085 0.071 0.054 0.051 0.552 0.427 0.361 0.278 0.262 1.669 1313 1120 0.876 0.829 5.799 4.643 4.005 3.188 3.029

0.118 0.089 0.074 0.056 0.055 0.574 0.445 0.375 0.287 0.285 1734 1.363 1.161 0.905 0.893 6.005 4.804 4.136 3.285 3.240

0.116 0.087 0.074 0.060 0.060 0.568 0.434 0.377 0.306 0.309 1716 1.334 1.165 0.958 0.966 5.938 4.701 4.142 3.458 3.483

0.112 0.084 0.076 0.060 0.061 0.549 0.418 0.386 0.306 0.312 1.663 1.287 1192 0.961 0.975 5.764 4.543 4.231 3.468 3.510

0.112 0.083 0.077 0.063 0.063 0.547 0.415 0.389 0.320 0.323 1.657 1.279 1.201 0.999 1.008 5.743 4.518 4.259 3.592 3.621

0.105 0.080 0.079 0.063 0.063 0.515 0.401 0.398 0.321 0.321 1.566 1.232 1.229 1.004 1.003 5.440 4.359 4.353 3.612 3.608

0
1
2
3
4 0.120 0.091 0.076 0.057 0.058 0.586 0.454 0.381 0.294 0.297 1.767 1.389 1179 0.924 0.931 6.109 4.887 4.195 3.344 3.366
5
6
7
8
9

0.101 0.080 0.077 0.060 0.060 0.498 0.403 0.387 0.310 0.309 1514 1.236 1.196 0.971 0.970 5.271 4.373 4.244 3.501 3.495

10 0.107 0.078 0.075 0.058 0.057 0.528 0.394 0.377 0.295 0.291 1.603 1219 1170 0.930 0.919 5.557 4.310 4.157 3.364 3.328
11 0.111 0.081 0.075 0.054 0.053 0.545 0.405 0.376 0.276 0.272 1.650 1.250 1.166 0.874 0.863 5.713 4.416 4.139 3.175 3.138
12 0.113 0.082 0.075 0.055 0.053 0.552 0.412 0.375 0.280 0.270 1.672 1.270 1.164 0.888 0.857 5.784 4.479 4.137 3.226 3.119
13 0.113 0.082 0.076 0.056 0.053 0.551 0.411 0.383 0.286 0.274 1670 1.268 1.187 0.905 0.869 5.780 4.476 4.214 3.282 3.160
14 0.114 0.083 0.074 0.054 0.051 0.557 0.416 0.375 0.277 0.265 1.685 1.284 1.163 0.879 0.842 5.831 4.530 4.133 3.195 3.068
15 0.110 0.080 0.072 0.051 0.049 0.540 0.402 0.361 0.265 0.253 1638 1.243 1.124 0.844 0.807 5.674 4.392 4.003 3.074 2.949
16 0.104 0.075 0.067 0.047 0.045 0.510 0.377 0.338 0.243 0.231 1.551 1.168 1.054 0.777 0.743 5.387 4.141 3.766 2.847 2.728
17 0.101 0.074 0.061 0.041 0.041 0.496 0.371 0.308 0.214 0.216 1.509 1.151 0.966 0.692 0.691 5.247 4.084 3.460 2.551 2.550
18 0.100 0.073 0.061 0.049 0.050 0.491 0.368 0.303 0.247 0.252 1.495 1.144 0.951 0.763 0.778 5.208 4.066 3.419 2.724 2.771
19 0.099 0.073 0.064 0.049 0.049 0.491 0.369 0.326 0.255 0.254 1.495 1.146 1.018 0.808 0.807 5.210 4.071 3.651 2.953 2.948
20 0.099 0.073 0.067 0.051 0.051 0.484 0.362 0.342 0.265 0.263 1.476 1.126 1.064 0.840 0.833 5.142 4.003 3.805 3.062 3.040
21 0.106 0.077 0.069 0.053 0.052 0.520 0.388 0.352 0.275 0.272 1.580 1.202 1.095 0.869 0.861 5.479 4.251 3.908 3.162 3.134
22 0.103 0.080 0.074 0.056 0.055 0.506 0.403 0.377 0.290 0.284 1.539 1.240 1.167 0.914 0.897 5.353 4.391 4.151 3.312 3.254
23 0.108 0.080 0.073 0.055 0.054 0.530 0.400 0.371 0.285 0.279 1.609 1.235 1.151 0.899 0.881 5.581 4.370 4.097 3.264 3.201
24 0.113 0.082 0.077 0.057 0.054 0.551 0.409 0.385 0.289 0.274 1.669 1.263 1.195 0.915 0.871 5.783 4.463 4.243 3.316 3.168
25 0.120 0.088 0.083 0.063 0.059 0.589 0.442 0.418 0.321 0.304 1.777 1.357 1.290 1.007 0.958 6.136 4.776 4.559 3.626 3.461
26 0.132 0.098 0.093 0.072 0.068 0.641 0.487 0.465 0.365 0.345 1.922 1.483 1.421 1.131 1.074 6.594 5.182 4.984 4.029 3.843
27 0.135 0.102 0.094 0.073 0.069 0.660 0.507 0.469 0.372 0.351 1.972 1.540 1.431 1.149 1.088 6.751 5.367 5.013 4.086 3.884

MAX 0.135 0.102 0.094 0.073 0.069 0.660 0.507 0.469 0.372 0.351 1.972 1.540 1.431 1.149 1.088 6.751 5.367 5.013 4.086 3.884
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Figure 4-13 through Figure 4-20 graphically show various aspects of bottom plate buckling
response.

Hull Plating Buckling Response
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Figure 4-16: Hull Bottom Plating Buckling Response vs Transverse Location — 0% Corrosion

Hull Plating Buckling Response
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Figure 4-17: Hull Bottom Plating Buckling Response vs Transverse Location — 25% Corrosion
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Hull Plating Buckling Response
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Figure 4-18: Hull Bottom Plating Buckling Response vs Transverse Location — 40% Corrosion
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Figure 4-19: Hull Bottom Plating Buckling Response vs Longitudinal Location — 0% Corrosion
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Hull Plating Buckling Response
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Figure 4-20: Hull Bottom Plating Buckling Response — 14m Hog

5 STRENGTH ASSESSMENT

An assessment of the analyzed failure modes for the example ESB ship indicates that corrosion
levels above 25% (maximum allowable limit for renewal under Navy and ABS/IACS) may
compromise the seaworthiness of the ship in the modeled conditions and duration. At these
higher corrosion levels the buckling capacity of the hull bottom plating decreases significantly,
and was the driving failure mode in our limited analysis. As seen in Figure 4-18, at 40%
corrosion, calculated buckling coefficients for the hull plating exceed 1.0 for all wave conditions
analyzed. At the 25% corrosion level (Figure 4-17) calculated hull plating and stiffener buckling
coefficients remain under 1.0 in all wave conditions.

As seen in Table 4-1, at a 25% corrosion level, the maximum stress ratios (calculated
stress/allowable) are below 1.0 in all but the main deck framing group. These higher stress
values are not global, but located around unreinforced openings in the longitudinal main deck
framing. Calculated stress is above the allowable in the unreinforced openings for the 14m hog
wave condition, but under the allowable limit for the 11.5m hog wave condition. See Figure 5-1
and Figure 5-2 below.
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l

BAMSLATION
AX VON MISES BOTTOM/TOP

Figure 5-1: Unreinforced Opening in Longitudinal Deck Framing - 25% Corrosion - 14m Hog

TION
WON MISES BOTTOM/TOP

Figure 5-2: Unreinforced Opening in Longitudinal Deck Framing - 25% Corrosion - 11.5m Hog
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6 CONCLUSIONS

In our limited study of the ESB ship, with uniform corrosion beyond the typical 25% limit, hull
bottom plate buckling coefficients rise dramatically, so that even in the lower sea states buckling
of the hull plating is possible. A more thorough investigation may reveal other failure locations
with less than 25% wastage. Future research on this topic could consider and evaluate the
residual strength of a ship structure with localized corrosion damage. Localized and non-
uniform structural corrosion and pitting are probably more common than uniform corrosion
across the entire hull structure, but is very case-specific.

The approach developed herein to assess a degraded ship structure can be expanded and then
used to develop a safe operating envelope for a ship’s hull structure with various degrees of
corrosion. While many simplifications of scope and assumptions were made for this project, a
more thorough assessment of a degraded ship structure can be accomplished, but would require
modeling the ship’s actual corrosion levels, more seaway conditions, more headings and more
ship loading conditions, amplifying loadings to account for expected exposure times, and
investigating more structural components such as internal tank bulkheads and their internal fluid
loadings. In addition, green seas, whipping, and slamming effects may need to be addressed.
This more rigorous assessment, while possible, would be a costly and time consuming effort.

Distribution Unlimited
33



Structural Assessment of Aged Ships February 22, 2018

Appendix A
Range of Seakeeping Analysis Conditions Recommended for a Full
Analysis

The runs matrix required for a specific ship assessment will vary significantly depending on the
vessel size and type. For example, a large ship like the ESB will have minimal susceptibility in
low sea state conditions that might be fatal to a 90 foot long fishing vessel.

There are a number of parameters that should be included in the assessment matrix.

e Drafts: Loading conditions normally encountered by the vessel in question including at
least a typical maximum draft and a typical minimum draft condition.

e Headings: All vessel headings from head sea to following seas in at least 30 degree
increments. If the program used provides artificial nulls for roll, sway and yaw in head
and following seas, then there are two choices to mitigate that concern.

o Angles of 15 degrees and 165 degrees can be substituted for 0 and 180 for head
and following seas such that some small amount of roll, sway and yaw are excited

o If the software supports it, run the head and following seas in short crested seas
where the wave components are coming from a spread of directions, typically
using cosine squared spreading. This will produce reasonable motions in head
and following seas but in general the maximum pitch motions will be reduced by
about 20% from the long crested case.

e Speeds: The normal navigation speed of the ship should be modeled as well as the speed
the Captain usually selects for rough weather. It may come out of the analysis that a
slower or faster speed in rough weather will reduce the hull girder stresses by a
significant amount. On ships with active ride control fins, speeding up a few knots may
actually reduce the stresses and the added lift of the ride control fins can reduce the
motions and slamming.

e Water depth considerations:

o Ifashipisin liner service in waters shallow enough for 10 to 12 second waves to
feel the bottom, then a depth sensitive seakeeping model should be used.

o If the ship is in liner service on a western shore or where there is not much
continental shelf, it may be necessary to model both a wind sea and swell
component to the wave field using the Ochi-Hubble 6 parameter spectrum or
similar.

e Wave conditions:

o Most naval architecture methods in use today utilize mathematical wave spectra
to model the wave field. There are many different types, most were developed in
the 1950’s through 1980’s based on very limited data sets from a single location
on the planet. The advantage of the Bretschneider, Pierson-Moskowitz, Ochi-
Hubble, ITTC, ISSC, or JONSWOP spectra is that everyone setting up an analysis
with the same spectral form and same input parameters should get similar results.
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o It must also be decided what significant wave heights to model.  Figure A-1
shows wave energy divided up into sea state bins on the left hand panel and by
1m intervals on the right hand panel.

Wave Energy in KiloJouls versus Sea State Wave Energy in KiloJouls versus Significant Wave
1000 Height in meters
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Figure A-1: Wave Energy Vs Sea State and 1m Significant Wave Height Bins

The left hand view shows that sea state is too coarse a measure to allow a meaningful search for
a threshold for safe operations. The 1m steps in the right hand panel show much better
granularity for finding a realistic limiting case.

While this suggests that a lot of modeling is necessary, that is not necessarily the case. For a
ship the size of the ESB, anything below about the top of sea state 5 at 4m significant wave
height is irrelevant. If the study starts there and works up a few sets at a time, the limit can be
reached before one gets up to 14 m wave or higher.
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Appendix B Hydrodynamic Pressure Distributions

Plots of nine of the ten WASIM-derived hull pressure data sets acting on the FEM are shown in
Figure B-1 through Figure B-9. (The tenth is included as Figure 3-10 in the report body.)

From the pressure distribution, it is readily evident that a hog wave shows maximum pressure
acting near the hull center, whereas a Sag wave shows the pressure peaking near the fore and aft
ends of the ship. In addition, the wave shape can also be identified by the height reached by the
wave near the bow and transom areas. The magnitude of the pressure (0.1 MPa) acting on hull
bottom is approximately the same for the smaller wave sizes.
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Figure B-1: 14m Sag Wave
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Figure B-2: 11.5m Hog Wave
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Figure B-3: 11.5m Sag Wave
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Figure B-4: 9m Hog Wave
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Figure B-5: 9m Sag Wave
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Figure B-6: 6m Hog Wave
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Figure B-7: 6m Sag Wave
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Figure B-8: 4m Hog Wave
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Figure B-9: 4m Sag Wave
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Appendix C  Structural Model Preparation Procedures

C.1  Procedure for Mapping WASIM Pressure into FEMAP Model

C.1.1 Input Data

The 300 data points received from WASIM are in column format containing the X, Y, and Z
position of the panel center, and the corresponding pressure value. See Table C-1. They represent
a random distribution of points along the hull, port side only.

Table C-1: Raw WASIM Position and Pressure Data

4m wave case 6m wave case 9m wave case 11.5m wave case 14m wave case

Label xpress Vpress Zpress Hogging Sagging Hogging Sagging Hogging Sagging Hogging Sagging Hogging Sagging
m m m

Panel Cnt_1 230420 1654 14963 ] ] 0 0 0 0 0 ] ]

Panel Cnt 2 223333 3.707 13.956 0 0 0 0 0 0 0 0 0

Panel Cnt 3 214434 12283 13.937 0 0 0 0 0 0 0 0 0

Panzl Cnt 4 230420 1.994 12944 1] 0 0 0 0 0 0 1] 0

Panel Cnt_3 219.936 5.087 12948 ] ] 0 0 0 0 0 ] ]
Panel Cnt_80 168.707 = 23.103 1320 92178.55 9169041 8099923 36998.02 86233.93 9041212 77098.93 83157.82 79605.84
Panel Cnt 81 196027 = 16.105 2071 7265027 31944 36 63892.51 34192.74 66411.33 177. 63683.63 30640.09 7468001 4436147
Panel Cnt 82 185.191 | 18610 1.007 8738411 92288.78 22113.01 2382471 8248071 JIT7L7 86387.93 66281.7 8364006  62033.08
Panel Cnt 83 174134 20130 0.447 97662.18 96662.4 893733 91095.81 02816.84  83362.66 08309.64  78398.04 337116 13673.49
Panel Cnt_84 190.539 | 15201 0.741 3777911 9281332 8224721 91467.96 8219113 76602.77 83628.66 6634333 86197.71 39983.37
Panel Cnt 85 179.569  16.987 0.143 9819214  97657.78 92774.13 9292568 0445308 856442 9391923 78575.85 919383 7273038
Panel Cnt 86 198717  11.635 0.649 36600.19  92713.01 30751.64 = 0444846 7792209 | 7331093 78699.61 63025.84 88337.84 36044.6
Panel Cnt 87 184983 13792 0.100 96163.8 97046.84 02311.84 = 93965.32 02919.43 8482079 93991.73 7741962 9394331 10996.17
Panel Cnt 88 168.338 15267 0.003 101451.8 96838.9 96403 % 932161 1002438 62508.93 105122 S1170.41 97053.15 50078.74
Panel Cnt 89 190436 10.606 0.111 9462493 9629953 90557.11 0439245 90935.88 82758.79 9232220 | 75454.08 04979 41 68140.02
FETEY LR T CPra - Iy EF v WE] - - tooo Er e Saooos Sgzog 0y

w 173.833 | 12137 0.000 0 0 0 0 0 0 0 0 1381.183 0 :I

g T — " =x CoE ksaanas eeras " icgn Y rim) mp)
Panel Cnt 93 184.880 8.793 0.006 97627.39 9635483 9342564 932822 96860.56 8675171 99313717 8127813 98776.76 7303744
Panel Cnt 94 190.393 5.809 0.000 96235.58 96266.76 93350.35 94125.08 94400.05 84920.66 9570085 78836.78 90079 45 71880.03
Panel Cnt 93 179.303 6.547 0.000 9943026  93757.91 07842.69 924117 100763.7 3009526 1042826 = 8608831 1001794 80877.73
Panel Cnt 96 184.834 3710 0.000 97901.83 93757.63 96385.03 02721.84 084283 87338.97 1009122 8201412 100873.3 76828.66
Panel Cnt 97 195.927 1.103 0.000 94312.93 96304.54 90512.85 03822.16 0029533 82607.43 01240.83 7701993 98224.16 68610.7
Panel Cnt 98 190.375 1.180 0.000 9642551 95908.2 94049 68 937106 95401.87 83518.36 9666955 79883 .84 1004229 73103.53
Panel Cnt 99 179.273 1310 0.000 90488.18 93303.45 08404 3 02140.83 1014842 804246 1049076 = 86879.27 1011853 31606.67
Panel Cnt 100 173.721 1349 0.000 100983.3 93216.66 99164.11 92070.61 1031748 91313.78 1076049 = 9064822 101497.3 8740993

The WASIM data

should be reviewed for accuracy by inspecting both the EXCEL pressure

listing (Table C-1) as well as the graphical hull pressure distribution. In our analysis, it was
determined that rows 91, 191, and 291 were erroneous. So they were removed from the data set
by hiding the rows. In addition, the WASIM pressure was divided by 1e6 to obtain MPa, and the
position converted to mm — the unit of FEMAP.

C.1.2 Data Surface Production

This EXCEL-formatted WASIM wave pressure data is simply copied to the starboard side (now
creating 600 data points) and pasted into the FEMAP’s Data Surface Tool (Arbitrary 3-D
Coordinate Data Surface). All ten wave forms are loaded and made available for subsequent use.
An example is seen in Figure C-1.
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Define Arbitrary 3-D Coordinate Data Surface ==
1 Title  14.0m HOG
Variation Options Data Options
S —
() Number of Points Vector
Variation Locations
Location Value
X Y Zz X Y z
a, 0. Q. 1] Q. Q.
235739.6 1993.6 14963.2 1] 1] 0. -
230653 .4 57066 139E55.9 a a 0.
e 2197537 122849 13957 .4 1] 1] 0.
L= 235739.6 1993 .6 12944 2 1] 1] 0.
225255 .5 9086.7 12949 2 a. 0. 0.
225255 .5 9086.7 14964 .2 a. 0. 0.
214079.3 15161, 14964 .7 a. 1] 0. d
—— 2082998 17838.3  14964.8 1] 1] 0.
——— 214079.3 15161 129581 .3 a a 0.
208299.8 17838.3 129521 a. 1] 0.
Reset 230653 .4 57066 11939.8 1.381E-2 0 0. i
[ CK ] [ Cancel ]

Figure C-1: FEMAP’s “Data Surface Editor” Menu

Options regarding the percentage and minimum number of locations to include are available.
Based primarily on visual inspection, these values were set to 0 and 4 — respectively as seen in
Figure C-2.

Define Options for Variation @

General Options

CSys 0..Global Rectangula -

Along Curve Options Tabular Options

Project Curve On Surface 1]

(@ Interpolate from Closest

Between/Tabular Parametric Options |
Value

Parametric Curve ID

Parametric Surface ID Qutput Map Options

Arbitrary 3D Interpolation Options 0..5et to Zero
% Locations to Indude 0. i

Min Locations to Indude 4

Mapping Tolerance 24,9569045

[ OK ] [ Cancel ]

Figure C-2: FEMAP’s “Define Options for Variation” Menu

C.1.3 Loadset Generation

To transform the wave pressure data into a loadset, the user must first generate a new loadset
name via “Model — Load — Create/Manage Set...” from the FEMAP menu bar.

Distribution Unlimited
C-2



Structural Assessment of Aged Ships February 22, 2018

To apply the pressure load, the user next choses “Model — Load — Elemental...” from the
FEMAP menu bar. The grouping of plate elements upon which the wave pressure acts, namely
the outer hull, is then selected from the “Entity Selection” menu as seen in Figure C-3. Note in
Figure C-3 that the hull elements can be also be visualized by selecting the paintbrush icon.

= SP2ny
2 Entity Selection - Enter Element(s) to Select /—?F
v . .
o © Add (") Remove © Exdlude + 242763,242764,1 a .
‘, d + 242766,242775,1; | \iSckeshaly] |wReseti) |uBicki ‘

N

X~ f)[r) T [Glw® by 1 : gzgivgﬁg'i | [Previous | [ pelete | | oK =
Group v \ e 2 7i [ More | [Method "] [ Cencel |

Figure C-3: FEMAP’s Entity Selection Menu

Upon approval of the “Entity Selection” menu, a “Create Loads on Elements” menu similar to
that shown in Figure C-4 will next appear. The pressure must be set to unity, and the Method
radio button set to Data Surface. From the Data Surface drop-down the data surface desired
chosen.
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=

|:| At Corners
|| specify Direction

Create Loads on Elements =
Load Set 1 14.0m HOG'
Title 0..Global Rectangular
Color Layer 1
Direction Method
Pressure (@ Normal to Element Face (") Constant
Temperature © Vechor L Variable
Along Curve (@) Data Surface
Heat FIu_x MNormal to Plane
Convection E—— P
Radiation MNormal to Surface Jpedry... Advanced
Heat Generation
Load
Value Time,Freq Dependence Data Surface
Pressuo 0..Mane - 1..14.0m HOG - D

Phase 0.

oK Cancel

Figure C-4: FEMAP’s Load Generation Menu

Next the face and side upon which the pressure acts is selected from the “Face Selection” menu
as being the face 1, the front face. See Figure C-5. This face corresponds to the outer surface of

the hull.

I

Face Selection
Method
(@ Face ID
H ) Mear Surface
() Mear Coordinates
(7 Adjacent Faces

() Model Free Faces

Selection Info

0.001
(") Back Face

K H

Cancel

e g

Figure C-5: FEMAP’s Face Selection Menu
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Asside from pressure loads, body loads (from ship motion accelerations) are also simultaneously
applied to the model. The X, Y and Z accelerations that occur in the hydrodynamic model at the
same time that the peak hog condition occurs for each sea state are used in the structural model.
These accelerations act on the modeled mass of the elements to produce inertial forces. The
applied accelerations associated with each wave condition are shown

Table C-2: Accelerations at time of MAX HOG Wave

Wave Linear Acceleration Rotational Accel

Sea State Ht (m) . . .
X (Long) | Y(Trnsv) | Z(Down) | Resultant | Units | RY (Pitch) Units
g 14 0.122 0.119 0.108 0.202 G's 1.412 Deg/s®
1196.4 1167.0 1059.1 1978.6 mm/s? 0.025 Rad/s®
g 115 0.067 0.077 0.187 0.213 G's 1.392 Deg/s®
657.0 755.1 1833.8 2089.2 | mm/s? 0.024 Rad/s?
; 9 0.096 0.107 0.084 0.166 G's 1.322 Deg/s®
941.4 1049.3 823.7 1632.7 | mm/s? 0.023 Rad/s?
0.054 0.061 0.023 0.085 G's 0.646 Deg/s®
° ° 529.6 598.2 2255 830.1 mm/s? 0.011 Rad/s?
0.006 0.015 0.044 0.047 G's 0.061 Deg/s®
> ! 58.8 147.1 431.5 459.7 mm/s? 0.001 Rad/s?

Cc.14 Additional Checks

From the X,Y, and Z WASIM position data, geometry points were generated and imported into
the FEMAP model. This was done to ensure that the 300 data points describing the hull pressure
panels from WASIM matched the hull profile within FEMAP. In our case, it was immediately
obvious that a translation in the longitudinal direction was required to match at the vertical
transom. The reasons for this fixed offset remain unclear — thus pointing to the benefit of this
check.

Through the actions described above, the WASIM derived pressure acting on the elements of the
hull outer surface becomes an input loadset within FEMAP. To visualize and examine the
pressure distribution as seen in Figure 3-10, an output set of each input pressure load set was
developed. This is accomplished by first activating the desired loadset, then generating the
output set by selecting from the FEMAP menu bar “Model” — “Output” — “From Load...”. This
brings up the “Select Type of Load” menu seen in Figure C-6. Selecting the Pressures radio
button will then populate the output with the active input loadset.
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[ Select Type of Load @
Defined On
(@ NodeElem Point Curve Surface Select All
Modal Loads Elemental Loads Fluid Loads
() Forces Moments () Digtributed Load ) Pressure
() Displacements (7 Tracking Quantity

(7 Velodties

(7 Accelerations

() Temperatures (7) Temperatures (7) Fan Curve
(") Heat Generation (7} Heat Generation
() Heat Flux () Heat Flux
() Convection [ ok ]
(71 Radiation
[ Cancel ]

Figure C-6: FEMAP’s “Select Type of Load” Menu

Finally, one should also inspect the NASTRAN generated Solve file to ensure that the pressure
acts in the positive (inward) sense, in order to prevent applying suction to hull. This can be
verified by displaying the pressure vectors (see picture below). The analyst should also confirm
that the loads act on the outer rather than the inner surface. This can be accomplished by
examining the file listing to ensure the pressure is applied to surface 1, and confirm that surface 1
is the exterior.

Distribution Unlimited
C-6



Structural Assessment of Aged Ships February 22, 2018

Distribution Unlimited
C-7



Structural Assessment of Aged Ships February 22, 2018

C.2  Procedure for Updating Corrosion Level

To update the plate and stiffener property id (PID) cards for each corrosion level, one could
manually adjust the appropriate thickness to the desired value. However, to ease this effort, an
EXCEL spreadsheet (PID_CONVERTOR.XLSX) and a FEMAP based macro are employed.

For shell properties the process is simpler. A listing of all PIDs is read into EXCEL from the
NASTRAN *.NAS input file for an un-corroded vessel, searched and sorted for PSHELLSs, and
then scaled by the desired corrosion factor. The resulting data is transferred from EXCEL to a
*.NAS file and then imported into FEMAP, thus replacing the existing PSHELL PIDS.

FEMAP’s property and cross section menus for a typical PBEAM (with 0% corrosion) is shown
in Figure C-7 with the corresponding NASTRAN PID card shown in Table C-2. From the
information contained on the commented “Property Shape” and “Property Orientation” lines the
pertinent element type and dimensions can be extracted. These values are scaled to the corrosion
level desired and output as commented “Property Shape” and “Property Orientation” lines. The
remaining fields in the PBEAM card are set to zero.

These updated property cards are then copied from EXCEL into a *.NAS input file and then
imported into FEMAP. When the PIDs are imported, and because the id was not changed, they
will replace the existing area, inertia, and other properties for the PIDs as seen in Figure C-7 with
zeros. A macro is then executed that opens each property card in turn, and from the “Define
Property” menu seen in Figure C-7 the macro selects the “Shape” button. From the “Cross
Section Definition” menu the “Change Shape” button is enabled by the macro, resulting in the
repopulation of the zeros on the PID card with the pertinent corroded area, inertia, and other
quantities. See Table C-4.

Define Property - BEAM Element Type £3 Cross Section Definition 7=
— Standard MNASTRAN
10008 Title 250x10BPA Material 101..Steel - |5
21 Angle (L) Section
Color 41 Palette... | Layer 1 Elem/Property Type Ll Size
Property Values Stress Recovery (2 to 4 Blank=Sguare) 430,
Tapered Beam End A - . 63.94
Area, A 3297.549
EndA1 -232.169 4,878892
Moment of Inertia, I1or[zz 21398000,
2 -232.189 -5.1211 54.87
I2or Iyy 194288,
3 -3.41679 27.2019 15.
I12or Izy 1016655, 0. -
4 27.83121 -5.1211 Stress Recover
Torsional Constant, 1 224897, 0. v
f Shear Area  2239.045 0. 232,169 878899 1
Z Shear Area  366.118 o 732 o 2 : ol =
Monstruct massflength 0. i Reference Point
Warping Constant 0. 0. 27.83121 -5.1211 Orientation Direction (y)
Perimeter 0. 0. Up
) Change Shape Praw Socton Left Right
YNeutral Ais Offset 77.9742  -77.5742 | Shape... | A @ Down
Z Neutral Axis Offset  3.297632 3.297632 FR—— Compute Warping Constant
riginal
Load... ‘ ‘ Save... | | Copy... | | oK | | Cancel | o ‘ = | |ﬂ‘
H H H . 113 : L 13
Figure C-7: Typical FEMAP Figure C-8: FEMAPs “Cross Section Definition
Beam Property Card Menu
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Table C-3: PID10008, 0% Corroded

£ Femap Property 10008 2e60x10BFL
£ Femap PropShape 10008 11,0,260.,32.323,0.,0.,31.248,10.
£ Femap PropCrient 10008 11,0,3.,5.,6.,3.,1.,5.,-232.1688,4.878899
EEEAM 10008 1013297.5492,1898+7 194288.1016655. 224697. 0.+
+ -232.1694,878899-232.169 -5.1211-3.41679 27.201927.83121 -5.1211+
+ YESA 1. +
+ .673900283.1110273 +
+ -77.897423,.297632-77.97423.297632
Table C-4: PID10008 - 25% Corrosion — Zero’d Shape
£ Femap Property 10008 260x10BPL
£ Femap PropShape 10008 11,0,260,32.323,0,0,23.436,7.5
£ Femap PropOrient 10008 11,0,3,5,6,3,1,5,-232.1688,4.87889%
PBELM 10008 101 a. a. a. a. a. 0.+
+ a. a. a. a. a. a. a. 0.+
+ YESR 1. +
+
Table C-5: PID 10008 — 25% Corrosion — Updated Shape
£ Femap Property 10008 2e0x10BPA
£ Femap PropShape 10008 11,0,260.,32.323,0.,0.,23.436,7.5
£ Femap PropOrient 10008 11,0,3.,5.,6.,3.,1.,5.,-157.1791,0.0363728
FBELM 10008 1012531.752 1.728+47 156047, BL5g548, 112501. 0.+
+ -157.179.03637259-157.179-7.4636379,. 3848924 ., 855837102 .8209-7 . 46363+
+ YESL 1. +
+ .6609545,0897133
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C.3  Procedure for Output Results File Preparation

From each analysis run the forces, moment or stress response of the desired beam and shell
elements can be recovered from the FEMAP output. Although many methods can be employed,
the use of FEMAP’s data table has been used.

A listing of the desired output data is produced by first enabling the separate Data Table display
window. From FEMAPs menu bar the user selects “List — Output — Results to Data Table” and
selects the defaults from the “Send Results to Data Table” as shown in Figure C-9.

[ Send Results to Data Table @ﬁ
Report Style
Output Sets in Rows @) in Columns
Qutput Vectors in Rows @) in Columns
MNodesElements @ in Rows in Columns

In Coordinate System (Modal Qutput Cnly)
-1..Modal Output Coordinate System -

OK ] | Cancel

Figure C-9: FEMAP’s “Send Results to Data Table” menu

From the “Results to Add to Data Table” menu that appears next select the desired output set
from the available listing contained in the left hand side drop down menu. Using the Quick
Filter the check boxes for the desired output stress vectors from the available listing are selected .
For shells, the Normal-X, Normal-Y, and Shear-XY stresses are desired. As both the top and the
bottom face of the shell are required, the output vector identifiers are 7020, 7021, and 7023 for
the top, and 7420, 7421, and 7423 for the bottom face. An example is shown in Figure C-10.
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7| Results to Add to Data Table

Model -
Output Sets

ESB_82MT_C40.modfem

.14m HOG' Pressure
.11.5m HOG' Pressure
.9.0m HOG' Pressure
.6.0m HOG' Pressure
4.0m

.14m Hog' Stress

.9m Hog' Stress
|| 9..6m Hog' Stress
(7] 10..4m Hog' Stress

Output Vectors
[T] ll Output Vectors

From Output Sel .. 14m Hog' Stress| I -

Quick Fitter [8..5tress -

3139..
3140..
3141..
3142..

BEAM S END A POINT C

BEAM S END A POINT D

BEAM S END A POINT E

BEAM S END A POINT F
3151..BEAM S END B POINT C
3152..BEAM S END B POINT D
3153..BEAM SEND B POINTE
3154..BEAM S END B POINT F
3164..BEAM S END A-MAX
3165..BEAM S END A-MIN
3166..BEAM S END B-MAX
3167..BEAM S END B-MIN
3170..BEAM S END A-AXIAL
3176..BEAM S END B-AXIAL
3183..ROD S-AXIAL

3195..BEAM VON MISES

3285..BUSH EQUIVALENT STRESS
3290..ROD EQUIVALENT STRESS
3296..BEAM EQUIVALENT STRESS
3446..BEAM S-MAX

3447..BEAM S-MIN

3490..BUSH S TRANSLATIONAL-X
3491..BUSH S TRANSLATIONAL-Y
3492..BUSH S TRANSLATIONAL-Z
3493..BUSH S ROTATIONAL-X
3494..BUSH S ROTATIONAL-Y
3495..BUSH S ROTATIONAL-Z
3496..BUSH S TRANSLATIONAL-MAX
3497..BUSH S ROTATIONAL-MAX
6036..SHELL MAX PRINCIPAL BOTTOM/TOP
6037..SHELL MIN PRINCIPAL BOTTOM/TOP
6038..SHELL MAX MAX SHEAR BOTTOM/TOP

EEEEEE

EEEEEEEEEEEEL

T
I

~ 3

777..SHELL MAX MESH CONVERGENCE ERROR BOTTOM/TOP

[] 6038..SHELL MAX VON MISES BOTTOM/TOP
[ 6043..SHELL FIBER DISTANCE TOP

("] 6044..SHELL FIBER DISTANCE BOTTOM

=

(V] 7020..
[¥] 7021..
[¥] 7023..
" ToP

["] 7027..SHELL MINOR PRINCIPAL TOP
[C] 7029..SHELL ZERO SHEAR ANGLE TOP
..SHELL MAX SHEAR TOP

| 7032..SHELL EQUIVALENT STRESS TOP

SHELL NORMAL-X TOP
SHELL NORMAL-Y TOP
SHELL SHEAR-XY TOP

3
g

|

..SHELL NORMAL-X BOTTOM
| 7421..SHELL NORMAL-Y BOTTOM
..SHELL SHEAR-XY BOTTOM

JE=

o oM

| 7427..SHELL MINOR PRINCIPAL BOTTOM

_| 7429..SHELL ZERO SHEAR ANGLE BOTTOM
[T] 7431..5HELL MAX SHEAR BOTTOM

| 7432..SHELL EQUIVALENT STRESS BOTTOM
[T] 7433..SHELL VON MISES BOTTOM

)

]

Add Similar Layer /Ply Results

} [ Add Component/Corner Results ]

Cancel

The next step is to identify which elements to recover from the “Entity Selection” menu. The
grouping RECOVERED is used in Figure C-11 — which is all of the plate and shell elements

Figure C-10: FEMAP’s “Results to Add to Data Table” menu

within the 5 major midbody sections and contains 211,128 elements.

@ Add () Remove () Exclude
ID 4| to by 1
or
Group 1000, ,RECOVERED

Entity Selection - Select Element(s) to Report

==

[ Mare ] [Methnd o ] [

Reset

Cancel ]

The stress results are automatically deposited into the data table, an example of which is seen in

Figure C-12.

Figure C-11: FEMAP’s “Entity Selection...” menu
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3 a x
4 - £ 23 G (RS-
6.14mHog' 6.14mHog' 6.14mHog' [6.14dmHog' '6.14dmHog' 6.14m Hog' -
Stress, Stress, Stress, Stress, Stress, Stress,
D CSysID | 7020.SHELL [7021.SHELL 7023.SHELL |7420.SHELL | 7421.SHELL 7423..SHELL
NORMAL-X | NORMAL-Y | SHEAR-XY NORMAL-X ' 'NORMAL-Y  SHEAR-XY
TOP TOP TOP BOTTOM BOTTOM BOTTOM
77688 0 11.118%4 52.5334 7.148911 13.38338 58.53846 1332182
77689 0 31.51126 17.08341 -18.02836 4342599 1512173 -17.98899
78155 0 -38.2527 7.300242 37.10685 -4.717507 34.856 34.08071
78156 0 -4.113853 2198135 29.73197 -12.83921 21.19483 30.22153
78157 0 -7.379528 6.348634 23.20705 2532263 3.561127 24.92917
78158 0 -17.67129 3204648 10.44826 -31.96146 24.30077 11.23371
78159 0 -2964252 8.775964 -27.71364 06488793 14.70029 -30.45345
78160 0 -15.05977 29.5925 -14.21109 -3087127 21.75942 -16.01203
78161 0 -31.74138 61.13287 -17.00937 -24.16245 4647417 -19.0885
78162 0 -5.269162 2348523 -29.07081 -15.31974 2296728 -29.24618
78694 0 5462162 43.479% -31.05152 -9.792011 36.14677 -33.05043
78695 0 2.344953 29,0848 -8.6085 -0.3200429  27.03232 -8.368686
78696 0 -06200913  45.04949 -10.12563 -3.006782 4266098 -10.2656 -
Daoach: Mador N1108 £l ge- SAGAAD

Figure C-12: FEMAP’s “Data Table” Stress Output Listing Example

Selecting the highlighted Copy to Clipboard button allows for the pasting of the data into an
EXCEL file.

To enable use by subsequent spreadsheet via the VLOOKUP command., these EXCEL stress
output files are given a unique identifying name. The scheme used is as follows:

LCxxHyy.XLSX where
LC simply designates loadcase
xx=Wave size (ie: 14, 11, 09, 06, or 04)
yy=Corrosion level (ie: 0%, 25%, 40%, 55%, or 70%)
For example:
LC14H00 means 14m hog wave, corrosion level 0%
LC11S55 means 11.5m sag wave, corrosion level 55%
LCO9H70 means 9m hog wave, corrosion level 70%

In addition, the tab is labeled “Shells”, as it contains the stress results for the shell elements and
is required in subsequent lookup calls.
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C.4  Procedure for Establishing Stiffener Layout

To determine the buckling response of a given stiffener, its relative position within the ship, its
length, its geometric and material properties, and the stress in the shell elements that adjoin said
stiffener must first be developed. To this end, an EXCEL spreadsheet has been developed that
determines the stiffener’s layout beginning with a listing of the element ID, along with its
associated material ID and the two endpoints (node IDs) for every stiffener element in the region
of interest. Note that this listing is by definition element ID-ordered.

Similar files were developed for each of the major structural components (ie: hull, main deck,
longitudinal and transverse bulkheads, etc). These files are labeled as MD_Layout, or
Hull_Layout, etc. Since as indicated, hull buckling is the predominate response for this ship (due
to its natural hog), only this spreadsheet has been employed at this time.

From the two node IDs of the stiffener, a lookup table (NODE_LISTING.XLSX) is called to
determine the X, Y, and Z position of the two nodes. Based on the node’s position the stiffener
elements are grouped into the proper vertical region (Main deck, hull, etc), the proper transverse
location (L-27 thru L+27) and the proper longitudinal location (based on its location relative to
the transverse frames FR64 thru FR103). Because of the variable mesh size, a counter is also
employed to determine the number of stiffener/beam elements within each longitudinal zone.
(ie: between any two transverse frames).

In addition to locating/grouping the stiffener elements, the two nodes of each stiffener element
are also used to determine the element ID (EID) of those shell elements that adjoin said node.
Additional checks using the four (4) nodes of the shell element are required to ensure that the
shell element is within the zone of interest. From the shell EID, a lookup is used to recover the
shell property ID (PID), while another lookup is employed to recover the stress in the plating for
any given load set.

The normal X, normal Y and shear XY stress values for the shell elements that adjoin each side
of the stiffener element(s) are then averaged based on the number recorded by the counter. Thus
a single representative stiffener and associated shell stress is developed and which forms the
input to the stiffener buckling response calculations.

The results are copy paste/values into a separate results file.  This file is named
ESB_STRESS.XLSX. and is used in subsequent stiffener buckling calculations.

The four files necessary to perform the stiffener preparation and parsing operation are:
1. NODE_LISTING.XLSX

This file is a listing of all nodes in the ship. It was found advantageous to round the Y
values. The format is NODE ID, X, Y, Z. A sample listing is seen in Table C-5.
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Table C-6: EXCEL File “NODE_LISTING.XLSX” — Node Positions

GID X Y z

1 0 -3568 22654
2 0 -8028 22654
3 0 0 22654
4 0 -2676 19094
5 0 -5352 19094
6 0 -6244 19094
7 0 -8931 19094
8 0 -1784 19094
9 0 -9812 19094
10 0 -7582 16380

2. BREAKOUT.XLSX
This file is a listing of the SHELL or BEAM elements in each structure. The EID, PID and
associated node ID’s are then parsed from the listing. A sample listing of the PLATE data is
seen in Table C-6.

Table C-7: EXCEL File: “BREAKOUT.XLSX” — Element Data

HULL N1 N2 N3 N4 EID PID Index

Element| 81232 - PLATE ( Quad 4-noded ) 65879 66803 66809 66436 81232 40099 1
Formulatior] None 63595 66810 66804 66351 81233 40099 2
Property | 40099 Color 124 Layer 1 AttachTo 0 66436 66809 66881 63609 81234 40099 3

Nodes 65879 66803 66809 66436 66006 66882 66810 63595 81235 40099 4

Element | 81233 - PLATE ( Quad | 4-noded ) 65878 67525 65693 0 81238 40098 5
Formulation None 65705 67547 63626 0 81239 40098 6
Property 40099 Color 124 Layer 1 AttachTo 0 63626 67547 67499 66006 81754 40098 7

Nodes 63595 66810 66804 66351 63609 67509 67525 65878 81755 40098 8

Element | 81234 - PLATE ( Quad | 4-noded ) 66314 67527 67539 65879 81768 40099 9
Formulatior] None 66351 67561 67549 65938 81781 40099 10

[ Property | 40099 Color 124 Layer 1 AttachTo 0 65693 67643 67664 66445 81888 40098 11

[ Nodes 66436 66809 66881 63609 63580 67665 67644 65705 81889 40098 12

3. LC14H70.XLSX
4. The stress output for the loadcase in question is contained in the EXCEL file that was
previously generated, a sample of which is shown in Table C-7.
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Table C-8: EXCEL File “LC04H25.XLSX” — Stress Output

19..4m HOG Stress, |19..4m HOG Stress, |19..4m HOG Stress,| 19..4m HOG Stress, | 19..4m HOG Stress, |19..4m HOG Stress,
ID CSys ID 7020..SHELL 7021..SHELL 7023..SHELL SHEAR: 7420..SHELL 7421..SHELL 7423..SHELL SHEAR:
NORMAL-X TOP NORMAL-Y TOP XY TOP NORMAL-X BOTTOM [ NORMAL-Y BOTTOM XY BOTTOM

77688 0 1.881182 22.53294 2.812437 3.227229 25.61096 5.628337

77689 0 11.85451 5.868919 -9.064221 17.50307 5.323185 -8.970127
78155 0 -19.74559 0.5559489 20.05169 -0.5277855 17.01995 18.34676

78156 0 -0.5639009 9.160798 14.57978 -5.400321 8.5143 14.99051

78157 0 -3.028555 -0.6664723 12.0074 2.206941 -2.374883 13.02245

78158 0 -8.402686 13.21946 6.518071 -16.02189 9.200357 7.18394

78159 0 -14.52372 2.437006 -14.70547 1.304045 5.010872 -16.44111
78160 0 -6.876542 11.74947 -7.513249 -15.26734 7.712004 -8.776855
78161 0 -15.35836 30.73282 -8.911184 -10.81825 21.87727 -10.01136
78162 0 -1.408593 10.18745 -13.82635 -7.009713 9.701918 -14.06519
78694 0 2.156883 18.62933 -14.39856 -4.121954 15.89563 -15.16602
78695 0 1.345544 9.774034 -2.458685 -0.03283681 8.636638 -2.346073
78696 0 1.39056 19.40382 -3.090589 0.06864493 17.93862 -3.168826
78697 0 -0.1580466 8.706961 0.391422 -0.8928239 7.810345 0.3647613
78698 0 -1.884951 20.08133 -2.687165 -3.582863 18.41158 -2.552238
78699 0 -10.47664 13.50282 -2.218727 -5.13237 14.49423 -2.609998
78700 0 -12.03758 7.169945 -2.840601 2.215847 14.80852 -2.579219
78701 0 -5.456103 17.79278 1.792179 -2.314472 18.29318 1.303926

78702 0 -5.248883 12.09352 -2.736423 -4.656025 10.82621 -2.493225
78703 0 -5.443654 11.959 1.059864 -9.188404 8.621764 0.831319

78704 0 -3.218144 4.922673 -0.7277763 -5.384417 3.23007 -0.9007836

5. ESB_PRESSURE.XLSX

For hull buckling, the average value of the external wave pressure acting on every hull shell
element is required. This pressure is recovered from each of the input pressure load sets and
is loaded into a separate tab within the EXCEL file. As sample from the tab labeled as
“14mHOG” is seen in Table C-8. It is noted that the external pressure is not required for

panel buckling as its effects are included in the stress resultants.
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Table C-9: EXCEL File “ESB_PRESSURE.XLSX” — Hull Pressure

ID COLOR | LAYER | FACEID |PRESSURE PHASE
27416 10 1 1 0.003396 0
27417 10 1 1 0.002683 0
27418 10 1 1 0.001177 0
27422 10 1 1 0.00096 0
27750 10 1 1 0.003396 0
27751 10 1 1 0.002683 0
27752 10 1 1 0.001177 0
27756 10 1 1 0.00096 0
28529 10 1 1 0.004939 0
28530 10 1 1 0.005011 0
28537 10 1 1 0.004387 0
28538 10 1 1 0.003673 0
28539 10 1 1 0.001748 0
28540 10 1 1 0.00149 0
28541 10 1 1 0.001353 0

C.5  Procedure for Establishing Plate Layout

The procedure for defining the layout and stress within each equivalent plate panel (EPP) is
performed similar to the procedure used for the stiffeners. A listing of the shell elements is first
obtained from file BREAKOUT.XLSX. From the shell EID, the location of each of the four (4)
nodes is recovered (again from NODE_LISTING.XLSX), from which the region or location of
the individual element may be established.

The regions (EPPs) are classified using a multi-digit guide signifying the frame location plus the
longitudinal location of the panel. The frames range from 64 to 103 while the longitudinals
range from +27 to -27. Thus -6414 would indicate the EPP forward of frame 64, and to the port
side of longitudinal L-27.

Also from the EID, the top and bottom stress for each element is parsed from the desired output
file. Using the element counter for each region the top and bottom stress for all elements within
a given equivalent panel region are averaged, resulting in a single stress representation for the
EPP.

The resulting stress in the EPP for each loadset can be copied to file ESB_STRESS.XLSX for
future use in the buckling calculations.
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C.6  Procedure For Calculation Of Panel And Stiffener Buckling

The buckling calculations are contained in the files PLATE BUCKLING.XLSX and
STIFFENER_BUCKLING.XLSX and follow the rules as established in IACS Common
Structural Rules. The generation of the plate or stiffener buckling coefficient (BC) requires the
use of two files:

1. For stiffeners: ESB_STRESS.XLSX
For plates: PLATE_LAYOUT.XLSX
This file contains the averaged stress (and pressure) in the equivalent panel or stiffener.

2. PID_PROPS.XLSX
This file contains the stiffener properties (ie: Twes, TrLance, Hwes, Hriance) or the plate
properties (Thickness). As these properties are affected by the corrosion level, a separate tab
is used for each corrosion condition. An example of the stiffener and plate property listing
for the first ten (10) properties is shown in Table C-9 and Table C-10 for a corrosion level of
0%.

Table C-10: EXCEL File: “PID_PROPS.XLSX” — Stiffener Properties - Corrosion= 0%

PID| x| MID ~| AREA- n |~ 12 |~ 112 |~ J |~ |Description «| Type ~| Heigh~| Widtl~ Trop|~| Tiang ~ Tweb ~
10008 101 3297.549 | 2.1898+7 | 194288 | 1016655 | 224697 |260x10BPA 11 260 32.323 0 31.248 10
10009 101 4294.715 | 3.8355+7 | 411860 | 2040137 | 386764 |300x11BPA 11 300 40.156 0 34.117 11
10010 101 10000 |1.3333+8| 520833 0 2010446 |EngineGirderFlange 1 400 25 0 0 0
10011 101 10000 | 8333333 | 8333333 0 1.4072+7 |MasslessBeam 1 100 100 0 0 0
10012 101 2153.004 | 8327061 | 62819.01 | 317968 | 89658.98 [200x9BPA 11 200 24.348 0 23 9
10013 103 15625 | 2.0345+7 | 2.0345+7 0 3.4355+7 [MassLess_Bar 1 125 125 0 0 0
10024 101 20280 | 1.457+9 | 7.8867+7 0 4541966 |TR.FR.850X300x12/35MTA 12 850 300 35 0 12
10025 101 12575 |8.2488+8 | 2225223 0 1052409 |TR.FR.800x100x13/25MTA 12 800 100 25 0 13
10026 101 11875 |5.3569+8 | 7145677 0 1195803 |TR.FR.650x150x13/25MTA 12 650 150 25 0 13
10027 101 3729.972 | 2.1165+7 | 369055 | 1415228 | 323307 |TR.FR.240x12BPA 11 240 40.95 0 29.36 12

Table C-11: EXCEL File: “PID_PROPS.XLSX” — Shell Properties — Corrosion=0%

PID x| MID ~ T [+| MIDZ~| 121/T~| MID3~ ) [+ TS/T-
10001 101 25 101 0 101 0 0
10002 101 | 56.95353| 101 0 101 0 0
10003 101 | 63.20698 | 101 0 101 0 0
10004 103 50 101 0 101 0 0
10005 103 50 101 0 101 0 0
10006 101 20 101 0 101 0 0
10007 101 |42.89169| 101 0 101 0 0
10014 101 12 101 0 101 0 0
10015 101 14 101 0 101 0 0
10016 101 19 101 0 101 0 0
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Appendix D Buckling Calculations

D.1  Plate Buckling

Three separate buckling factors (K) are determined for a plate based on the normal stress acting
in the plate’s long direction (Gx, Case #1), the plate’s short (or transverse) direction (Oy, Case

#2), or the shear stress (Txy, Case #15) in the plate. Each buckling factor is multiplied by a
correction factor which is dependent on the plate’s aspect ratio (panel length / width).

For a uniform compressive stress acting in the plate’s long direction, the buckling factor is
reduced to Kx = 4.0* Frong, Where the correction factor Frong IS determined based on the stiffener
type and end supports as detailed in Figure D-2. The critical buckling stress is equal to the
plating yield strength multiplied by the reduction factor Cx as outlined in Figure D-1.

Case Stress | Aspect Buckling factor K Reduction factor C
ratio | ratio o
1 o When g, < 0:
Al
. = Kx = F.'ong EE;]: 1 Cx =1
— s Al VL When g, > O:
= =i _
w: = - C,=1forL<h,
! A f1 0224
= K = Flone [7.63 -y (6.26 - 10y)] C.,=c I.\ 3 2 ,-l for A= A,
A
o
where:
L c=(125-012y)=<125
VI | Ky = Fiong [5.975(1—y)"] f
> A= Sf1+ |1 088
20 Al c
Figure D-1. Plate Buckling Factor (Kx)
Tahle 2 : Correction factor F,,,,

Structural element types Fiong c
Unstiffened Panel 10 MN/A
Stiffened | Stiffener not fixed at both ends 10 M/A

Panel  "stitfener | Flat bar® : 010
fixed at - F..=c+1for *¥=>1
Bulb profil tong = € ar == 0.30
both ends ub protie ¢ tp
Angle profile 0.40
_ SRS ty
T profile Fiong= ¢ | t_f'l +1for==1 0.30

Figure D-2: Plate Buckling Correction Factor (FLong)
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If the uniform compressive stress acts in the plate’s short direction, the buckling factor Ky
reduces to Ky=Frran*(1+1/a2)%. While the correction factor Frran is equal to unity, the
reduction factor Cy is governed by the relationships defined below in Figure D-3.

2 When g, = 0:
/ ) c,=1
T 201+ =] . )
of [T T30 p F (. When g, > Or
r \ y = Fran (1—y)(2 ‘1 R+F? (H=-R)\
’ _ 1+wy+ |—+69fl| C,=c| -7
o [ILI==2 | o 100 y=C\x 22 )
Al
* = = (1- - where:
Al o<6 |fi=(1-w)la—-1)
~ c=(125-012y)=125
_ F, By 14 R=A(1-A/c)for L< A,
a>6 |1t 7 Dﬁ'-\i‘g]'a“ E,Ji _ ,
R=022for A=A,
but not greater than 14.5 —0525 A, = 05¢c (1+./1-088/¢c)
. _ K
) 200F, (1 )’ F= [ —|0—91—1|/;5,,] ;20
v

(1—1,)(100 + 2.4B% + 6.9f, + 23f,)

Ap=A"-05for1<i;<3

= ¢, as defined in [2.2.3
> |fi= 06|B+14[31 2[;‘ ]
‘_l' . H=jp-—=" =R
ﬁlm o but not greater than 14 5— 0. 35p° o (T+ -\."'T—ﬂl)
" 2 14 1
1":: el 154 3
> >

Figure D-3: Plate Buckling Factor (Ky)

For shear stress loading of the plate, the buckling factor Kt is a function of the plate geometry,
while the critical shear stress reduction factor Ct =1 for A< 0.84, and to 0.84/ A for A >0.84,
where A is the reference degree of slenderness.
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Case Stress | Aspect Buckling factor K
ratio | ratio o
15
T _ |k, = ﬁ[5_34+—2J
( « |
— T
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D.2  Stiffener Buckling

The ultimate buckling capacity for stiffeners is developed not from the recovered beam stresses
in the stiffener itself, but rather from the stress response of the adjoining plating.

The buckling response is a function of three stress quantities according to the following
interaction formula:

BC = (ca+ op + ow) / Fry

1. Axial stress
Predominate response.
Function of plate and stiffener geometry.
Directly proportional to plating normal stress-X.

s t, T A,

O, = O, T
: xbef}’itp-'_’ﬂ's

2. Bending Stress
Function of lateral deformation (w) and lateral load (Pz)
Function of external lateral pressure (P)
Function of stiffener and plate geometry

o - Bending stress in the stiffener, in N/mm?:
_ Mo o M1
% = F000z7
Z - Net section modulus of stiffener, in cm?, |
he taken as:
* . .
M, = C; L for continuous stiffener
24x10
I,2
M, = C |P|S‘3 for sniped stiffener
8x10
CPowoy
M, = F: — | with ¢;—P,>0
“Cr— 'Dz g
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P, : Nominal lateral load, in N/mm?2, acting on the stiffener due 1o stresses, g,. g, and 7, in the attached
plating in way of the stiffener mid span:

B E.E [ T S"-2 N

P: =2 {0u —| +2cyo,+ ,\/{QTIJ

z f

/ A
Oy =70, |1+ STS :1 but not less than O
"

|' -
u=l-t N/Ren_p E(+ %I but not less than 0

2
=]

3. Torsional Deformation Stress
Function of fixity of ends
Function of stiffener and plate geometry
Function of material properties

ty
Yo = 2 for flat bar.
Yo = b= A t;; t br for angle and bulb profiles.
b
Yo = 2 for T profile.
va
/ t 2
(T \ (m)\* 1
o, = Ev, (Z+h,) & (E) -1
v = B (g ¥h) o3 |1 _04Rans
;yosr
-z Z
( 3 .
®, = — 10° E (en” I, 107
i oer = £ ( : 0.3851,)
Flat bars® Bulb, angle and T profiles i
1 3 s 2
P h,, t: (A.‘ (e;— 0.5t) +A, eg] 10~
3x10 \ 3
I h, t - e : A
T Mbe(y0eslx) | (GOSWL(y g6zt )+ Bl (1 063 k)
3x10 h., 3x10 $ e—0.5t/ 3.10%" b,/
lo hSiS Ase? b} (At 264,
36x10° 12x10° \ AFA, /
for bulb and angle profiles.
bf ts e,:
12x10°
for T profiles.
@) t, is the net web thickness, in mm. t,_,,, as defined in [2.3.2] is not to be used in this table.
e : Distance from attached plating to centre of flange, in mm, (£ ]2 10_3
e, = h,, for flat bar profile. \
€=1+
e;= h, - 0.5 t,for bulb profile. T SF5 e;—05 t')
e,= h, + 0.5 t,for angle and Tee profiles. ;’ @\ tg t2
"
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Appendix E  ESB Buckling Response

In a hogging condition, the bottom and lower sides of the ship’s hull will be in compression
while the upper sides and Mission Deck experience a tensile condition. As stated previously, the
natural (still-water) hog of the ship coupled with hogging from waves is the driving loading
condition. The buckling coefficients seen in the following figures are therefore for the bottom
and lower side plating and stiffeners of the ship in hogging conditions.

Hull Stiffener Buckling Response
HOG Wave - 0% Corrosion
0.70
0.60 * *
_E 0.50 ’f T
% o | GHNNS 400009, ¢ 14m
8 m115m
030 -
= a A9m
5020 o6m
0.10 Adm
0.00
30 20 -10 0 10 20 30
Longitudinal (L-27 ->> L+27)
Figure E-1: Hull Stiffener Buckling Response — Hog Wave - 0% Corrosion
Hull Stiffener Buckling Response
SAG Wave - 0% Corrosion
0.35
oo g 'y
§ 025 A ;-ﬁ-’hﬁ-!# g
E 0.20 _4’% M ‘A . ¢ 14m
& Amg AMARLL MANNARS A = 115m
8 0.15 -
£ A9m
Somw B eem
* *
0.00
30 20 -10 0 10 20 30
Longitudinal (L-27 ->> L+27)

CSRA=:

Figure E-2: Hull Stiffener Buckling Response — Sag Wave - 0% Corrosion
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Hull Stiffener Buckling Response
14m HOG Wave
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Figure E-3: Hull Stiffener Buckling Response for Various Corrosion Levels — 14m Hog Wave

Hull Plating Buckling Response

Hog Wave - 0% Corrosion

o
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Figure E-4: Hull Plating Buckling Response - Hog Wave - 0% Corrosion
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Hull Plating Buckling Response
Sag Wave - 0% Corrosion
0.07
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Figure E-5: Hull Plating Buckling Response — Sag Wave - 0% Corrosion
Hull Plating Buckling Response
Sag Wave - 25% Corrosion
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Figure E-6: Hull Plating Buckling Response — Sag Wave - 25% Corrosion
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