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SECTION 1.0
INTRODUCTION

1.1 BACKGROUND

The basic hull and deck structure of a ship consists of steel plating reinforced with longitudinal
stiffeners and transverse frames. The steel plating often experiences permanent plastic deformation
from in-service loads, as well as from construction induced loading caused by welding or forming.
The plate deformation is greatest between stiffeners and frames and can result in the ship hull
exhibiting a “hungry horse” appearance. Such plate deformations may be caused by various loads
such as ice pressure, green water, wave slamming, docking, and wheel loading on decks. Design
guidelines are available that permit a level of permanent set or inelastic deformation in certain
locations on the ship and under specified conditions. These design guidelines are often expressed
in terms of maximum plate deflection based on location in the hull. However, the basis for these
guidelines is not readily apparmm

The types of loading experienced by ship plates, and the magnitude of these loads, is in large
part a function of the location of the plating on the ship. For example, hull structure in the bow is
more likely to experience loads due to slamming action of the ship in a seaway, and the design and
analysis of the bow structure must be performed accordingly. Design of hull and deck sticture
must take into account the effect of many factors, including the effect of ~n season the weather
deck plating, hydrodynamic loading on the hull plating, cargo and equipment loading on the ship
decks, and cyclic loading in the hull structure due to the motion of the ship in a seaway. For
seaway induced loads, the ship structure located farthest from the neutral axis of the ship hull
girder (i.e., deck and bottom shell structure), will experience greater loading levels. The effects of
prior plastic deformation on the structural integrity of ship hull plating must therefore be examined
considering the load intensity and types of loading that the panel is expected to see during service.
A given plate deflection maybe acceptable for a plate panel which is expected to be lightly loaded,
but the same deflection may be unacceptable for a panel which is expected to be heavily loaded
during service.

There are many failure tntis which must be considered in the analysis of ship structure and in
assessing the influence of prior plastic deformation on structural integrity. These failure mmles can
range from large scale whole ship failure, including buckling of the ship hull gider, to localized
failure of individual plate panels. In this study, it was assumed that major ship structure, such as
frames and stiffeners, remained undefoniwd. Therefore, the major failure mode for the panel was
assumed to be rupture of the plating. Emphasis was placed on the effects of prior plastic
deformation on failure of an individual plate panel under additional loading. In this reporq plate
and panel are used interchangeably to refer to the plating bounded by frames and stiffeners. It was
assumed that major ship structure such as frames and stiffeners remained undeformed, therefore
the major failure mode for the panel would involve rupture of the plate. The effects of prior plastic
strain on fracture toughness and flaw tolerance was investigated. Jn addition, the influence of plate
panel deformation on maximum strains in the plating was determined. These analyses were used
to develop a methodology for establishing maximum allowable plate deformation criteria.

1.2 OBJECTIVES

The overall objective of this investigation was to develop a met.lmlology for evaluating the
structural integrity of permanently deformed ship hull and deck plating. The methodology was to
be applicable to establishing criteria for repair or replacement of ship plating. Specific goals of this
investigation were as follows:



● Compile and compare current criteria for replacement of deformed ship plate, considering
both initial construction and in-service inspections.

● Identify and document typical ship plate deformations and strains by means of ship
checks.

● Develop the strairddeformation relationships for representative ship plates using ftite
element analysis methods.

● Investigate the effects of deformation and strain on the flaw tolerance of ship hull steels.

● Propose a metldology for developing ship plate repair criteria.

1.3 APPROACH

1.3.1 Plate Deformation Criteria

Various classification societies and agencies were contacted in order to identify the levels of
permanent deformation considered acceptable in ship hull and deck plating. The goal of this effort
was to determine the guidelines used by the smeyors of several societies to judge whether a
deformed plate was suitable for continued use, or required replacement. The guidelines received
from the classification societies were compared to actual deformations measured during the ship
surveys conducted in this investigation.

1.3.2 Ship Surveys

A number of commercial and U.S. Navy ships, and Military Sealift Command ships built to
commercial specifications, were surveyed to quantify the various types of hull and deck plating
deformation encountered in service. During these w.rmeys,deformed areas of unstiffened plating
were selected for measurement of the magnitude and distribution of plate deflection. In addition to
the plate deflection, the size, thickness and location of the plate was established. Where possible,
photographs were also taken of the deformed areas sumeyed. Results of deflection measurements
were used to estimate the local bending and membrane strains present in the plate.

1.3.3 Finite Element Analysis

A parametric study was perfotmed using nonlinear finite element analysis methods to determine
the deflectiotistrain characteristics of steel plates rigidly supported along four edges. The
thickness and aspect ratio of the plates were varied and were intended to represent the dimensions
of those encountered during the ship sumeys. The plates were subjected to increasing normal
pressure loadings that resulted in signtilcant deflection. Both local bending and membrane surface
strains were determined through the finite element analyses. Relationships between maximum
plate deflection and maximum bending strain and membrane s~ain were developed for comparison
to the ship survey estimates and for use in the fracture mechanics analysis.

1.3.4 Fracture Mechanics Analysis

Various fracture mechanics approaches to estimate the effect of prior plastic deformation on the
flaw tolerance of ship steels were critically reviewed. These approaches included theJ-Integral,
the Crack Tip O@ng Displacement (~OD), the Tearing Modulus and Strain Energy Density
methods. Based on this review, a fracture mechanics approach was selected and used to estimate
the effects of prior plate deformation on flaw tolerance or resistance of the plate to unstable
fracture.



1.3.5 Methodology for Establishing Deflection Criteria

The results of the above measurements and analyses were used to propose a methodology for
establishing criteria for repair of deformed ship plating. The methodology employs a knowledge
of the maximum likely flaw size, the maximum operating stress or strain, and fracture toughness
properties to determine whether the deflection measured in ship hull or deck plating is acceptable or
must b,erepaired Recommendations are provided for the development of acceptance criteria.



SECTION 2.0

2.1 INTRODUCTION

SHIP PLATE DEFORMATION CRITERIA

Ship plating often experiences permanent deformation when subjected to in-service loads.
Ship weight and material cost considerations dictate that some amount of pmnanent plate
deformation be allowed This permanent deformation can not be so gma~ however, that the
strength and watertight integrity of the ship structure are compromised. In order to identify current
criteria for allowable permanent plate deformation, various classification societies were contacted
and documentation concerning tolerance requirements was reviewed.

The classtication societies and agencies contacted in this study included Nippon Kaiji Kyokai
~) [11,~e~c~ Bwau of shipp~g (AIM) [21, Btitish Maritime Technology International
(BMT), Bureau Veritas, Lloyds Register of Shipping [3], and Det norske Veritas (DnV) [4].
Additional criteria were obtained from publications and design requirement manuals of the Ship
Structure Committee and the U.S. Navy. The deformation criteria included those used by
Ishikawajirna-Harima Heavy Industries, The Society of Naval Architects of Japan (SNAJ),
Noggrannhet vid Skrovbyggnad, and the production standard of the German Shipbuilding
Industry [5]. The information obtained during this search yielded ship plate deformation criteria
that falls into two categories. The fit category, and the category for which the majority of the
information was obtained, concerns new construction &formation limits. These are included here
for completeness, though new construction tolerances are not the main concern of this study. The
second category of criteria concerns deformation limits for ships that have been in service and are
subject to periodic surveys. Though this information is directly pertinent to the goals of this study,
few of the societies contacted quantify the in-semice deformation criteria used during their surveys.

2.2 NEW CONSTRUCHON ALLOWANCES

Plate deformation during ship construction is caused by factors such as weld stresses and fit-up
tolerances allowed during fabrication. Typically, these deformation allowances are small, since
they must result in a fair ship. The new construction defamation allowances imposed by the
classification societies contacted during this investigation are summarized in Table 2.1.

2.3 IN-SERVICE ALLOWANCES

While data on new construction plate deformation allowances was easily obtained similar data
for in-service allowances was more difllcult to obtain. Out of 11 classification societies and ship
design agencies surveyed, only one provided specific in-service plate deformation criteria. For the
most part, the interviews with sumeyors and authorities in the various societies indicated that there
are no written guidelines for maximum in-service allowable plate defcmnation. It apprs that
surveyors are trained by other experienced surveyors to accept or reject a deformed plate based
upon “rule-of-thumb” guidelines, and not upon a comparison of measured deflections versus
established deflection criteria.

The most useful in-selvice plate deformation criteria was provided by the Survey Department
of the Teaneck, New Jersey office of Det norske Veritas. These criteria, used in buckling
analyses, are as follows:

● For shell plating located in the Oto 0.25L (where L = overall ship length) and in the 0.75L
to 1.OLpordon of the hull, the maximum permissible indent is 0.05 times the minimum span
length between stiffeners (or b/20, where b equals the stiffener span).
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● For midbody plating (0.25L to 0.75L) the following guidelines are observed If the
observed deformation is 10mm to 30mm in depth, the ship owner is notified and the damage is
recorded If the observed deformation is greater than 30mrn (about 1-3/16 inches) the surveyor
will recommend repair or replacement of the plating.



Table 2.1 New Construction Plate Deformation Limits

AGENCY

Ishikawajima-Harima Heavy Irr&rstrka Japsnese Shipbuilding Qualiiy Standard - German SIr@uilding Indushy
(JAPAN) SNAJ (JAPAN) (G~

SHIP Loeadon AUow*bk LQeation Allowable Location Allowable
COMPONENT’ kit Limil Iimil

Skkshell and L Paris whhin 0.6L* 6mm 1. Parallel part, side and 6mm 1. Above watedirre 15 mm
kttun shell midbody lmtrom 2 Belowwaterline

2,ForeandAft 7mm 2.Fore and all 7mm 18 mm

Dcmble Irouem L Tankq 6mm L Tank Top 6rom Inner battom 18 mm
2 Floor 8mm 2 Flmr 8 mm

Bulkheada L Imngimdinal 8mm 1. Longitudinal 8mm 18 mm
2 Transverse 8mm 2. Trarrsveme 8rmn
3. Swash 8 mm 3. Swash 8mm

Main srrrrctural L Expsed part within 6smn 1. Exposed pall Wirhio 6mm
deeks 0,6L” midbdy 0.6L” midbdy

2 EX~SCd part fom and 9mm Z Eqmsed part fore and ah 9mm Topside decks 15 mm
aft 3. I%lclosed part
3. Enclosed part 9mm 9mm

Secomd Deck 1. Expwzd psrt 8mm L Expaed part 8mm
2 Enclosed pan 9mm 2. Enclosed part 9mrn

Superatrrsuum 1. Exposed pan 6mm 1. Exposed part 6mm 15 mm
ikh and W~ 2 Enclosed parl 9mm 2. Enclosed part 9mm

Web & girder and 7mm 7mm
transverse

Cross dcxk 7mm

Forecastle and L Bare part 6 mm
~ dedu 2 Coveredprt 9 mm

HcnMe walI L Owsidc 6mm 15 mm
2 Intide 6mm
3. Ccweredpart 9 mm

Sheer shake 15 mm

~ L = Overall lengh of ship,



SECTION 3.0
SHIP’ SURVEYS

3.1 INTRODUCTION

Surveys of ship hull and deck plating we~ep-formed in order to obtain information on
deformation patterns in ships currently in service. This data was obtained in order to accomplish
the following

● establish a database for hull and deck plate deformations on ships currently in
semice, and

● determine realistic deformation values for use as input parameters to analyze the
stress, strain, and fracture characteristics of ship plates.

All ship smveys were performed over a period of seven months on both commercial and naval
ships, including some Military Sealift Command ships built to commercial specifications. The
ships were surveyed both in dry dock and in the water, depending upon availability. The surveys
were performed during the period of March 1989 through September 1989 at Bethlehem Steel
Corporation Sparrows Point, Philadelphia Naval Shipyard, Norfolk Naval Shipyar~ Norfolk
Shipbuilding and Dry Dock Corporation, and the Military $ealift Command Docks at Lambert’s
Point in Norfolk, VA. The ships sumeyed included three akraft camiers, five destroyers, a naval
auxiliary ship (an oiler), a Military Sealift Command FBM support ship, a Military Sealift
Command vehicle cargo ship (SL-7), and two commercial cruise ships.

Table 3.1 identies principal characteristics of the ships surveyed [6,7], and Table 3.2
describes the spectic location of the plates measured during the sumeys. In addition to the ships
listed in Table 3.1, a preliminary survey of a commercial container ship was prformed at
Bethlehem Steel Corporation’s $paxrows Point Yard on February 28, 1989 to evaluate and finalize
measurement procedures. Also, the vehicle deck of the Military Sealift Command vehicle cargo
ship Sgt. Matej Kocak USNS T-AK 3005 was surveyed however, no significant deformations
were observed in the deck plating.

Although the ship survey attempted to include as wide a range of ship types as possible, the
survey of the thirteen ships listed on Table 3.1 was based primarily on ship availability, and ship
owner and shipyard willingness to allow the sumeys to be conducted These factors prevented the
surveying of large numbers of commercial ships since most shipping companies did not respond
favorably to requests to perform sumeys of their vessels. Also, additional survey opportunities
were lost due to the requirement stipulated by some private shipyards that the sruveyors be covered
by longshoreman and dock worker insurance. These factors resulted in a huger number of sumeys
being performed on U.S. Navy combatant ships than on commercial or Military Sealift Command
ships built to commercial spetications. The sumey also attempted to include as wide a range of
plating types and deformations as possible. Deck, side shell, and bottom shell plating were
surveyed and included bow, amidships, and stern locations. The deformations were grou@ as
sea slap/slamming or impact typs. The specific locations measured were limited m those with
relatively large &flections, and with no associated sdffener kfoxmation. This was in accordance
with direction given by the Ship Structure Committee.

3.2 SURVEY METHODS

The initial step in each ship survey consisted of a walk-around inspection of the ship hull and
deck areas to determine plate deformations suitable for measurement. For ships located in dry
dmk, a bottom survey was also performed. The criteria used to select survey locations was based
on size of plating defomnation between stiffeners, accessibility, and type and location of panels.
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Table 3.1 Principal Chmacteristics of Ships Surveyed

Ship U.S. Navy Ship Type Length Overall FuNLoadDisplacement

Designation (feel) @ng Tons)

USS Kitty Hawk CV-63 Aircraft carrier 1,046 81,773

USS Detroit AOE4 Fast Combat Suppu-t Ship 793 53,600

USS Kidd DDG-993 Guidd Missile Destroyer 563 9374

USS Kennedy CV-67 Akra.ft carrier 1,046 80,M1

USS Datdgren DDW3 Guided Missile Destroyer 512.5 6,150

USNS Denelmla T-AKR 289 Vehicle Cargo Ship 946.2 55355

USNS Vega T-AK 286 Cargo Ship 483.3 15,404

CommercialShip - PassengerShip 619.1 30325

CommercialShip - PassengerShip .

Uss King DDG41 Guided Missile Destroyer 512.5 6,150

USS Conyngham DDG-17 Guided Missile Destroyer 437 4,825

Uss Hayler DD-997 Destroyer 563.2 8,040

USS Roosevelt CVN-71 Aircraftcarrier 1,092 %,400

When a smvey ship was in dry dock, a basket-w lift was used to tmsition the srwey team at
the location of the deformed panel. In some cases, ~closer examination;of a def~~ p%el
revealed that the deformation was not nearly as extensive as it appea.ted to be fi-oma distance. In
these cases, a nearby panel which appeared to be relatively undeformed when viewed from a
distance was often found to have more extensive deformation, and was therefore measured.

When the ship to be surveyed was located in the water, a launch was obtained and used to
allow the sumeyors to make the initial inspection Ofthe ship’shull. Panels were selected for
measurement using the same criteria as fur the ship in dry doclq and the launch was used to
position the smeyors within reach of the hull panels. The use of a launch to position the
surveyors limited the area of the hull consi&re.d for survey to an area from the waterline up to a
height of about twenty feet above the waterline. k general, the majority of hull panel
deformations observed on ships surveyed in this study wcun-ed within this region of the hull.

3.3 DATA COLLECTION

,Once a deformed panel was selected for survey and the sumeyurs reached the are% the size of
the unstiffened panel was &temin@ and a grid pattern was drawn on the plate with chak When
possible, the grid boundaries were selected to coincide with the stiffeners bounding the deformed
plate.
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Table 3.2 Ship Survey Plate Panel Locations

Measurement Ship Survey PlateLocation

Date

1 USSKittyHawk,CV-63 3-22-89 PortSide Shell, Bow, About 12 ft. Above
Waterline

2 USS Kitty Hawk, CV-63 3-22-89 Port Sponson Shell, Fwd Panel,About6 ft. Below
Deck

3 USSDetroit, AOE-4 3-22-89 Port Side Shell, Stem, at Waterline

4 USS Detroit, AOE-4 3-22-89 Port Side Shell, Stem, at Waterline

5 USS Kidd, DDG-993 3-22-89 Port Side, Fwd Amidships at Frame 103, 6 ft.
Above Waterline

6 USS Kidd, DDG-993 3-22-89 WeatherDeck Centerline,Bow, atFrame15

7 USS Kennedy,CV-67 5-1o-89 StarboardShell, 20 ft. Fwd of Stern, 10 ft. Akve
Waterline

8 USS Kennedy,CV-67 5-10-89 Port Shell, Undersideof Aft ElevatorFairing,
10 f~ AboveWaterline

9 USS Dahlgren,DDCA3 5-1o-89 Port Shell, Fwd of Frame 43,20 fL Above
Waterline

10 USS Dahlgren,DDG43 5-10-89 Port Shell, Stern, at Waterline

11 USNS Denebola,T-AKR 289 5-11-89 StarboardStorage Deck 2, near Frame 228

12 USNS Vega, T-AK 286 5-11-89 Port Side Shell, Amidships,Frame 149, at
Waterline

13 USNS Vega, T-AK 286 5-11-89 Port Side Shell, Stern, Frame 176, Below
Waterline

14 CommercialPassenger Ship 9-11-89 StarboardBottom Shell, Amidships

15 CommercialPassengerShip 9-11-89 StarboardSide Shell, Amidships,at Waterline

16 CommercialPassenger Ship 9-11-89 Port Side Shell, Bow, 6 f~ Above Waterline

17 USS King, DDG41 9-12-89 StarboardSide Shell, Bow, at Waterline

18 USS King, DDG-41 9-12-89 Port Side ShelLBow, at Waterline

19 USS Conyngham,DDG-17 9-12-89 StarboardSide Shell, Bow, 1 ft. AboveWaterline

20 USS Hayler,DD-997 9-12-89 Port Side Shell, Amidships, 1 f~ Above Waterline

21 USS Conyngham,DDG-17 9-13-89 StarboardSide Shell, Stem, Frame 193,5 ft-
AboveWaterline

22 USS Hayler,DD-997 9-13-89 StarboardSide Shell, Bow, 1 ft. Above Waterline

23 USS RoosevelLCVN-71 9-13-89 StarboardElevator, UndersideSponson Shell

9



In instances where the transverse stiffeners were spaced a great distance apart (as in the case of
some aircraft carrier hull measurements), the boundaries of the grid were located on a transverse
stiffener on one side, and on an area of undeformed plating on the other, totally encompassing the
deformation in the plating. While the location of the ship’s stiffeners was usually apparent when
viewed from a distance (such as from the bottom of the dry dock) it was more difficult to locate the
stiffeners when the surveyors were close to the hull surface. In those cases where the location of
the stiffener was not readily apparent, an ultrasonic thickness gauge was used to locate the
stiffener. The size and spacing of the grids were chosen to ensure both that the maximum
deformation in the plate was measured, and that an accurate representation of the overall
deformation pattern in the plating was recorded Each node in the grid pattern was numbered to
correspond to numbering on the data table where measurements were recorded Figure 3.1 shows
a typical grid pattern laid out over a deformed area of ship plating.

In order to determine the thiclmess of the plating, an ultrasonic thickness gauge was used at
each grid point, as shown in Figure 3.2. In some instances, thickness measurements were not able
to be obtained, since at some locations the paint on the hull was chipped and peeling, and did not
allow an adequate sonic coupling. This was especially true for ships using special ablative pain~
such as the USS Detroiq however, the overall success in obtaining readings was considered good.

After obtaining plate thickness data at all node ltxations, measurements of the depth of plating
deformation were taken. Two different methods were used to determine the depth of deformation
in the plating, depending on the size of the panel. The first meth@ for panels with stiffener
spacing of 24” or less, used a specialized measuring device obtained from the David Taylor
Research Center (DTRC) in Carderock, Maryland. This DTRC device, shown in Figure 3.3,
consisted of a gauge guide used in conjunction with dial indicator gauges to measure the relative
depth of the plate deformation. The dial indicator gauges had a precision of 0.001”. This DTRC
device consisted of two machined guide rails supported in a metal frame, and was attached to the
ship’splating with four adjustable magnetic feet. The guide rails provided a flat, level surface on
which the dial indicator gauges were mounted to obtain a deformation reading, as shown in Figure
3.4. Since the span length of the guide rails was 24”, this was the largest stiffener spacing for
which this method of plate deformation measurement was used. The second method usd in cases
where the stiffener spacing exceeded 24”, was the Machinist Scale/Straight Edge Method. In this
meth~ a rigid drafting straightedge was held between the stiffeners to give a zero deformation
baseline, and a machinist scale with a precision of 1/64” was used, as shown in Figure 3.5, to
measure the amount of deformation at each grid poin~ Photographs were taken, when possible, of
each deformed panel and grid layout pattern in order to provide a record of measurements and to
aid in data reduction after the survey.

3.4 DATA REDUCIION METHODS

Deformation measurements obtained using the Machinist Scale/Straight Edge Method
represented the true amount of plate deformation and did not require any data reduction. However,
when the DTRC device was used, data reduction was necessary to obtain the actual values of
permanent plate deformation. The displacement values read on the DTRC dial indicator at each
frame were taken as reference points of zero deflection. The subsequent readings at each grid point
were then reduced by an appropriate amount based on an interpolation of the reference readings at
each frame. The resulting difference represents the amount of deformation. The data reduction
results provided an accurate representation of the amount and location of the deformation in the
plating surface.
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The resulting deformation data was used to draw contour lines representing the profile of the
various deformed plates. This data, along with the plate thickness and size, was used to estimate
the amount of strain in the deformed plating.

3.5 RESULTS

Table 3.3 provides a summary of the deformations measured during the ship surveys. The
table summarizes the plate deformation data provided in Ap~ndix A. It was found that maximum
panel deflection occurs during impact-type loading. In most cases, the impact-type deflection was
highly localized and did not involve overall panel deformation. The other type of deformation was
attributed to wave slap, wave slap coupled with impact loads, wheel loads, or hull grounding
loads. This typ of deformation was more uniform and generally was less than the localized
impact-type deformation.

Table 3.4 presents estimated maximum strain measurements calculated from the deflections
obtained during the ship survey. The maximum membrane strain was calculated by estimating the
elongated length of the panel ~, through the section with the greatest deformation, and comparing

this with the undeformed length Lu through the same section. The membrane strain em can then be
approximated as:

(3-1)

The maximum bending strain was calculated at the point on the edge of the panel where
maximum bending occurs. This was located as the point inside the edge of the panel with the
greatest deflection (A)relative to the edge. Using these two points on the panel, the radius of
curvature (R) of the panel was determined at its edge. As shown by Reference [8], the bending
strain &bcan then k approximated as:

&b= A/R (3-2)

As noted in this reference, there are no material properties used in the derivation of this
equation; therefore, this relation can be used for inelastic as well as elastic problems. In the case of
panels deformed by impact - type loads, the maximum strains were calculated at the panel edge
closest to the center of the deformation. In the case of panels deformed by wave slap, wheel loads,
or hull grounding, the center of deformation and the areas of maximum strain are located in the
center of the panel and at the panel edges, respectively.
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Table 3.3 Ship Survey Plate Panel Deformations

Measurement* a b #b t Steel Type Maximum Deformation
Delection T)p I

1 144” @,, 2.25 0.799” HSS 2.0 Impact

2 60” 24” 2.5 0.350” HSS 0,444” Wave Slap/
Impact

3 120” 3(J! 4.0 0.591” ** 0.812” Impact

4 a“ 30 2.13 0.598” ** 4.25” Impact

5 28” 27” 1.() 0.433” ML-S-22698 0.295” Wave Slap

6 21” 15” 1.4 0.433” ML-S-22698 0.048” Wave Slap ‘

7 ##1 4g,! 1.0 0.600” ** 3.469” Impact

8 24” 16 1.5 0.380” ** 1.245” Impact

9 32” 28,, 1,14 0.437” HY-80 0.484” Wave Slap/
Impact

10 42 30 1.4 0.45” HSS 1.094” Impact

11 24,, 18” 1.33 0.875” ABS Grade A 0.064” Wheel Load

12 32” 3(yl 1.07 0.725” AIM Grade A 2.594” Impact

13 32” 26” 1.25 0.583” ABS Grade A 1.125” Impact

14 100” 32” 3.13 0.95” ** 1.031“ Hull
Grounding

15 36” 16” 2.25 ** ** 1.938” Impact

16 26” 24” 1.08 0.638” ** 1,016’” Impact

17 30” 24” 1.25 0.438” HY-80 1.016” Impact

18 ~“ 38,, 1.58 0.46” HSS 1.188” Impact

19 48,, 18” 2.67 0.409” HSS 0.622” Wave Slap/
Impact

20 48,, 18” 2.67 0.488” MIL-S-22698 0.969” Impact

21 ,52,, 29” 1.8 0.50” HSS 1.031“ Impact

22 30” 24” 1,25 0,438” ML-S-22698 2.109” Impact

23 39” 24” 1.63 0.331“ ** 0.219” Wave Slap

* See Table 3.2 for ship and plate location
** Not Available
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Table 3.4 Maximum Estimated Strains in Ship Survey Plates

Measurement ti Maximum Maximum Deformation
(inc\es) MembraneStrain % Bending Strain % T~

1 2.25 0.799 1.12 3.05 Impact

2 2.5 0.350 0,07 0.85 Wave Slap/ Impact

3 4.0 0.591 1.03 1.87 Impact

4 2.13 0.598 11.12 14.62 Impact

5 1.0 0.433 0.10 0.46 Wave Slap

6 1.4 0.433 0.00 0.11 Wave Slap

7 1.0 0.600 1.18 0.86 Impact

8 1.5 0,380 0.72 1.45 Impact

9 1.14 0.437 0.06 0.52 Wave Slap/ Impact

10 1.4 0.450 0.15 0.73 Impact

11 1.33 0,875 0.00 0.18 Wheel Laad

12 1.07 0.725 l.a 2.91 Impact

13 1.25 0.583 0.25 0.60 Impact

14 3.13 0.950 0.03 1.45 Hull Grounding

15 2.25 * 1.10 * Impact

16 1.08 0.638 0.52 1.06 Impact

17 1.25 0.438 0.31 0.88 Impact

18 1,58 0.460 0.09 018 Impact

19 2.67 0.409 0.06 0.94 Wave Slap/ Impact

20 2.67 0.488 0.12 0.15 Impact

21 1.8 0.500 0.05 0.36 Impact

22 1.25 0.438 1.11 1.13 Impact

23 1.63 0.331 0.02 0.27 Wave Slap

* Not Available.
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FINITE

4.1 INTRODU(7HON

Permanent plate deformations affect

SECTION 4.0
ELEMENT ANALYSIS

the residual strength characteristics of the plate. The
strains induced-in a plate by deformation reduce the resid~al load carrying capaci~, mdify the
buckling characteristics, and reduce the flaw tolerance or fracture toughness of the plate. In order
to assess the effects of plastic deformation on plates, a parametric study was conducted to
determine the &formation/strain relationships of normally loaded plates of differing aspect ratios
and thicknesses. The results of this study were compared to estimated strains from ship surveys
and were used in developing a methodology for establishing deformation criteria. Table 4.1
summarizes the as~ct ratio/plate thiclmess combinations analyzed in this study. Each plate
analyzed was assumed to be completely llxed along all edges, and was subjected to uniform
pressure loadings into the plastic range. The uniform normal pressure loadings were meant to
;epresent the lo-ting of a ;hip plate ~ubjected to a wave slap. -

Table 4.1 Plate Aspect Ratios and
Thicknesses Used in Parametric Study

Plate Size (inches) Plate Thickness (inches)
24X 24

(Aspect Ratio = 1.0) 3/8 5/8
48X 24

(Aspect Ratio = 2.0) 3/8 5/8

4.2 PARAMETRIC STUDY APPROACH

The deflectiordstrain relationship for the dates in Table 4.1 were determined using ftite
element analyses utilizing a large kformatio~, material nonlinear, static solution. Fa”a given
plate configuration, a quasi-static load function was used to apply normal pressure loads of
increasing magnitude to the plate. Each applied pressure load created a defomnation and a
corresponding state of induced strain in the plate. The results of the finite element analyses of each
plate were used to generate curves relating the deformation of the plate to the induced levels of
strain in the plate.

4.3 FINITE ELEMENT MODEL DETAILS

The parametric study of plate panels subjected to uniform normal pressure loadings was
performed using the PC-based finite element program COSMOS/M [9]. Initial attempts to perform
this study using mainframe-based finite element programs such as NASTRAN [10] and ADINA
[11] proved unsatisfactory, mainly due to the excessive run-time and costs associated with
performing this type of nonlinear analysis. The assumptions and mtieling strategies used in the
COSMOS/M parametric study for each of the plates listed in Table 4.1 are discussed in detail in the
following paragraphs. These details are identical for each of the four cases listed in Table 4.1.
Anyone wishing to perform a similar analysis for a plate with a different aspect ratio, thickness,
edge constraint, etc. may use these assumptions as a guide to modeling and performing the
analysis.

In setting up a finite element model for a nonlinear analysis on COSMOS/M, the user may
select from a number of options concerning the solution method to be used the integration scheme,
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the element representation, and the like. Before kginning this parametric study, a number of test
cases were frostperformed on small models using various combinations of options, in order to
determine the most effective combination of options for the m-oblemat hand. The final ot)tions
chosen for the analysis are summarized in Ta61e4.2, “

,

Table 4.2- COSMOS/M Options Chosen For Parametric Study

T~ of Elementi Nonlinear 20-node isoparametric solid, using 3x3x3 integration order
Problem Formulation: Large displacement, Updated Lagrangian formulation
Material Type: Von-Mises elasto-plastic nrtil, utilizing a muhi-linear stress-strain curve
,Solution Technique: Regular Newton-Raphson Meth~
Integration MethO& Newmark-Beta Methti

From Table 4.2 it is seen that the finite element plate models were constructed using 20-node
solid nonlinear elements. The geometty of a typical COSMOS/M 20-ntie solid element is shown
in Figure 4.1. These elements are more mathematically complex than finite element plate or shell
elements, and thus require greater analysis time for solution convergence. However, discussions
with NASTRAN, ADINA, and COSMOS/M technical personnel indicated that for the type of
analysis to be performed in this study, the use of plate or shell elements would not be appropriate,
and would yield questionable results if the strain levels in the elements exceeded approximately 1 to
2 percent. It was recommended that 20-ntie solid elements be used. It was further suggested that
each plate should be modeled using a relatively fme mesh, and the increment between applied loads
be kept small. For each plate analyzed in this study, this necessitated the creation of a finite
element model with a large numlxr of elements and nodes.

@

o15

FIGURE 4.1. TYPICAL COSMOS/M 20-NODE SOLID ELEMENT
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FIGURE 4.2. TYPICAL PLATE DIMENSIONS (FOR A/B = 2.0 PLATE) SHOWING REGION
MODELED FOR ANALYSIS

In order to keep the size of each plate model manageable, symmetry conditions were used to model
each of the plates. Figm 4.2 shows atypical 48” x 24” ship plate bounded by frames and
longitudinal stiffeners, indicating the region of the plate actwdly modeled in the COSMOS/M
analysis. The COSMOS/M finite element model of this region is shown in Figure 4.3. This model
is constructed from 2562Dnode, nonlinear solid elements, generated from 1,955 node points,
The corresponding stiffness matrix for this model contains 1,612,685 matrix elements, and
analysis requires the simultaneous solution of 5,216 equations. Typical running time for this
model using a DTK 486 computer was found to be approximately 20 hours. The costs associated
with running such a model using a mainframe-based finite element program such as NASTRAN,
on a time-sharing basis, are prohibitively high, and would exceed the funds allmated for this task.
The mesh used to model the 24” x 24” plates, shown in Figure 4.4, was constructed in a similar
manner.

In each plate finite element model (Figures 4.3 and 4.4), node number 1046 represents the
center point of the plate, and is the point at which maximum out-of-plane deflection occurs when
the plate is subjected to a normal pressure load. The strain levels in element #20, on the fixed
boundary at the center of the long edge, are representative of the maximum bending strains in the
plate. The strains in element #128, at the center of the plate where little bending occurs, are
representative of the maximum membrane strains in the loaded plate.

As mentioned earlier, the fiite element models of Figures 4.3 and 4.4 were constructed using
20-node, material nonlinear elements. The material nonlinearity for each element was modeled
through the use of a multi-linear stress-strain cume input to COSMOS/M. For each of the plates of
Table 4.1, the stress-strain curve for the ship steel of Figure 5.1, curve B was used to represent the
material characteristics of the plate.

Each of the finite element models shown in Figures 4.3 and 4.4 was subjected to a uniform
normal pressure load over its entire surface. In a COSMOS/M nonlinear analysis, the loads are
input through the use of a load-time curve and an incremental loading scheme. In this study,
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MENT ●128

b
EDGE 4

ENT /20

Y

/J-
BOUNDARY CONOITIONS:

Edge 1 - FuLLs restrained

x Edge 2 - FulLq restrained

Edge 3 - Restrained against translation in Y-direction

z Restpoined against rotation about X and Z axes

Edge 4 - Restrained against translation in X-direction

Restrained agoinst rotation about Y and Z axes

FIGURE4.4.COSMOS/M MODELFORPLATE WITHASPE~FL4TI0 OF1.O

thelinearload-time cumeshown in Figure 4.5 wasusedforeach plate model. Outputresultswere
requested attimeincrements ofevery 0.005seconds, orin increments of50psiperstep. Thus,
theCOSMOS/M analyses yielded stmss,strain,and displacementresults aseachplate was
subjected topressure loads of50psi, 100psi, 150psi, etc. Theanalysis ofeach plate continued
until it reached a load which produced a maximum panel bending strain of approximately 10%
(10% strain in element 20). The maximum bending and membrane strains in the plates were then
correlated with the maximum center plate deflections for each applied pressure load.

4.4 PARAMETRIC STUDY RESULTS

The results of the finite element parametric study fm the plates listed in Table 4.1 are presented
in tabular form in Tables 4.3 and 4.4, and graphically in Figures 4.6 through 4.13.
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FIGURE 4.5. LOAD-TIME CURVE FOR COSMOS/M PLATE ANALYSES

In all presentations, the maximum center panel out-of-plane deflections (A) have been
nondimensionalized by dividing by the plate short edge length (b= 24”). Table 4.3 summarizes the
results of the COSMOS/M analyses for each plate, in terms of the maximum bending strains
(strains in COSMOSiM element #20) determined in each plate. In this table, the maximum center
plate out-of-plane deflections (deflections at COSMOS/M node #1046) are nondimensionalized by
dividing by the plate short edge length (b = 24”). Table 4.4 summarizes the results of the
COSMOS/M analysis for each plate in terms of the maximum membrane strains (strains in
COSMOS/M element #128) determined in each plate.

In order to more clearly illustrate the effects of thickness and aspect ratio on the induced
bending and membrane strains for pmsure loaded steel plates, the COSMOS/M results tabulated in
Tables 4.3 and 4.4 are presented graphically in Figures 4.6 through 4.13. The main features of
these cumes are summarized in Tables 4.5 (for bending strains) and 4.6 (for membrane strains).

Comparison of the bending strain tunes (Figures 4.6 through 4.9) with the membrane strain
curves (Figurw 4.10 through 4.13) indicates that for the plates analyzed, the maximum
induced strain levels are the bending strains at the edges of the plate, as expected for panels with
fixed edges. For each particular plate configuration, a given value of A/b corresponds to a plate
bending strain which is higher than the corresponding membrane strain.

Examination of the curves in Figures 4.6,4.7,4.10 and 4.11 would seem to indicate that the
aspect ratio of a plate has Iitde effect on the levels of lxmding or membrane strain induced by
normal pressure loadings; for a given plate thickness, the resulting cuwes for plates with aspect
ratios of 1.0 and 2.0 are practically the same. However, this should ~ necessarily be assumed to
be true for plates with higher aspect ratios. FW plates with higher aspect ratios, it is expected that
the influence of the short side edge would be less, and that the maximum bending strain would be
lower for a given A/b and plate thickness. The only way to verify this is to perform similar finite
element analyses for panels with higher aspect ratios.
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Examination of Figures 4.8,4.9,4.12 and 4.13 illustrate the influence of plate thickness on the
induced plate strains. For a given plate aspect ratio, it is seen that for a particular value of 4b, the
thicker plate (5/8”) has lower levels of induced membrane and bending strains.

To summarize, the following strain/deformation relationships were determined from the finite
element analyses:

●

●

●

●

For a given A/b and plate thickness, the tmding strains at plate edges are greater than
the membrane strains at the point of maximum deflection.
For a given plate thickness, changing the aspect ratio from 1.0 to 2.0 did not
significantly affect the relationships between A/b and maximum strain.
For a given aspect ratio and A/b, the maximum bending strain was greater in the 3/8-
inch thick plate than in the 5/8-inch plate.
similarly, for a given aspect ratio and o, the maximum membrane strains were greater
in the 3/8-inch thick plate than in the 5/8-inch plate.

Table 4.3 Maximum Plate Bending Strains vs. Maximum A/b

MaximumBending Maximumm “
Strain (%)

@ = 1.0, alb = 2.0, ajb = 1.0, a/b = 2.0,
t = 3/8” t = 318” t = 5/8” t = 5/8”

0.00 0.0000 0.000o 0.0000 0.0000

0.25 0.0082 0.0098 0.0055 0.0066

0.50 0.0127 0.0145 0.0087 0.0100

0.75 0.0159 0.0173 0.0109 0.0119

1.00 0.0184 0.0201 0.0127 0.0139

1.25 0.0206 0.0218 0.0144 0.0159

1.50 0.0220 0.0231 0.0162 0.0178

1.75 0.0235 0.0242 0.0180 0.0198

2.00 0.0247 0.0255 0.0199 0.0216

3.00 0.0295 0.0299 0.0259 0.0265

4.00 0.0343 0.0346 0.0317 0.0313

5.00 0.0389 0.0398 0.0371 0.0364

6.00 0.0432 0.0446 0.0420 0.0416

7.00 0.0478 0.0492 0.0467 0.0465

8.00 0.0525 0.0539 0.0508 0.0511

9.00 0.0576 0.0596 0.0547 0.0554

10.00 0.0624 0.0655 0.0585 0.0595

*For b = 24 inches.
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Table 4.4 Maximum Plate Membrane Strains vs. Maximum A/b

Maximum Membrane MaximumA/b ●

Srrain (%)
@b=1.0, #b =2.0, a,lb= 1.0, aJb = 2.0,
t = 3/8” t = 3/8” t = 518” t = 5/8”

0.00 0.0000 0.000o 0.0000 0.0000

0.10 0.0095 0.0090 O.(KM4 0.~58

0.20 0.0180 0.0178 0.0127 0.0118

0.40 0.0312 0.0329 0.0225 0.0213

0.60 0.0429 0.0442 0.0291 0.0295

0.80 0.0497 0.0558 0.0356 0.0353

0.90 0.0532 0.0586 0.0394 0.0393

1s30 0.0563 0,0613 0.0440 0.0443

1.10 0.0594 . 0.0504 0.0499

“Forb = 24 inches.

Table 4.5 COSMOS/M Bending Strain Curve Parameters

FigureNumber Plate ParameterHeld Constant Curves Plotted on Figure

4.6 Thickness= 3/8” As~t Ratio (ah)= 1.0

Aspct Ratio (a/b)= 2.0

4.7 Thickness= 5/8” Aspect Ratio (a/b) = 1.0

As~t Ratio (a/b)= 2.0

4.8 Aspeet Ratio (a/b)= 1.0 Thickness= 3/8”

Thickness = 5/8”

4.9 Aspxt Ratio (a/b)= 2.0 Thickness = 3fi”

Thiclmess= 5/8”

26



Table 4.6 COSMOS/M Membrane Strain Curve Parameters

FigureNumber Plate ParameterHeld Consrant Curves Plotted on Figure

4.10 Tliiclmess= 3/8” As~t Ratio (a/b) = 1.0

As~t Ratio (a/b) = 2.0

4.11 Thickness= 5~” Aspect Ratio (a/b) = 1.0

As~ct Ratio (a/b) = 2.0

4.12 Aspect Ratio (ah) = 1.0 Thickness = 3/S”

Thickness= 5/8”

4.13 Aspeet Ratio (a/b) = 2.0 Thickness= 3/8”

Thickness= 5/8”

0.07

0.06

0.05

Maximum 0*04
A/b

0.03

0.02

0.01

0.00

1, l,itln. *.rl . . . . . . . .. l... . 91111119 ..9...<

●

PlateThickness= 3/8
b=24°

- m=l. o

- alb=2.o

F
1 . . . . . . . . . . . . . . .. s... . . . . . . . . . . . ..? . . . ...1 asallmn,

o 2 4

Maximum Bending

FIGURE

6 8 10

Strain (%)

4.6
DEFLECTIONBENDING STRAIN CURVES

FOR PLATE THICKNESS OF 3/8”
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FIGURE 4.7
DEFLECTION/BEND~G STRAIN CURVES

FOR PLATE THIC~SS OF 5/8”
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FIGURE 4.8
DEFLECTION/MEMBRANE STRAIN CURVES

FOR PLATE ~C~SS OF 3/8”
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A/b
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FIGURE 4.9
DEFLECTIONmMBRANE STRAIN CURVES

FOR PLATE THICKNESS OF 5/8”
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FIGURE 4.10
DEFLECTION/BENDING STRAIN CURVES

FOR ASPECT RATIO OF 1.0
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Nb
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FIGURE 4.11
DEFLEC’rION/BEND~G STRAIN CURVES

FOR ASPECT RATIO OF 2.0
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FIGURE 4.12
DEFLEC”rION/MEMBRANE STRAIN CURVES

FOR ASPECT RATIO OF 1.0
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FIGURE 4.13
DEFLECTIONiMEMBRANE STRAIN CURVES

FOR ASPECT RATIO OF 2.0

4.5 COMPARISON OF FINITE ELEMENT ANALYSIS RESULTS WITH SHIP
SURVEY RESULTS

In order to verify the deformation.ktrain relationships of Figures 4.9 through 4.13, and to gain
a degree of confidence in these relationships, the results of the finite element analyses were
compared to the estimated strains derived from the ship sunwy measurements (Table 3.4).

There are three cases of plate deformation caused by wave-slap listed in Table 3.4
(Measurements 5,6, and 23). For each of these cases, the@ ratio was determined. For this
value of A/b, using the appropriate aspect ratio and plate thickness, the strains calculated from the
finite element analyses were determined. Since the plate thickness measured in each sumey case
did not correspond to the plate thicknesses used in the finite element analyses, interpolation
between the finite element results was used. The following example illustrates this procedure.

For measurement ‘#5 in the survey data, a 28” x 27” x 0.433” plate was found to have a
maximum deflection of 0.295 inches. The A/b ratio for this case is thus found to be 0.295/27, or
0.0109. From Figure 4.10 (for a plate aspect ratio of 1.0), the corresponding bending strains for
this A/b value are found to be 0.4 (for 3/8” plate) and 0.75 (for 5/8” plate). Interpolating between
these two values to account for the survey plate thickness of 0.433, the maximum bending strain in
the 28” x 27” x 0.433” plate, as determined by the finite element analysis results, was found to be
0.48 in/in. This compares favorably with the bending strain of 0.46 in./in. (see Table 3.4)
estimated from the sumey data. The membrane strain for this plate was calculated in a similar
fashion.

The maximum bending and membrane strains for the three ship survey wave-slap cases, u
determined from the finite element analysis results, were calculated and compared with the
estimated strains tabulated in Table 3.4. The results of this comparison are summarized in Table
4.7. Examination of Table 4.7 shows excellent correlation between the finite element calculated
bending strains and the ship survey estimated bending strains. For the membrane strains, the finite
element analyses were found to be consenative, resulting in higher calculated membrane strains
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than those estimated from ship survey data Since knding SDZWhave ken show-nto h much
higher than membrane strains for a given deformation, this is not considered [o be critical.

4.6 USE OF DEFLECTION/STRAIN CURVES

Figures 4.6 through 4.9 may be used by inspectors in the field to determine whether a
permanently deformed plate should be replaced or left in place. The following example illustrates
the application of these curves in the field.

An inspector measures a 0.5 inch deflection, caused by a wave slap, in the center of a 48” x
24” x 3/8” plate. The A/b value for the panel would be 0.5/24, or 0.0208. Referring to the curve
for a/b = 2.0 in Figure 4.6, it is seen that the corresponding maximum bending strain for this case
is approximately 1.07%. The inspector may then compare this value of strain to whatever criterion
of strain is of interest to him. If the strain value is greater than the criterion strain, then the plate
should be repaired or replaced. Othenvise, the plate maybe left in place. If the thickness of the
deformed plate is between 3/8” and 5/8”, the inspector may interpolate Mween the curves of
Figure 4.9 (for aspect ratio of 2.0) in order to determine the induced bending strain in the plate.
This strain value may then be compared to the criterion strain in order to det.mnine whether the
plate should be replaced+

Table 4.7 Finite Element Calculated Strains Vs. Ship $umey Estimated Strains

Measurement MaximumBending Strains (%) MaximumMembraneSIrains(%)
Number

(See Table 3.4) Finite Element Ship Survey Results Finite Element Ship Survey Results
Results (See Table 3.4) Results (See Table 3.4)

5 0.48 0.46 0.13 0.10

6 0.11 0.11 0.03 0.00

23 I 0.27 I 0.27 I 0.08 I 0.02

4.7 LIMITATIONS ON USE OF DEFLECTION/STRAIN CURVES

It is important to note that the curves of Figures 4.6 through 4.13 were developed for the plate
geomernes shown in Table 4.1, for a material with the stress-strain relationship characterized by
curve B of Figure 5.1. These curves are applicable for cases where the plate panel material stress-
strain relationships are similar to those of the material used in this study, for plates with aspect
ratios between 1.0 and 2.0 and thicknesses between 3/8” and 5/8”, with fixed edge conditions.
These parameters effectively form the bounds for the use of these cumes for the in-service
evaluation of defomwd plates.

It should be realized that the ftite element analyses performed in the parametric study were
performed for plate materials using the stress-strain relationships &fmed by cume B of Figure 5.1;
the yield stress for this material is 58.6 ksi, characteristic of a high strength type steel. For
materials with lower values of yield stress, the results given in Tables 4.3 and 4.4, and in Figures
4.6 through 4.13, are still applicable, as long as the shape of the material stress-strain cume is
similar the shape of the stress-strain curve of cunm B, Figure 5.1.

To verify this, a second finite element analysis of the 24” x 24” x 5/8” plate was performed.
All modeling information in this second analyses was identical to the fmt analysis of the plate,
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with the exception that a different stress-strain curve was input to COSMOS/M. In this second
analysis, the stress-strain curve used for the fmt analysis (yield stress = 58.6 ksi) was essentially
shifted “downward”, to model a mild steel type material with a yield strength of 35 ksi. The shape
of the stress-strain curve, however, was identical to the shape of the stress-strain curve used in the
fmt analysis. Results of the second analysis verified that, for a given level of induced strain, the
resulting A/b values of the second analysis were identical to those of the f~st analysis.
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SECTION 5.0
FRACTURE MECHANICS

5.1 INTRODU~ON

Fracture mechanics provides the ability to quantitatively predict the structural integrity of large
struchrms from laboratory test data obtained on small samples. Engineaing applications of
fracture mechanics have centered around predicting the macroscopic fracture behavior of structural
components that are elastically loaded by utilizing the plane stmin fracture toughness, KIC. This
linear elastic analysis becomes inappropriate in attempting to predict the failure of lower strength
ductile materials, such as AES Grade B ship steels, especially at a thiclmess less than those
required fur plane strain. This section discusses the effects of inelastic deformation as it relates to
reduced damage tolerance in ship steel panels.

5.2 OBJECI’IVES

The objective of this section is to present the results of a comparative assessment of various
tit-me mechanics analysis methods potentially applicable to predicting the influence of prior
plastic defarrnation on the flaw tolerance of ABS Grades of ship steels. A preferred fracture
mechanics method will be idendiied and will be used to illustrate how the influence of prim plastic
deformation on flaw tolemnce can be estimated

5.3 REVIEW OF Fl&4CI’URE MECHANICS METHODS

5.3.1 J-Integral (ASTM STD E813)

J-integral is the American approach to measuring the point of crack instability or point fm the
onset of rapid fracture. It is the forerunner to the British Crack Tip Opening Displacement (~OD)
approach. J-integral and CT(3D are essentially identical in the methml of analysis and the end
products. The J-integral test method measures the load-line displacement (LLO) in order to
calculate the work (Force x Distance) performed on a test coupon up to the point of crack
instability. The plane strain fracmre toughness (K1~per ASTM STD E399 [12]) can be estimated
from the critical elastic-plastic energy release rate, JIC,using the following relationship:

(5-1)

The Phe Sb’’iIhfG3ChUE tOU#UIt3SS ~r~) iS COnSi&~ tO be an ~V~ant PrOPe~ Of the

material, similar to the yield strength or tensile strength.

The J-integral methl does not provide an analytical approach fm estimating “residual
toughness” under plane stress (inelastic) conditions. The J-integral is an experimental method of
estimating KICand is not analytically related to a “critical” sti limk

Testing to establish JIC is conducted on sub-thickness (compared to thiclmess required for
plane strain) plates in accordance with ASTM STD E813 [13]. These results can then be used to
estirnam KIC,critical stress levels, and critical thiclmess requirements for linear elastic fracture
mechanics analyses. As illustrated by the following table, the fracture toughness and critical
section thiclmess change dramatically with yield strength.
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Material Yield , Fracture BIC = 2.5
Strength Toughness (K@YS)2
(YS, ksi) (KIC,ksifi) (B, inch)

AISI 4340 240 60 0.2
Ti-6A14V 120 1.0
A533B 70 2:8 25
ABS Grade B 50 250 60

From the above data, it is noted that fracture toughness generally increases with decreasing
yield strength. Also, for ABS Grade B steel with a yield strength of about 50 ksi, a minimum
section thickness of 60 inches, BIC,would be required to measure a valid KICper ASTM E399.
The J-integral method can be used to estimate KICvalues in much thinner section of ABS Grade B
steel.

5.3.2 Crack Tip Opening Displacement (CTOD) (British STD 5762 [14]; ASTM STD C1290)

The CTOD test method was developed in the United Kingdom and is used to measure the point
of crack instability or the point for onset of rapid fracture. CTOD is an experimental method that
utilizes a clip gage to measure the displacement at the mouth of a crack, in a notched bnd

specimen. The critical opening displacement, ~, is that measured at the onset of rapid fracture.
The critical CTOD is related to KICand can be expressed as follows:

CTOD=5=5e~~=
K2 0.4(W-C)VD

2 YS E’ ‘0.4w + 0.6c+ Z
(5-2)

where:

w=
c =
Vp =

and
@

G= E,=2YS& (5-3)

‘r l/mKI C (CTOD)= (5-4)

CIOD

critical (XOD

elastic component of CTOD

plastic component of CTOD
stress intensity factor
yield strength

E
elastic modulus in plane sti = —

1. ~2

specimen width
crack length
plastic component of clip gage opening
displacement
clip gage abutment height

Although physically more appealing in relating the microscopic concepts of crack initiation to the
macroscopic toughness parameters, the CTOD is more difficult to measure and to interpret than
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the J-integral. Analytically, the ~OD can provide the ssrne information and utilizes the same
testing procedures as the J-integral

5.3.3 Tearing Modulus

The Tearing Modulus is an attempt to experimentally measure the resistance to crack extension
by ductile tearing prior to crack instability un&r elastic-plastic (inelastic) conditions. Since JICis
measured by extrapolation of test data under inelastic conditions, the slope of the J-resistance (JR)
versus crack extension (As) curve would be a measure of resistance to tearing under inelastic
conditions or,

(5-5)

The tearing modulus (T~ un&r plane stress conditions will de~nd on the crack size, plate
thiclmess, and loading conditions. The tearing modulus does not lend itself to analyticzdly
estimating damage tolerance un&r plane stress (inelastic) conditions. The tearing modulus must be
measured for each plate thiclmess and for each level of damage. Analogous procedures have been
developed for using the slope of the CTOD-resistance curve.

5.3.4 R-Curve (ASTM STD E561 [15])

R-curve is an experimental method of measuring the resistance to crack extension under
inelastic conditions; i.e., at thickness B < BIC. The analysis is conducted in terms of the
following stress intensity parameters:

KR = Stress intensity or resistance curve, which is a function of crack
extension (As). ,

Kc= Critical stress intensity under inelastic conditions, which is a function of
initial crack size (~).

The value of ~ is greater than KIC,and ~ is NOT an invariant property as with KIO The

parameter ~ depends on plate thickness and starting crack size. The mistance cmve (KR vs. Aa)
is considered to be the invariant property of the material. The R-ctave method does not lend itself
to analytically estimating “residual toughness” under plane stress (inelastic) conditions.

5.3.5 Strain Energy Density (SED)

Since it utilizes a “critical” strain limit (Q and is &rived from the strain as measured in a
tensile test, Strain Energy Density appsrs to be the most promising approach to analytically
predicting the influence of prior plastic deformation on the flaw tolerance of ship steels. Two basic
approaches to Strain Energy Density were evaluated: (1) SEDc and (2) SE-.

5.3.5.1 SEDC

SEDC is based on “locally” attaining a critical sh-ainenergy density to initiate fracture. The
critical strain energy density is calculated by integrating the area under a true stress - true strain
curve. This Strain Energy Density approach does not address the existence of cracks nor dms it
predict critical strain without conducting a finite element analysis. The SEDC model has lxen used
to predict failure of weld joints with irregular cross-sections and different tensile properdes across
the weld joint. A detailed description of the analysis is given in Appendix B.
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5.3.5.2 SEDFM

SEW is more directly related to a fracture mechanics analysis than the SEDCmethml The
S- analysis lends itself to analytically estimating both KICand the R-cume. This method
described in Appendix C is based on analyzing three different zones in front of the crack tip. The
far field or elastic zone is analyzed on the basis of the glastic strain energy density under a tensile
curve. The near field or uniform plastic (J-integral) zone is analyzed on the basis of the ~nifcmn
= straiu ener~ gensity zone under a tensile CUVGi.e., the ama up to the ultimate tensile
strength, where necking or non-uniform plastic deformation begins. The darnage zone, at the tip
of the crack (generally excluded from J-integral analysis), is analyzed on the basis of the ~
uniform Dlastic strain energy density zone under a tensile cumq i.e., the ma beyond the ultimate
tensile strength up to the point of fracture. SE~ analysis permits the calculation of critical crack
size for a variety of configurations.

The result of the SEDFManalysis is either a fracture strength cuuve for applied stresses less
than yiel~ or a fracture strain curve for stresses and strains above yield. These curves relate
fracture stress or strain to crack size for various thickness and amount of prior plastic deformation.

5.4 SELECTION OF MOST APPLICABLE FR4CTTJRE MECHANICS APPROACH

Based upon the above review, Strain Energy Density appears to be the best approach to
analytically assess the influence of prior plastic strain on the residual toughness of ship steels. The
stress-strain curve which is the basis for calculating SEDFM can be analyzed as noted in Appendix
C to estimate the influence of prior plastic strain on residual toughness and critical crack size. As
noted earlier, the SEDCmethml requires a finite element analysis program to relate changes in strain
energy density to critical fracture stress. This analysis becomes very complex in handling a three-
dimensional problem with a pre-existing crack. The SE% approach eliminates the need for

, finite element analysis and can predict a relationship between prior plastic strain and a change in
critical crack size as a function of applied stress or strain. The basic requirement for the SED~
analysis is a full range stress-strain cume.

With regard to an alternate, empirically based method to establish allowable crack size, the
British Standards Institution’s Welding Standards Committee has prepmd Published Dwument
(PD) 6493 [IQ to provide guidance on some methods for determining acceptance levels for defects
in fusion welded joints. PD6493 outlines step-by-step procedures for assessing the criticality of a
defect in either base metal or in the fusion and heat-affected zone of wekhnents. When the applied
stress levels are below yield stress, a linear elastic analysis is performed on a given defect, to
determine an effective defect size. The defect is regarded as acceptable if the stress intensity (KI
value) calculated using the effective defect size is less than 0.7 x the critical value of Krc for the
material. When the applied stress or stiain levels are above yiel~ or when the applied stress levels
are below yield but a valid KICcannot b obtained due to inadequate section thickness, PD6493
utilizes the ~OD measurements and a series of charts to determine both an effective defect size,
a’, and a tolerable defect size, a’m. When this effective defect, a’, is less than the tolerable
defect, a’m, then the defect is considered acceptable. When a’is greater than a’m, the defect must
be repaired. The relationships between CTOD and defect size parameters are empirical.
Application of CTOD and the method outlined in PD6493 to the analysis of damaged ship plates
would require measurement of the KICor CTOD for the plastically deformed materials. PD6493
could then be used to assess the influence of applied stress or strain on critical flaw size and the
need to repair the plate.
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5.5 EFFECTS OF PRIOR STRAIN

The SEDFMapproach was selected as the method for addressing the problem of estimating the
effect of prior plastic strain on the damage tolerance. The material selected for evaluation was
ABS Grade B ship steel at room temperature, with thicknesses ranging from 3/8-to l-inch. For
analysis purposes, a maximum prior plastic strain of 1570was selected The minimum tensile
properties for the ABS-Grade B steel are specified as 34ksiYS,58-71 ksi UTS, 229%(2 inch)
elongation. The typical plane strain fracture toughness of this material at room temperature would

probably be in the range of 250-300 ksifi; therefore, the plane strain thickness per ASTM E399
is about 60 inches. Thus, a plate less than one-inch thick would be in a condition of plane stRss,
would exhibit 100% shear, and would undergo a completely ductile fracture.

Estimating the fracture toughness alone is not stilcient to evaluate the impact on darnage
tolerance. The yield strength is also a consideration. The damage tolerance or tolerance to a defect
of a given size is a function of the ratio of KIJYS. In a material that is cold worked or has prior
plastic deformation, the yield strength increases and the toughness decreases. Both propeties
must be taken into account to evaluate the change in darnage tolerance, For the purposes of this
report, the ratio of KIJYS will be defined as the damage tolerance index or DTI. The DTI is useful
for estimating the plate thickness @lc) necessmy to encounter plane strain or plane stress fracture
(Ye).

Since a full range stress strain curve or true stress-true strain curve to fracture was not
available for the AIM Grade B ship steel, laboratory tests were conducted to measure these
properties. Two separate samples of ship steel were supplied by the Norfolk Shipbuilding and Dry
Dock Company (NORSHIPCO), which wem designated sample A2 (0.2-inch thick), and sample
B2 (0.3-inch thick). Full range tensile tests were performed on the two samples. The resulting
test data was then analytically converted to a full range true stress- lrue strain curve. Sample
calculations for the analyticzilconversion of engineering stress-strain to true stress- true strain and
a tabulation of the tensile prqmties obtained from these tests are given in Appendix C. Figures
5.1 through 5.4 represent a graphical analysis of the tensile test data in terms of engineering stress-
strain as well as true stress-true strain.
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The measured tensile properties of the samples are summari~d in Table 5.1

Full Range Stress-Strai

Material Yield Strength

Sample A2 61.4 ksi, min

MIL-S-22 “High Strength”

Sample B2 I 58.6 ksi

Table 5.1
Curve pro]

%rrs

---

0.15

-..

0.17

rties of Steel Samples

UTS RA

58-71 ksi ---

74.9 ksi 75%

68-85 ksi ---

81.9 ksi 59%

Fracture
Strength

---

44.2 ksi

---

62.5 ksi

It is noted that the yield strength and tensile strength values measured for these steels are
signiilcantly higher than the minimum values required for ABS Grade B steel. In addition, there
were significant differences in the reduction of area and the fracture strength of the two samples.
Chemical analyses of these materials (Table 5.2) indicated insigticant differences in the carbon
content of the two steels. The higher carbon content of sample B2 most likely accounts for the
higher strength and lower ductility of this material. It is not clear from the mechanical properties
and chemical composition measurements in this study that the steels are actually ABS Grade B
steel. However, these steels do possess comparable chemical and mechanical pro@ies.

Table 5.2 Results of Chemical Analysis of Plates A and B

ELEMENT’ SAMPLEA2 SAMPLEB2
(WEIGHT%) (WEIGHT%)

Carbon 0.08 0.16

Manganese 0.67 0.97

Phosphorus 0.010 0.013

sulfur <0.001 0.007

Silicon 0.07 0.22

Chromium 0.01 0.10

Nickel <0.01 0.09

Molybdenum <0.01 0.05

Copper 0.01 0.01

II ~n I Remainder I Remainder

==2
0.21 maximum II

0.04 maximum I
0.35 maximum II

-=+

--+-l
. II

“ Requirementsof MIL-S-22698C(SH)specification.
“*0.06 minimum for fully killed or cold flanging steel.
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5.5.1 Results of SE% Analysis:

The SEDFM model considers three zones around the crack tip and correspondingly divides the
true stress - true strain curve into three different strain energy zones: (1) elastic strain energy
density, (2) uniform plastic strain energy density and (3) the damage zone or strain energy density
corresponding to non-uniform plastic flow. The SED~ analysis extends the Griffith approach of
defining instability as unstable crack growth when the total plastic energy absorbed is less then the
elastic energy released during crack growth. The SED~ analysis then sums up the three different
strain energy density zones. The critical crack size can then k calculated for a variety of specimen
configurations, including a single edge crack in a compact tension specimen, resulting in a
calculation of KIC,or a through thickness center cracked panel (CCP), resulting in calculation of
fracture strength or strain curves.

The results of fracture toughness KICcalculations, using the SED~ analysis to estimate KIC,
are presented on Tables 5.3a and 5.3b. As noted thereon, increasing levels of prestrain (plastic
deformation) both increase the yield strength and dramatically reduce the plane strain fracture
toughness. Plastic deformation up to 14 or 15% reduces KICby up to about 80% for both samples
of steel, The increased yield strength and reduced KICresult in a dramatic reduction in DTI and in
the critical thickness, BICrequired for plane strain conditions. It is noted from the YC (ductile,
plane stress fracture) thiclmess values listed in these tables that 14 to 15 % prior plastic
deformation will result in mixed mode, elastic-plastic fracture in steel thicknesses greater than 0.4
to 0.6 inches. In sum, these analyses show signiilcant reduction in flaw tolerance when the ABS
Grade B type steels are subjected to prior plastic deformation.

Table 5.3z Estimated Fracture Toughness and Darnage Tolerance
Values for ABS-A2 Steel

Restrain Ys KIC DTI BIC(Brittle) YC (Ductile)

(%) (ksi) (ksifi) (K1fiS) >2.5 (DTI)2 B< 0.4 BIC

00 61.4 312 5.1 64.5 25.8

05 71.2 243 3.4 29.0 11.6

10 73.5 1(W 2.2 12.4 5.0

14 74.6 59 0.8 1.6 0.6

Table 5.3b. Estimated Fracture Toughness and Darnage Tolerance
Values for ABS-B2 Steel

Prestrain Ys KIC DTI BIC(Brittle) YC (Ductile)

(%) (ksi) (ksifi) (K1fiS) >2.5 (DTI)2 B ~ 0.4 BIC

00 58.5 178 2.6 23.2 9.3

05 74.5 142 1.9 9.1 3.6

I 10 I 78.5 I 105 I 1.3 I 4.5 I 1.8 I
I 1< ! QnO ! 54 I 0.7 I 1.1 I 0.4 II AJ I UV.7 1
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With regard to the change in darnage tolerance of center cracked panels (CCP) with through the
thickness cracks and loaded in tension, the SED~ analysis was used to calculate fracture strength
curves (FSC) and fracture strain curves (FEC) for the two samples of steel.

The fracture strength curves are used to evaluate the failure conditions for center cracked panels
under plane stress conditions when the applied stress is below the yield strength. The FSC is a
plot of fracture stress versus the critical half crack length for fracture of a center cracked panel.
FSC for samples A2 and B2 are presented in Figures 5.5a and 5.5b. The critical half crack length
(c) is seen to decrease as the applied stress increases. Also, presti reduces the critical half crack
length for a given level of applied stress. Referring to Figure 5.5a for example, a center cracked
panel with a crack c = 10 inches (total crack length= 20 inches) would fracture at a stress of about
60 ksi. After 14% prestrain, the fracture stress would be reduced to about 30 ksi. For both the
samples evaluated herein, A2 and B2, the FSCS were not significantly changed by prestrains of 5
to 10 percent Beyond 1094o,the flaw tolerance of the materials is significantly reduced.

The fracture strain cume is used to evaluate the effects of above yield stress loading on the
critical half crack length (c) of undeformed and prestrained (plastically deformed) ship steel.
Figures 5.6a and 5.6b present FEC’Sfor the steels evaluated in this study. Examination of these
curves indicate that critical half crack lengths decrease with increasing amounts of applied strain or
pfior prestrain. For example, referring to Figure 5.6b, the critical half crack Iengrh for a center
cracked panel is about 1.0 inch for undeformed plate at an applied strain of about 7.0 percent. As
the prestmin or plastic deformation of the plate is increased to about 10 percent, the critical half
crack length is decreased to about 0.3 inches. This means that plating that has been subjected to
about 10% prestrain (prior plastic deformation) and containing a 0.6 inch long (i.e., 0.3 x 2)
through thickness crack will not fracture in a brittle manner at applied tensile strains as high as 7.0
percent.

When considering the effect of plate thickness in connection with critical fracture stress or
critical fracture strain, the relationships illustrated in Figures 5.5 and 5.6 are considered appropriate
for plates with thicknesses ranging horn 0.4 to 1,0 inch. With regard to small surface or partial
through the thickness cracks with depths equal to half the crack length, the stresses required for
“pop in” to a through the thickness crack would be at or above the yield strength for cracks with
depths up to 0.7 x the thickness. Based on the fracture toughness values estimated from the
SED~ analyses, pop in of small part through cracks to through thickness cracks is not
considered likely.

It must be remembered that all of the calculations included in this report are based on tensile
curves at room temperature and under conventional loading rates, which in all probability
corresponds to the upper shelf. Since the dynamic tear impact transition curve shows a brittle

transition at O°C, the tensile test tunes used in this analysis should be at high loading rates and
lower temperatures. Figure 5.7 shows impact temperature data on typical ABS Grade B steel
plates.
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5.6 DYNAMIC FRACTURE RESISTANCE

As part of a U.S. Navy sponsored investigation [17] of the fracture characteristics of
underwater, dry habitat weldments, explosion bulge crack starter tests were performed on 1-inch
thick ship steel plate conforming to MIL-S-22698B, DH36 [18]. The chemical composition and
mechanical properties of this steel are presented in Tables 5.4 and 5.5. It is noted that these
properties me similar to those of the steels used for the SEDm analysis.

A sketch of the explosion bulge crack starter weldments is presented in Figure 5.8. It is noted
that a brittle crack starter bead about 3/8- inch wide was placed across the weld deposit and notched
in the heat affected zone to evaluate the steel’s ability to arrest a pre-existing crack under explosive
loading. The crack starter test specimens were positioned over a 15-inch diameter female die and
subjected to repeated explosive loading at +30° F. After each explosive sho~ the crack length,
depth of bulge (plate deflection), plate thickness, and surface strains wem measured

Table 5.6 presents a summary of the explosion bulge crack starter tests on MIL-S-22698B ship
steel. It is noted that in every case, the crack starter bead cracked after the initial explosive shot
but the crack did not penetrate the plate. The plastically strained plates containing surface cracks of
about 1/2 inch long were able to withstand over yield stress loading without pop-in or unstable
crack propagation. For the most part, all plates were able to arrest cracks after experiencing 1%
reduction in thickness (1.470 surface strain). One plate arrested a 3/8-inch to l/2-inch long crack
without through thickness pop-in after more than 2~o prior reduction in thickness (about 2.570
surface strain). Results of the comparison of reduction in thickness to surface strain are presented
in Figure 5.9.

46



The pformance of these l-inch thick weldrnents generally supports the findings of the SEDFM
analysis, which indicated that there was very little effect of prior strain (up to 10%) on the damage
tolerance of MIL-S-22698B ship steels. It apprs from the fracture analysis and tests reported

herein, that ship steel plates up to l-inch thick can resist brittle fracture at +30° Fin the presence of
significant cracks after more than 2% reduction in thickness (about 2.5% surface strain).
Extending these results to higher levels of pre-strain will require a testing and evaluation program.

Table 5.4 Base Plate Chemical Analysis

Element RequirementlJ Analysis

Carbon 0.18 0.14

sulfur 0.04 0.005

Manganese 0.90-1.611 1.50

Phosphorus 0.04 0.028

Silicon 0.10-0.50 0.257

chromium 0.25 0.05

Molybdenum 0.08 0.009

Nickel 0.04 0.03

Copper 0,35 0.015

Vandium 0,10 0.090

Aluminum . 0.051

Columbium 0.05 0.044

Cadmn Equivalency 0.40 Minimum 0.423

~ Valuesare maximum unless otherwise indicated.

Table 5.5 Base Plate Tensile Test Results

~ Requirement Test value~
I

Yield Smengtb@i) 51.0 minimum 61.8
62.0

Ultimate Tensile Strength (ksi) 71.0 to 90.0 81.0
80.7

Elongation (%) 22 minimum 27.0
27.0

~ Manufacturer’sData
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Table 5.6 Summary of Explosion Bulge/Crack Starter Test Results

Weld ID/Type Total Final Bulge % Thickness % Thickness
Shots Epth y ReductionlJ ReductionPer Shot

AW-2/Air 3 1-15/16 2.1 1.1

AW-3/Air 2 1-7/16” 1.6 0.78

AW-4/Air 3 2-1/16” 2.6 0.87

UW-1/UWDH I 3 I 1-15/16” I 2.4 I 0.78
3J

UW-2/UWDH 2 1-5/8” 1.8 0.88

Remadcs~

1st sho~ Cs cracked
3rd sho~ thru crack

Ist sho~ CS cracked
2nd sho~ rhru crack

1st shot CS cracked
3rd, shot thru crack

1st sho~ CS cracked
3rd sho~ thru crack

1st sho~ CS cracked
2nd sho~ thru crack

J/
2/
y

5.7

Averageof two sides of specimen.
Test temperature= 30 degreesFahrenheit,Standoff= 21”, Charge= 7 lbs. Comp. B.
UWDH= UnderwaterDry Habitat

M171’HODOLOGYFOR ASSESSING ALLOWABLE PANEL DEIZECI’ION

This section outlines a proposed procedure for using the plate deflection-plastic strain
relationships developed in Section 4 and the plastic strain-critical crack size relationships from this
section to assess the-need to replace a defofied ship panel. This assessment is based-on the
fracture resistance of plates subjected to uniform prior plastic deformation (wave slap, etc.) and
does not address other failure modes (such as fatigue or collapse), for reasons noted earlier, and
dms not address non-unifmmt, highly localized deformation (i.e. impact damage).

The following steps outline the proposed methodology illustrated on Figure 5.10 for assessing
plastic deformation in ship plating.

a.

b.

c.

d.

Establish a maximum crack size, co, likely to be encountered in semice. This sti may
be based on the largest crack likely to be missed during NDE, or another criteria (e.g.,
maximum leak rate).
Establish the maximum operating or service stress, Oo, and strain, &o. The magnitude
of these values may vary depending upon plate location (deck, side shell, bottom shell
and forward, midship or after).
Utilize the fiactttre strain curve (FEC) or fracture stress curve (FSC) to determine the
maximum allowable pre-strain or prior plastic deformation for the steel of interes~ Use
the FEC for above yield operations and the FSC for below yield operdons. Locate the

operating point representing co and the O. or ~ on the appropriate (FSC or FEC)
curve. The highest prestrain curve that falls above the oprating point represents the

maximum prestrain that should be permitted for the particular steel. Since the maximum 60

or ~ may vary with location, one or more maximum prestrain values maybe appropriate.
Referring to the A/b versus maximum strain curves, mark the maximum prestrain
determined in the previous paragraph on the strain axis and draw a vertical line. The
intersection of the vertical line with an ~ curve defines the maximum ~ that should be
Wrmitted for a plate with that as~t ratio.
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It should be noted that the proposed methmlology and curves presented in this report wem
developed only as a guide for developing acceptance criteria for plastically deformed plates in ship
hulls. Significantly more testing snd analysis, including consideration of other potential failure
modes, e.g., fatigue, will be requited to establish standardized acceptance criteria.

In order to implement the above methodology, a series of statistically based fracture strength
and fracture strain curves must be developed for a full range of hull steels and thicknesses, This
process would require tensile testing to establish full range true stress-true strain curves for the
ship steels in the thickness range of interest Analyses should be performed using the SED~
model presented herein. The accuracy of these analyses in predicting critical stress or critical strain
should then be confirmed by testing a series of center cracked panels. Alternatively, a series of
CTOD measurements pr PD6493 could be performed to establish the influence of prior plastic
strain on the CTOD for a full range of ship steels. This data could be used to evaluate the
influence of pricrrplastic strain on the maximum tolerable flaw size. The empirically based
relationship between CTOD snd tolerable flaw size could then be used to est@ate maximum strains
for use with the A/b versus maximum strain relationships. A library of these relationships should
be developed for a full range of plate as~t ratios and plate thicknesses.

5.8 SUMMARY OF FRACTURE ANALYSIS

1. The Strain Energy Density Fracture Mechanics (SEDFM)appars to be a usefut method to
predict the flaw tolerance of ship steel after prior plastic deformation.

2. Based on the Strain Energy Density Analysis, ABS-Grade steel plate shows very little
effect on flaw tolerance under quasi-static loading (fa prior plastic strain up to about
10%), for plate thicknesses up to one inch. After 10% prior plastic strain, the change in
damage tolerance lnxomes increasingly significant although the absolute value of the
critical crack size is still relatively large.

3. A methodology is proposed to establish maximum deflection criteria for ship plate panels
based on fracture mechanics analysis of plastic strain effects on flaw tolerance.

4. Darnage tolerance estimates of the SED~ approach should be vefied experimentally
by measuring the tensile cmwes of prestrained material and conducting center cracked
panel testing.
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FIGURE 5.10
FLOW DIAGIL4M FOR ASSESSING ALLOWABLE PANEL DEFORMATION

(BASED ON FRACI’URE MECHANICS)
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SECTION 6.0
SUMMARY AND RECOMMENDATIONS

This report presents the results of an experimental and analytical investigation related to
establishing criteria for assessing the amount of plastic deformation that maybe prmitted on
existing ship structures without compromising structural integrity. The work included review of
existing criteria for panel deformation, measurement of plate panel deformation and strain on 13
ships, finite element analyses to establish deflection versus strain relationships for representative
ship plate panels, and an assessment of the effects of prior plastic strain on flaw tolerance of ABS
Grade B type ship steels. Based on these efforts, a methodology is proposed for determining the
maximum plastic defamation that should be permitted for ship steel structural panels. The
following paragraphs summarize the results of this investigation.

a. cum nt Deformation Criteria. Out of eleven(11) classtication societies and ship design
agencies survey@ the only quantitative deformation limits were obtained from the offices of Det
norske Veritas. Fur shell plating located in the Oto 0.25L and the 0.75 to 1.OLportion of the hull,
the maximum permissible indent is 0.05 times the minimum span length between stiffeners. For
midships plating, (0.25 to 0.75L), if the observed deformation is 10mm to 30mm in depth, the
ship owner is notiled and the damage is recorded. If the observed deformation is greater than
30mrn, the sumeyor will recommend repak of the plating.

b. Shi~ Survevq Measurements on 13 ships revealed that maximum panel deflection appears
to be associated wi~ impact-type loading and is typically highly loxlized on the panel. Measured
deflections associated with localized impact darnage ranged from 4.25 inches to slightly less than
1.0 inch. Panel deflections associated with wave slap, grounding, or other events were broader,
more uniform, and significantly lower than the impact deflections. These deflections were usually
less than 1 inch. Maximum bending strains and membrane strains were calculated for the
deformed panel measurements obtained d&ing the ship surveys. Extensive photographs and
details of these measurements are presented in Appendix A of this report

c. Finite 171ement Anal vsis. Nonlinear finite element analyses of fixed edge steel plates of
varying as~t ratios and thicknesses, subjected to normal urrifurm pressure loadings over their
entire surface, were performed using the finite element program COSMOS/M. Plates with aspect
ratios of 1.0 and 2.0, with thiclmesses of 3/8” and 5/8”, were adyzed. The results of the finite
element analyses were used to establish relationships between the plates’ maximum out-of-plane
deflection and the maximum induced bending and membrane strains. C)nce established, these
relationships were presented in the form of nondimensionalize.d deformation/strain curves for each
plate analyzed. Results of these furite element analyses wem found to be in excellent agreement
with the calculated strains obtained during the ship surveys. The nondimensional
deformatiordstrain relationships were applied in the proposed methodology for detemnining
maximum plastic &formation criteria for ship plate panels.

d.Fl T1
.

~. Based on a critical review of various fracture
mechanics approaches to estimating the influence of prior strain on flaw tolerance of relatively low
strength ABS Grade steel plate, the Strain Energy Density was determined to be most appropriate.
Specifically, the Strain Energy Iknsity Fracture Mechanics (SED~ model was used to predict
the flaw tolerance of ABS Grade B type steel plate as a function of prior plastic strain.

The results indicated that there is very little effect on flaw tolerance for prior plastic strains up
to about 10% plastic for plate thicknesses up to 1 inch thick. Beyond 10% plastic strain, flaw
tolerance reductions become increasingly si@cant, but critical crack sizes are still relatively large.
A methodology is proposed for establishing criteria for maximum plastic deformation in ship
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panels. The methodology considers fracture toughness, flaw sizes, operating loads, panel
geometty and measured deflection. Recommendations are presented regarding the testing required
to implement the metlmlology.

e. R~ “on . It is recommended that maximum deflection crittia for ship plates k
developed using the methodology proposed in this report. Specific areas that must be addressed
include finite element analyses of a broad range of ship geometry/ thiclmess combinations and
panel edge conditions; and development of statistically based fracture toughness pro~rties for
prestrained ship steels using the Strain Energy Density or the ~OD methods. In addition,
analysis of different failure modes, including fatigue failure and buckling, should be investigated.
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APPENDIX A
Ship Survey Data

DATE: 3-22-89
MEASUREMENT #l

LOCATKIN: Philadelphia Naval Shipyard

SHIP USS Kitty Hawk, CV-63

PLATE LOCATION:
● General - port side, near bow, above waterline.
● Frame Number - between Fr. 19 and Fr. 20. (based on numbers near keel)
● Location vs. Waterline - approximately 12 h. above (+).

PLATE SIZE:
● “a” dimension= approximately 12 ft (between transverse frames).
● “b” dimension= 64” (between longitudinal)
. “t’’_dimension(design)= 3/4” ,

a

I

4“ typ

ApproximateBoundaryof
DefOnnation

LOCATION DEPI’HREADING THICKNESS

5/16’ 0.799”
i 0.795”

m

4
5

7

; 1-9/16

13 1-11/16” 0.780’
14 1-3/8” 0.787”
15 7/8” 0.787”

Lower Longitudinal

o 12 24 36 20

Scale: 1 Grid= 2“

NOTE: Depth Measurements were taken by placing
a straightedge across the plate as a baseline
and measuring into deflected surface.
Accu.mcy is +1/16”
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MEASUREMENT #1 (continued)

In-Plane View of Deformation (looking vertically)

NOTE: Horizontal grid scale is 1 Grid= 2 inches
Depth grid ~cale is 1 Grid= 1 inch

Section through points 6-10

~FwD
I I

67 S91O

Section through points 11-15

~FwD
ri I

11 12 13 14 15

Measurement Notes: Due to the large area covered by the deformation, the 24” gauge
guide could not be used The measurements were taken by placing
a straightedge against the hull and measuring in to the deflection.
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MEASUREMENT #2

DATE: 3-22-89

LOCATION: Philadelphia Naval Shipyard

SHIP: USS Kitty Hawk, CV-63

PLATE LOCATION: Port side sponson, forwamlrnost athwartship panel,
approximately 6 ft. below deck.

PLATE SIZE:
. “a” ~mension = 5’ (minimum) 5’.8” (maximum) - between transverse frames.
. “b” dimension= 2’ betieen longitudinal fiarneS
● “t” dimension (design)= 1“

68”

Location of gauge
24”

13”

~ 9“

5“

)

Scale: 1 Grid= 1“

LOCATION DEITH READING THICKNEss LOCATION DEPTHREADING TI-mXNEss
1 0.354 11
2 O.iw

0.604
0.354 12 0,427 0.;50

4
5

;.

18
;

9 0.354
O.im

10 0.402
0 ?32

0.354 ;; 0.186
21 0.;46
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MEASUREMENT #2 (continued)

Reduced Data

LNATION ABSOLUTED- (in) L~A~ON ABSOLUTEDEPTH{in’L~A~ON ~sOL~ ~m ~n)

15
; o. i40 : o.i40 16 o.i2
3 0.227 10 0.242 17 0.050

5. 0.283 12 0.267 19 0.072
0.234 0,139 20 .026

7 ;4 21

Sectional Views of Deformation

section 1-7
1 2 3 4 5 6 7

Ilil II II Hl, iii: Al!! !!!!A! QJILM!!:+:::~,lll?

1 1 I # 1 1 1 1 1 1 1 1 1 1 I I 1 I 1 1 I 1 # 1 r 1 1 1 I 1 1 1 1 1 n I 1 1 I 1

Seetion 8-14
8 9 10 11 12 13 14

I I I I 1 I I I I I 1

Section 15-21
M 16 11 1s 19 m 21

I i I I 1 I i I I I I I I rr I I r I I I I I T I I I [ 1 1 1 T I I r I I I I T I I I I 1 I I ?
I I L1 T I 1 1 I 1 1 1 1 1 , , 1 , 1 r r 1 I I I 1 1 1 1 I 1 1 1 1 1 1 1 t , 1 1

No noticeable deformation Scale: 1 Grid= 1/2”

The feet of the stand wem bottomed and the panel was considered undeformed
under the fee~ The gauge was zeroed and the zermd gauge indicated O.16”;
therefore, 0.16” was subtracted from the raw data to obtain the reduced data.
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MEASUREMENT #3

DATE 3-22-$9

LOCATION: Philadelphia Naval Shipyard

SHIP: USS Detroit, AOE-4

PLATE LOCATION:
● General - Port side, above forward external shaft bearing, at waterline.
● Frame number -
● Location vs. Waterline - on waterline

PLATE SIZE:
● “a” dimension= 120” (between transverse frames)
● “b” dimension= 30” (between longitudinal)
● “t” dimension (design)= not available

~a >

Longitudinal Stiffener

Location of gauge stand foot ~
i 1

1 5 3 17 Approximate
T -r - - -r ‘ - -T- – - + boundary .

of visible
— 2-- - 6- – - -10- — — - 14- — - . 1s —

——4

Longitudinal Stiffener

yy,

24”

12”

J(I L+ 1A
Frame

Location of gauge stand foot
Scale: 1 Grid= 1“

Actual Measurement Data

I IIJ I

I 11 I I n <01

I-VW I U.J91
U.J 2 n 57Q

I

0.918 B d,L
12 [ . I 0.591 .4-8



MEASTJREMENT #3(continued)

In-Plane View of Deformation (looking aft)

NOTE: Horizontal scale is 1 grid= 1 inch
Depth scale is 1 grid ~ 0.5 inch

Section through points 1-4

Section through points 5-8

Section through points 9-12

Section through points 13-16

Section through points 17-20

I I——L. 2 4“

I 11-

11 r

? ~

I I I I

. - ~
I

I

II I II I
=5 6 7 a

I
I II xI1I1 1II I

I

II

E9
I

12

I
1IIII

I I I I I

II

1 I

I
1

L I 1 I 1 I i
1 1 1

i ‘1

Measurement Notes: Due to the thickness of the paint on the hull, the gauge guide would not
magnetically attach to the hull and had to be held in place by hand This should not affect the results.
Due to chipping of the ablative pa.inq the UT gauge did not always achieve a satisfactory couple with
the hull. The thiclmess measurements in these areas are given as “no reading”. The measurements
were taken on a vertical line (parallel to the transverse frames) using a dial indicator gauge with an
accuracy of MI(I1”. The maximum panel deflection was found to be 0.697” at point 11. The vertical
placement of the gauge guide was the most favorable since the deflection was of the form of a crease
running fore and aft above the fkame and the vertical placement allowed the gauge guide to span the
crease.

Reduced Data

-



FIGURE A-4. MEASUREMENT #3 - USS DETROIT
CHIPPING OF ABLATIVE PAINT SHOWN

(PREVENTED SONIC COUPLING FOR THICKNESS MEASUREMENT)
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MEASUREMENT #
DATE: 3-22-89

LOCATION: Philadelphia Naval Shipyard

SIUP: USS Detroit, AOE-4

PLATE LOCATION:
● General - port side, just aft of forward external shaft bearing, at waterline
● Frame Number -
● bcation vs. Waterline - on waterline

PLATE SIZE:

30

● “a” dimension = @r’ (between transverse frames)
● “b” dimension = 30” (between longitudinal)
● “t” dimension (design)= not available

11

I

I

u
25 &

Scale: 1 Grid= 1“

#l

uW8
0.551
0.598
0.587
0.575
0.622

1 13 I 1-15/16” I 591

\
4 2.fi16°

U..J I J

(-) 591
5
6
7 31/6 0.594

2~5/t6;; 0.59’
; 4-1/16” r em

10 3-3/16” (
11
12 1-9/16” !
13
14 !.- .-. . . ..

NOTE: Depth Measurements were taken by placing
a straightedge across the plate as a baseline
and measuring in to deflected surface.
Accuracy is M/16°
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MEASUREMENT H (continued)

In-Plane View of Deformation

NOTE: Scale in each direction is 1 grid= 1 inch

Section looking up through points 8-5

8 7612345

~FwD
I

Section looking aft through points 12-15

K! 11 10 9 1 13 14 1s
1 1 1 t J
~ii I [r 1 I I I I I

I In”
[

I 1 I
I 1

r

~up
1

Measurement Notes: Due to the large &flection of the &formation, the dial indicator gauge with
its 1.000” maximum range was not used Inste@ the straightedge was placed on the hull over
the deformation in both a longitudinal and a transverse manner. Measurements were thentaken
from the straightedge to the deflected hull panel.
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MEASUREMENT #5
DATE: 3-22-89

LOCATION: Philadelphia Naval Shipyard

SHIP: USS Kim DDG-993

PLATE LOCATION: Port side, 6 ft. above waterline, near Frame 103

PLATE SIZE:
● “a” dimension= 28” (transverse)
● “b” dimension= 27” (longitudinal)
● “t” thickness (design)= 3/8”

Al

21-1/2

17-1/2’

13-1/2’

9-1/2’

5-1/2’<

o“

1 2 3 4 5 6

,

7 $ 9 10 11 12

13 14 Is 16 17 1s 19

T

m 22 m B m s

w z? m a M 31

1!
5“ 8“ ~~,, ~& 20” 23” 28”

Deformation was “hun~ horse” - Typical of sea
loading, not a localized deformation.
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MEASUREMENT #5 (continued)

Reduced Data

NESSILOCATION DEPTHREADING THICKNESS LOCATION

O.000 0.417
; 0.417 15 I U.4

0,421 19 (’[
4 0.134

0.106 I 21 I U.11
: . ;:- - ‘-
7 Oooo

0:181
7

0.433 24 (.).1% U.*L . J

0.233 0.433 25 0.000 0.429
1: (1931 0.421 26 0.000 0.425

(J.1 ) 0.421 27 107 0.465
;;

.
r’ 0.425 0.445

13
.

) 0.441 % 0128 0.441
14 o-j ! 0.433 30 0:107 0.433

0.2”J 0.437 31 0.433
i:

.
.295 0.4W

-----
25 I 22 1 U.A35 0.433
37 23 . 0.429

- -nL n ’29
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MEASUREMENT #5 (continued)

Section through points 1-6
1 2 3 4 s 6

Section through po$ts 7-12
a 9 10 11 12

1 I II 11111 I 111 II

I I 1111111111111

Section through points 13-19
13 14 1s 16 17 1s 19

I I I I I I I I I I I I I I 1 11 I I

I
“ - . m

I IJ I Ill 1 I I I
I I I I I I I I 3

Section through points 20-25
m m n 33 3 a

[11111 II I
I

Sectionthrough points 26-31
a w a w 3a 31

II I

I

A-16
Horizontal scale: 1 grid= 1/2”
Depth scale: 1 grid= 1/8”



MEASUREMENT #6
DATE: 3-22-89

LOCATION: Philadelphia Naval Shipyard

SHII? USS Kidd, DDG-993

PLATE LOCATION:
● General - Folward weather deck, centerline
● Frame Number - 15
● Location vs. Waterline - On deck

PLATE SIZE:
● “a” dimension= 21”
● “b” ~mension = 15”
● “t” thickness (design)= 3/8”

Transverse
~a~

15”

11-1/2”

7-1/2”

3-1/2”
Aft

1. 2.

=+

3.

*

4.

4

5:

=1 4

6. 7.

4

8.

,4

9- 10-

4 * +

11 12 13 14 M

4

o
0

I I I I I u
2.1/2” 6-1/2” 10-1/2” 14-1/2” 18-1/2” 21”

~Port Transverse Stbd ~

LOCATION DEFrH READING THrCmlzss
0.210 0.433

; .241 0.425
028 0.425

4 0:2;5 0.457
5 0.209 0.421
6 0.421
7 0.433
8 0.41-

0, !0 0.4
1; ().. ;R n A?
11 n“

Scale: 1 Grid= 1/2”



MEASUREMENT #6 (continued)

In-Plane View of Deformation (looking forward)

NOTE: Horizontal grid scale is 1 grid= 0.5 inches
Depth grid scale is 1 grid =0.02 inches

Section through points 1-5

Section through points 6-10

6 7 a 9 10

H T
m

I I I I 1 I I
1111[

I 1 r I 1 I I

Section through points 11-15
11 12 13 14 15

I I I I I I
I

I 1 1 I 1 1 a

Measurement Notes: The deformation measurements were made using the dial indicator gauge
and gauge guide. The feet of the gauge gui& were located 1-1/2” off either longitudinal, with the
zero deflection point taken 2-1/2” inside each longitudinal. The maximum deflection of 0.048”
for the 21” span suggests initial weld distortion more than any sea loading.

Reduced Data

LOCATION ACI’UALDEFLECTION THICKNESS

1 0.000 0.433
0.425

3 A

4 0.025

7 0039 0.433
0:043 ~

9 0.022 0.429
10 0.000 0.421
11
12 . 0.437
13 0035 0.433
14 0:021 0.433
15 0.000 0.417
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MEASUREMENT #7
DATE: 5-10-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS John F. Kennedy, CV-67

PLATE LOCATION:
● General - Starboard side, 20 ft. forwsrd of stem, above waterline
● Frame Number -
● Imcation vs. Waterline - Approximate y 10 ft. above waterline

PLATE SIZE:
● “a” dimension = 4 ft. (between transverse fmmes)
● “b” dimension= 16” grid pattern (about 4 f~ between longitudinal)
● “t” design= not available

a
5 6 7 8 9

Scale: 1 Grid= 1“

Depth measurementswere taken by placing a straightedge across
the plate as a baseline and measuring in to the deflected surface.
Accuracy is +1/16.
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MEASUREMENT #7 (continued)

I [“8 27/72 I u I J1 I /.- ~

9 (1
10 81W

u
0.579

l-5n7!
!

34
/ -Q
1-78/37,15 1

0.618

I 19
7.

2A 1 19* n 591?
7127 1“ n c.m

13 1-/

14 1-701~7
tin

n 575
AU
77

113A 1 1.!.

15 1 ~2 0.591 38
1 !1 )!17

I

16
30/32 I C7C

l_-2/32 0.594 l-2c,. -
17 14/32 0.610 % ‘

0.602
1.3@~7 i ~“

10!3219 0.594
z-z --

42
-.

20
. I n

1-8/32 0.587
21

l-24/u I I
2-2/32 0.5W AA 9Qt29 I
2-22/32 0.567 45 4

23
4,#- I W.J7 1 I

3-15/32

=$il
. ... . — n ‘J=mE1
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MEASUREMENT #7 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale used is 1 grid= 0.5 inches

Section through points 1-9

— Datum
1*V

— 2“
_qlt

Section through points 10-18

— Datum

2“1”
—3”

Section through points 19-27 ‘

— Datum

—2“1”
—3”

Section through points 28-36

Section through points 37-45

—Datum
1“

— 2“
—3“

— Datum
1It

— 2“
_ ~t,
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MEASUREMENT #8
DATE: 5-10-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS John F. Kennedy, CV-67

PLATE LOCATION:
● General - Port side, aft elevator underside faixing
● Frame Number -
● Location vs. Waterline - Approximately 10 ft. above waterline

PLATE SIZE:
● “a” dimension = 24”
● “b” dimension= 16”
● “t” design = not available

Scale:1 Grid= 1/2”

Measurements were taken in the fore-aft direction with the dial
gauge. The longitudinal frames were undeformed and the stand
of the dial gauge track was bottomed to these f-es.
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MEASUREMENT #8 (continued)

Note: FR indicates that a frame prevented a UT thickness reading
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MEASUREMENT #8 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid = 1/2 inch
Depth grid scale is 1 grid= 1/5 inch
Greatest &nt depth is 1.539” between grids 18 and 19.

Section through points 1-7

— Datum

—l”

Section

Section

Section

Section

through

through

through

through

points 8-14

— Datum

—1 II

points 15-21

— Datum

—1“

points 22-28

— Datum

—1 11

points 29-35

— Datum

—1 11
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MEASUREMENT #9
DATE: 5-10-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS Dahlgren, DDG-43

PLATE LOCATION:
● General - Port side, near frame 43, above waterline
● Type - Typical of waveslap deformation combined with an impact, bow area

PLATE SIZE:
● “a” dimension = 32*’
● “b” dimension = 28” (between longitudinal)
● “t” design= 7/16”

b

&-----l

di2

r-’-ii9

r-i%

17

4

!1

s

5



MEASUREMENT #9(confinued)

LOCATIONI D~

13 (
14

(
16 0
17 (

19
20 (

Note: FR indicates that a frame prevented a UT depth reading



MEASUREMENT #9

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid =.5 inches
Depth grid scale is 1 grid= 0.05 inches

Section through points 8-14

Section through points 15-21

Section through points 22-28

,
r r 1 , F

(continued)

I I 1 I I 1 I I L 1 1 I I I I I 1 I I
f!!~

I I I 1 1 I I I I I 1 I I I I 1 1 I I I I 1 1 I

Iii I I I I [1 [[11

1111111 1111111 1111111 llllllllllllltl Illllrlllllll
[Ill I I 11[[11 II

Section through points29-35

I I I , It I I
I 11111 II 11111 I I I

I I 1 I I 11 rl + ~ I I I
II 1 Irll

9 m P - - - “ - “ + III 1
I 1 I 1 I I 1 1 1 1 1

Il[lllrllllllll I I II

Section through points 36-42

P . - I I !!!!1 l., I 1 I
I 1 I I I I !

1111111 T 1 I 1 1 1 T

I Ill II
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MEASUREMENT #10
DATE: 5-10-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS Dahlgren, DDG-43

PLATE LOCATION:
● General - Port side, aft
● Type - Tugiharbor damage, at waterline

PLATE SIZE:
. “artdimension =42”, 43” bemeen transverse hrnes
● “b” dimension= 30” (between longitudina.ls)
● “t” design= 3/8”

Fr

T

b

Fr 1

~ Fwd
Frame* Fr

Scale 1 Grid= 1“

* It was not apparent until UT measurements were taken as to where the forward transverse
frame was. It was located 1“ forward from where the grid was layed out The data does not
need to be reduced since the fonvard most grid points (1,9, 17,25,33 and 41) had zero
deflection.
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MEASUREMENT #lO(continued)

I 11 I 8
1- ,.

I n ——. - 9 -. m —. L

—. —... -, ------- ---- ,

I rn
EM IAd,4-

‘5/32 6%
W.uuu A1>

ii O.000 FR
3/32 0.484 45 0.000 FR

O.000 FR
47 0.000 FR

moo “ FR 48 0.000 FRF

Note: FR indicates that a f-mm at that location prevented a UT thickness measurement.
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MEASUREMENT #10 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 0.25 inch

Section through points 1-8

NO DEFORMATION

Section through points 9-16 ~ Fwd

Section through points 17-24

Section through points 25-32

Section through points 33-40

Section through points 41-48

NO DEFORMATION
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DATE: 5-11-89
MEASUREMENT #11

LOCATION: I-ambert’s Point Dwk, Norfolk, Va

SHIR USNS Denebola, T-AKR-289

PLATE LOCATION:
● General - Deck #2, storage areas, starboard side
● Frame Number - Near frame 228

PLATE SIZE:
● “a” dimension = 18“ between floor f’rMI’IM
● “b” dimension = 24” bemeen floor frarneS
“ “t” design= not available

Fr —

T
‘1 2 3

I I

&

5 ‘6
+
-7

+

9
-t + &

-10 -11

* +

+

13

&

-14 - M

Fr

4

s

12

+J-

Athwartships

16 Fwd I
1<

Fr

Y
Scale 1 Grid= 1/2”

2.0”
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MEASUREMENT #1 l(continued)

Depths as Measured.

LOCATION DEPTH READING LOCATION DEPTH READING

0.170 11 0.220
; 0.170 12 0.221

0.170 0.208
4 0.171 ;4 0.212

0.216 15 0.201
6 .217 0.191

o~3 17 0.157

10 20 0.159

Reduced Data.

NOTE: A “+” indicates the deflection was upward at this location.
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MEASUREMENT #11 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1/2 inch.
Vertical grid scale is 1 grid= 0.01 inch.

Section through points 1-4

Section through points 5-8

Section through points 9-12

Section through points 13-16

Section through points 17-20
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MEASUREMENT #12
DATE: 5-11-89

LOCATION: NC)RSHIFCO, Norfolk, Va.

SHIP: USNS Vega, T-AK-286

PLATE LOCATION:
● General - Port side, waterline proximity
● Frame Number - Near frame 149

PLATE SIZE:
● “a” dimension = 32” (between transverse frames)
● “b” dimension= 30” (between longitudinal)
● “t” design= not available

1, 2 3 4 5 6 ‘7

r

b

.LIw 30 131 32 1 33 M

14

21

35

Scale 1 Grid= 1“
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MEASUREMENT #12(contkued)

LOCATION DEPTH READINC

J R132 r Fl?
.

XJ13L
? 1-12/32
4 1-15/32 I 0.72?
5 1-10/32 r n ‘mm

21/32 , u. /\JJ
7 n

--l=&=
I

AWIJ- [ IL\
9 1-24/32 n 7m

10 2-14/32
1 0 69?

12 0:68:
13 >/3”d

I I

[
1 - ..,4-

FR
t

Z 2-11/32
Q i 1Q~W 2-1/32 u. l-w

l%+ j! ; FR
0.728

FR
j 30 1-5/32 Bad Paint

2 U.’/w 0.689
14 u HR 32 1-20/32
15

/w
HK 53

.
BdP”

1-21/32 0.681 ;3/32 B;d P;~;
17 2-18/32 0.669 3; o Bad Paint
18 2-19/32 0.705

Note: FR indicates that a frame at that location prevented a UT thickness reading.
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MEASUREMENT #12 (continued)

In-Plane View of Deformation

NOTE: Width grid scale is 1 grid= 1/2 inch
Depth grid scale is 1 grid= 1/3 inch

Section through points 1-7

l—,,

2“-

Section through points 8-14

1“-

2“—

Section through points 15-21 I

l“—
2“-

Section through points 22-28

l“—
2“-

Section through points 29-35

i
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DATE: 5-11-89
MEASUREMENT #13

LOCATION: NORSHCPCO, Norfolk, Va.

SHIP: USNS Vega, T-AK-286

PLATE LOCATION:
● General - Port side, below waterline, crease impact
● Frame Number - Near frame 176

PLATE SIZE:
● “a” dimension= 32” (between transverse frames)
● “b” dimension= 26” (between longitudinal frames)
● “t” design= not available

1, 2 7 A ‘5

m I 27 m XI

10

15

m

2s

30

Scale 1 Grid= 1“
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MEASUREMENT #13(continued)

* Due to the fresh, wet paint, not all thickness measurements returned a reading.
Note: FR indicates that a frame at that location prevented a UT thickness reading.
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MEASUREMENT #13 (continued)

In-Plane View of Defamation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 0.25 inch

Section through points 1-5

NO DEFORMATION

Section through points 6-10

Section through points 11-15

Section through points 16-20

Section through points 21-25

Section through points 26-30

NO DEFORMATION
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FIGURE A-14. MEASURE~m #13 - USNS
IMPACT DAMAGE - PORT SIDE

UNDER BOW, BELOW WATERLINE

VEGA
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MEASUREMENT #14
DATE: 9-11-89

LOCATION: NORSHIPCO, Norfolk, Va.

SHIP: Commercial Passenger Vessel

PLATE LOCATION:
● General - Underside, midspan, starbowd

PLATE SIZE:
● “a” dimension= 100”
● “b” dimension= 32”

r
b

L

Linking
Aft

P

“s 10 15 2n 2s ?4 3s

34

33

32

31

Scale 1 Grid= 2“

Measurements were taken by placing a straigkdge across the plate
(as a baseline) and using a machined ruler to measure the deflected
surface. Accuracy is *l/(M”. Thicknesses were obtained using
ultra-sonic thickness gauge. Accuracy is MM103”.
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MEASUREMENT #14(continued)

* Measurements could not be taken at these points

Note: FR indicates that a frame at that location prevented a UT thickness reading

=’=s
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MEASUREMENT #14 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 2 inches
Depth grid scale is 1 grid= 1/5 inch

Section through points 1-31

NO DEFORMATION

Section through points 2-32

Itl—

Section through points 3-33

111

Section through points 4-34

tll—

Section throughpoints 5-35

NO DEFORMATION

A-5 1



,..,, .. .
,..

,*, ““, “ ‘,.

-,
,.

.,.
,’ .’,

FIGURE A-15. MEASUREMENT #14 - COMMERCIAL PASSENGER SHIT
HULL GROUNDING - PORT SIDE, AMIDSHIPS

VIEWS LOOKING INBOARD SHOWING BOTTOM PLATING
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MEASUREMENT #15
DATE: 9-11-89

LOCATION: NORSHIPCO, Norfolk, Va.

SHIP: Commercial Passenger Vessel

PLATE LOCATION:
● General - Starboard side, midbcdy, waterline

PLATE SIZE:
● “a” dimension= 36’
● “b” dimension= 16”

1 2 3 4 s 6 ‘7

14

z

m

3s

Scale: 1 Grid= 1“

Measurements were taken using the straightedge method.
Accuracy is *1/64”.
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MEASUREMENT #15(conti.nued)

Note: Thiclmess measurements were unobtainable due to thick paint and roughness.
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MEASUREMENT #15 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 1/5 inch

Section through points 1-7

NO DEFORMATION

Section through points 8-14

Section through points 15-21

~t*_

2“-

Section through points 22-28

Section through points 29-35

2“-
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FIGURE A-16. MEASUREMENT #15 - COMMERCIAL PASSENGER MU-P
PORT SIDE, AMIDSHIPS, AT WATERLINE
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MEASUREMENT #16
DATE: 9-11-89

LOCATION: NORSHIPCO, Norfolk, Va.

SHIl%Commercial Passenger Vessel

PLATE LOCATION:
● General - Bow, port side, 6 ft. above waterline

PLATE SIZE:
● “a” dimension= 26”
. “b” ~en~ion = 24”

11 2 3 4

-+

+

t

+
‘7 T

+--+

I

+
13 -14

+ +
11 - I*

5

10

15

m

23

Scale:1 Grid= 1/2”

Measurements were taken using straightedge metkl.
Accuracy is +1/64”. Thicknesses were obtained using
ultrasonic thiclmess gauge. Accuracy is M).003”.
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MEASUREMENT #16(continued)

Note: FR indicates that a frame at this location prevented a UT thickness measurement
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MEASUREMENT #16 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 2 inches
Depth grid scale is 1 grid= 1/5 inch

Section through points 1-5

NO DEFORMATION

Section through points 6-10

Section through points 11-15

Section through points 16-20

Section through points 21-25
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MEASUREMENT #17

DATE: 9-12-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS King, DDG-41

PLATE L~ATION:
● General - Starboard side, bow, waterline

PLATE SIZE:
“ “a” dimension= 30”
● “b” dimension = 24”

a
4 s 6

b

Scale: 1 Grid= 1“

Measurements were taken using straightedge methml
Accuracy is ~1/64”. Thicknesses were obtained using
ultrasonic thickness gauge. Accuracy is MM103”.
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MEASUREMENT #17(continued)

LOCATION DEPTH READING THICKNESS LOCATION DEPTH READING THICKNESS

1 0.109 19 0.000
2 0.141 oFfi5FR

0.250 71 0.406 0.457.-.-.. .
7.7. 7,8

I 0.281 I FR 3 0.53 1. ...
;4 . FR

().000 FR

I 4 I U.3Y1 1
c

----

J

U.uuu
~ T

8 0.109 (la 1 ~L I nl-lti I
n 433-- ‘“I

0.266
10 0.641 0.417

12 FR
.

;4 0.141 0.42$
15 “.-J

06
17 ;:7:0 0.429 1 35 I 0.156 I 0.469
18 . FR 36 0.000 0.465*

h I /u 1 U.l IL 1 V-L
0413 27 0766 0.425 I

v ,27 01 u..

30 0.000 FR

5 3;
~ 33 0.125

0.413

*ShOdd be unreadable
NOTE: Frame under points 1-6 is bent (damaged)
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MEASUREMENT #17 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 1/5 inch

Section through points 1-6

1“-

Section through points 7-12

Irl I 1 I I i rl I I I I

1 I
*

[l
- . . _ m . . - - - - 1 [111 I 1[

~,, I I I I [1, t 1 r 1

Section through points 13-18

Section through points 19-24

l—It

Section through points 25-30

1! I I I I I I I I I I I I I I
w I

1 I I I 1 1 [ I I I I I I I I I I I
1 1 I I 1

~tl_ I I I 1 I rl 1 I 1 I I ] I I II 11 I I I I I 1[
1

$tion through points 31-36

?
-L .- - -L- - -L - - “- . +1-- - ~

II
1

l— - : .!,
II1!

I I 1 1 I r
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MEASUREMENT #18

DATE: 9-12-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS King, DIM-41

PLATE LOCATION:
● General - Port, waterline, bow

PLATE SIZE:
● “a” dimension= 60”
● “b” dimension= 38”

‘1 2 34s 6 ‘7

All 11111

b

I
II , I , 1 L 11 , ,

1’29 35

Middle frame is lxmt Y

Scale 1 Grid= 2“

Measurements were taken using straightedge methd
Accuracy is tl/64”. Thicknesses were obtained using
uhmsonic thickness gauge. Accuracy is MM)03”.
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MEASUREMENT #18(continued)

A-66

NOTE: Middle frame (points 11, 18,25, 32) is bent



MEASUREMENT #18 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 1/5 inch

Section through points 1-6

NO DEFORMATION

Section through points 8-14

I I I
~ I,_

Section through points 15-21

- f
1 t LI I I I I I I 111 l-l

I I I I I I
*

I I I

l— r11
I I I I I I I I

8 1 1 1

Section through points 22-28

II 1 II I Ill I I 1 I I I I !1 I
i %!!! 1

1 1. - m m n t- ?ii;l - -
[1 I 1[ II I I I

l“- 1 I 1 1I 1! I I I I I I 11 I I 1 I I I I I 1 1 I
1 n 1 1 1 1 I 1 h

Section through points 29-35

l—11 I I I I I I
- ~~, I1 I 1 1 1 1 1 1 1 I

Section through points 3642

NO DEFORMATION
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MEASUREMENT #19

DATE: 9-12-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS Conyngharn, DDG-17

PLATE LOCATION:
● General - Starboard bow, 1 ft. above waterline

PLATE SIZE:
. “a” dimension = 48”
Q“b” dimension= l&”

b

1

2

3

*li tllll++i’. H-H-H-+4

5 [ 10 15 m 25 30

32

33

M

35

Scale: 1 Grid= 1“

Measurements were taken using straightedge method.
Accuracy is tl/64”. Thicknesses were obtained using
ultrasonic thickness gauge. Accuracy is M1.003”.
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MEASUREMENT #19(continued)

A
7.

u~

(L(
[ 1

4 0.085 1

I
d

6
L

O.000
u.{

1 FR

I
-.

13 [ .11A
v. .4

ii O.(.IW I rK I 55 I U.(.- .-. ..- ---
34 0.000I 17 I

n 232 0.374 35 0.000 E
1X1 llA?l

NOTE: FR indicates that a frame at that location prevented a UT thickness reading.
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MEASUREMENT #19 (continued)

In-Plane View of Deformation

NOTE: Horizonti grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 0.1 inch

Section through points 1-31

NO DEFORMATION

Section through points 2-32

.5” —

Section through points 3-33

.5” —

Section through points 4-34

.5” —

Se@on through points 5-35

NO DEFORMATION
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MEASUREMENT #20

DATE: 9-12-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS Hayler, DD-997

PLATE LOCATION:
● General - Port, mid-hull, 1 ft. above waterline

PLATE SIZE:
● “a” dimension= 48”
● “b” dimension= 18”

r 7

14

b
21

1

28

35

-i

Next fkame Scale: 1 Grid= 1“
4’ over

NOTE:8’ frame spacing at mid-hull only 1~ of panel
used since dent was on one half only. Imngitudinal
stiffeners 18“ apart at mid-hull.
Measurements were taken using straightedge methwi.
Accuracy is *1/64”. Thicknesses were obtained using
uhrasoriic thickness gauge. Accuracy is HMK)3”.
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MEASUREMENT #20(continued)

Note: FR indicates that a frame at that location prevented a UT thickness reading
* - Thickness measurements could not be obtained
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MEASUREMENT #20 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 0.125 inch

Section through points 1-7

0.5”-

~,,

Section through points 8-14

,5”-

l—It

Section through points 15-21

0.5”-

l—11

Section through points 22-28

0.5”-

l—It

Section throughpoints 29-35

NO DEFORMATION
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MEASUREMENT #21

DATE: 9-13-89

LOCATION: Norfolk Naval Shipyard

SHIP: USS Conyngham, DDG-17

PLATE LOCATION:
● General - Starboard, aft
● Specific - Frame 193

PLATE SIZE:
“ “a” dimension= 52”
● “b” dimension= 29”

b

L 8 15 22 29 36 43

F~e
193

50

51 Weld Line
/

53

55

36

‘Weld Line

Scale: 1 Grid= 1“

Depth measurements were taken using straightedge method.
Accuracy is ~1/64”. Thicknesses were obtained using
ultrasonic thickness gauge. Accuracy is MM103”.
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MEASUREMENT #21(continued)

-- —..,—-- ,

\ -&J u.>
L FR 76 ?5 0.48$
3 0703 0.480

a47.5 28 FR

1 “. ,=”

i

I 1 u. i

m [ ii 0’-. ——
- . . .7

H
1 w. J

I 0.457 ! 35 r
.-

NOTE: All four plates that are welded together
appear to have,different thicknesses.
FR indicates that a frame prevented a UT
thickness measurement

* - No reading available due to weld crossing
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MEASUREMENT #21 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 1/5 inch

Section through points 2-51

Ill I I~,,
1 I 1 I I 1

Section through points 3-52

I II I I I I I I I I 1[1 I

“ - q - . . 11 I

l—1P i II I I 1 [ ! T
1 1

Section through points 4-53

Section through points 5-54

Section through points &55

11~ I 1 1 L 1 1 L
d L ,- U . L L?

d - “ -
[ I I i

I I

l“-,,. , -!, l!L I 1 1
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MEASUREMENT #22

DATE: 9-13-89

LOCATION: Norfolk Naval Shipyard

SHLl? USS Hayler, DD-997

PLATE LOCATION:
● General - Starboard, bow, 1 ft. above waterline

PLATE SIZE:
● “a” dimension= 30”
● “b” dimension= 24”

b

1

Frame F~e Scale: 1 Grid= 1“

Depth measurements were taken using straightedge
method. Accuracy is +1/&l”. Thicknesses were
obtained using ultrasonic thickness gauge. Accuracy
is MM103”.
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MEASUREMENT #22(continued)

1

I
d

6 0.156
U.luu I

FR
L“n 1 /0 1 U.AY / I [1.4[ )Y I

27 1.328 o.ti9
7 Oiooo [ FR 28 7109

1 n

cL906 (-).461
9 0.4 1 R.

16 m
10 & 1 n mQ Oaoo FR
11 n’ -* n mnm

u I U.31

* - Eyelet in way
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MEASUREMENT #22 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 2 inch
Depth grid scale is 1 grid= 0.25 inch

Section throughpoints 1-6

1 1 1 1 r 1 L t+: I 1 I 1 1 !

[ I
4I

[ I I I I 1[1 II I I II [1 I I I I I I [1 I II I I I
I I I I 1 I I ri 111l— !1 ,1 I I .I I I I I [rl!li~,!l!![[l I I ![ I ! I I II !1 II I

Section through points 7-12

s b . . _ ~ - I I I r I ~ _ ~ _ _ _ I I I r 1 1 1
J a - - - - - @

I I I
I I i I I Ill I I I I I I I I I I I I 1 I I I

~ 1, II I ![1

Section throughpoints 13-18

I I I I

Sectim through points 19-24 ~

~!,

2,!

Section through points 25-30

~,,-El2“ —

Section through points 31-36

111

2“,,

Section through points 37-42





MEASUREMENT #23

DATE: 9-13-89

LOCATION: Norfolk Naval Shipyard

SHW: USS Roosevelt, CVN-71

PLATE LOCATION:
● General - Starboard, elevator sponson, underside
● Deformation caused by wave slap

PLATE SIZE:
● “a” dimension= 24”
● “b” dimension= 39”

4!!!!!!!!!!!!+

M 37 33 39 40 41

7

14

21

m

3s

42~ Frame

t t Scale: 1 Grid= 1“

Frame Frame

Depth measurements were taken using straightedge
method. Accuracy is A1/64”. Thicknesses were
obtained using ultrasonic thiclmess gauge. Accuracy
is MLO03”.
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MEASUREMENT #23(continued)

-?J LI U.U4 ! 1 Q
f- m A L 2R (-)Lw

L 7.9 FR
9 0.109 0.335 90 0.0?!1 0.37.7

10 0.203 0.331 0.094
11 n71f3 nsgl w n 2~*. . U.A L / w,

12 0.172 0.299
0.094 0.346

1: O.(W
I JSK

16 0.063 n m<

1 22
U.u:

.-1 ;: O.w.. , . ...-.-
1 Iw I ALt 35 O.w ED

.- — -. -L.

17 0.156 “d.
18 0.188 0.327
19 0.141 0.319

t
v.d4” a, “*

1 n z35 38’ 0.0(
39 0.000 I FR 1
44-) I n.m I FR I--- ----- ---

20 I 0 on 0323 ii I Oooo FR
21 0:ooo FR 42 0:ooo FR

NOTE: FR indicates that a fkune at that kation preventedUT thickness measurements.
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MEASUREMENT #23 (continued)

In-Plane View of Deformation

NOTE: Horizontal grid scale is 1 grid= 1 inch
Depth grid scale is 1 grid= 0.05 inches

Section through points 1-7

0.25”-

Section through points 8-14

0.25”-

Section through points 15-21

0.25”-

Section through points 22-28

0.25”-

Section through points 29-35

0.25”-
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Critical Strain

Back~oUnd

APPENDIX B
Energy Density (SEDC) Model

A review was made of the paper entitled “The Influence of Weld Metal Properties, Weld
Geometry and Applied Load on Weld System Performance,” by Peter Matic and Mi~chell ~ Jones
[19]. The paper reports the results of the computational prediction of the performance of the”weld
metal heat affected zone (HAZ) and parent material for an HY- 100 steel weldment. The prediction
includes the use of finite element stress analyses in determining the stress distribution in the weld,
HAZ, and parent metal, the experimentally determined stress-strain behaviors including fracture
point for each material zone, and the failure or fracture criteria based on the strain energy density
concept for each material zone (there are four subzones in HAZ).

The finite element stress analyses for the system uses a rather extensive detailed elastic-plastic
analyses available on ABAQUS code. The localized areas of interest, i.e. weld, HAZ, and
adjacent parent material, have very fine 2D plane strain elements so that the stress field in these
areas can be described in great detail. The degree of difficulty in determining the stress field in an
element depends upon the complexity of the geometry. If a single material is used in conjunction
with a simple geometry, the stress field may be expressed by closed form solutions derived from
strength of material considerations and/or the theory of elasticity. As the material characteristics
and geometric configuration becomes more complicat~ the use of detailed finite element analyses
becomes inevitable. Since a complete stress distribution is needed in conjunction with the strain
energy density function to assess the fracture of constituent materials, the finite element analysis
can be time consuming, and in many cases, costly.

The strain energy density function concept for predicting the fracture of materials was proposed
by Sih [20]. The strain energy per unit mass in a material is expressed as:

EI1 E22 E33

‘=r’’5+rT2’r3:’33
o 0 0

E12 &23 &31

‘r12712+ r353’r31:31
(B-1)

o 0 0

Where ~ij and Eij (i, J“= 1,2,3) are the six stress and strain fields, and p is the density of the
material. The function W then represents the strain energy per unit mass of material. For most
engineering material, the density is, however, more or less invariant. Therefore, one can use SED
= Wv to represent the strain energy per unit volume, or Strain Energy Density, without losing any
accuracy.

The fracture characteristics are based upon the uniaxial stress-strain curves including fracture
for each of the materials of interest. It is assumed that the nonlinear (or plastic) behavior of the
material under combined stress field CarIbe predicted from the uniaxial stress-strain curve using
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Prandl-Ruess oreffective stress-strain relations. Based onthis, itispossible toobtain a critical
value of SED, called SEDC, for each material at which the material is supposed to fracture. For a
system with many elements such as that described by finite element analysis, the SED value of
each element can be numerically determined under a given external load or internal
thermornechanical load. The maximum load carrying capability of a system can then be predicted
by calculating the SED values as a function of applied load until a load level is reached such that
the corresponding SED value of an element attains the SEDC value of the material.

In other words:

SED

ONSwc = 1

SEDONSEDC <1

N = Nc (Nc is the element No)

for all N not equal to Nc

The strain energy density approach assumes all material media to be homogeneous. The stress
concentration due to any defects or imperfections in the materkds can be calculated by the use of
finite element m(xlels. For example, a void in the material will be realized by the modeling and the
stress singularity at the vicinity of the void can be predicted accurately by a finite element mcdel or
a closed form expression. However, this approach has little to do with the microstructure or
crystalinity of the material and therefore the physical meaning of fracture may be lost in the
mathematical exercises.

In addition, for a structural configuration where local defects such as cracks, flaws, or voids
are presented, a much more detailed stress calculation must be performed before a fracture
assessment can be done. This can be time consuming and costly. For this situation, the more
traditional fracture mechanics approach seems more suitable for fracture prediction.

The advantage of the fracture toughness and J-integral approaches is that only the far field
stress field is required for fracture prediction. This eliminates the need to obtain the stress field at
the vicinity of the imperfection, and is therefore less costly and more time efficient. However, for
a structure with several dissimilar materials and no apparent localized imperfection, the strain
energy density function may be more appropriate despite the fact that lengthy stress calculation
need to be performed.

Sih has proposed the use of strain energy density in predicting crack growth in two and three
dimensional media. Them are three hypotheses used in his proposal:

1. The direction of crack propagation at any point along the crack border is toward the region
with the minimum value of the strain energy density factor, S, as compared with other
regions on the same spherical surface surrounding the point.

2. Crack extension occurs when the strain energy density factor in the region determined by
hypothesis 1, S = S(min). reaches a critical value, say Sm.

3. The length, rO,of the initial crack extension is assumed to be proportional to S(rnin) such that
S(min)/ro remains constant along the crack front.
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The strain energy density factor S is defined as:

dws~.F (B-2)

and
S = al 1(K12) + 2a12(KlK2) + a22(K22) + a33(K32) (B-3)

It can be seen that Sih still uses the stress intensity factors in determining the stress
distributions at the crack tip. The only difference in the crack extension criteria between his theory
and the “conventional” theory is that Sih proposes that crack propagation occurs when the strain
energy density factor reaches a critical value, while the latter proposes that crack propagation starts
when the stress intensity factor at the crack tip reaches a critical value. It is to be noted that for
either a homogeneous medium or one with a crack, the same strain energy density concept is used
(FUNCTION for a homogeneous medium and FACTOR for a medium with crack). The stress
fields have to be determined by either a finite element analysis or through other closed form
expressions (such as the crack tip stress distributions).

Application of SEDCModel To Ship Steel

The strain energy density criterion is related to the area under the stress strain curve. To
evaluate the effect of prestrain, the area of the curve representing the percent cold work must be
subtracted from the total area. The integration of the true stress -true strain curve was used to
estimate the residual toughness after 15% prior plastic strain. As will be shown, this amount of
cold work represents about 5% of the total area under the curve for Sample A2 steel and 11$10for
the Sample B2 steel. The calculations areas follows:

a=oo&n
and

0 =00’+m&

therefore,

(B-5)

where R4 = Reduction in Area from the ASTM E8 tensile test [21], The criterion for failure is the
condition where any element in the finite element network attains a critical strain energy density
value (SEDC).
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For a uniform, homogeneous steel plate loaded in bending, the effect of prior plastic strain can be
estimated as:

(B-6)

where E15% = true strain corresponding to a deformation of 15%. The remaining strain energy
density (residual toughness), as a percentage of the original strain energy density, would then be
expressed as:

SEDCR(%) =
SEDC- SED15%

SEDC (B-7)

This estimate would also apply to a more complex geometry. For different weld metal zones, a
similar calculation would have to be made for each zone.

From the results of the tensile tests on the two plates of ABS-B ship steel, an estimate was
made of the critical strain energy density, SEDC,on the basis of the area under the uniaxial
stress-strain curve.

For the Sample A plate, the area representing 14% deformation was subtracted horn the total
area under the stress-strain curve to account for the effects of a 14q0 prestrain. The maximum
prestrain was limited to 14% for Sample A since the test data showed that the strain at ultimate was
15%. A maximum prestrain of 15%1was assumed for the Sample B plate. The results of the SEDC
analysis are as follows:
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$ample A:

00= 119467psi

n = 0.167“.

O.’ = 75064psi

m = 76804

~ = 1.378

E“@= 0.139

SEDC =
119467 (0.139)1.167

1.167 + 75064 (1.378 - 0.139)

+
76804 (1.3782 - 0.1392)

2

SEDC= 175,414%

For E14X = 0.131

SED14 =
119467 (0.131)1.167

1.167

SED14 = 9,551 ~~

SEDCR =
175414-9551 = 0946

175414 “

Residual Toughness

SEDCR = 0.946 for Samnle A
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sample B:

00= 138835psi m = 77092

n = 0.203 Ec = 0.891

Go’ = 83481 psi EUW= 0.162

SEDC =
138835 (0.162)1.203

1.203 + 83481 (0.891 - 0.162)

~ 77092 (0.8912 -0. 1622)
2

SEDC= 103,368 ~

For ~ls~ = 0.140

SED15 =
138835 (0.140)1.203

1.203

SED15 = 10,840 1*

SEDCR = 103368-10840 = 0895
103368 -

Residual Toughness

I SEDCR = 0.895 for Sample B
I
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These results indicate that steel sample A2 displays higher residual toughness than steel sample
B2 after prior plastic strain, In addition, a comparison between the critical strain energy density of
the two steel samples of as-received ABS ship steel shows that the critical strain energy density
(SEDC) for Sample B2 was only about 59% of the critical strain energy density for Sample A2. In
other words, there was a considerable variation in critical strain energy density for the two samples
of ABS ship steel.
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APPENDIX C

Strain Energy Density Fracture Mechanics (SEDFM) Model

Backgound

Tensile testing is by far the most routine, inexpensive mechanical test meth~ short of impact
testing, and is currently used by a large nurnlm of test laboratories. Ductility ratio based on VORA

is a commonly used toughness parameter, but it has limited applicability. Only stress intensity
parameters in conjunction with NDE techniques carIbe used quantitatively to calculate maximum
operating service that will confidently assure life in a specified environment. Estimating a stress
intensity parameter from a tensile test has many obvious advantages and many models are available
for estimating KICfrom tensile data but they are generally empirical and therefore restricted in use
to a particular material or strength level. The model that was found to be most adaptable to
handling a variety of materials over a wide range of sti-engthis that proposed by Bwkrath and
Glasco [22].

The difference between the proposed model and conventional J-integral analysis is (1) the
estimation of the size of a darnage zone at the tip of a crack, and (2) the use of the strain energy
density from UTS to the fracture strength to calculate the total energy at the crack tip. This zone is
characterized by localized plastic deformation that includes micro-void coalescence (MVC) and is
therefore not necesstily a constant volume process.

Referring to Figure C.1, the damage zone is nested inside the zone of uniform plastic yielding,
where the metal is stressed above its yield point but below UTS. In this region, plastic
deformation is fairly well understod The metals volume aud Poisson’s ratio is constant.

Its flow khavior is accurately described by an exponential function with a constant strain
hmdening coefficient, and the octahedral shear stress accurately translates uniaxial deformation into
hi-axial and hi-axial deformation. This makes the metal’s bhavior in this zone amenable to
analysis.

The inner zone, the damage zone, corresponds to the region of the stress strain curve where
necking occurs. This region is not accurately descrikd by plasticity models. Void growth can
cause a variable density and Poisson’s ratio. The strain hardening coefficient is not constant and
the octahedral shear stress dms not accurately describe deformation,

The two plastic zones correspond to different locations on the true-stress true-strain curves as
shown in Figure C.2, where the different strain energy densities are illustrated relative to their
location on the engineering and true-stress true-strain curve. Examining the true stress-true strain
curve of Figure C.2 shows that typically the majority of the plastic strain energy density is under
the stress-strain curve after necking wcurs or UTS.

Therefore, two analytically different plastic zones exis~ (1) uniform plastic deformation zone
and the (2) DZ or damage zone. The plastic strain energy absorbed at the crack tip is then the sum
of the two zones.

The plastic energy absorbed in the uniform zone, Uu, during crack growth is evaluated by
determining the lwal strain energy density absorbed in an elemental volume and integrating around
the crack tip where the stress is between yield stress and ultimate stress.
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Shown in Figure C. 1
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The plastic energy absorbed in the damage zone, Uf, during crack growth has been empirically
related to the strain energy density from ultimate stress to fracture. Unstable crack growth recurs
when the total plastic energy absorbed in the two zones is less than the elastic energy released
during crack growth, Ue.

Ue = (7I(J2C)/E 2 (Uf + Uu)
..

Solving for half crack length

c= E(Uf+Uu)/ncr2

(c-1)

(c-2)

Application Of SEDFMModel To Ship Steel

Since only tensile data for the as-received material was available, in order to estimate the effects
of prestrain on the fracture properties the effects of prestrain on the tensile properties had to k
estimated. Three key properties would change when the material is plastically deformed, the yield
stress, the strain at ultimate, and the RA. The reasoning behind this is that if a sample of the
as-received material were to be strained to some value (say 10%) and the load released, when the
load was reapplied, the sample would deform elastically until the stress reached the maximum
stress previously applied. The stress-strain curve would then approximately follow the same curve
as the as-received material from thereto fracture. Since nothing was done to the sample that is not
normally done during a tensile tes~ the UTS and FS would remain the same. However, the
“new”, strained material would display a larger yield stress, and the strain between yield and
ultimate would be reduced. In addition, since the sample was plastically deformed, its cross
section was reduc~ so the RA of the “new” material would also be reduced to some extent.

In order to estimate the new yield strengths for materials deformed by 5%, 10% and 15%, an
exponential cruve was fit between the yield and the ultimate for the as-received material, and the
stress for the desired strains was calculated. The effect of the elastic component is on the order of
0.2’%,which is small when compared to the desired strains, and was ignored for computational
simplicity.

The strain at ultimate for the three conditions was estimated by subtracting the prestrain directly
from the strain at ultimate measured for the as-received material. The “original” area uwd to
calculate the RA for the strained material is determined by the amount the material was strained.
The relationship btween the “new” RA, the prestrain, and the W of the as received material is:

RA new = 1-(1+ E)(1” w) (C-3)

where RAnew is the calculated reduction in area for the prestrained material, &is the amount of
prestrain and I&4is the reduction in area of the as-received material.

Since the strain at ultimate for S/N A2 in the as-received condition was 15%, the maximum
prestrain used for calculation was 14%.

Tables C. la and C. lb list the tensile data measured for the two steal specimens evaluated.
Tables C.2a and C.2b list the estimated values for yield strength, strain at ultimate, and reduction
in area for samples with 5Y0,109oand 1470prestrain for Sample A2, and 570, 107oand 1570
prestrain for Sample B2. The data relating percent prestrain to fmcture stress is plotted in Figures
5.5a and 5.6a for the Sample A2 material and in Figures 5.5b and 5.6b for the Sample 132material.
Tables 5.3a and 5.3b list the estimates for KICand the Damage Tolerance Index (DTI = K1flS) for
the two steel samples for the various amounts of prestrak Also listed in these tables is the

c-3



minimum thickness for ~lane strain {BTc = 2.5 (DTI)zl in accordance with ASTM E399 and the
maximum thickness for’ 1009Zoducti~e ;~ear (B;=0~4‘BIC).

Table C.la. Tensile Properties Steel A

Yield Strength (ksi) 61.4

Ultimate Strength (ksi) 74.9

Fracture Strength (ksi) 44.2

Strain at Ultimate (%) 15.0

Reduction in Area (%) 74.8

Table C.lb. Tensile Properties Steel B

Yield Strength (ksi) 58.6

Ultimate Strength (ksi) 81.9

Fracture Strength (ksi) 62.5

Strain at Ultimate (%) 17.6

Reduction in Area (%) 59.0

Table C.2a. Estimated Effect of Prestrain on
Tensile Properties for Sample A

Prestrain (%) 0.00 5.00 10.00
Yield Strength (ksi) 61.40 71.20 73.5

Strain at Ultimate (%) 0.15 0.10 0.05

Reduction in Area (%) 74.80 73.50 72.30

Table C.2b. Estimated Effect of Prestrain on
Tensile Properties for Sample B

Prestrain (%) 0.00 5.00 10.00

Yield Strength (ksi) 58.60 74.50 78.50

StrainatUltimate(%) .176 0.126 0.076

Reduction in Area (%) 59.00 56.90 54.90

14.00

74.60

0.01

71.30

15.00

80.90

0.026

52.80
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