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GUIDE TO DAMAGE TOLERANCE ANALYSIS OF MARINE STRUCTURES

Ship structures are subjected to various sources of wave-induced cyclic loading which may
cause fatigue cracks to initiate at welded details during the service life of a ship. The
propagation of these cracks may eventually compromise the structural integrity and water-
tightness of a ship. Therefore, the current practice is to repair severe fabrication flaws and any

“cracks detected in service as soon as possible. However, such a strategy could lead to prohibitive
through-life maintenance costs. A useful tool for optimizing the maintenance and inspection of
ship structures without compromising the structural integrity and water-tightness of a ship is
damage tolerance analysis. The latter makes use of fracture mechanics to quantitatively assess
the residual strength and residual life of a cracked structural member.

This guide is intended to provide naval architects and structural engincers with detailed
guidance on the application of damage tolerance analysis to ship stroctures. The guide begins
with a review of the essential elements of damage tolerance assessment. This is followed by
guidance on: (i) the use of Failure Assessment Diagrams to assess the local residual strength of a
cracked structural detail, (ii) the use of linear elastic fracture mechanics models for fatigue crack
growth to predict the residual life of a cracked structural member, (iii) the estimation of peak and
cyclic loads over the assessment interval of interest, and (iv) the calculation of stresses and crack
driving forces. Towards the end of this guide, the aforementioned guidance is demonstrated by
means of two numerical examples,

ROBERT C. NORT
Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee
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39.3701
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1016.047
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1.6 INTRODUCTION
1.1 Background

Metal fatigue is the progressive failure of metal under cyclic loading. This type of
failure can be divided into three basic stages:

l. the iitiation of microscopic cracks at MiCrosScopic Or Macroscopic stress
concentrations;
2.

the growth of microscopic cracks into macroscopic cracks; and

(W]

the growth of macroscopic cracks to a critical size for failure (e.g., plastic
collapse, fracture, or oil leakage). E

The absolute and relative magnitudes of these stages depend on material, notch severity,
structural redundancy, and environment [1.1]. '

Fatigue cracks in steel ships generally initiate at welded structural details. The
initiation and subsequent propagation of these cracks can be driven by several sources of
cyclic loading including: (1) longitudinal bending, transverse bending, and torsion of the
hull girder as a result of wave loading; (2) fluctuating hydrostatic pressure on side shell
plating, cargo hold boundaries, and tank walls; and (3) machinery and hull vibration {1.2].
Exposure to corrosive media, such as sour crude oil or sea water, can accelerate the
initiation and propagation of fatigue cracks, either directly through corrosion fatigue
mechanisms or indirectly through the higher cyclic stresses that result from localized and
general corrosion. Fatigue-prone areas in bulk carriers include hatch corners, coamings,
bracketed connections between hold frames and wing ballast tanks, the intersections of
transverse corrugated bulkheads with top-side structure, and the intersections of inner
bottom plating with hopper plating, whereas fatigue-prone areas in tankers include the
intersections of side shell longitudinals and transverse structure and the end connections of
deck and bottom longitudinals [1.3-1.5].

Although most fatigue cracks in steel ships are not detected by conventional
inspection techniques until they are at least several inches long and through the thickness of
plating, catastrophic brittle fractures rarely initiate from undetected fatigue cracks because
of the relatively good fracture toughness of modern ship steels, the inherent redundancy of
ship structures, the use of crack arrestors, and the relatively low rate of normal service
loads. Nevertheless, any detected cracks are usually repaired at the earliest opportunity to
prevent other problems from arising,

Historically, ship structures have been designed to meet minimum scantling
requirements which have included allowances for general corrosion and uncertainties in
design methods. Until recently, fatigue cracking was not explicitly considered by designers
because fatigue cracking was rarely detected in ships less than 10 years old and because the
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frequency and costs of repairing fatigue cracks in older ships was acceptable to owners.
Since the late 1970’s, however, fatigue cracking has occurred more frequently in
relatively new ships. This change has been attributed to the design and construction of
more structuralty optimized ships with thinner scantlings. This optimization, which has
been motivated by commercial demands to reduce the fabrication costs and weight of hull
structures, has been achieved through the greater use of high strength steels, the use of
more sophisticated design tools, and the greater exploitation of classification society rules
which have permitted design stresses to increase with tensile strength up to a fraction of
the tensile strength defined by the so-called material factor. Unfortunately, stress
concentrations of strucnural details bave not been adequately reduced to compensate for
the higher design stresses and higher local bending stresses associated with thinner
scantlings. Furthermore, the fatigue strength of as-welded steel Jjoints is essentially
independent of tensile swength. Therefore, local cyclic stresses at structural details have
" been permitted to increase without a matching increase in fatigue strength of these details.
- In addition, corrosive environments have exacerbated this mis-match siace the flexibility
of thin structure promotes the flaking of rust which accelerates the wastage process and
further increases the flexibility of thin structure [1.6-1.8].

In response to safety concerns and escalating maintenance costs for owners,
classification society rules have recently introduced explicit fatigue design criteria for
welded structural detaiis in steel ships [1.5, 1.9, 1.10). These criteria, which are largely
based on well-established fatigue design procedures for welded joints in bridges and
offshore structures [1.11-1.13], are intended to ensure that there is a low probability of
fatigue failures occurring during the design life of a ship, where failure is generally
considered to be the Initiation of a through-thickness crack several inches long.
However, premature fatigue cracking as a result of fabrication or design errors can still
occur. Furthermore, some fatigue cracking can still be expected in properly designed
ships. Therefore, quantitative techniques for predicting the residual life and residual
strength of cracked structural welded details are needed to develop safe but cost-effective
inspection schedules at the design stage. These techniques can also be used to optimize
the scheduling of repairs for cracks found in service and to assess whether the operation
of existing ships can be extended beyond their original design lives.

1.2 Objective of Project

In principle, existing techniques based on fracture mechanics for assessing the
residual strength and residual life of cracked structure in aircraft, pipelines, bridges, and
offshore structures can be adapted to ship structures, and these practices have been
reviewed in previous SSC projects [1.14, 1.15] and other documents [1.1, 1.16-1.20].
However, it should be noted that many years have been spent in the development of
standardized load histories, material data bases, failure criteria, and crack growth models
to enable damage tolerance assessment of aircraft, bridges, offshore platforms, pressure
vessels and pipelines. Still, the application of these techniques to the design of welded
structures has been limited by the complexity of stress fields around welded details, the
presence of welding residual stresses, and the complexity of crack growth. The
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adaptation of these practices to ship structures is further complicated by the added
complexity of ship details, uncertainty of Operational loads, uncertainty of welding
residual stress assumptions, and the redundancy of ship structures. As a result, this
adaptation 1s still under development. Nevertheless, there is an  immediate need for
structural engineers and naval architects to have the capability to assess the damage
tolerance of ship structures at the design stage, in service, and when extending the service
lives of older ships. Therefore, the Ship Structure Committee has requested the
preparation of an engineering guide based on the current state-of-the art.

The objective of the present project is to prepare an engineering guide that will:

t. lead structural engineers and naval architects through the application of damage
tolerance analysis to ship structures at the design and fabrication stages, in service,
and when extending the service life of older ships;

2. provide a frame work and guidance/commentary for performing detailed calculations
of residual strength and residual life; and

present examples that follow the guide in a step by step manner to illustrate the
applications of the damage tolerance methodology.

(%]

1.3 Scope of the Guide

The scope of this guide is restricted to the damage tolerance assessment of
cracked ship structures since the fracture mechanics background for analyzing cracks is
not usually part of a structural engineer’s or naval architect’s formal training. The guide
is further restricted to the assessment of fatigue crack propagation and the local residual
strength of structural details in ships. It is recognized that in-service damage to ship
structures could also be sustained from corrosion wastage, corrosion pitting, and
accidental collision and that there could be cases where structural integrity is governed by
the ultimate strength of the entire ship huil rather than the local residual $trength of a2
structural detail. However, structural engineers and naval architects generally have the
technical background to assess such damage, and assessment procedures for such damage
have been covered in previous SSC projects [1.22-1.26].

Topics that are covered by this guide are the subject of on-going research.
Although the procedures presented in this guide are based on the current state of
technology, a number of simplifications have been made to ensure that the guide is
practical and accessible to a broad range of users. Where uncertainties €xist, conservative
assumptions have been made to ensure that a working guide is available now.

It is assumed that users of this guide will properly document therr damage
tolerance assessments and provide sufficient analysis or correlation against test data to
assure that their assessments are conservative,

w
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This guide is not intended to replace normal design procedures when such
procedures are applicable. For example, it is not intended to circumvent the normal
requirements for good workmanship.

1.4 Organization of the Guide

The guide is organized into seven sections starting with Section 2 herein. Section
2 reviews the essential elements of damage tolerance assessment and identifies potential
applications of damage tolerance assessment for ship structures. Section 3 specifies a
three level procedure based on the Failure Assessment Diagram for assessing the local
residual strength of cracked structural details in ships, while Section 4 provides a two
level procedure based on linear elastic fracture mechanics for predicting the growth of a
fatigue crack under variable amplitude loading from an initial crack or.flaw. Section 5
- gives three options for estimating peak loads and cyclic loads due to wave loading on a
- ship hull, while Section 6 provides guidance om the calculation of stresses and crack
driving. forces for input into assessments of fatigue crack growth and local residual
strength. The emphasis of Sections 3 to 6 is to outline basic assessment procedures and
to explain the underlying basis for the procedures. Wherever possible, details are
relegated to Appendices at the end of the guide.
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2.0 APPLICATIONS OF DAMAGE TOLERANCE ASSESSMENT

2.1 Design

Damage tolerance is the ability of a damaged structure to withstand anticipated

operational loads without failure or loss of functionality. There are three basic ways that
damage tolerance can be designed into structures [2.1, 2.2}

L

el

The safe-life approach designs a structure for a finite Life and requires the
imposition of large factors of safety on design loads and material properties to ensure
that there is a low probability of failure during the design life. Machine components,
bridges, offshore platforms, aircraft landing gear, and aircraft engine mounts are
typically designed with this approach,

The fail-safe approach allows a structural tomponent to be designed with lower
factors of safety and, therefore, a higher probability of failure during its service life.
However, multiple load paths (i.e., structural redundancy), crack amrestors, and
accessibility for inspection must be built into the structure so that damage is detected
before the failure of one or more individual components leads to overall failure. This
approach was initially developed by the aircraft industry for airframes because the
additional weight of a safe-life design was unacceptable,

The damage tolerant design approach 'is a refinement of the fail-safe approach.
Damage is assumed to be initially present in critical structural elements, and explicit
analyses are conducted to predict the spread of this damage and to assess residual
strength. The results of the analyses are used to develop an inspection program for
critical structural elements that will ensure that damage will never propagate to failure
prior to detection. If necessary, the structure is re-designed to obtain practical
inspection intervals and to improve the durability of the structure (i.e., damage over
the service life is limited and can be economically repaired). This approach was
developed by the aircraft industry in recognition that the spread of initial and
subsequent damage can degrade the integrity of redundant members in a fail-safe
structure and relies heavily on fracture mechanics to predict the residual life and
residual strength of cracked structure, Since the late 1970’s, regulations for civil and
military aircraft have required that these damage tolerance assessment techniques be
used to design most components and to re-qualify aging aircraft {2.3-2.7].

! As stated at the beginning of this section, safe-life, fail-safe, and damage tolerant design approaches are
all intended to produce damage tolerant structures. In this regard, the term “damage tolerant design
approach” is a potential source of confusion because it may imply to some readers that safe-life and fail-
safe approaches do not produce damage tolerance structures. Nevertheless, the term has been retained in
this guide for historical consistency.
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The damage tolerant design approach is shown schematically in Figure 2.1, and
the basic steps of this approach are summarized below:

1. Critical structural elements and potential crack initiation sites in these elements are
identified.

2. A crack-like flaw is assumed to be initially present at each of the aforementioned sites.
The size of these flaws is assumed to be the smallest size that can be reliably detected
by conventional non-destructive inspection techniques.

The criticality of each initial flaw is evaluated using stress analysis based on maximum
expected service loads or design loads, fracture mechanics, and failure criteria for
fracture and other possible failure modes.

LS

- 4. If the residual strength of a critical structural element is smaller than the design
strength (i.e., initial flaws exceed a critical size), then the structural member is re-
designed with lower stresses and/or more damage-resistant materials. Otherwise, the
design of the structural element is accepted, and fracture mechanics analysis of fatigue
crack propagation is carried out to determine the residual life of the structural element
(i.e., the time period/voyages after which the initial flaw will grow to a critical size ).

5. Each critical structural element is inspected before the end of the calculated residual ife.
The inspection interval includes an adequate margin of safety, and it is repeated if no
flaws are detected. Detected flaws are repaired immediately.

As discussed earlier, classification societies have recently introduced explicit
fatigue design criteria for welded joints in ships structures. These procedures are largely
based on well-established fatigue design procedures (S-N design curves and joint
classifications) for welded joints in bridges and offshore structures, and they are intended
to ensure that there is a low probability of fatigue failures occurring during the design life
of a ship (i.e., ensure a safe-life design). )

In principle, a damage tolerance design approach would permit designers to
exploit the redundancy of ship structures, and some design codes for bridges and offshore
structures now permit designers to use damage tolerance assessment techniques in lieu of
conventional fatigue design procedures. However, the widespread use of these
techniques has been hindered by the difficulty of analyzing stress fields around complex
structural details, particularly in redundant structures, and by the complexity of the
fatigue cracking process in welded joints. Therefore, the use of damage tolerance
assessment techniques in the design of these structures has been restricted to situations
where normal fatigue assessment procedures are inappropriate (e.g., the geometry, size,
loading, or operational environment of the structural detail under consideration is
unusual, and the detail cannot be reliably assessed with available joint classifications, S-
N design curves, and stress concentration factors) and to the development of inspection
intervals for designs produced by the conventional approach, In both types of
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applications, it is necessary to assume that there is a pre-existing initial crack, the size and
shape of which is determined by the detection capability of conventional non-destructive
evaluation techniques. Until designers have greater access to powerful analysis tools and
until there is a greater understanding of the fatigue and fracture process in welded joints,
it is expected that ship designers will use fracture mechanics in the same way.

2.2 Fitness-for-Service, Fitness-for Purpose, or Engineering Critical Assessment

Modern ship structures are mainly fabricated by fusion arc welding processes.
These processes enable continuous water-tight connections to be produced in an efficient
and economical manner. Unfortunately, welding processes can introduce planar and
volumetric flaws from which fatigue cracks or brittle fracture could initiate. Such flaws
¢an occur despite careful training of welders and careful design of structures for easy
* access by welders. Therefore, ship fabricators must rely heavily on inspectors to ensure
the quality of fabricated welds. The current practice is to repair defects that do not pass
workmanship-based acceptance criteria. These criteria, however, tend to be very
conservative, and damage tolerance assessment could be used to screen out unnecessary
repairs.

The fatigue design procedures recently introduced by classification societies are
consistent with a safe life design philosophy. Such a philosophy will ensure a low
probability of fatigue cracking in new ships but it will not completely eliminate it. For
example, fatigue cracks could initiate from flaws that have escaped detection during
fabrication or from delayed hydrogen-assisted cracking in the heat affected zone of welds.
It should also be noted that the majority of existing ships were designed without explicit
consideration of fatigue cracking. Fatigue cracking has occurred in these ships,
particularly in high strength steel ships, and they will continue to occur as these ships age.
As mentioned earlier, the current practice is to repair detected cracks at the earliest
opportunity. Damage tolerance assessment could be used to screen out unnecessary
repairs, to determine whether needed repairs can be delayed (e.g., to the next scheduled
maintenance or port-of-call), to minimize repair costs and down-time, and to establish
safe but efficient inspection schedules for unrepaired flaws.

The aforementioned applications of damage tolerance assessment fall within a
broader group of applications commonly referred to as fitness-for-service, fitness-for-
purpose, or engineering critical assessments. Such assessments have been permitted by
design codes for piping and pressure vessels in oil and gas transmission systems, petro-
chemical instailations, and power generation systems for many years now [2.10,2.1 1].
The basic procedure is similar to the damage tolerant design procedure shown
schematically in Figure 2.1, and it is summarized below:

. The criticality of the detected flaw is evaluated using stress analysis based on
maximum expected service loads or design loads, fracture mechanics, and failure
criteria for fracture and other possible failure modes.
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Figure 2.1: Flow chart of procedure for damage tolerance assessment.
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2. If a detected flaw exceeds a critical size (i.e., the residual strength of a critical
structural element is lower than its design strength), the flaw is repaired before the
structure is returned to service. Otherwise, a fracture mechanics analysis of fatigue
crack propagation is carried out to deterrine the residual life of the structural element
(i.e., the time period/voyages after which the initial flaw will grow to a critical size),
and the structure is returned to service.

Lad

Critical structural elements with unrepaired flaws are re-inspected before the end of
their calculated residual life. The inspection interval must include a suitable margin of
safety, and the criticality of the flaws must be re-evaluated at the end of the interval.
The flaw can also be repaired at any convenient time before the end of the inspection
interval.

The aforementioned process differs from damage tolerance assessment at the
design stage in a few respects. The most obvious difference is that real flaws rather than
assumed flaws are considered in a fitness-for-service assessment. In addition, fitness-
for-service assessments are usually based on more specific, more up-to-date, and less
conservative inputs (e.g., load, material properties, and scantlings) than damage tolerance
assessments at the design stage. For example, whenever possible, actual material
properties and scantlings rather than design values are used in fitness-for-service
assessments to account for any degradation during service.

2.3 Life Extension and Changes in Operational Profile

There is a strong economic incentive for ship owners to extend the service lives of
existing ships beyond their original design lives and to maximize the utilization of their
fieets by using ships in roles for which they were not originally designed. If a hull
condition survey is conducted when the original design life of a ship expires or before the
operational profile of a ship is altered, then residual strength assessments could be carried
out to determine the criticality of detected flaws and to determine which flaws need to be
repaired before the ship is returned to service. Residual life assessments could also be
used to assess the residual life of critical structural elements with non-critical flaws and to
establish inspection and repair schedules for these flaws. By assuming that initial flaws
equal in size to the smallest detectable flaw exist in critical structural members with no
detected flaws and by extending the residual strength and residual life assessments to
these elements, inspection and repair schedules could be established for the entire ship
hull. Therefore, the aforementioned process combines the elements of fitness-for-service
assessment with some elements of damage tolerance assessment at the design stage.
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3.0 ASSESSMENT OF RESIDUAL STRENGTH
31 Preamble

As discussed in Section 2, a key element of damage tolerance assessment is the estimation
of the residual strength of a damaged structure at a particular point in time (i.e., load bearing
capacity of the structure in the presence of a crack of known size).

The main purpose of residual strength assessment of a structural member contaiming a ¢rack
is to ensure that it does not lead to unstable brittle fracture or local plastic collapse. The importance
of such an assessment is obvious for flaws in primary structure. Residual strength assessment of
flaws in secondary structural members may not seem as important since there is a greater
possibility of stress redistribution in secondary structural members. However, 2 brittle fracture that
inittates in secondary structure may run into adjoining primary- structure before being arrested by
stress relaxation or tougher material, For example, brittle fracture of a poorly fabricated spiice weld
in a longitudinal.[3.1] or brittle fracture initiation from a fatigue crack at the toe of a bracket welded
to a longitudinal frame [3.2] can penetrate the shell and affect the overall structural integrity and
water-tightness of a ship.

The residual strength of a structural member containing a crack depends on the potential
failure mode (e.g., brittle cleavage fracture, cleavage fracture preceded by ductile tearing, and
plastic collapse). Brittle fractures are of greatest concern since low material toughness and/or local
stress concentrations can precipitate the initiation of fast catastrophic fracture at nominal stresses
that are far below the uni-axial yield strength of the material. Local plastic collapse, on the other
hand, occurs when the stresses in the remaining ligament adjacent fo the crack exceeds the flow
stress of the material. Local collapse should be differentiated from global structural collapse
because local collapse may be preceded by structural collapse at some other smaller flaw located in
aregion of higher stresses (e.g., smaller flaw subject to hoop stress in a pressure vessel compared to
another flaw subject to longitudinal stresses). Local collapse may indeed lead to structural collapse
if the affected member is a non-redundant one. In between the possibilities of brittle fracture and
local plastic collapse, there can be situations where some ductile tearing at crack tips may precede
unstabie fracture.

3.2  Residual Strength Assessment using the FAD Concept

The Failure Assessment Diagram (FAD) is a graphical model of the potential for failure by
brittle fracture or local plastic collapse for different combinations of crack driving force and net-
section stress (i.¢., stress across remaining uncracked ligament). This diagram consists of two
elements (Figure 3.1): the Failure Assessment Point (FAP) and the Failure Assessment Curve
(FAC). The FAP defines the state of a member containing a flaw under specific service
conditions. The vertical co-ordinate of this point is defined by the ratio of the applied crack driving
force to the fracture toughness of the material, while the horizontal co-ordinate of the point is
defined by the ratio of the applied net section stress to the yield strength or flow strength of the
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material. The FAC, on the other hand, represents critical combinations of the non-dimensionalized
crack driving force and non-dimensionalized net section stress. The structure being analyzed is
deemed to be safe if the FAP lies within the region bounded by the FAC and axes of the FAD.
Failure is predicted if the FAP lies outside of the region bounded by the FAC and axes of the FAD,
The failure mode is expected to be brittle fracture initiation in the upper left comer of the FAD, by
plastic collapse in the lower right corner of the FAD, and by a mixed mode in between.

The FAD shown in Figure 3.1 is 2 commonly used FAD based on the strip yield model for
a crack in an infinitely wide plate. In this diagram, the vertical co-ordinate (K., ) is the ratio of the
crack tip stress intensity factor (K,,,) to the material’s fracture toughness (Knao- The horizontal co-
ordinate (S,) is the ratio of the applied net section stress (o) to the material flow strength (oy). The
crack tip stress intensity factor quantifies the severity of the asymptotic stress-strain field at a crack
tip in linear elastic material (i.e., K-field). The derivation of the FAC in this FAD is briefly
discussed below. :

1‘2 T T T T T T T T

C = Failure Assessment Point

K. (unsafe)
A = Failure Assessment Point
{Safe)
;” Safety Factor (on ioad) = CB/OA
0.2 .
O '; Q ! L L L ! 1 ! 4 .
o 0.2 0.4 0.6 0.8 1.0 1.2

S,

Figure 3.1: Level 2 failure assessment diagram based on strip yield model
(from Reference {3.3])

If the material were to behave in a perfectly linear elastic manner, then the shape of the
FAD would be a square bounded by lines at K, = 1.0 and S, = 1.0. The actual driving force for
brittle fracture in this case (K, ,,) would be given by:
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Kupp = Yoina (.1)

where K, (also denoted as X ) is the driving force for crack initiation from a through-thickness
crack of half length a that is present in a structural member subject to an applied stress . Y in the
above equation is a constant that is dependent on the geometry of the structural member and the
crack. In practice, most structural steels display at least some degree of elastic-plastic behaviour so
that a certain amount of plasticity develops at the crack tip. In the presence of this plastic zone, the
effective driving force for brittle fracture (K.g) is in fact greater than X, calculated on the
assumption of linear elastic behaviour. In Irwin’s approach [3.4], this difference is accounted for in
the following manner:

Keg=Y'oVn(a+r,) (3.2)
where, r, is the radius of the plastic zone size at the cratk tip, and the geometry dependent constant
Y’ now depends on the effective flaw size (a + ry ). The above correction for plastic zone size
becomes significant when the applied stress magnitude exceeds about half the material’s yield
strength (o) and becomes inaccurate when it exceeds about 75 to 80% of the yleld strength [3.5].

A more accurate model of the effect of crack tip plasticity on the effective crack driving

force is given by the strip yield model [3.6] for a through-thickness crack of length 2a in an infinite
plate of an elastic-perfectly plastic material:

"' 8 - T]O.S
K =G,dnal R—Zlnsec E—G—" J (3.3)
Y

By replacing the yield strength (o,) in Equation 3.3 by the flow strength (o, ), one can
show from Equations 3.1 and 3.3 that:

K 0,1 8 o, ™
=—1! —Insecy J
Ky, o/ln 20,

is less than unity in the presence of crack tip plasticity. Also, at the critical

app

The ratio

off
point for brittle fracture initiation, Kz = Ky, KoppyKmae = K, and /5, =S, . The above equation
may be rewritten as :

r

0.5
X =s,{%msec{§s,}] 3.4)
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This equation defines the FAC in the FAD in Figure 3.1 (ie., the ultimate state of a given
cracked detail of a given material). This curve or the failure locus for any given value of S, lies
below the fine K, = 1 by an amount by which K.y exceeds K. There are at least two advantages
of this approach. First, the non-dimensional crack driving force (K, } can still be calculated based
on linear elastic calculation for Kpp Whereas the material fracture toughness (K, = K.q) can be
obtained from full thickness specimens even though these may display crack tip plasticity.
Secondly, the approach takes into account failure by brittle fracture as well as plastic collapse. If the
structural material has high fracture toughness (high K,,,.), K, tends to be small and failure usually
occurs by local plastic collapse (S, = 1). In the case of a brittle material (low value of K ,,,), K, will
approach unity very quickly and failure will occur in a brittle mode. In the intermediate region,
fracture and collapse interact and fracture occurs in an clastic-plastic manner.

Finally, it should be noted that other FAD’s besides that based on the strip yield model have
been developed. Some of these FAD's can be used for application to ship structures, depending on
the quality of the input parameters and the accuracy desired, and they are discussed in the
commentary in Sections 3.3.1 and 3.3.3. :

3.2.1 Limitations in Application to Ship Structures

The FAD approach for residual strength assessment of a structural member or detail
assumes that the far field stresses (away from the flaw but local o the structural member) are
welldefined and that these do not change as the crack grows. Thus, the FAD, itself, cannot take
nto account the effect of any redistribution of loads/stresses that might occur as a result of flaw
growth or structural redundancy.

In comparison, ship structures are recognised as having a significant degree of structural
redundancy, however, quantification of its effect on the stresses in such structures is in its early
research stage. Therefore, it is customary to ignore any stress distribution effects, and thus conduct
a local residual strength assessment as if the flawed member is isolated from the rest of the
structure., If such local residual strength analysis indicates the crack present in a structural member
to be larger than the critical size, then, as mentioned in a previous SSC study '{3.7], a normal
practice in assessing global structural strength is to completely disregard that member from further
consideration.

Another limitation of the FAD approach is that it does not consider buckling which is a
common failure mode in ship structures. At this stage, there is little definitive knowledge on the
effect of crack like flaws on the buckling residual strength and further research is needed in this
area.

Finally, 2 common limitation in applying the FAD approach to structures is the limited
availability of fracture toughness data. This limitation is a particular concemn for ship structures
because most fracture toughness tests, to the extent that these are indeed performed on materials
relevant to ships, are conducted at a quasi-static loading rate whereas the loading rates of extreme
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wave loads in ship structures are in the intermediate range [3.8]. Clearly, it is necessary fto
determine fracture toughness values of ship structural sieels and weldments at an appropriaie
loading rate if the application of damage tolerance methodology for residual strength assessment 1s
envisaged. In the meantime, there is no choice but to use the available fracture toughness values
with the hope that any degree of unconservatism iniroduced due to neglect of the loading rate effect
will be compensated by conservatism introduced in the selection of the other input parameters.

32.2 General Procedure for Determining Residual Strength

There are two principal ways in which FAD’s and residual sirength assessment procedures
can be used. In the first, commonly referred to as fitness for purpose analysis or engineering critical
assessment, all the input parameters (applied/service stresses, flaw size, material toughness
properties) are known and the main objective is to establish if this particular combination of input
parameters is sub-critical (safe) or not. From the known input parameters, X, arid S, values can be
computed and an actual failure assessment point (FAP) can be plotted on the FAD. 1f this point is
within the FAD (e.g., point A in Figure 3.1), then the structure is safe and its location with respect
to failure assessment curve is indicative of the safety margin. In a deterministic analysis and in the
absence of residual stresses, the safety factor on load is OB/OA. An assessment point outside the
FAD, point C in Figure 3.1, would indicate unstable fracture initiation before the peak service stress
magnitude is reached.

The second application requires determination of the critical combination of parameters that
will lead to failure (i.e., combination of parameters that will lie on the failure assessment curve.).
Generally, two of the three inputs would be known and the objective then is to determine the
critical value for the third. Thus, for a given known flaw, structural geometry and material
properties (sirength and fracture toughness), the failure assessment curve can be used to compute
the residual strength (maximum allowable applied stress). Conversely, if the maximum magnitude
of the in-service applied stresses were known, then the FAC can be used to compute the critical
flaw size. Since both the ordinate and the abscissa in the FAD depend on the flaw size and the
applied stress, these computations will require an iterative procedure to obtain the final solution. It
is, therefore, useful to have a simple computer program to perform these calculations.

The procedure for performing residual strength assessment is detailed in the commentary in
the next section and can be summarised for the time being as follows:

1. Determine the flaw size. This may be already known from inspection reports for evaluating a
current flaw. However, if the assessment is for some point in time in the future, then its
determination will take into account a flaw’s growth under cyclic Joading using the guidance in
Section 4.

2. Establish material properties. The material properties of interest are the yield strength,
tensile strength, and fracture toughness of the material where the flaw resides. Guidance on this
subject is offered in the commentary in Section 3.5.
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Determine the magnitude of applied/service stresses and residualfassembly stresses: See
Section 5 and 6 for Gujdance.

LWE]

4. Select FAD for residual strength assessment. See Section 3.3.3 for Guidance.

5. Calculate driving force parameters (K,pp and o) and resistance parameters (Kpnae 2nd o,
or og. See Section 6 for caleulation of driving force parameters and Section 3.5 for resistance
parameters.

6. Perform residual strength assessment. Calculate K. and §S.

As mentioned earlier, the above procedure is for fitness for purpose analysis (all parameters
known). If a critical condition corresponding to the failure assessment curve. is to be determined,
then an iterative procedure will need to be used since both the ordinate and-abscissa (K, and S, )
will be a function of the one unknown parameter to be determined, the other two being known.

33 Commentary on the Use of FADs
3.3.1 Other Commonly Used FADs

The previous section focused on one commonly used FAD based on the strip yield model to
explain the FAD concept. However, there are several other FAD’s and analysis procedures
available for residual strength or critical flaw size analysis. This guide covers FAD’s included in
Level 1 and Level 2 analysis procedures in the draft PD6493-1996 document since the analysis
procedures in 1981 and 1991 editions of this document have been used extensively for flaw
assessment and inspection scheduling for offshore structures, bridges, pipelines, storage tanks and
pressure vessels. The latest edition of this Published Document was issued in 1991 [3.3] and
several revisions and additions are being currently discussed for inclusion in the next edition
(planned for 1996). To the extent that this information is in the public domain [3.9], it has been
taken into consideration in preparing this Guide.

There are other more sophisticated FAD’s and analysis procedures (e.g., Level 3 analysis in
the draft version of PD6493:1996 [3.9] and analysis based on Deformation Plasticity FAD {3.10])
but these are quite complex requiring non-linear, 3-dimensional finite element analysis and specific
material properties. These have been developed for tough, ductile materials and enable one to
consider ductile tearing, and constraint and weld mismatch effects. These are used mostly in the
nuclear industry and are not appropriate for application to ship structures where the accuracy of
such procedures is likely to be negated by the uncertainties in the magnitude of the imput
parameters.

The FAD for Level 1 analysis is shown in Figure 3.2, and the flow diagram for assessing
the significance of a known flaw (knowing the service stresses, material fracture toughness, flaw
and structural geometry) is shown in Figure 3.3. The fracture assessment is based on a senu-
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empirical crack driving force relationship referred to as the CTOD design curve [3.11 ] which in
turn has been shown to represent an upper bound for the experimental data from a large number of
wide plate tests on structural steels and weld metals.

The FAC in this case is defined by two straight lines: K, or V8, =12 and S, = 0.8 where,
K, is the ratio of the applied crack driving force in terms of the crack tip stress intensity factor (K)
to the material fracture toughness (K,,.), and 8. is the ratio of the applied crack driving force in
terms of CTOD () to the corresponding material fracture toughness (8mae- The value of 12 for
K, or V8, arises simply from an inclusion of a safety factor of 2 on flaw size in frachure assessment
when the applied stress is < 0.50y. At higher applied stresses, the safety factor on flaw size can be
slightly different from 2. The CTOD design curve considers fracture only and not failure by plastic
collapse and, therefore, to adapt it 1o the FAD format, an arbitrary cut off for 8. has been
established at 0.8. Since there already are safety factors built into this'FAD, both on flaw size and
on stress ratio, it is advised against the application of additional safety factots in assessing critical
stress (residual strength) or critical flaw size. '
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Figure 3.2: Level 1 failure assessment diagram (from Reference (3.3
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An assessment based on Level | FAD employs upper bound estimates for loading and flaw
size, and lower bound estimate for material toughness. In addition, the through-thickness stress
distribution at the assessment site is assumed to be uniform for calculating stress intensity factors
and net section stresses. These features and the safety factors built into the Level 1 FAD imply that
the results of a Level 1 assessment are quite conservative. Since Level | assessment is also
relatively easy to perform, it is usually referred to as a preliminary assessment. If it finds a flaw to
be safe, then no further analysis is deemed necessary. Conversely, if the flaw is found to be unsafe,
then one can perform additional assessment based on more complex but more accurate FAD’s
described in the paragraphs below. Determination of the various driving force input parameters
(Kapp 2nd ©y) is detailed in Section 6, while the determination of the various material resistance
parameters (K, and G, or o) in Section 3.5.

Under Level 2, there are three FAD’s that one can potentially use for analysis. These are
shown in Figures 3.1, 3.4 and 3.5, respectively and the analysis approach forall these three FAD’s
is-summarised in the flow diagram shown in Figure 3.6. Overall, these three approaches are more
accurate than Level | assessment, and PD6493 refers to Level 2 analyses as normal assessment to
assess the susceptibility of a flawed member to unstable fracture. Unlike the Level 1 FAD, there are
no built-in safety factors in these FAD’s so that any parameters calculated from the FAC {residual
strength, flaw size) will be critical values. Therefore, the conservatism of these values in 2
deterministic assessment will be largely determined by the selected input variables {material
fracture toughness, service loads). Guidance on the values for these inputs is provided later in
Sections 3.5 and 5.0.
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Figure 3.4: Level 2 material non-specific failure assessment diagram
(from Reference [3.3})
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Figure 3.5a: Stress-strain curve and material dependent failure assessment diagram
for a quenched and tempered steel (from Reference [3.3]).
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Figure 3.5b: Stress-strain curve and material dependent failure assessment diagram
for a carbon steel (from Reference [3.3])
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As mentioned earlier, the FAD in Figure 3.1 is based on the sirip yield model and the FAC
is given by Equation 3.4. Because of the elastic-perfectly plastic material assumption, it is suitable
for low work hardening materials and therefore recommended for welded steel structures, However,
one situation where this Level 2 FAD can become unsafe, is when the material displays a yield
plateau (Luder band extension) and the applied siresses exceed the yield level so that considerable
local strains are involved. To address such situations, one can either impose a cut off for S, value <
0.83 (1/1.2) or use a material specific FAD (Figure 3.5).

The other two Level 2 FAD’s in the 1996 edition of PD6493 (Figures 3.4 and 3.5) are
included in the current (1991) edition of PD6493 as Level 3 FAD’s and are more suitable for high
work hardening materials (e.g., stainless steels, some low strength ferritic pressure vessel steels).
The difference between the FAD’s in Figures 3.4 and 3.5 is that the former is a lower bound,
material non-specific FAD to be used when the stress-strain curve for the material is not available
or=cannot be easily established {e.g., for heat affected zone), whereas the one in Figure 3.5 has to
beconstructed from the actual stress-strain behaviourof the material. The FAC’s for these two
FAD’s are given by the following equations:

Material Non-specific

K, =(1-01412}{03+ 07 exp(- 065L%)) for L <L, max (3.5

K =20 for L.> L, max.
Material Specific
(Blfl+s)  o*l1+e) |
K, = + (3.6)
L c(i—:—s) 20, Eln(1+e)J
L =c(1+s) a1
o

where; o is any value of stress along the materials engineering stress strain curve at a strain of ¢,
and o, is the material’s lower yield strength or 0.2% offset yield strength. It should be noted that
the ab301ssa in these two FAD’s is L, rather than S, as in the FAD’s in Figures 3.1 and 3.2. Inthe
term L, now called the load ratio, the net section stress is normalised with respect to the materials
yield strength rather than flow stress as for the applied stress ratio, S. Thus,

Gl’l
L, = (3.8)
G)"
where o, is the net section stress as defined and calculated for Level 2 strip yield model FAD
(Figure 3.1). The maximum value of for L is, however, no longer limited to 1.2 and is given by
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(O'Y +0, ) / 20'3 . However, if the material displays discontinuous yielding, then L _ is limited to a

maximum value of unity. The ordinate of the FAD, K, , is calculated in exactly the same manner
as for the FAD in Figure 3.1 and the assessment procedure for residual strength or critical flaw size
also follow the same approach..

3.3.2 Use of FADs in Other Industries

In the late 70°s and early 80’s, the CTOD design curve was the main basis for conducting
engineering critical assessments. This approach to evaluate potential for unstable fracture has also
been incorporated in non-mandatory appendices in pipeline standards (e.g.. CSA 7662,
AppendixK, API 1104, Appendix A) to establish flaw acceptance criteria that are usually less
restrictive than workmanship criteria. A separate check, however, is needed for considering plastic
collapse and the criteria are based on large scale pipe bend tests. By the mid 80’s, a methodology
based on the strip yield model FAD had been formalized and used more offen for assessments of
flaws in offshore structures and pressure vessels.

More recently, Anderson [3.12] has formalized an engineering critical assessment approach
for pressure vessel steels that is based on the material non-specific FAD shown in Figure 3.4. Since
pressure vessel design is based on the uliimate strength of the steel, pressure vessel steels tend to
have a relatively higher ultimate strength to yield strength ratio (o/Cy, greater work hardening)
compared to structural steels, especially for higher strength structural steels (vield strength of 350
MPa or more). As mentioned earlier, for such steels it is more appropriate to use one of the FAD’s
shown in Figures 3.4 or 3.5. The unconservatism of the failure locus resulting from the use of the
strip yield model FAD (Figure 3.1) for materials with oy/6y >1 is shown in Figure 3.7. Here
material specific FAC’s were calculated by Reemsnyder [3.13] for steels with different G,/Cy ratios
and then after adjusting the load ratio to stress ratio, plotted on to the strip yield model FAD. It is
evident that as the o,/C, ratio increases beyond unity, the strip yield model FAD increasingly
becomes more unconservative.

3.33  Selection of FAD for Residual Strength Assessment of Ship Structurai
Members

In light of the comments made in the previous sections, it is recommended that wherever
possible, the material specific FAD defined by Equation 3.6 be used for residual strength
assessment. This FAD is henceforth referred to as the Level 2¢ FAD., This FAD, however, requires
the stress-strain curve for the material of interest which is often unavailable for steel base materials
and never for the heat affected zone. Under such circumstances, either the material non-specific
FAD defined by Equation 3.5 (henceforth referred to as the Level 2b FAD) or the strip yield
model FAD defined by Equation 3.4 (henceforth referred to as the Level 2a FAD) can be used.
These two FAD’s are comparable in ease of application, but the Level 22 FAD is less suitable for
high work hardening materials since: (i) it is less conservative at relatively high S, values (< 1),
and (i1} and it does not permit net section stresses to exceed 120,
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Figure 3.7: Comparison of failure assessment diagrams for steels with different
yield/ultimate strength ratios (from Reference [3.13])
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Use of any one of the three Level 2 FADs presupposes that the material fracture toughness
data is available. If that is not the case, then an estimate of the material fracture toughness is
obtained indirectly via empirical and conservative correlations between CVN toughness and
fracture toughness. In such cases, it is recommended that Level 2 FAD’s not be used. Instead,
assessments should be based on a Level 1 FAD.

In using any of the FAD's described above, it should be kept In mind that these cover
failure due to mode I loading (principal stress perpendicular to the crack surface) only.

3.4 Crack Driving Force Calculations

The driving force for brittle fracture (Kypp) and local plastic collapse (o,) are required
inputs for each of the failure assessment diagrams described above. K, ,p depends on the local stress
state around a crack tip due to applied loads, welding residual stresses, and fabrication residual
stresses, whereas o, depends on the local stress state atound a crack due to applied loads and only
those residual stresses that that do not relax as a result of local net section yielding. Guidance on the
calculation of these driving forces and the relevant local stress is given in Section 6.0. Because of
the stochastic nature of these calculations, it is necessary to base these calculations on the
maximum expected applied loads over the assessment period of interest (usually the inspection
period). Guidance on the calculation of these loads is given in Section 5.0.

3.5  Resistance to Crack Initiation (Material Property) Inputs

. The material property data required for the analysis are the yield strength (lower yield or
0.2% offset), ultimate strength and fracture toughness of the material (weld metal, heat affected
zone or base metal) where the flaw tips reside. Guidance for obtaining appropriate values for these
inputs is as follows:

3351 Tensile Properties

The yield strength and ultimate strength of weld metal and base metal are easily determined
following standard test procedures. (When multiple tensile tests are conducted, the scatter in results
is usually minimal so that damage tolerance assessment results are not significantly affected when
the tensile properties used are obtained from a single specimen or as a lower bound from multiple
specimens.) Once the yield and ultimate strength values are established, the flow stress (o) is
computed as the lower of 1.2 x 6, or (oy +o,)/2 for FAD’s in Figures 3.1 and 3.2, and as (o, +
G2 for FAD’s in Figures 3.4 and 3.3.

For heat affected zones, tensile properties are not easily determined. To obtain conservative
assessments, it is recommended that the HAZ tensile properties be assumed to be the lower of
adjacent base metal or weld metal in calculating S, or L, values, and higher of adjacent base and
weld metals when required for calculating HAZ, fracture toughness in experimental procedures
(CTOD, K or J tests).
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352 Fracture Toughness

Since the damage tolerance assessment results are sensitive to the Input material toughness

and since there usually is a significant scatter in the frachure toughness measurements of a given
material (especially weld metal and HAZ), selection of fracture toughness input value haswarranted
considerable thought. In selecting the input material fracture toughness value for deterministic
analysis, the following guidelines are provided:

For most marine structural steels and weldments, the fracture toughness is most cormnmonly
measured as a critical CTOD value (§,,,,) which corresponds to either unstable fracture
initiation in the specimen without any crack extension (), unstable fracture after some ductile
crack extension (8,), or maximum load behaviour in a test (&) [3.14]. For an analysis based on
the Level | FAD, this is an ideal choice since the experimentally established CTOD design
curve, the basis of the Level 1 FAD, also uses such values.

The fracture.toughness value , X, ., , should be computed {rom critical values of CTOD (§,,,, )
using Equation 3.9 below which is less conservative than the equation implicit in PD 6493 (see

Section 3.6):
K = 160,83, .E (3.9)
mat (1 _ v2 ) .

Occasionally, the fracture toughness may be available as Jmat » @ critical value of J determined in
accordance with standards like ASTM E 1737 [3.15]. In such cases, Kmat can be inferred from
Equation 3.10 below:

(3.10)

¢ The CTOD tests can be conducted according to ASTM Standard E 1290 [3.14] and T tests

according to ASTM Standard E 1737 {3.15). In near future, when a current draft standard [3.16]
is finalized, both fracture parameters will be calculable from the same test procedure. The
fracture toughness tests for determining the fracture toughness must be conducted at the design
temperature on fuil thickness specimens machined from the same material as the welded
structure and at the same stress intensity factor rate as that anticipated in service. For welds and
heat affected zone, it means that the welding procedure (welding consumables, heat input,
restraint during welding, post-weld heat treatment, etc.) for the test weld for preparing the
specimens should be the same as for the production welds. The crack plane and location in the
specimen should be the same as that anticipated for the flaw in service. For HAZ specimens,
post-test metallography ought to be performed to ensure that the crack tip indeed resided in the
microstructural region of interest.
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It is a common practice to determine fracture toughness using rectangular B x 2B
(preferred geometry), three point loaded | single edge notched beam specimens where B is the
specimen and plate thickness.

The fracture toughness is most frequently measured at a quasi-static loading rate whereas
the loading rates that ship structural members are subjected to are in the intermediate loading rate
(strain rate of about 5 x 10™) as mentioned earlier [3.8]. In the absence of such data, it is common
practice to input fracture toughness values based on quasi-static loading rate tests though it does
introduce a degree of non-conservatism in the assessment.

* An important issue is the number of fracture toughness tests that ought to be done and then
which value should be used as a representative fracture toughness. For Level 1 assessment, PD
6493 recommends conducting at least three tests and then using the lowest one in analysis. The
minimum value from a set of three corresponds to a 33rd percentile value (mean minus one
standard deviation) with 70% confidence. Further tests are recommended if there is too much
scatter within the three results. Excessive scatter is indicated when the minimum CTOD value
is less than half the average of three values or if the maximum value is more than twice the
average of the three values. Further testing would normally comprise an additional set of three
specimens and then selecting the second lowest value for material fracture toughness from six
values available from the two sets of tests.

» For the remaining FADs described earlier, there are no safety factors built into them, and once
again the lowest fracture toughness value obtained from a set of three is normally used subject
to the qualifications stated above and provided worst case estimates for stress and flaw size are
used. However, it is generally desired that greater volume of fracture toughness data be
available. When more than three test results are available, then the statistically equivalent value
to the minimum of three which should be used in the damage tolerance assessment is given in
Table 3.1,

Table 3.1: Equivalent Fracture Toughness Values to the Minimum of Three Results

Number of Fracture Toughness Tests Equivalent Value
35 Lowest
6 to 10 Second Lowest
11 to 15 Third Lowest
16 to 20 Fourth Lowest

(In reliability based anatyses, log normal or Weibull distribution could be fitted to the available
data, assuming that all data points represent the same failure mode (Oc, &y, or §,) and then a

Guide to Damage Tolerance Analysis of Marine Structures 30




characteristic value equal to mean minus one standard deviation established. Further, it is
recomimended that a partial safety factor be applied to this value depending on the consequences of
the member’s failure. Thus, for moderate consequences of failure, the partial safety factor suggested
is 1 and it is 1.4 when the fracture toughness is expressed as CTOD (1.2 for K,,,) and the failure
consequences are severe.)

* An alternate approach to handle the scatter in the fracture toughness value is being considered
in a draft ASTM Standard on fracture toughness measurement in the ductile-brittle transition
region {3.16]. The basis of this approach lies in two observations. First, it has been shown that
at any test temperature, the cleavage fracture toughness distribution can be described by a three
parameter Weibull distribution of slope 4 so that:

F=1 {M}d 311
=l-e ®, Z20 | (3.11)

where, F is the cumulative probability, K. is the fracture toughness obtained from J integral and
©y is the 63rd percentile toughness, Generally, six tests at any one test temperature are expected to
be sufficient to establish the ©, value first, and then the median (or any other percentile) X, value
by setting F equal to 0.5 (or appropriate fraction).

Secondly, according to Wailin and co-workers [3.17), the temperature dependence of
fracture toughness can be expressed by the equation:

K segmsaany = 30+ T0exp[0.019(T - T, ) (3.12)

According to this equation, when T = Ty, K, = 100 MPavm. Once this is established, then
the K, value (any percentile) can be plotted as a finction of temperature. This approach should be
used only for the ductile-brittle region as it is not suitable for the upper shelf region and it may not
fit the data well in the lower shelf region.

* Frequently, it is the case that no fracture toughness data is available at all and none can be
generated due to material unavailability. On the other hand, CVN toughness for the desired
region may be available or could be generated with the limited material available. In such cases,
lower bound CVN-K,,, correlation may be used but at the risk of obtaining very conservative
assessments (small critical flaw size or low residual strength),

PD6493 provides two graphs to estimate K,,,, from the CVN test results. When the CVN
absorbed energy (20, 27 or 40 J) transition temperature of the region of interest is known and it is
different from the service or design temperature then Figure 3.8(a) enables one to estimate K, as a
function of (design temperature - transition temperanire).
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The curve in Figure 3.8(a) is based on a lower bound to the data generated for ASTM A533
grade B, nuclear pressure vessel steel and includes data from crack arrest and dynamic fracture
toughness test, and is therefore quite conservative for relatively thinner ship steels subject to
intermediate loading rates rather than dynamic. The transition temperature used in the ASME
lower bound curve is the drop weight nil ductility transition temperature (NDTT) as determined by
ASTM E208 procedure. However, for ship and structural steels in general, CVN data is more
frequently available than the NDTT and therefore PD 6493 recommends the use of CVN transition
temperature though some recent work suggests that for modern, clean, low carbon steels, the
NDTT can be higher than the CVN transition temperature. (Anderson (3.12] uses a similar lower
bound curve for pressure vessel steels but based on quasi-static fracture toughness data only.
Obviously, this approach gives higher K, value for the same CVN toughness, however, since the
applicable loading rates for ships are in the intenmediate range, it is prudent to use the lower bound
curve in PD 6493 rather than the one used by Anderson).

If the CVN absorbed energy at the design or operating temperature 1S known, then Figure
3.8(b) can be used directly to estimate X,__,. If both these pieces of information are available then
the lower of the two resulting K, values is recommended to be used. Secondly, these correlations
should be used only for steels with less than 480 MPa yield strength.

Care should be taken to ensure that the CVN data is from specimens that represent the same
fracture path and microstructural region as the region of the structure containing the flaw.

3.53.3 Practical Examples of Estimating Kinar Yalues in Various Scenarios
(a)  Steel of unknown specification, and not available for any toughness tests

In such a situation, ideally no damage tolerance analysis will be performed. If one must be
performed for whatever reason, then there is no choice but to estimate a lower bound material
toughness value. Anderson in the MPC procedure recommends that for steel of unknown origin,
one should presuppose a hot rolled steel and assume the 20 J transition temperature to be 38°C. For
a design temperature of 0°C, the Kmae value using the correlation provided in PD 6493 (Figure
3.8(a)) would be about 1025 Nmm ™ (32.5 MPavim).

In practice, a similar situation can arise when it is known that the steel used conforms to
Grade A which does not have any CVN toughness requirements at all. According to Yajima and
Tada [3.18] in developing the guidelines for steel grade application to different regions of the ships,
it was assumed that Grade A steels would meet a transition temperature of 10°C. Once again,
Figure 3.8(a) would suggest that the X, value for a design temperature of 0°C for such a steel
would be about 1250 Nmm ™ (39.5 Mpavm).

K pat values of 32 to 40 MPavm are quite small and are likely to indicate unsafe conditions
except in most benign conditions (very low stresses or very small flaws).
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{b)  Steel or Weld Metal of Known CVN Toughness or Specification

Two cases can be envisaged in this scenario. The steel grade or fabrication specification
detailing the minimum requirements is known but the actual values from the mill test report or
procedure qualification record may or may not be known. Or, the actual CYN toughness values at
a particular test temperature might be available or be determinable, with or without the knowledge
of the governing material specifications. Again it 1s assumed that material is not available for
testing and generating the fracture toughness data.

For example, it may be known only that the steel used in fabrication was specified to be EH
56 which is required to meet a requirement of 34 J at -40°C (i.e., the design temperature of 0°C is
40°C above the CVN test temperature) in the longitudinal direction. Then, assuming the flaw
orientation to be consistent with flaw propagation in a direction” perpendicular to the rolling
direction, Figure 3.8(a) indicates that lower bound Ky for such a steel is about 2000 Nmm'™'~ (63
MPavm) at 0°C.

The actual data may indicate that the steel in fact had 2 CVN toughness range of say, 100 to
110 J at -40°C. Clearly, the CVN toughness would be higher at the design temperature of 0°C.
Still, using the 100 J number (lowest value) and Figure 3.8(b), one would estimate the K, value to
be 3500 Nmm™? (110 MPavm). Unfortunately, PD 6493 implies that one is limited to using the
lower of the two XK,,,,, values obtained from F igures 3.8(a) and (b), respectively.

However, if only the actual CYN toughness were available, without knowledge of the steel
grade or other specification requirements, then it is allowable to use Ky value obtained from
Figure 3.8(b). Thus, in the example in the preceding paragraph, it would be acceptable to use a
value of 3500 Nmm™ (110 MPavm) based on the actual CYN toughness value at -40°C,
Stmilarly, if the CVN toughness were available at 0°C, say 150 J, then it would be acceptable,
based on Figure 3.8(b) to use a Ky value of 4300 Nmm™* (135 MPavim).

PD6493 goes on to caution that before using the above correlations in Figures 3.8(a) and (b)
for Level 2 analyses, one should validate them for the particular material of interest based on data
that might be available in the literature.
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{c) Fracture Toughness Data at Design Temperature Available

This of course is the ideal situation. In the context of marine materials, CTOD tests
as per BS 5762 or ASTM E1290 are usually carried out to give critical CTOD values which might
correspond 1o ¢,u or m type behaviour. Invariably, three valid tests would have been conducted and
based on the guidance provided earlier, the lowest of the three would be used to estimate K, from
equation 3.9, assuming that the scatter between the three values is acceptable.

For example, at the time of fabrication, weld procedure qualification may have required
weld metal CTOD tests and the three valid values might have been 0.23 (u), 0.31 (u) and 0.12 (c)
mm. The CTOD value used for calculating K, in Level 2 analysis would then be 0.12 mm since
the scatter in the results is acceptable. (The average value of 0.22 mm is within a factor of 2 of the
misimum and maximum values.} If on the other hand the three values were 0.75 (m), 0.64 (m) and
0.18 (u) mm, then one ought to do additional tests for a useable value since the average of the three
vajues (0.52 mmy) is more than twice the minimum value.

Similarly, if a large heat affected zone fracture toughness investigation had been undertaken
at the time of steel procurement and inital fabrication, then it is conceivable that several
microstructurally verified, valid HAZ CTOD fracture toughness values at the design temperature
are available for the HAZ using a particular welding procedure of interest. For the purposes of
illustration, let these values (in mm) at the design temperature be: 0.27 (u), 0.23 (u), 0.16 (u), 0.52
(), 0.47 (u), 0.06 (c), 0.09 {c), 0.29 (u), 0.2 (u), 0.31 (u) and 0.18 (u). Since eleven values are
available, according to Table 3.1 presented earlier, the third lowest value should be used in the
analysis which in this case would be 0.16 mm. Alternatively, one could establish the Weibull
distribution for these CTOD values and then use a value corresponding to a certain percentile value.

The only limitation in the above data is likely the loading rate at which the data had been
obtained. Unfortunately, at this time there are no reliable means to correct these values for the
potentially higher loading rate that may be encountered in ship service.

3.6 Commentary on Fracture Toughness Input

Traditionally, the notch toughness of steels and weldments has been assessed on the basis of
absorbed energy in the blunt notched Charpy Vee notch specimen, and the minimum requirements
for material specification are based primarily on experience. Unfortunately, the CVN notch
toughness values can not be used directly in fracture mechanics analysis described in the previous
section. The required input has to be in terms of fracture toughness which is a measure of the
material’s resistance to fracture initiation from sharp flaws under specific loading conditions. It is
conveniently measured by subjecting a single edge (fatigue sharpened) notched specimen to a three
point bending load at the test temperature of interest and monitoring load and crack (notch) mouth
opening displacement and/or the load line displacement until a fracture occurs in the test or a
maximum load condition is reached.
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The fracture toughness of a material car be presented in the form of one of three
parameters, Viz., critical stress intensity factor (Ko, crack tip opening displacement (CTOD), or the
J integral. These parameters and detailed test procedures to determine them were initially developed
to measure fracture toughness in the three different regimes of fracture toughness-temperature
transition curve (Figure 3.9). At low temperatures, the material behaves in a brittle, linear elastic
fashion and the extent of plasticity at the crack tip is small compared to specimen thickness.
Fracture toughness under these conditions can be expressed in terms of K, and measured as per
ASTM Standard E399. However, one generally endeavours to avoid using steels that satisfy the
requirements of ASTM E399 for valid K. values at the design temperature since it would otherwise
imply the use of a relatively brittle steel for the intended application,

The CTOD procedure was developed to measure fracture toughness in the ductile-brittle
transition region where there is plasticity and stable ductile tearing at the crack tip before the
initiation of the brittle cleavage factor. The CTOD toughness can be measured using ASTM
Standard E1296 and BSI Standard 7448. Since the extent of plasticity at the crack tip and therefore
the measured CTOD fracture toughness can depend on the specimen thickness (crack tip
constraint), it is recommended that CTOD fracture toughness should be determined using fuil

thickness specimens.

The J integral on the other hand was devised for materials that display fully ductile
behaviour at the design temperature such as the nuclear pressure vessel steels. The J values are also
material thickness dependent and therefore full thickness specimen should be employed for
assessing J value. The ASTM Standards covering measurement of J vatues are E813, E1152 and E
1737, and currently ASTM is preparing a draft standard so that CTOD and J can be obtained from
the same test [3.16].

In calculating J or CTOD toughness for elastic-plastic materials, another consideration is
the stage of the load versus crack mouth opening displacement at which the fracture toughness
value should be computed. Referring to the CTOD test load vs CMOD frace shown in Figure 3,10,
four CTOD values can be defined. For brittle materials, cleavage fracture is initiated in the elastic
load range and an unambiguous CTOD toughness, 8, can be calculated. However, in the presence
of extensive crack tip plasticity, there are three potential values of CTOD toughness that can be
defined. Thus, 8, denotes CTOD toughness corresponding to the peak load at fracture in specimens
that display some ductile tearing at the crack tip before the fracture. Similarly, §_ refers to the
CTOD value corresponding to the maximum load reached in the test for specimens that display
ductile tearing only and wherein no cleavage fracture intervenes. In between 8. and §, , there is a
potential CTOD value, §; , that just corresponds to onset of ductile tearing. Its determination
requires a different test procedure so that a CTOD (or J} vs crack growth (Aa) curve (also called the
CTOD-R or J-R curve) is generated and then CTOD or J value determined for Aa =0.2 mm.
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In the linear elastic (plane strain) regime, one can obtain a theoretical relationship between
the above three measures of fracture toughness:

K - J.E _ 26,6 .E 213
V=) T N

where; Ky, Ji, and 3, are critical values for fracture toughness expressed in terms of stress intensity
factor, J integral and CTOD, E is the Young’s modulus, v is the Poisson’s ratio and oy is the yield

swength.

In the presence of crack tip plasticity, however the relationship between K, J and CTOD
oreaks down and then one can use the following:

K _ JmatE
mat (1 _ vz)

(.14)

where J,,, is the J toughness corresponding to (.2 mm crack extension, i.e., J 1c » though arguments
are being developed [3.12] to accept the use of critical J, value corresponding to the load at brittle
fracture initiation after some stable crack extension.

Based on tests wherein both CTOD and J were measured, Anderson et al propose [3.12] the
following for K, - critical CTOD relationship: .

_ [l6o8,4E
K, = /*_"_'(1-\»2) (3.15)

where; o is the flow stress, and 3, is the critical CTOD for ¢, u, or m type fracture behaviour. It is
presumed that any error caused by the use of these critical values instead of '§; is small and
acceptable.

In the present Guide, following Anderson, it is recommended that Kiq be estimated from
critical CTOD value using Equation 3.15. In comparison, PD 6493 recommends that if the fracture
toughness is available as critical CTOD, it should not be converted t0 Ky, Instead, the driving
foree is to be computed in CTOD terms (O4pp) using the equation:

K2
§ =% (3.16)

app
c,E

Implicit in the above expression is a following relationship between K,  and 8, :
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K ot =/10G 8 g E (3.17)

Equation 3.17 provides a more conservative estimate of the fracture toughness to be used in
the analysis. Anderson however takes issue with this approach because when materia] toughness
data 1s available both as CTOD and J, their respective use will lead to different answers. The
Anderson approach (Equation 3.15) recommended in the Guide provides similar answers when the
fracture toughness data used is as CTOD or J from the same test. While Anderson’s approach
recommended in this Guide is less conservative than the PD 6493 approach., his validation studies
based on analysis of numerous wide plate tests has indicated that when a lower bound toughness is
used (based on a relationship similar to that in Figure 3.8(a) but a quasi-static loading rate), the
predictions with respect to the non-specific material FAD are still safe.

) Finally, as mentioned earlier, the use of fracture toughness vatue, K,,,,, derived from CVN
toughness leads to overly conservative assessment because the Knat - CVN toughness correlation is
based on data from thick steels representing plane strain conditions and includes fracture toughness
data at dynamic loading rates as well as from crack arrest toughness tests. Therefore, while this
method of estimating the K,,,, value may be fast and convenient, it is the least preferred as well.
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4.0 ASSESSMENT OF FATIGUE CRACK GROWTH

This section describes a two level procedure based on linear elastic fracture
mechanics for predicting fatigue crack growth in ship structures from an assumed initial
crack or from flaws detected in service or during fabrication by non-destructive
evaluation. Guidance is given on the preparation of inputs for the procedure, the
execution of the procedure and the use of the results to establish safe and efficient
schedules for inspection and repairs.

4.1 Background

4.1.1 Characterization of Fatigue Crack Growth by Linear Elastic Fractare
Mechanics

The resistance of a metal to fatigue crack propagation is normally characterized by a
log-log plot of crack growth rate (da/dN) under tensile loading (Mode I). versus the range of
the crack tip stess intensity factor (AK). Crack growth rates for such plots are extracted
from discrete measurements of crack length during fatigue tests of standard specimens with
through-thickness edge cracks or center cracks subjected to Mode I constant amplitude
loading, and the corresponding stress intensity factor ranges are calculated by finear elastic
fracture mechanics. Although fatigue cracks can also propagate by an in-plane shearing
mechanism (Mode II) or an out-of-plane tearing mechanism (Mode ITT), Mode I cracking
usually predominates in engineering structures.

The correlation of da/dN against AK assumes that identical stress-strain fields
exist at the tips of different cracks regardless of crack size, crack shape, applied loads,
and structural geometry if the crack tip stress intensity factor, material, R-ratio, and
environment remain the same. The crack tip stress intensity factor quantifies the severity
of the asymptotic stress-strain field at a crack tip in linear elastic material i.c., K—ﬁeld) and
AK is generally defined in the following manner:

AK = YAovma @1

where; a is a measure of crack size, Ac is the tensile portion of the range of the applied
stress (e.g., hot spot stress, nominal stress, or local nominal stress) pius total residual
stress {due to welding and fabrication) over a load cycle, and Y is a dimensionless factor
that depends on the geometry of a crack, the location aiong a crack front, and the
geometry and loading of a structure. The corresponding R-ratio is the ratio of the
minimum stress to maximum stress (applied stress plus residual stress) around a crack
over a load cycle. Although a plastic zone inevitably develops at a crack tip in ductile
materials subjected to cyclic loading, similitude is maintained if the plastic zone is small
compared to crack size and surrounded by the elastic K-field. These conditions are usually
satisfied in high cycle fatigue problems.
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A typical log-log plot of has a sigmoidal shape which can be divided into three
regions (Figures 4.1 and 4.2):

Region I - Crack growth in Region I (<107 mmy/cycle) can be strongly influenced
by microstructure and R-ratio. These rates diminish rapidly with decreasing AK ,
and fatigue cracks are assumed to be non-propagating below a threshold value of
the stress Intensity factor range (AK,,) which is usually defined at a growth rate of
108 mm/cycle to 107 mm/cycle.

Region II - Crack growth in Region II is characterized by a nearly linear
relationship between log da/dN and log AK. This relationship is usually
approximated by the following power relationship, which is often referred to as the
Paris equation [4.1],

NS 42
dN ) ( “")

where C and m _are empirical constants. Crack growth rates in Region II (107
mmv/eycle to 107 murv/cycle) are less sensitive to microstructure and R-ratio than
crack growth rates in Region I.

Region Il - Crack growth rates in Region I increase asymptotically with
increasing AK . This acceleration of crack growth is related to the emergence of
static fatlure modes such as fracture, ductile tearing, and plastic collapse, and it is
accompanied by an increased sensitivity of crack growth rates to microstructure
and R-ratio.

4.1.2 Prediction of Crack Propagation Under Constant Amplitude Loading

The following equation generalizes the relationship between da/dN and AK
under constant amplitude loading for a given material, R-ratio, and environment:

~—= f(AK) (4.3)

If the variation of AK with crack size for an idealized two-dimensional edge crack or
center crack is known, then the number of load cycles to propagate the crack from an
initial length a; to a final crack length a; can be determined by integrating equation in
the following manner:

* da
AN = j 7(aK)

(4.4)
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Conversely, the incremental crack growth from an initial number of constant amplitude
stress cycles N; to a final number of constant amplitude load cycles N; can be
determined by integrating equation in the following manner:

Aa = f F(AK)IN (4.5)

N;

A number of empirical equations are available to describe the entire sigmoidal
relationship between da/dN and AK. This relationship can also be described piecewise
by a series of linear segments. However, for many practical applications, it is sufficiently
accurate to fit the Paris equation to all values of AK from AK,, up to failure:

_dN C(AK)" for AK > AK,,
(4.6)
da
—_—= <
N for AK € AKth

In actual engineering structures, edge cracks and through-thickness cracks usually
have an irregular or curved crack front. Furthermore, surface cracks and embedded
cracks with smooth and imregular curved crack fronts are frequently encountered in such
structures. As discussed in Section 4.1.1, AK depends on crack size as well as crack
shape, and crack shape development can have a significant influence on crack growth
rates and accumulated crack growth. In principle, changes in crack shape as well as crack
size could be tracked by predicting the incremental crack growth at various locations
along the crack front. However, such an approach is time-consuming and impractical.
Usually, an embedded flaw is idealized as an elliptic crack, and crack growth is only

- predicted along the major and minor axes of the idealized flaw. Similarly, a surface flaw
is idealized as a semi-elliptic crack, and crack growth is only predicted at the deepest
point and surface. It is also customary to idealize a through-thickness edge crack or
center crack as a straight-fronted crack and to only predict the average growth along the
actual crack front.
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4.1.3 Prediction of Crack Propagation Under Variable Amplitude Loading

Most engineering structures, including ships, are subjected to variable amplitude

foading rather than constant amplitude loading. Variable amplitude loading can
complicate the prediction of fatigue crack growth in several ways:

1.

Interaction effects between load cycles of different amplifude can produce temporary
departures from da/dN versus AK data for constant amplitude loading. In particular,
an over-shooting load spike can retard subsequent crack growth, and to a lesser
extent, an under-shooting load spike can temporarily accelerate subsequent crack
growth. These effects tend to cancel out under narrow-banded stationary random
loading and under certain types of stationary and non-stationary broad-banded
random loading, but they can have a significant influence on accumulated crack

growth if there are long sequences of load cycles between one-sided load spikes
(Figure 4.3).

The value of AK for a given load cycle varies with crack size and shape. In addition,
a load cycle that is too small to propagate a small crack (i.e., AK < AKy) may be
large enough to significantly propagate a larger crack (i.e.,, AK > AK;). As aresult,
the crack growth produced by each load cycle in a load-time history and the total
crack growth over a given number of load cycles can depend on the sequence of the
load cycles even if interaction effects are negligible.

Individual load cycles in certain load-time histories (e.g., broad-banded random
histories) are difficult to define and counting methods such as rainflow and reservoir
techniques are needed to decompose such histories into individual load cycles (Figure
4.4},

There is no unique load-time history for forecasting fatigue crack growth under
random and pseudo-random loading.

In principle then, a realistic sequence of properly counted load cycles and a crack

growth model that accounts for interaction effects between load cycles are needed to
predict fatigue crack growth under variable ampltiude loading.  Furthermore,
probabilistic simulation methods andfor calibrated standard load-time histories are
required for forecasting fatigue crack growth under random and pseudo-random loading.
In practice, however, a rigorous approach is not always needed. A few examples are
listed below:

1.

If the numbers of load cycles between one-sided spikes in a load history are short,
then interaction effects following the spikes have a negligible effect on the
accumulated crack growth because the spikes are directly responsible for most of the

accumulated crack growth.
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2. Retardation and acceleration effects tend to cancel out under narrow-banded
stationary random loading and under certain types of stationary and non-stationary
broad-banded random loading.

3. The total crack growth over a given number of load cycles is mdependent of load
sequence If interaction effects are negligible and if the AK value for each load cycle
exceeds AK,, Under these conditions, the total crack growth over a given number of
variable amplitude load cycles can be predicted by a cycle by cycle integration of the
Paris equation over an arbitrary sequence of the load cycles and their corresponding
AK values. Alternatively, a weighted average of the stress ranges (Ac,,) associated
with the load cycles in the variable amplitude load history can be used to calculate an
equivalent stress intensity factor range (AK,,) for cycle by cycle integration with the
Paris equation [4.2]:

AK, = YAc, Nm (4.9)

2| (4.10)

where; n; is the number of cycles of magnitude Ac; in the random history, m is the
material exponent in the Paris equation, and Ny is the total number of cycles.

4.2 Application to Ship Structares

As evident in Figure 4.5, the variation of stresses at a given point in a ship can be
described as a broad-banded non-stationary pseudo-random process. Broad-banded
means that the frequency content is wide, and ron-stationary means that the statistics of
the process do not remain constant. Pseudo-random means that there are deterministic as
well as random cyclic stress components. Random components arise from wave-induced
bending and torsion of the ship’s hulil, fluctuations of the external pressure on shell
plating, fluctuations of the internal pressure on tank and cargo boundaries as a result of
wave-induced motions, and wave-induced dynamic effects such as springing, slamming,
and whipping. Deterministic components, on the other hand, arise from thermal effects,
changes in still water bending moment as a result of changes in cargo and ballast
conditions, seasonal variations in sea states, changes in heading to avoid rough seas, and
reductions in speed to minimize slamming,
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The prediction of fatigue crack growth In engineering structures is the subject of

on-going research, and further work is needed in the following areas before rigorous
methods are available for the prediction of fatigue crack growth in ships:

1.

Lad

Wave-induced loads are responsible for the majority of stress cycles experienced by
the hull of a ship over its operational life, and counsiderable attention has been given to
quantifying the statistical distributions of wave-induced cyclic stresses over the short
term and long term. In contrast, much less attention has been given to understanding
and quantifying the sequence of cyclic stresses in ship structures over time. Realistic
sequences of these stresses cannot be re-constructed from the short-term and long-
term statistical distributions of wave-induced cyclic stresses by probabilistic
simulation methods without an understanding of the deterministic nature of these
stresses {(e.g., a large peak is generally followed by a large trough, the build up and
decay of sea states is gradual rather than random). In addition, little is known about
the significance and nature of other cyclic stresses in ship structurés. For example,
changes in still water bending moment can cause relatively large changes in stresses
at certain locations in a ship that could retard or accelerate subsequent crack growth.
These stress cycles are infrequent and make little direct contribution to the total
fatigue damage and accumulated crack growth but the associated retardation effects
could have a significant effect on crack growth.

Interaction effects under variable amplitude loading are generally attributed to cycle
by cycle variations of residual stresses and crack closure at the crack tip. The
complexities of these effects have so far precluded a complete theoretical treatment
of the problem. Several variants of the Paris equation {(e.g., Wheeler and Willenborg
models) have been successfully used to model interaction effects, but these empirical
models have been calibrated with fatigue crack growth data for specific types of
variable amplitude loading and material. In principie, these models could be adapted
to ship structures but they would have to be re-calibrated against data for fatigue
crack growth in ships and representative variable amplitude loading for such
structures.

As fatigue cracks propagate away from their initiation sites, load is continuously shed
from the damaged areas to swrrounding material. The inherent redundancy of ship
structures enables them to tolerate a considerable amount of load shedding.
Unfortunately, users of this guide cannot fully exploit this redundancy at this tme.
Stress intensity factor solutions for cracks in basic welded details (handbook solutions
or direct calculation by analytical or numerical methods) only account for load
shedding around small cracks in ship structures, and little 1s known about load
shedding around large cracks in ship structures. There are many possible paths for
the propagation of large fatigue cracks in ships, and a number of large finite element
models would be required to quantify load shedding along any given path.
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Until further advancements are made in the above areas, procedures for predicting
fatigue crack growth in ships structures should be consistent with the sophistication and
assumptions of fatigue design procedures recently introduced by classification societies.
These procedures only consider wave-induced cyclic stresses and ignore other cyclic
stresses in ships. It is assumed that the short-term variation of wave height is a narrow-
banded stationary process, and that the structural response is linear. These assumptions
enable the short-term distributions of stress range for all possibie sea states over a specific
voyage route or over the operational life of a ship to be generated by spectral methods. A
long-term distribution of stress ranges over a specific voyage route or over the life of a
ship 1s then built-up from the weighted sum of the short-term distributions. Alternatively,
the long-term distribution is assumed to be a Weibull distribution characterized by an
assumed shape factor and a reference stress range corresponding to a specific probability
of exceedance. The long-term distribution of stress ranges is then used in conjunction
with fatigue design curves to predict the initiation of relatively large fatigue cracks.
These calculations ignore load shedding and interaction effects. It is assumed that the
interaction effects are mitigated by the narrow-banded nature of short-term sea states and
by the gradual build up and decay of sea states. The calculations also assume that fatigue
cracks continue to propagate during the compressive portions of applied stress cycles
because of the presence of tensile residual stresses.

The following procedure is, therefore, recommended for predicting fatigue crack
growth in ship structures for the purpose of establishing inspection and maintenance
schedules or assessing the fitness-for-service of detected flaws.

1. Define the size and shape of an initial crack. See Section 4.3 for guidance on
assuming an idealized initial crack at the design stage, idealizing the size and shape of
a crack detected in service by non-destructive evaluation, and selecting the points
along the idealized crack front where crack growth will be simulated.

2

Define the statistical distribution of the appropriate stress range (e.g., hot spot stress
range, nominal stress range, or local nominal stress range) for stress intensity factor
calculations over the interval of interest (e.g., inspection period, voyage route). See
Section 6 for guidance on identifying the appropriate stress range, calculating this
stress range from applied loads, and estimating the statistical distribution of this stress
range.

Approximate the statistical distribution of the applied stress range with a histogram
consisting of 10 to 20 levels. Assume that the stress range in each level is constant
and equal to the maximum value of the range.

L

4. Arrange the blocks of stress ranges in the histogram into at least three different
sequences including; high-to-low, low-to high, low-high-low. For each stress history,
carry out Steps S to 9.
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Calculate the stress intensity factor range AK for the first applied stress range in a
particular stress history at the simulation points along the idealized crack front. For
Level | analysis, assume that the through-thickness stress distribution is uniform and
equal to the magnitude of the maximum peak stress (See Section 6). For Level 2
analysis, use the actual through-thickness stress distribution, The Level 1 crack
growth analysis is consistent the Level 1 residual strength assessment described in
Section 3, whereas the Level 2 crack growth analysis is consistent with the Level 2a,
2b and 2¢ residual strength assessments described in Section 3.

6. Calculate the corresponding increments of crack growth Aa by integrating the Paris
equation over the stress range assuming that the crack growth rate is constant over the
stress cycle and equal to the crack growth rate at the beginning of the stress cycle.

Aa = C(AK)" for AK > AK,,
(4.8)
Aa =0 for AK £ AK,,

See Section 4.4 for guidance on generating C, m, and AK;, values for a specific steel.
Upper bound values for steels are also given in Section 4.4.

7. Update crack size and crack shape.

8. Check to see whether crack has reached a critical size. See Section 3 for guidance on
residual strength assessment.

9. Repeat Steps 6 10 § for subsequent stress ranges in a given stress history.

The results for each stress history and tracking location along a crack front can be
used to construct a curve or table of the accumulated crack growth versus the number of
applied stress ranges. In general, the crack growth that accumulates up to any given point
of the stress history will depend on the sequence of the applied stress ranges. Therefore,
the worst predicted case should be used to establish inspection and maintenance
schedules or to assess the fitness-for-service of detected cracks.

Note: [f the value of AK for every applied stress range in a sequence exceeds AK, the total crack
growth would be independent of the sequence of applied stress ranges. Furthermore, the same total
crack growth would be predicted by the weighted average stress range approach described in Section 4.1,

The cycle-by cycle integration procedure can be easily implemented on a personal
computer either on a spreadsheet or as a stand-alone program if the varnation of the crack
tip stress intensity factor with crack size and shape is parametrically defined. If stress
intensity factor solutions are only available in tabular or graphical form or if users of this

iLh
L
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guide do not have access to computing resources, then a manual assessment can be
performed with the following block integration procedure:

1. Divide the stress history into blocks of stress ranges of the same magnitude, and carry
out Steps 2 and 3 for each block in tumn.

2. Calculate AK using the crack size, crack shape, and stress range at the beginning of
the block.

Calculate the crack growth increment (Aag) at each simulation point along a crack
front over the number of stress ranges in the block (ANp ) assuming-that the crack
growth rate is constant and equal to the crack growth rate at-the beginning the block.

L2

AaB =C (AK)m ANB for AK > AK‘th
(4.9)
Aag = 0 for AK £ AK,;,

Although the approach is inherently non-conservative, resuits will be close to that
obtained by cycle-by-cycle integration if the block size is relatively short (up to 0.1% of
the total fatigue life obtained, or the increment of crack growth does not exceed 0.5% of
the crack depth at the start of a block).

4.3 Flaw Characterization
4.3.1 Idealization of Detected Flaws

Flaws that are detected in service by non-destructive evaluation may be planar or
volumetric. .The fracture mechanics procedure described in Section 4.2 is inherently
conservative for volumetric flaws and planar flaws that are not cracks because it does not
account for the cyclic loading required to initiate fatigue cracks from such flaws.

The fracture mechanics procedure described in Section 4.2 only considers fatigue
crack growth under Mode | loading. However, detected flaws are often inclined with
respect to the principal stress direction, and fatigue cracks that originate at such flaws
may initially propagate under a mixture of Mode I, Mode I, and Mode III loading.
Although it is possible to incorporate mixed-mode loading into fatigue rack growth
calculations, fatigue cracks tend to curve towards a trajectory that is perpendicular to the
principal stress direction. It is simpler albeit conservative to project the detected flaws
onto a plane normal to the principal stress direction and to treat the projected flaws as
cracks subjected to Mode I loading.
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The shapes of detected flaws are often irregular, and a number of closely spaced
flaws may be detected. As discussed in Section 4.1.1, crack shape development can have
a significant influence on crack growth rates and accumulated crack growth. In principle,
the growth of multiple cracks could be simulated simultaneously with stress intensity
factors that account for interaction effects between closely spaced cracks, and the shape
of individual cracks could be tracked by predicting the incremental crack growth at
various locations along the crack front. However, such an approach is time-consuming
and impractical. In order to minimize the number of simulations and to simplify stress
intensity factor calculations, it is necessary to idealize detected flaws in the following
manner:

1. Idealize the projected profiles of surface, embedded, and through-thickness flaws as
semni-elliptic, elliptic, and straight-fronted cracks, respectively.

I~

Re-characterize closely spaced cracks as a single crack.

Assume that the shape of an idealized crack develops in a self-similar manner so that
crack growth only needs to be tracked at the major and minor axes of an elliptic crack
front, the deepest point and one of the two surface points of a semi-elliptic crack
front, or a single point along a straight through-thickness crack front.

Lad

4. When an eiliptic embedded crack breaks through the top or bottom surface of a plate,
re-characterize the elliptic crack as a surface crack for subsequent crack growth
calculations. Similarly, when a semi-elliptic surface crack breaks through the top or
bottom surface of a plate, re-characterize the surface crack as a straight-fronted
through-thickness crack for subsequent crack growth calculations.

Conservative circumscription methods for idealizing the shape of projected flaws and the
re-characterization of idealized cracks during crack growth predictions are given in
Appendix D. '

4.3.2 Assumed Initial Crack

Fatigue cracks in ship structures with properly designed and fabricated welds
generally initiate along the toe of a transverse fillet weld or transverse butt weld, usually
along the hot spot region of the weld toe where structural stresses (i.e., total stresses
minus the stress concentration effect of local weld geometry) are highest. Within this
region, muitiple surface cracks initiate at microscopic stress raisers such as siag intrusions
and macroscopic stress raisers such as weld ripples and undercuts. These cracks coalesce
as they propagate through the thickness of a plate, and a dominant crack usually emerges
before the fatigue cracking is detected. The spacing and number of crack initiation sites
along a weld toe depend on local stresses and welding process. These factors, in turn,
influence the size and shape of fatigue cracks during the crack coalescence stage.
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Since the fracture mechanics procedure described in Section 4.2 does not
expticitly consider fatigue crack initiation, the size, shape, and location of one or more
initial cracks must be assumed for fatigue crack growth predictions at the design stage. If
statistical information about the size, shape, number, and spacing of initial fatigue cracks
along a weld toe are available, then Monte Carlo simulation methods can be used to
define an initial array of fatigue cracks along the weld toe. The subsequent growth of
these cracks can be simulated simultaneously, and the re-characterization criteria given in
Appendix D can be used to conservatively model the coalescence of adjacent cracks.
Alternatively, a mean relationship between the aspect ratio and depth of surface cracks
along a weld toe can be constructed from experimental observations of crack shape
development. This empirical relationship can be used as a forcing function to prescribe
the shape of a single surface crack as the growth at the deepest point of the crack is
simulated.

In practice, relevant forcing functions and statistical information about crack
initiation will rarely be available to users of this guide. In this event, users should assume
that a semi-elliptic crack of depth a,; extends across the length of the hot spot region. If
the hot spot region extends across the full width of plate, then the surface crack should be
re-characterized as an edge crack of constant depth a;. For comparative assessment of
welded joints failing from the weld toe, it is often assumed that a; lies within the range
0.1 mm to 0.25 mm unless a larger size is known to be relevant. Researchers have found
that predicted fatigue lives based on these initial sizes are comparable to the experimental
fatigue lives of laboratory specimens. For establishing inspection intervals at the design
stage , however, a; should be taken as the minimum defect size that can be reliably
detected using the relevant NDT technique. The reliability of the inspection technique
should be taken into account in the determination of this minimum defect size. This
entails the use of probability of detection (POD) curves for a given confidence. A 90%
POD with a 95% confidence limits has been found to be appropriate in most cases {4.3}.

4.4 Fatigue Crack Growth Data
4.4.1 Specific Data

The fracture mechanics procedure described in Section 4.2 assumes that the Paris
equation uniquely characterizes the relationship between da/dN and AK for all values of

AK above a threshold value AK,, , and that fatigue cracks do not propagate at AK values
less than AKy:

da
N C(AK)" for AK > AKy,
(4.10)
da
——— < th
N for AK £ AK
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Whenever possible, specific values of C, m, and AK,;, for the relevant combination of
material, direction of crack growth, environment, R-ratio (6y/Oma), and frequency of
cyclic loading should be used in fatigue crack growth predictions, and the chosen values
should include a sufficient factor of safety to account for the variability of fatigue crack
growth data. If there is any doubt about the applicability of available values in the open
literature, then specific da/dN versus AK data should be produced in accordance with a
relevant test standard such as ASTM E647 [4.4] or BS 6835 [4.3].

As discussed in Section 4.1.1, da/dN versus AK data is generated from discrete
measurements of crack length during fatigue tests of standard specimens with through-
thickness edge cracks or center cracks subjected to Mode I constant amplitude loading.
Moving average techniques are used to extract crack growth rates from these measurements,
and the corresponding AK values are calculated by linear elastic fracture mechanics. It is
customary to fit a least squares regression line through log da/dN versus log AK data for
Region II crack growth and to report the corresponding C and m values. It is also
customary to define an operational value of AK,, by fitting a least squares regression line
through log da/dN versus log AK data for Region I crack and by extrapolating the fitted
line to the smailest detectable crack growth rate (typically 10"% m/cycle). These values
characterize the mean fatigue crack growth behaviour of a test sample, and are usually the
values reported in the open literature. Although they can be used as inputs for relative
fatigue crack growth assessment, more conservative values are generally required for
absolute fatigue crack growth assessments to account for measurement errors, local
. variations of material properties within a batch of material, and general vanations of
material properties between different batches of muaterial. If the test specimens and
structure being analyzed are fabricated from the same batch of material, then absolute
fatigue crack growth assessments should be based on C and AKy, values that comrespond
to the mean values of log da/dN in the test sample plus two standard deviations. If it is
not possible to fabricate the test specimens from the same batch of material as the
structure being analysed, then the test specimens should be fabricated from several other
batches of material to account for the variability of material properties between different
batches of material.

4.42 Cand m Values for Region II Crack Growth in Steels in Air

Although Region Il crack growth rates for steels in air tend to increase with
increasing R-ratio, this dependency is small compared to the dependency of Region I crack
growth on R-ratio and it is usually ignored in comparisons of Region II crack growth rates
for different steels. For example, Rolfe and Barsom [4.6] compiled da/dN versus AK data
for Region II crack growth in a wide range of steels tested at various R-ratios, and divided
this data into three groups according to microstructural differences (viz., martensitic,
ferritic-pearlitic, or austenitic). They found that most of the measured crack growth rates
within each group varied by less than a factor of two at any given AK value. Considering
the wide range of mechanical properties and chemical compositions represented within each
group, Rolfe and Barsom suggested that engineering estimates of crack growth rates in
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martensitic, austenitic, and ferritic-pearlitic steels could be obtained from the following
upper bound relationships' :

martensitic steels

da — -1 215

N 1.2 x 107AK (4.11)
ferritic-pearlitic steels

da —_ +13 3 .

7 = 492 x 10PAK (4.12)
austenitic steels

da :

o 1.73 x 10PAKZ (4.13)

Most investigations of fatigue crack growth in steels have not been accompanied by
fractographic examinations of fatigue crack growth mechanisms. The few studies [6.18]
that have involved such examinations have shown that Region II fatigue crack growth in a
wide range of microstructures occurs by a transgranular striation mechanism, and that crack
growth rates assoctated with this mechanism fall within a common scatter band regardless
of R-ratio and tensile strength. Departures from the striation mechanism (e.g.,
microcleavage in coarse pearlitic steels and steels with brittle second phase particles such as
spheroidized carbides, intergranular cracking in tempered martensite tested at low AK, void
coalescence in tempered martensitic steels tested at high AK) are invariably associated with
higher crack growth rates that tend to increase with increasing tensile strength and R-ratio.

The BS 7608 [4.7] and PDX6493 [4.8] recommend, in the absence of specific data,
the following relationship for engineering assessments of fatigue crack growth in ferritic
structural steels (including plain plate, weld metal, and heat affected zone metal with yield
strengths below 600 MPa) operating in air at temperatures up to 100°C :

N 30 x 107AK striation (4.14)
This relationship represents an upper bound on published da/dN versus AK data for crack
growth by a striation mechanism. If there is a potential for crack growth by non-striation
mechanisms {(e.g., certain weld metals and heat affected zones as K., approaches its
critical value) , then both references recommend the following equation:

! Units for da/dN and AK are mm/cycle and MPavimm respectively.
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ga 6.0 x 10 "AX®  non- striation 4.15)
dN
The former equation may be overly conservative for certain steels since the rate of crack
growth rate by a striation mechanism in different steels can vary by as much as factor of
five for a given AK value while the latter equation should be used with caution since it is
less conservative than Rolfe and Barsom's upper bound relationship for martensitic steels.

Note: Equations 4.14 and 4.15 correspond to the mean of log da/dN plus two standard deviations for pooled
data.

4.4.3 AK,, values for Steels In Air

AK, values for steels are essentially independent of R-ratio for R-ratios less than
0.1, but tend to decrease with increasing R-ratio for R-ratios above 0.1. Several
investigators (4.9, 4.10] have compiled AK,, values for a wide range of steels in air , and
Rolfe and Barsom [4.6] have found that the following equations

AKy =190 MPavmm forR<0.1 (4.16)

AKy =221(1 - .85R) MPavmm forR>0.1 (4.17)

define a reasonable lower bound on this data (Figure 6.2). The range of compiled AK,,
values for a given R-ratio is nearly 300 MPavmm at R-ratios less than 0.1, but narrows with
increasing R-ratio to about 60 MPaVmm at an R-ratio of 0.9. The greater range of AK,,
values at low R-ratios appears to be related to the strong influence of microstructure on
AKy, for some steels loaded at low R-ratios. In particular, Taylor [4.11 ] and Ritchie [4.12]
have noted that AK, values for martensitic steels, bainitic steels, and ferritic-pearlitic steels
with high ferrite content decrease significantly with increasing yield strength at low R-ratios
whereas AK,, values for ferritic-pearlitic steels with high pearlite content are relatively
insensitive to yield strength. In addition, several investigators {4.12 ] reported a marked
increase in AKy, for various low strength ferritic-pearlitic steels loaded at low R-ratios when
ferrite grain size was increased, while other investigators [4.11 ] found little effect of prior
austenite grain size on AK,, values for martensitic and bainitic high strength steels loaded at
low R-ratios.
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4.4.4 C, m, and AKy, Values for Fatigue Crack Growth in Steels in a Marine
Environment

Unprotected areas of steel marine structures are prone to general corrosion as a
result of exposure to sea water. Wastage can lead to higher stresses as a result of reductions
in net section and load re-distribution away from severely corroded structure, and gross
corrosion pitting can introduce significant stress concentrations in plating. In addition to
these factors, which effectively increase the driving force for fatigue crack propagation, the
resistance of steels to fatigue crack propagation can be reduced by various corrosion fatigue
mechanisms.

Various experimental studies have shown that the fatigue crack growth resistance of
freely corroding steels in sea water differs from that in air [4:13, 4.14]. Fatigue crack
growth rates under free corrosion conditions approach those in air at high AK values (>
1500 MPavmm) and as AK approaches AK,, (‘< 300 MPavmm). At intermediate AK
values, however, crack growth rates under free corrosion conditions are higher than those in
air and can be characterized by a bi-linear relationship between log da/dN and log AK. The
difference between crack growth rates in air and under free conditions is highest at the knee
of the bi-linear relationship and increases with decreasing loading frequency, increasing
temperature, and increasing oxygen content. For example, it has been observed that growth
rates under free corrosion conditions in 0°C sea water are only marginally higher than crack
growth rates in air at room temperature, whereas crack growth rates under free corrosion
conditions in sea water at room temperature are 3 to 4 times faster than those in air at room
temperature. This acceleration of crack growth has been attributed to anodic dissolution at
the crack tip which is enhanced by higher temperatures, lower loading frequency, and
higher oxygen content. It is also believed that the diffusion of hydrogen to the crack tip
contributes to the acceleration of crack growth, but it is not clear whether this is through an
embrittlement mechanism or through some other form of hydrogen-assisted cracking. It is
also worth noting that the knee of the bi-linear relationship occurs at a higher AK value
with decreasing frequency. Furthermore, crack growth rates above this knee increase with
decreasing frequency. In contrast, crack growth rates seem to be independent of frequency
although there is relatively little data on frequency effects in this regime (Region I).

Cathodic protection is used to control the general corrosion process in steel marine
structures.  Although it is believed that cathodic protection helps to nullify the anodic
dissolution process at a crack tip as well, experimental studies indicate that cathodic
protection does not completely restore fatigue crack growth rates in steels to their in-air
values [4.14 - 4.16]. In Region I, cathodic protection reduces crack growth rates in sea
water below crack growth rates in air and increases AK,, values in sea water above AK,,
values in air. Increasing the negativity of impressed potentials increases AKy, and decreases
crack growth rates. These beneficial effects of cathodic protection have been atiributed to
the precipitation of calcarcous deposits which wedge the crack closed at AK valucs near
AKy,. In Region II, crack growth approaches a plateau of constant rate. Above this plateau,
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growth rates approach in-air values. Crack growth rates along this plateau increase with
increasing impressed potential, decreasing loading frequency, and increasing R-ratio.
Impressed potentials of -0.7V to -0.8V (Ag/AgCl) have been found to reduce fatigue crack
growth rates in sea water close to air values, whereas highly negative impressed potentials
(-1.1 V) have been found to elevate crack growth rates in sea water above growth rates
under free corrosion conditions. It is believed that the more negative potentials increase the
amount of hydrogen available for adsorption and diffusion to the crack tip and, therefore,
promotes hydrogen-assisted cracking.

Recommendations of da/dN versus AK relationships for engineering predictions of
fatigue crack propagation in steels in a marine environment have been complicated by the
sensitivity of crack growth rates to impressed potential, loading frequency, R-ratio, and the
complex relationship between da/dN versus AK. In the absence of specific corrosion
fatigue data, PD6493 {4.8]) recommends the following relationshipsz' for engineering
assessments of fatigue crack growth in ferritic structural steels in a mariné environment:

—g—;— = 23 x 10PAK  for AK> AK,, (4.18)
da for AK < AKy, (4.19)
dN

AR, = 63 for R> 0.5 (4.20)
AK, =170-214R for 0 <R <0.5 @21)
Ak, =170 for R<0 (4.22)

These equations, which are similar to relationships recommended by reference [4.2],
define an upper bound on crack growth rates over a wide range of AK values in structural
ferritic steels that are loaded at high R-ratios and cathodically protected at highly negative
impressed potentials. Although Equation 4.18 does not clear all of the experimental data
for cathodically protected steels in the plateau region, the value of C in this equation has
been chosen to ensure conservative fatigue life predictions for steels loaded at high R-ratios
and cathodically protected at highly negative impressed potentials.

* Units for da/dN and AK are mm/cycle and MPavmm respectively.
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4.4.5 Effect of Residual Stresses

A fatigue crack will not propagate in a compressive stress field, and the stress
intensity factor for such a crack has no physical meaning. Nevertheless, it is generally
accepted that fatigue cracks in welded steel structures such as bridges, pipelines, and
pressure vessels continue to propagate during the compressive portions of applied stress
cycles, and it is common practice to use the complete applied stress range to calculate
stress intensity factors for cracks in such structures. It is also common practice to use C,
m, and AKy, values for high R-ratios in engineering assessments of fatigue crack growth
in such structures, regardless of the applied R-ratio. It is assumed that large tensile
residual stresses are initially present along the toes of welded joints in large steel
structures such as bridges, pipelines, and pressure vessels. It is also assumed that these
residual stresses are only partially re-distributed by local yielding at péak loads (i.e.,
shake-down) under normal service and that post-shake-down residual stresses are
sufficiently high for the weld toe to remain in tension during the compressive portions of
applied loading cycles.

Experience has shown that the aforementioned practices are not overly
conservative for bridges, pressure vessels, and pipelines, and these practices are
recommended for ships structures if the magnitude of residual stresses around a crack is
unknown. However, peak loads over the operational life of a ship may be large enough
to cause significant changes in the magnitude and sign of initial residual stresses.
Furthermore, fabrication residual stresses, which may be tensile or compressive, will be
more relevant as fatigue cracks propagate away from weld details in ship structures. If
the re-distribution of - welding residual stresses or the propagation of a fatigue crack
beyond the zone of influence of welding residual stresses occurs early in the operational
life of a ship, it may be overly conservative to use the complete applied stress range and
crack growth constants for high R-ratios in fatigue crack growth calculations.
Unfortunately, there is little quantitative data on the magnitude of residual stresses (due
to welding and fabrication) in ship structures over the short term and long term.
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3.0 LOAD ESTIMATION

The purpose of this section is to provide guidelines for determining the loads that a ship
will experience during the period of interest. In the context of a damage tolerance assessment,
this period may vary from a few days up to the life of the ship. Furthermore, within this period,
estimates of both the extreme load and the long-term statistical distribution (or spectrum) of load
range are required for an assessment.

The leading imposed on ships depends on several parameters, many of which are highly
variable. The dominant load on ships arises from waves, the computation of which is
problematic. Apart from the randomness associated with the engineering parameters that
determine loading, particularly parameters that derive from climatic phenomena, additional
parameters associated with the way operators of ships respond to extreme weather have to be
quantified either explicitly or implicitly. Quantifying any process with a significant human
element is always difficult.

While wave loads are the predominant load effect experienced by ships, any loading that
can result in significant stress levels are potentially relevant for damage tolerance assessment.
Nevertheless, certain cyclic load types are ignored in this study. Vibration loads are not
considered since they tend to be local and generally do not impact the structural integrity of the
hull. Also ignored are thermal loads which are difficult to quantify and model. Thermal loads
also cycle very slowly and hence their contribution to calculated fatigue damage by linear
damage summation is generally small. This observation also applies to the stillwater bending
moment. However, when these loads are superimposed on wave loads significant interaction
effects on crack growth are possible as discussed earlier in Section 4.2.

Wave loads may impose loads in several different ways. The primary mechanism is
through hull girder bending. The loading is cyclic with periods of the order of several seconds.
In severe sea states, phenomena such as slamming may occur which result in transient impact
loads; the response to this type of load is characterized by frequencies that are considerably
higher than those associated with normal wave loading. Waves may also impose significant
loads on a more local scale. The primary examples include dynamic pressure loads near the
waterline, and ship motion which causes acceleration forces on liquid or solid cargoes and other
masses.

The direct calculation of loads on ships is difficult and onerous. It requires consideration
of a large number of relevant parameters, many of which are highly variable. The primary source
of this variability is the environment. Virtually all environmental phenomena are random in
character. In addition, the response of ships to waves is a complex fluid-structure interaction
problem which is very difficult to model. Nevertheless, methodologies have been developed for
this purpose and have met with a measure of success in terms of predicting response with
sufficient accuracy for engineering purposes. However, such methodologies rely on a
considerable degree of skill and require sophisticated software tools.
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Direct calculation methods may not always be appropriate. In circumstances where
resources are unavailable and/or data is limited, for example, in the early stages of design,
simpler, less rigorous, methods are more appropriate.

Guidelines for three methods of load computation with varying degrees of complexity are
presented below. The methods presented are believed to represent the best currently available in
terms of accuracy, practicality and cost effectiveness. The methods are termed Level 1, 2 and 3
in order of increasing sophistication. Section 5.1 opens with a brief discussion of the various
load types which may require consideration in determining both the extreme load and also the
stress range spectrum. This is followed in Section 5.2 which provides an overview of load
estimation methods. Sections 5.3, 5.4 and 3.5 present the Level 3, Level 2 and Level 1 methods
respectively. Section 5.6 presents a commentary on wave load estimation methods, and
discusses the main assumptions and limitations of the methods presented herein. Additional
information in support of the wave loading methodologies presented in this section is provided in
Appendix F. '

3.1 Load Components

Ships are required to resist a variety of loads. For damage tolerance assessment, the
relevant loads can be categorized as global or local. The primary global loads are:

e still water loads
s wave loads
- low frequency steady-state, response largely rigid-body
- high frequency steady-state (springing), response largely elastic
- high frequency transient (wave impact or slamming), response largely elastic

The primary local loads are:

¢ hydrostatic pressure loads
s pressure loads due to waves
- low frequency steady-state
- high frequency transient (wave impact or slamming)
¢ inertia loads from cargo induced by ship motion
+ inertia loads from fluids induced by ship motion (sloshing)

The significance of each type of load depends, among other things, upon the ship type,
the payload, structural configuration and location of structure. Tables 5.1 to 5.5 provide
guidance in identifying the important loads for a selection of ship types. Additional discussion
on the subject is provided by Chen and Shin (1995).
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Table 5.1: Highly Loaded Structural Elements - Tankers (Cramer et al.,1995)

STRUCTURE MEMBER STRUCTURAL DETAIL

LOAD TYPE

Side-, bottom- and deck Butt joints, deck openings and
plating and longitudinals attachment to transverse webs,
transverse bulkheads and
intermediate longitudinat girders

Hull girder bending, stiffener
lateral pressure load and support
deformation

Transverse girder and Bracket toes, girder flange butt
stringer structures joints, curved girder flanges, panel
knuckles including intersecting
transverse girder webs, etc. Single
tug slots for panel stiffeners, access
and lightening holes

Sea pressure load combined
with cargo or bailast pressure
load

Lengitudinal girders of deck |Bracket terminations of abutting
and bottom structure transverse members {girders,
stiffeners)

Hull girder-bending, and
bending/deformation of
longitudinal girder and

considered abutting member

Table 5.2: Highly Loaded Structural Elements - Bulk Carriers (Cramer ¢t al., 1995)

STRUCTURE MEMBER STRUCTURAL DETAIL LOAD TYPE

Hatch corners Hatch corner Hull girder bending, hull girder
torsional deformation

Hatch side coaming Termination of end bracket Hull girder bending

Main frames End bllacket terminations, weid|External pressure load, ballast

main frame web to shell for un-
symmetrical main frame profiles

pressure load as applicabie

Longitudinals of hopper tank Connection to transverse webs

Hull girder bending, sea- and

and top wing tank and bulkheads ballast pressure load
Double bottom longitudinals (1} |Connection to transverse webs{Hull girder bending stress,
and bulkheads double bottom bending stress
and sea-, cargo- and ballast
pressure load
Transverse webs of double Slots for panel stiffener including|Girder shear force, and bending
bottom, hopper and top wing stiffener connection members,|moment, support force from
tank knuckle of inner bottom andipanel stiffener due to sea-,

sloped hopper side including
intersection with girder webs
(floors). Single lug slots for panel
stiffeners, access and lightening

holes

cargo- and bailast pressure load

(1) The fatigue life of bottom and inner bottom longitudinals of bulk carriers is related to the
combined effect of axial stress due to hull girder- and double bottom bending, and due to {ateral

pressure load from sea or cargo.
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Table 5.3: Highly Loaded Structural Elements - Ore Carriers (Cramer et al., 1995)

HULL MEMBER

STRUCTURAL DETAIL

LOAD TYPE

Upper deck plating

Hatch corners and side coaming
terminations

Hull girder bending

Side-, bottom- and deck
longitudinals

Butt joints and attachment to
transverse webs, transverse
buikheads, hatch openings
comers and intermediate
longitudinal girders

Hull girder being, stiffener
lateral pressure load and support
deformation

Transverse girder and
stringer structures

Bracket toes, girder flange butt
joints, curved girder flanges,
panel knuckles at intersection

with transverse girder webs, etc.

Single lug slots for panel
stiffeners, access and lightening
holes

Sea pressure load combined
with cargo eor bailast pressure

Transverse girders of wing

tank (1)

Single lug slots for panel
stiffeners

Sea pressure load (in particular
in ore loading condition)

(1) The transverse deck-, side- and bottom girders of the wing tanks in the ore loading
condition are generally subjected to considerable dynamic shear force- and bending
moment loads due to large dynamic sea pressure (in roiling) and an increased vertical
racking deflection of the transverse bulkheads of the wing tank. The rolling induced sea
pressure loads in the ore loading condition will normally exceed the level in the ballast
{and a possibie oil cargo) condition due to the combined effect of a large GM-value and a
small rolling period. The fatigue life evaluation must be considered with respect to the
category of the wing tank considered (cargo oil tank, ballast tank or void). For ore-oil
carriers, the cargo oil loading condition should be considered as for tankers.

Guide to Damage Tolerance Analysis of Marine Structures

68



Table 3.4: Highly Loaded Structural Elements - Container Carriers

(Cramer et al., 1995)

HULL MEMBER STRUCTURAL DETAIL LOAD TYPE

Side- and bottom Butt joints and attachment to Hull girder bending, torsion

longitudinals transverse webs, transverse (1), stiffener lateral pressure
bulkheads and intermediate load and support deformation
longitudinal girders

Upper deck Plate and stiffener butt joints, Hull girder bending- and

hatch comer curvatures and
support details welding on upper
deck for container pedestals, etc.

torsional warping stress (2)

(1) Torsion induced warping stresses in the bilge region may be of significance from the
forward machinery bulkhead tot he forward quarter length.

{2) The fatigue assessment of upper deck structures must include the combined effect of
vertical ard horizontal hull girder bending and the torsional warping response. For hatch
covers, additional stresses introduced by the bending of transverse (and longitudinal) deck
structures induced by the torsional hull girder deformation must be included in the fatigue

assessment.

Table 3.5: Highly Loaded Structural Elements - Roll on/Roll off- and Car Carriers

(Cramer et al., 1995)

HULL MEMBER STRUCTURAL DETAIL LOAD TYPE
Side- and bottom Butt joints and attachment to Hull girder bending, stiffener
longitudinals transverse webs, transverse lateral pressure load and

bulkheads and intermediate
longitudinal girders

support deformation

Racking constraining
girders, bulkheads, etc.

Stress concentration points at
girder supports and at buikhead
openings

Transverse acceleration load

(5

(1) It should be noted that the racking constraining girders and bulkheads are in many cases
largely unstressed when the ship is in the upright condition. Thus the racking induced
stresses may be entirely dynamic, which implies that fatigue is likely to be the primary
design criterion. For designs which incorporate "racking bulkheads", the racking
deformations are normally reduced such that the fatigue assessment may be limited to
stress concentration areas at openings of the racking bulkheads only. If sufficient racking
bulkheads are not fitted, racking deformations will be greatly increased, and the fatigue
assessment of racking induced stresses should be carried out for primary racking
constraining members and vertical girder structures over the ship length as applicable.
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5.2 Load Estimation Methods

The key elements of the process for determining the loading that ships are required to
endure was discussed in the opening paragraphs of this section. Loads can be determined by
calculation, or can be estimated from fuil-scale or model-scale tests. In the context of damage
tolerance assessment, the most practicable method is through calculation. Data gathered in full-
scale or model-scale tests are, of course, very useful. However, in the present context, their value
is greatest when used for calibrating and validating methods for establishing loads based on
calculation. Methods for estimating loads on ships range from simple algebraic expressions to
sophisticated analytical approaches that require computer programs to yield results.

In engineering, it is generally assumed that the accuracy to which a parameter is
estimated is related to the degree of sophistication of the model used to make the prediction. It is
reasonable to suppose that the same applies to ship loading models. In engineering, it is quite
common to select a model, and there may be several potential choices to suit the application.
The engineer implicitly acknowledges that the uncertainty in the result calculated using a simple
rule-of-thumb is probably greater than that computed using a more complex methodology based
on first principles. These approaches are equally valuable depending on the purpose of the
analysis, and depending on the stage of the life cycle of the ship. Early in design, for example,
when the design parameters are not well established, detailed methods are not justified.

Methods for damage tolerance assessment at different levels of complexity are presented
in this document. It is intended that the appropriate level be selected on the basis of the quality
and detail of the information available, and the accuracy of the assessment required. It is, of
course possible, and perhaps desirable, in some circumstances to use methods of different levels
of complexity at different stages of the analysis. Generally, however, it is most cost-effective if
the levels of accuracy for each stage are broadly consistent throughout the analysis.

Two sets of {oad data are required for damage tolerance assessment:

e extreme load _
» load (stress) range spectrum

The importance of assessing both can be illustrated by considering the behaviour of a
structure with a crack. The structure starts life with a certain design strength which degrades
with time as the crack grows under the action of cyclic loads; this crack growth can only be
estimated with knowledge of the stress range spectrum the structure is subjected to. The
structure may degrade to the point where the residual strength is so low that any large (extreme)
load will cause the structure to fail; the process is illustrated in Figure 5.1. In order to be able to
assess the risk of the structure failing during a given period of time an estimate of both extreme
load and the stress range are required.
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Direct methods of wave load estimation are usually categorized as follows:

+ short-term estimation
+ long-term estimation

Both methods can, in principle, yield estimates of extreme load for arbitrary periods of
ume, a key requirement for damage tolerance assessment. However, of the two, only the long-
term method can generate load (stress) range spectra required for crack growth calculation. The
short-term method seeks to establish the extreme wave height that will be encountered during the
period of interest. This wave height is then used to compute the extreme load. The implicit
assumption 1s that the highest wave height yields the highest load effect. This is not always the

case.

A brief description of the long-term method follows as the method most suitable for
damage tolerance assessment. A brief overview is given in Section 5.2.1, and a fuller description
1s presented in Section 5.3. Supporting data and discussion is provided in Appendix F.
Approxmmate indirect methods are introduced in Section 5.2.2. Any specified wave load has an
associated probability of occurring. Section 5.2.3 discusses this issue in the context of damage
tolerance assessment.
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Figure 5.1: Degradation of Structure With Time (taken from Broek, D., Elementary Engineering
Fracture Mechanics, 4th edition, Kluwer Academic Publishers, 1986)
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5.2.1 Direct Methods of Wave Load Estimation

As outlined above, the long-term method is appropriate for damage tolerance assessment.
The basic steps in the process are described in outline below.

The long-term method takes advantage of the results of random vibration theory. The
main advantage is that the characteristics of the output (response) can be computed very simply
when certain requirements in regard to the dynamical system (ship) and the statistical nature of
the input (load) are met. The key requirements are that the system is linear and that the input
process is statistically ergodic and stationary. Once this assumption is made the responses from
different sea conditions, which individuaily satisfy the requirement of stationarity and ergodicity,
can be superimposed to yield an estimate of overall response. Combining this process with
certain statistical techniques will yield both an estimate of extreme load and stress range
spectrum. '

Certain’ simplifying assumptions are necessary in applying the methodology outlined
above. The limitations associated with these assumptions are discussed in Section 5.6.

5.2.2 Approximate Methods of Wave Load Estiration

The application of the long-term method requires the gathering of a large amount of input
data and the use of advanced software tools. This level of effort may not be possible, or even
appropriate. An “engineering” alternative is to use parametric equations that vyield the load
quantities required for damage tolerance assessment. Parametric equations are often based on the
fitting of resuits from calculations, model tests, and full scale measurements. The results can
only be representative of the ship configuration from which the results are obtained and, hence,
cannot be generally applicable. It is important to be aware of the limitations; discussion in this
regard is contained in Section 5.5 where three methods based on parametric equations are
presented.

5.2.3 Risk Level for Extreme Loads

The wave loads ships experience are highly variable. This is because wave loads result
from climatic phenomena which can only be expressed quantitatively in statistical terms.
Furthermore, the load levels ship experience also depends on the behaviour of the operator which
is also a variable quantity. Hence, wave loads can only be expressed as probabilistic values.
While the damage tolerance assessment approach presented in this document in not formally cast
in probabilistic temms, it is necessary to be aware of the probability levels inherent in the
guidance.
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The statistics of loads from environmental sources are often expressed in terms of the
“retwrnt period”. The return period is the average time between two successive statistically
independent events. Hence a particular significant wave height, H, with a return period of 50
years means that H, will be exceeded, on average, once every 50 years. It can be shown that the
probability of a particular parameter with a return period of T years occurring in a period of T
years is almost two-thirds. Hence, in the design of structures such as offshore platforms and civil
engingering structures, the practice is to design for environmental loads which have a return
period considerably in excess of the design life of the structure.

Ochi (1978) developed the concept of a “risk parameter” as a means for specifying a
lower probability of occurrence of response consistent with design practice, The value of the risk
parameter is the probability that a certain extreme load will be exceeded during the period of
mnterest. Ochi recommends a value of 0.01 which he notes is generally consistent with current
design practice for marine vehicles. This approximately amounts to increasing the time period to
which the structure is exposed, by a factor of 1/0.01, or 100 for design purposes. It appears
(Brown and Chalmers, 1990) that the value of 0.01 is broadly consistent with the design of large
steel structures in general.

This value is adopted for present purposes. Where possible, a risk parameter of 0.01 is
applied in specifying the extreme load. In other words, the extreme load in question has a 0.01
probability of occurring in the duration of assessment. In one case, a Level 1 method, it was not
possible to systematically apply this risk level; this is discussed at the appropriate point.

5.2.4 Overview of Presentation Methodology

The steps to be followed in each of the Levels are described below. The methodologies
are presented in decreasing order of complexity. Level 1 relies on parametric equations; three
methods are presented under this level. Levels 2 and 3 use the long-term load estimation
method. The only difference between these two levels is the level of detail required to define the
routes, and hence the wave climate. Level 3 assumes detailed knowledge of the route(s) the ship
will ply.

Supporting information is provided in two places. First, a commentary on the procedures
is presented in Section 5.6, and second, sources of data required as input for the particular
element under discussion are described in Appendix F.

The primary purpose of the commentary is to make the reader aware of general
limitations of the procedures, and also to make the reader aware of the current trends and issues
in the calculation of wave loads on ships. The procedures presented for estimating extreme loads
and stress range specira can only be made practicable by making several assumptions, the
implications of some of which are poorly understood. Hence, a clear understanding of the
assumptions and limitations are prerequisites for successfully applying the methods presented
herein.
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5.3 Load Estimation - Level 3

The overall procedure for Level 3 is ilustrated in Figure 5.2. This is an example of a
direct method of wave load estimation sometimes known as the “spectral method”. The
procedure involves a number of steps each comprising several tasks and requiring several sets of
data. These are summarized in the steps below. The procedure assumes the hull form and the
structure are defined.

The procedure summarized in Figure 5.2 assumes that only the sea states and the
headings are variable. If it is necessary to assume that other parameters, for example ship speed,
are variable then they should be included in the summation process.

For each task, the guidance presented is supported by discussion in Appendix F. In
certain cases quantitative data is provided in Appendix F; it is only in these cases that explicit
reference is made in the text below.

5.3.1 Definition of Problem

As discussed above, a large number of sources are required to perform an analysis to
determine loading using direct methods. The primary data required are:

Route

Duration for which assessment is to be performed

Percentage of time at sea .

Parts of structure to be subject to damage tolerance assessment
Significant load types

. & » =

The wave climate experienced by ships varies considerably depending on the areas of the
oceans it operates in. Wave data is available for most parts of the world. This also applies to
large bodies of water such as the Great Lakes. Perhaps the most comprehensive compilation of
wave data is published by British Maritime Technology (Hogben et al., 1986). Other
compilations includes ones by Bales et al., (1981) and Gilhousen et al. (1983). Wave climate
atlases typically divide the world's oceans into blocks sometimes referred to as “Marsden zones”.
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The degree to which the wave climate can be defined depends on how well the route is
defined. In cases where the wave climate is unknown, it is advisable to employ “standard” wave
climate data for areas known to experience severe weather. A good choice in this circumstance
is to use data gathered in the North Atlantic, not only because it experiences severe weather
compared with many other areas, but also because the quality of data for this area of the world's
oceans is very high as it is particularly wel} instrumented.

Wave climate data is usually expressed in terms of “scatter diagrams” which express the
probability of certain combinations of wave height and period occurring. Hence, using statistical
terminology, the diagram is the joint probability density function for wave height and period. A
typical scatter diagram is shown in Figure 5.3.

The duration of the damage tolerance assessment may vary fromi a few days to the
lifetime of the ship. In general, particularly for longer periods, the ship will not be at sea for the
total duration. This should be taken into account in the analysis. This data may be gathered
from records. Limited guidance is provided in Section F2.2 of Appendix F.

For vessels with significantly varying loading conditions, it is necessary to determine the
percentage of time in loaded and ballasted conditions. This applies particularly to tankers,
container vessels, and bulk carriers. If specific data is not available, data presented in Section
F2.2 of Appendix F can be used.
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Figure 5.2: Overview of Level 3 Procedure for Computing Wave Loads
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It is important to establish early in the assessment process which parts of the structure are
to be subject to analysis and what load types are relevant. These two parameters are, of course,
related. This determines the scope of the analysis and will vary from ship type to ship type.
Tables 5.1 to 5.5 provides guidance in this regard for a wide range of commercial vessels.
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Figure 5.3:Typical Scatter Diagram (Hogben et al., 1986)

3.3.2 Definition of Operational Profile

In order to use the wave climate data referred to in the previous section it is necessary to
select a spectral model for wave height, 8,(i| H,, T,), where u, H; and T, are the wave height,
the significant wave height and the corresponding zero crossing period respectively. Several
such models have been developed and sources of data are identified in Appendix F.

17
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The loading that ships experience depend several factors beyond those listed in the
previous section including:

* load condition
¢ ship speed
+ heading angle

In the assessment, it is necessary to establish which of these parameters vary significantly
for the duration under consideration and develop an operational profile. It should be noted that
the computational demands increase dramatically as the number of variable parameters increases.

These parameters are not necessarily independent of each other. In severe sea states, the
practice is to reduce speed and to orient the ship in preferred directions. The nature of this
reSponse depends very much on the operating practice of the captain. Nevertheless, general
trends have been established through questionnaires and other means. Lloyd (1989) has
summarized research on this subject and the key results are presented in Appendix F.

Once the operational profile has been established, then a composite wave scatter may be
developed:

N
(HS ? TZ )compos:'e‘e = Z Hi (HS’ Tz)i (5 1)
i=1

where H; and T, are the significant wave height and mean crossing period respectively, u; is the

proportion of time spent in the ith Marsden zone, and N is the total number of Marsden zones in
the route.

5.3.3 Calculation Response Amplitude Operators & Stress Coefficients

The next stage requires the calculation of the response characteristics in terms of the
transfer functions and stress coefficients which together will yield values of field stress, in the
vicinity of the details of interest, for unit wave amplitudes for a range of wave periods.

The number of transfer functions (Response Amplitude Operators) and stress coefficients
that need to be calculated depend on which load types are relevant and which parts of the ship
structure are subject to the analysis,
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The procedure is to compute transfer functions (Response Amplitude Operators) for
selected load types. In general, the following transfer functions will be required:

H/(w|f) transfer function for vertical bending moment
Hy(#|0) transter function for horizontal bending moment
H{@|6) transfer function for torsional bending moment
Hy(2]8) transfer function for external pressure

H(@l6) transfer function for liquid loads

Each wransfer function represents the load quantity experienced by the ship at a particular
section or part, in response to waves of unit amplitude. Transfer functions are complex with real
and imaginary components which express the phase relationship between the wave load and
response. In general, transfer functions vary with wave frequency and heading. Transfer
functions can be determined by model tests, full-scale measurements, or by computer programs.

The next stage requires the stress coefficients to be computed. The stress coefficients
corresponding to the transfer functions listed above are:

y  Stress per unit vertical bending moment

n  Siress per unit horizontal bending moment
stress per unit torsional bending moment
stress per unit external pressure

stress per unit liquid loads

>

O

Stress coefficients are normally determined from a global finite element model of the
ship, or a large part of the ship, and loading the model with waves of unit height with a range of
wave periods. The stress coefficient expresses the value of the stress component at the point of
interest normalized by the unit load (e.g. horizontal bending moment).

The RAOs and stress coefficients are then combined to yield transfer functions for parts
of structure that are being subject to damage tolerance assessment:

Ho( 0|0 )= A, Ho( 0|6 y+Ay Hy( 9]0 y+A, H{ |0 YA, H(0]6 }+A, Ho(0|8) (5.2)

where Hy(|0) is the stress transfer function for the part of the structure which is to be subjected
to damage tolerance assessment.

In general, a damage tolerance assessment will investigate several parts of the ship.
There will be at least one stress transfer function for each part. Stress transfer functions will be
required for each stress component of interest. For exampile, if axial stress and shear stress are
required for a damage tolerance assessment of a part, then two stress transfer functions will be
required for each relevant load type.
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5.3.4 Computation of Response

At this point, all the data required for computing response for a given sea state and ship
heading are available. The input data comprise:

o  Wave spectrum, S,(®{H, T)

o Ship speed and heading

o Wave scatter diagram (Hy, T)composie
o Stress transfer function(s})

Wave height spectra typically refer to the wave climate at a stationary point in the ocean.
The spectrum being used in the analysis needs to be modified to account for this fact. The
frequency of waves that the ship experiences differs. from the frequency a stationary observer
would experience. The former is usually referred to as the “encounter frequency”. In general,
the ship direction will not be aligned with the direction of the waves. The encounter frequency
that accounts for these two effects is given by:

W, = a{l—w—Vcosé‘] (3.3)
g

where

V = ship speed
= acceleration due to gravity

g
|

The expression for the wave height spectrum also needs to be modified to account for the
transformation of the axes system from a fixed point to one that is translating with the ship. The
modified wave spectrum is given by:

1
S, (&)g)— Sq(a’) 1 _ﬂ(za)y / g)cos(9

(5.4)
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In addition, it is often the practice to account for the “short-crestedness” of the seas. A
more complete description of the sea is given by two-dimensional spectra which express wave
energy in terms of frequency and direction. Where measured two-dimensional spectra are
unavailable, the usual practice is to apply a cosine-squared spreading function as follows:

2 2 - =
S, (@,,0)=5,(»,)x ;COS'(G) (5.3)

The response spectrum is given by:
S, (@l 1;.6) =B, (06 5,(o..0.T;) (5.6)

where S ((o{H o217 ,6') is the spectrum of the stress for a given combination of H, T, and 4.

The moments of the spectrum of stress for the ith sea state and jth heading are given by:

o

My = [0*S,(0|H;,T,,040 .7

<
¢

nly; is the k'th moment. my is the zeroth moment and is equal to mean square stress response.

5.3.5 Computation of the Spectrum of Stress Range

A key assumption of the spectral method is that for each sea state the input wave forces
are ergodic and statistically stationary. In this circumstance, the response is narrow-banded and
is Rayleigh-distributed. Hence, the stress range distribution for the ith sea state and jth heading
is given by:

F:Mj (o)=1- exp[——g—g——-—] (5.8)

My

The response zero crossing frequency in the ith sea state and jth heading is given by:

1 mz,ﬁ,‘

5.9
2m \ my, G9)

Vi
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5.3.6 Computation of Extreme Response

There are several methods available for computing the long term response of ships to
wave loading. These range from the application of simple parametric equations to rigorous first-
principle approaches. Simple approaches are discussed in later parts of this section.

The method presented below was developed by Ochi (1978) and is based on combining
the “short term responses” that occur during the duration of interest. In the present context, each
short term response has special characteristics. The main assumptions are that the input process
(wave loading) is statistically stationary and ergodic, and the system (dynamical model of the
ship) is linear. These assumptions are discussed in Section 5.2.1.

Ochi showed that the probability density function of the long term response can be
expressed as follows:

Z Zn‘pipj.f‘(da)
=< 5.10
f(o,) Z Z”*P;Pj (5.10)

where
0, = stress amplitude

f, = probability density function for short-term response
n, = average number of responses per unit time of short-term response
1 |my . . .
= — [—, where my; and m,;; are as defined in Section 5.3.4
27\ my,
pi = weighting factor for ith sea state

P; weighting factor for jth heading

Implicit in the above expression is that sea state and heading are the only variable
parameters. Other parameters, such as ship speed and wave spectrum could vary significantly
over the duration of interest. If this is the case, the expression would have to be modified to
include an additional summation for each further variable.

Integration of the probability density function of the long term response yields the
cumulative distribution function:

Flo,)= aj flo,)do, (5.11)
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The total number of cycles can be calculated from the following expression:

n:(z Zn.p,.pj)xf’x(ﬁ{))z (5.12)
P

where T is total exposure time to the sea over the duration of interest.

Applying the asymptotic distribution of extreme values a “design” extreme value can be
computed from the following expression:

I

(5.13)

Rix

where

o, = design extreme stress
o = risk parameter discussed in Section 5.2.3; recommended value 0.01

Caution needs to be applied in calcuiating an estimate of the extreme response for periods
of duration much less than the typical life of a ship. The wave climate model as expressed in
terms of scatter diagrams represents an average gathered over many years. Clearly, such a model
is not reliable for very short periods, and hence, in these cases, it is incorrect to merely substitute
the actual duration for “T” in the expression given above. This is a subject that has not been
extensively researched and, therefore, definitive guidance cannot be provided. A limited
discussion on one aspect of this subject is presented in DNV (1992).

For very short periods of duration, in the order of days or weeks, a very conservative
approach is recommended. In the case of “on-the-spot” analyses, it may be feasible to use
weather forecasts upon which to base the wave climate model. Several national and international
agencies provide weather forecasts which include forecasts of wave heights over much of the
globe. For the approach to be generally applicable, there is no alternative but to assume an

extreme wave climate model.

In the case of intermediate periods of duration there is little alternative but to use the
wave scatter diagrams together with conservative assumptions in regard to the duration. Strictly,
an analysis should be performed in which the statistical variability of the data upon which the
wave scatter diagrams are based is accounted for. As very tentative guidance for periods of less
than five years, a period of duration of no less than five years should be used. Where the data
allows it, the seasonal variations in wave climate should be included in the analysis.

The treatment of short and intermediate periods of duration outiined above is not based
on rigorous analysis, and it is recommended that further analysis be performed before applying
any of the above.
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5.3.7 Compilation of Total Stress Range Spectrum

The purpose of this part of the work is to compile the total stress range spectrum for the
part(s) of the ship structure that are to be subjected to a damage tolerance assessment.

The stress range spectrum for each combination of sea state and heading were calculated
as described above. In order to express the total stress range spectrum the individual spectra
need to combined as follows:

aff _headings seastates

Fa= ) rFaey{o)py (5.14)

i=l, j=t
where

py = probability of occurrence of a given sea state and heading
ry = vy Vo = the ratio between the crossing rates in a given sea state and the average crossing rate

Vo= Z p;v; = the average crossing rate

The method as described above does not retain information on sequencing of stress
ranges. The sequencing of stress range data is problematic since it is so variable. However, the
variations of wave climate from one Marsden zone to another can be captured in an average
sense. The stress range data for each combination of H,, T, is known and the probability of
occurrence of the combination with each Marsden zone is also known. What is still not known is
the sequence within each Marsden zone. It may be acceptable to gather the stress range data for
each Marsden zone and order the stress range data from high to low. While this is conservative
{for certain types of damage assessment) it is not as conservative as sequencing the total stress
range data for the duration of the damage tolerance assessment. The degree of conservatism can
only be determined by trial and error through simulation exercises.

5.3.8 Slamming Loads

The spectral method, which relies on linearity, is not a convenient framework within
which to account for slamming loads. Alternative methods are more conveniently applied.
These range from specialist computer programs that compute slamming loads and ship response,
to simple empirical rules. As an example of the latter, Mansour et al. (1996a) suggests that to
account for slamming the wave bending moment for commercial ships should be increased by
20%, and by 30% for warships. When more sophisticated approaches are employed in predicting
the response to slamming it is necessary that a dynamic analysis be performed in which the
elasticity of the ship structure is accounted for.
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5.4 Load Estimation - Level 2

The Level 2 approach is identical to the Level 3 approach except for the wave climate
model used. While the ideal is to compile a composite wave scatter diagram that reflects the
intended route of the ship, this information is not necessarily available. In this situation, it is

necessary to use average pre-compiled data. Two such scatter diagrams are presented below.

Table 3.6 is intended for use for routes in the North Atlantic. This is significantly more severe
than the “world average” wave climate presented in Table 5.7.

Table 5.6: Scatter Diagram for North-Atlantic for Use in Fatigue Computations

(Cramer et al., 1995)

Tz (sec) Hg (m)
0.5 |15 (25 [35 (45 |55. [65 175 (85 |95 _[10.5 [1L5
13.50 0 0 0 0 0 { i 0 0 0 0 0
1250 . |0 0 i 2 2 2 2 l 1 1 0 0
11.50 0 { 4 6 7 5 4 2 2 1 ! 0
10.50 0 4 14 21 19 13 8 4 3 2 i 1
9.50 1 16 43 43 34 20 11 5 3 i { 0
8.50 4 47 80 65 3 19 8 4 2 i 0 0
7.50 13 75 79 46 21 9 3 1 1 0 0 0
6.50 21 34 33 14 5 2 1 0 0 0 0 0
3.50 14 13 5 1 0 0 0 0 0 0 0 0
4.50 3 0 0 0 0 0 0 0 0 0 0 0
3.50 0 0 0 0 0 ¢ 0 0 0 0 0 0
2.50 0 0 0 0 0 0 0 0 0 0 0 0
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Table 5.7: Scarter Diagram Describing World Wide Trade for Use in Fatigue Computations
(Cramer et ai. , 1995)

Ty (sec) Hg (m)
0.5 15 25 (35 |45 iS55 |65 |75 185 |95 1105 1113

13.50 0 0 0 0 0 0 0 0 0 0 0 0
12.50 0 0 ] 1 1 1 0 0 0 0 0 0
11.530 0 1 2 3 3 2 i 1 i 0 1] 4]
10.50 0 3 9 11 8 5 2 1 i 0 0 0
9.50 1 13 27 24 13 8 4 2 1 1 0 0
8.50 4 39 57 38 19 8 3 i 1 0 0 0
7.50 13 80 76 37 14 5 2 i 0 0 0 0
6.50 32 199 6l 21 6 2 1 0 0 ;0 0 0
5.50 44 176 128 |7 2 0 0 0 0 |0 0 0
4,50 32 |22 |6 1 0 0 0 0 0 0 0 0
3.50 38 2 0 0 4] 0 0 0 0 0 0 0
2.50 1 O 0 0 0 0 0 0 0 g 0 0

5.5 Load Estimation - Level 1

The methodology for determining global stresses described for Levels 2 and 3 is a first
principles approach which requires considerable resources to apply. This applies particularly to °
the data required and the software tools needed. There are several reasons why such a detailed
approach may not be justified. These reasons may include lack of data and lack of appropriate
tools. In addition, despite the rigour of the methodology, there are limitations in the method

which are not easily overcome.

Several alternative approaches have been developed that are much less demanding in
terms of effort required but which are nearly as effective as first principles approaches as long the
limitations are recognized and catered for. These methods are largely empirical in origin and
hence are applicable to the ship types from which the data was derived in the development of the

methods.
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Methods from three sources are presented below. A short description of each follows:

Method A A method for applicable to a wide range of commercial vessels has been
developed by Det Norske Veritas (Cramer, 1995) and is adapted here for damage
tolerance assessment purposes. The method is based on an estimate of extreme
load derived from the DNV Rules, and the stress range spectrum is based on the
Weibull model. This is similar in approach to the method devised by the
American Bureau of Shipping (ABS, 1992), which forms the basis of the
approach used in the ABS SafeHull system. The two approaches are
interchangeable in this guide.

Method B A method based on data gathered on frigate/destroyer size warships was
developed by Clarke (1985, 1986) and described by Chalmers (1993).

Method C A method based on data from both warships and commercial ships was developed
by Sikora et al. (1983) and further extended by Sikora and Beach (1986).

The methods are presented in order of the effort required and comprehensiveness.
Method A provides parametric expressions for load calculation for load types considered relevant
for several types of ship; these are listed in Section 5.5.1. below. Methods B and C are limited to
predicting extreme vertical bending moments. Hence these methods cannot predict stresses due
to for example, horizontal or torsional bending. Furthermore, these methods are unable to
predict stresses due to local wave action or due to acceleration forces induced by ship motion.
These limitations can be a serious drawback in applying the methods unless they are
supplemented by other calculation methods where required.

While, in general, wave-induced vertical bending is the major source of high stresses in
ship structures there are potentially other loading modes that may be also be significant sources.
For example, torsional moments can cause high stresses at hatch corners in container ships.
While this mode can be included in the analysis using Level 2 and 3 methods parametric
equations for predicting moments other that due to vertical bending do not appear to be available
except in Class Society rules. Therefore, in situations where considering vertical bending alone
is insufficient, and where Level 2 and 3 methods cannot be applied, it is recommended that Class
Society rules be employed. The reference from which Method A is adapted, provides guidance
in the use of DNV rules for this purpose.

The same observations apply to the calculation of local loads which can be significant for
several classes of large commercial vessels which tend to have limited internal structure.

Methods B and C do not provide explicit models for the stress range spectrum. This is a
less serious drawback since the well-established Weibull model can be used. The primary
decision to be made in this regard is the choice of a value for the Weibull shape parameter.
Agam the Class societies are a good source of information for commercial ship structure (see for
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The same observations apply to the calculation of local loads which can be significant for
several classes of large commercial vessels which tend to have limited internal structure.

Methods B and C do not provide explicit models for the stress range spectrum. This is a
less serious drawback since the well-established Weibull model can be used. The primary
decision to be made in this regard is the choice of a value for the Weibull shape parameter.
Again the Class societies are a good source of information for commercial ship structure (see for
example DNV (1995) and ABS (1992) where values for shape parameter are recommended. In
the case of warshups, a limited amount of full-scale data for vertical hull girder bending suggests
a value of unity (Clarke, 1986). Mansour et al. (1996) using a computer program based on
second-order strip theory predicted shape parameters somewhat less than unity for two cruisers.

5.5.1 Method A

Almost all major classification sccieties have developed or are in the process of
developing structural design methodologies that are a significant departure from past practice.
Traditional design methods as expressed in the rules are empirically based and have evolved over
many decades of use. While such methods yield adequate designs they suffer from being
inflexible and poor at accommodating new materials, innovative structural configurations, and
novel hull forms.

In response to this weakness, and for other reasons, the major classification societies have
invested considerable resources in developing first-principles methods of analysis and design.
These methods have several characteristics in common; principal among them are:

s computer-based systems

» explicit calculation of loads

¢ explicit calculation of structural resistance
o capability to assess fatigue performance

While these systems are based on first-principles approaches, they are not generic in
terms of the ship types that the approaches can be applied to. The classification societies have
developed systems primarily for larger vessels, the main ship types being tankers, bulk carriers,
and container ships. Implicit in many of the systems is an assumption of a specific structural
configuration.

The degree to which the classifications societies have published the background on the
methods in the open literature is variable. It would not be appropriate to describe all the
approaches developed by the classification societies. The method described here is taken from
the methodology for fatigue assessment developed by Det Norske Veritas (Cramer et al., 1995).
While the published approach does not exclude any ship type, it appears by implication to be
mtended for:
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¢ tankers

o bulk carriers

e Ore carriers

e container ships

s+ RO/RO and car carriers

The DNV document presents two methods which are termed “simplified analysis” and
“direct analysis”. The latter is essentially the long-term method presented earlier in Section 5.3.
The methodology reproduced below is essentially the simplified analysis presented in the DNV
document. It should be noted that in approach the method is similar to that presented by ABS
(1992).

The overall approach is to use the DNV Rules to define the following load components
based on the Rules:

o vertical bending moment

» horizontal bending moment

e torsional bending moment

» dynamic external pressure {oads

o internal pressure loads due to ship motions

The stress range spectrum used for fatigue assessment purposes is modelled using the
Weibull distribution. As discussed elsewhere in this document, the Weibull distribution has
become the preferred model for representing the stress range spectrum and is illustrated in Figure
5.4.

The stress range distribution is expressed as follows:

Wh
Ao = Aao[l- togn ] (5.15)
logn,
where
Ao = stress range
Acg, = reference stress range
n = number of cycles
1, = number of cycles associated with reference stress range
h Weibull distribution shape parameter
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Cramer et al. (1995) provide guidance on values for shape parameters (for tankers and
bulk carriers)

h = h, for deck longitudinals

h = ho+hy, (D-2)/(D-T, for ship side above the waterline T,,<z <D
h = h, +h, for ship side at the waterline z=T,,

h = hy + 0,z / Ty - 0.005 (Tye - 2) for ship side below the waterline z <T,,

h = h, - 0.005T for bottom longitudinals

h = h, +h, for longitudinal and transverse bulkheads
where

D = moulded depth of ship (See Figure 3.5)

z = height above baseline (See Figure 5.5)

T = actual draught

=3
il

basic shape parameter
= 2.21 - 0.54 logy(L)

(In the absence of alternatives, h, can be taken as 1.05 for open type vessels.)

H

b,

additional factor depending on motion response period

0.05 in general

0.00 for plating subjected to forces related to roll motions for vessels with roll
(period greater than 14 secs)

il

In order to avoid sensitivities associated with the Weibull shape parameter, Cramer et al.
{1995) recommend that the reference number of cycles be taken at 10*. The methodology
described is formulated accordingly.

This section outlines a simplified approach for calculation of dynamic loads. Formulae
are given for calculation of global wave bending moments, external sea pressure acting on the
hull and internal pressure acting on the tank boundaries.

The simple formula for calculation of loads in this section are based on the linear
dynamic part of the loads as defined in the 1993 edition of the Rules [DNV, 1993]. The design
loads as defined in the Rules also include non-linear effects such as bow-flare and roll damping
and are not necessarily identical with the dynamic loads presented herein.

Fatigue damage should in general be calculated for all representative load conditions
accounting for the expected operation time in each of the considered conditions. For tankers,
bulk carriers and container vessels, it is normally sufficient to consider the only ballast- and fully
loaded conditions. The loads are calculated using actual draughts, T,., metacentric heights
GM,,, and roli radius of gyration, kq ., for each considered loading condition.
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Wave induced hull girder bending moments

The vertical wave induced bending moments may be calculated using the bendlng
moment amplitudes specified in the Rules Pt. 3, Ch. I(DNV, 1993). The moments, at 10*
probability level of exceedance, may be taken as:

My = -0.11fk,, C,, L’B (Cg + 0.7) (kNm) (5.16)
My, = 0.19fk,, C, LB Cy (KNm) (5.17

where
My, = wave sagging moment amplitude
My, = wave hogging moment amplitude
C, = wave coefficient

= 0.0792L; _ L<i00m

= 10.75 - {(300-L) / 1001*%; 100 m <L <300 m

= 10.75; 300m<L <350m

= 10.75 - [(L-350) / 1501*%; 350m <L
kem = moment distribution factor

= 1.0 between 0.40L and 0.65L from A.P., for ships with low/moderate speed

= 0.0 at A.P. and F.P. (Linear interpolation between these values.)
f. = factor to transform the load from 107 to 107 probability level.

1

= (5%
h, = long-term Weibull shape parameter

=221-054logl)
L = rule iength of ship (m)
B = greatest moulded breath of ship in meters measured at the summer waterline
Cq = block coefficient

For the purpose of calculating vertical hull girder bending moment by direct global finite
element analyses, simplified loads may be obtained from Appendix C in Cramer (1995).
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The horizontal wave bending moment amplitude (My) at the 10 probability level may
be taken as follows (ref. Rules Part 3, Chapter 1 (DNV, 1993)):

My = 022 £L%* (T, + 0.30 B) Cg (1-cos(2 7 X/L)) (kNm) (5.18)

where x is the distance in metres from A.P. to section considered, and L, B, Cy, . are as defined
above.

Wave torsional load and moment which may be required for analyses of open type
vessels (e.g., container vessels) are defined in Appendix C and D of Cramer (1995).

Dynamic external pressure loads
Due to intermittent wet and dry surfaces, the range of the pressure is reduced above

T.q¢, (see Figure 5.5). The dynamic external pressure amplitude (half pressure range), p,
related to the draught of the load condition considered may be taken as:

Pe = IDg (KN/m?) (5.19)
where
pg = dynamic pressure amplitude below the waterline
The dynamic pressure amplitude may be taken as the largest of the combined pressure

dominated by pitch motion in head/quartering seas, pgy, or the combined pressure dominated by
roll motion in beam/quartering seas, py,, as:

Pa=max (pyp, Par) (KN/m®) (5.20)

where
Pp = P+ 135y/(B+75)-12(T-2)
per = 10[y¢/2 + Coly + ko1 +22/T)/30]
P1 =kCy k¢

= (kCy +k) (0.8+0.15V/VL) V/VL >1.5
ks =3Cg+25/\/Cy at AP and aft

=3Cpq between 0.2 L and 0.7 L from AP

=3Cp +4.0/Cy at FP and forward

(between specified areas k. is to be varied linearly)
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Tact

P,

vertical distance from the baseline to the loadpoint
maximum T (m)

horizontal distance from the centre line to the loadpoint
minimum B/4 (m) '

wave coefficient as defined earlier

the smallest of Cp-T and £

vertical distance from in from the waterline to the top of the ship's side at
transverse section considered :
maximum C,, (m)

ship length

rolling angle, single amplitude (rad) as defined later in this section

vessels design speed in knots

reduction of pressure amplitude in the surface zone

= 1.0 forz<T,,-¢
T -z .
fwTETZ for Ty -c<z<T, +c
2¢
0.0 for T,,+¢c<z

i

distance in m measured from actual waterline. In the area of side shell above z =T,

+ ¢ it is assumed that the external sea pressure will not contribute to fatigue damage.

pd(p &

= the draught in m of the considered load condition

density of sea water = 1.025 (t/m3)
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Figure 5.5: Reduced Pressure Ranges in the Surface Region
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Internal pressure loads due to ship motion

The dynamic pressure from liquid cargo or ballast water should be calculated based on
the combined accelerations related to a fixed coordinate system. The gravity components due o
the motions of the vessel should be included. The dynamic internal pressure amplitude, p; in
KN/m?, may be taken as the maximum pressure due to acceleration of the internal mass:

pl = Igavhs
p, = fomaxip, = paly,  (KN/m®) (5.21)
p} =pa!1x:|

where

Py = pressure d‘ue to vertical acceleration (largest pressure in lower tank region)
p, = pressure due to transverse acceleration

py = pressure due to longitudinal acceleration

density of sea water, 1.025 (¥m’)

longitudinal distance from centre of free surface of liquid in tank to pressure point
considered {m)

XS
y, = transverse distance from centre of free surface of liquid in tank to the pressure point
considered {m}, see Figure 3.9.

hy = vertical distance from point considered to surface inside the tank {(m), Figure 5.9.

4y, &
and a; = accelerations in vertical-, transverse-, or longitudinal direction (m/sz)

f, = factor to transform the load effect to probability level 10™, when the
accelerations are specified at the 10° probability level
= 0.5

h = hy+0.05
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Note: The factor f, is estimated for ships with a roll period TR < 14 sec., and may otherwise be
less for roll induced pressures and forces. See also above for guidance on the Weibull shape
parameter h. The accelerations a,, a, and a; are given in the foilowing sub-section.

The effect of uilage (void space in top of tank) will add to the pressure in one half cycle
and subtract in the other and is, therefore, omitted in the above description of the half pressure
range. Similarly, the effect of the tank top geometry may be omitted. For partly subdivided
tanks where the fluid is prevented to flow through swash bulkheads during one half motion cycle,
the pressures may be reduced accordingly.

Note: The above scaling of pressures by use of the factor f, is only valid for fatigue assessment
arid may be justified as the dominating fatigue damage is caused mainty by moderate wave
heights. '

For bulk and ore cargoes, only p, need to be considered. The appropriate density and
pressure height should be specially considered.

For similar tank filling conditions on both sides of a bulkhead (e.g., for a bulkhead
berween two cargo tanks), the following apply:

(a) the effect of vertical acceleration is cancelled and may be set to zero; and
(b)  the pressures due to motion are added for bulkheads normal to the direction (plane) of the
motions. '

The net pressure range may be taken as:

p;i = 2p, for longitudinal bulkheads between cargo tanks
p; = 2p; for transverse bulkheads between cargo tanks
(Note that A p = 2p; when liquid on both sides)

As a simplification, sloshing pressures may normally be neglected in fatigue
computations. However, if sloshing is to be considered, the sloshing pressures in partly filled
tanks may be taken as given in the Rules (DNV, 1993), Part 3, Chapter 1, Section 4, C306. The
pressure amplitude is defined at the probability level of 10™. In case of partly filled tanks on

both sides of a bulkhead, the pressure range may be taken as the sum of the pressure amplitudes
in the two tanks. Otherwise the range may be taken equal to the amplitude.

Unless otherwise specified, it may be assumed that tanks (in tankers) are partly filled
10% of the vessels design life.
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Figure 5.6: Distribution of Pressure Amplitudes for Tankers in the Fuily Loaded Condition

Figure 5.7: Distribution of Pressure Amplitudes for Tankers in Ballast Condition
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Figure 5.8: Distribution of Pressure Amplitudes for a Bulk Carrier
in the Ore Loading Condition
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Ship accelerations and motions

The formuia for ship accelerations and motions given below are derived from the Rules,
Ch. 1, Pt. 3, Sec. 4, (DNV, 1993). The acceleration and motions are extreme values

corresponding to a probability of occurrence of 10*,
Combined accelerations:

. . 2
a, = combined transverse acceleration (m/s”)

a, = Jai +(g0 sin @+ a,),)2

& = combined longitudinal acceleration (m/s”)

2

a, = \/af '+(ga sin¢9+apx)

a, = combined vertical acceleration (m/sz)

2 2
Ja. +a.

a, = max R
a, +4a,

Acceleration components:

ay = surge acceleration (mfsz)
= 0.2ga, /Cs

2y = acceleration due to sway and yaw (m/s’)
=03ga, '

a, = heave acceleration (m/sz)
=07ga,/ JC,

a, = acceleration constant

= 3Cy/L+Cy V/ VI

Cy =+/L/50, max 02

\% = ship design speed (knots)
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Roll motions:

&y = horizontal component of roll acceleration (m/ sg)
9 27/ To)* Raz

A, = vertical component of roll acceleration (m/s%)
= p 27 Te)’ Ry

Rg = distance from the axis of rotation to centre of mass (m)

The distance is related to the roll axis of rotation that may be taken at z. (m)
above the baseline, where z, is the smallerof [D/ 4+ T/2] and [D/2].

For double hull ballast tanks, the RR may be approximated by the honizontal
distance from the centreline to the tank surface centre. '

Rgy = vertical distance from axis of rotation to centre of tank/mass (m)
Rgpy = transverse distance from axis of rotation to centre of tank/mass (m)
Tr = period of roll

= 2k, / +GM , maximum 30 (s}

In case the values of roll radius, kr, and metacentric height, GM, have not been calculated for the
relevant loading conditions, the following approximate values may be used:

k.

roll radius of gyration (m)

= (.39 B for ships with even distribution of mass and double hull tankers in
ballast

= (.35 B for single skin tankers in ballast

0.25 B for ships loaded with ore between longitudinai bulkheads

GM = metacentric height (m)
= (.07 B in general
0.12 B for single skin tankers, bulk carriers and fully loaded double hull tankers
= (.17 B for bulk and ore carriers in the ore loading condition
0.33 B for doubie hull tankers in the ballast loading condition
= 0.04 B for container carriers

|
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@ = maximum rol] angle, single amplitude (rad)
= 30¢c/(B+75)

(1.25-025Te) k

o
I

k = 1.2 for ships without bilge keel
1.0 for ships with bilge keel
0.8 for ships with active roll damping capabilities

1

Pitch motions:

it

tangential pitch acceleration (m/ )
622/ T,) R,

31:

longiiudinal component of pitch acceleration (m/s”)
= 8(22/T,) Ry,

-
It

a,, = vertical component of pitch acceleration (m/s?)
2
= 6027/ T,) Ryy

o
e~ ]
I

distance from the axis of rotation to the tank centre (m)

e
S
I

vertical distance from axis of rotation to centre of tank/mass (m)

longitudinal distance from axis of rotation to centre of tank/mass {m)

5"
we
!

—
g
l

period of pitch (s)
1.80 JL/g

t

g = maximum pitch angle (rad)
0.25 a, /Cy

Axis of rotation may be taken as 0.45L from A.P., at centreline, z, above baseline.

The material presented above summarizes the calculation of loads. For guidance on the
computation of stresses and the combining stresses from the different loads summarized above
the reader is referred to Cramer et al. (19953).
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Figure 5.10: Illuswation of Acceleration Components and Centre of Mass
for Double Hull Tankers or Bulk Carriers With Connected Top Wing and
Hopper/Bottom Ballast Tapks
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Estimates of extreme load

The methodology summarized above is intended for fatigue analysis and not specificaily
for estimating extreme loads. However, the fatigue analysis is based on estimates for extreme
load for each load component. The DNV methodology uses a reference probability level of 10~
for this purpose and hence a conversion factor is applied to expressions for extreme load which
are generally based on a probability level of 10® which is representative of lifetime of ship. The
exception is external pressure loads which are specified directly at probability level of 10,

The extreme load levels for a duration other than the lifetime of the ship can be computed
by factoring the load as follows:

H

h

Factor = l:log_pz:[ - (8.22)
log P ’

where

p, = probability level that quantity is to be changed to
p; = probability level that quantity specified at

h = Weibull parameter

Caution should be exercised in using the above expression for high probability levels
(i.e., periods of short duration). The reasons for this are discussed in Section 5.3.6.

5.5.2 Method B

This method is based on strain measurements made on several warships in the range of
100-200m length. The method was developed by Clarke(1985, 1986) and described by Chalmers
(1993). The strain data, which was gathered over a limited time period, was extrapolated to
predict a lifetime maximum. Based on a lifetime of 25 years and a 30% exposure the bending
moment expected to be exceeded once in 3 x 10’ wave encounters was computed. This was
found to have a close correlation with the bending moment calculated by balancing the ship on a
8m wave.
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Lifetime Design Load

On this basis the following expressions were derived:
My =M, +154M, - M,,) (5.23)
My =M, +154M, - M) (5.24)

where M, and My, are the design sagging and hogging bending moments, M, and M, are the
sagging and hogging bending moments from static balance on an 8m wave, and M, is the still
water bending moment making proper allowance for its sign.

The multiplier,1.54, accounts for two effects. The first is a factor of 1.12 which accounts
for the systematic biases arising from the mean bias against the 8m wave balance, the
underestimate in the measured strain inherent in the type of gauges used, and inaccuracies in the
calculation of hull section modulus. The remaining factor is a statistical muitiplier which is
applied to convert the value of the expected bending moment, which has a probability of being
exceeded once In its lifetime, to a probability of exceedance of 1% in its lifetime.

Inherent in the 1.54 multiplier is 3 x 10’ wave encounters. The value of the multiplier
for other values of wave encounter are given in Table 5.8 below,

Table 5.8: Bending Moment for Various Numbers of Wave Encounters
(Chalmers, 1993)

Number of Wave | Muitiplier
Encounters
1 % 107 1.54
4 x107 1.57
5 x 107 1.59
7 x 107 1.63
10 x 107 1.67
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Table 5.10: Frequency of Occurrence of Sea States

(Sikora and Beach, 1986)

Significant Wave Frequency of Occurrence
Height (meter)

Area A Area B Area C
<1 0.0503 0.3692 0.2254
1-2 0.2665 0.3303 0.3849
2-3 0.2603 0.1480 0.2305
3-4 0.1757 0.0723 0.0945
4.5 0.1014 0.0355 0.03033
5-6 0.0589 0.0181 0.01735
6-7 0.0346 0.0110 0.00675
7-8 0.0209 0.0066 0.00390
8-9 0.0120 0.0036 0.00312
9-10 0.007% 0.00247 0.00177
10-11 0.0054 0.00138 0.00058
11-12 0.0029 0.00074 0.00031
12-13 0.0016 0.00040 0.00031
13-14 0.00074 (0.000169 0.00010
14-15 0.00045 0.00012 0.00001
>15 0.00041 0.00010 0.0
Area A - North Atlantic
Area B - Combined Atlantic, Mediterranean and Caribbean
Area C - Combined Pacific
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Table 5.11: Frequency of Occurrence of Heading Speed Combinations

Frigates and Small Ships (Displacement <10,000 LT)

Speed (Kts) | Heading Significant Wave Height (m)
0-3 6-10 >10

5 Head 0.013 0.025 0.0
Bow 0.025 0.375 0.808
Quartering 0.025 0.050 0.042
Following 0.013 0.025 0.0

13 Head 0.088 0.023 0.0
Bow 0.175 0.338 ] 0.142
Quartering 0.175 0.045 1 0.008
Following 0.088 0.023 10.0

25 Head 0.025 0.0025 10.0

' Bow 0.050 0.038 0.0
Quartering 0.050 0.005 0.0
Following 0.025 0.0025 0.0

High Speed Cargo Ships

3 Head 0.010 0.125 0.175
Bow 0.020 0.125 0.175
Quartering 0.020 0.125 0.175
Following 0.010 0.063 0.088

15 Head 0.096 0.115 0.075
Bow 0.193 0.115 0.075
Quartering 0.193 0.115 0.075
Following 0.096 0.058 0.038

25 Head 0.019 0.010 0.0
Bow 0.038 0.010 0.0
Quartering 0.038 0.010 0.0
Following 0.019 0.005 0.0

Commercial Cargo Ships

5 Head 0.010 0.125 175
Bow 0.020 0.125 175
Quartering 0.020 0.125 175
Following 0.010 0.063 0.88

15 Head 0.115 0.125 075
Bow 0.231 0.125 075
Quartering 0.231 0.125 075
Following 0.115 0.063 038
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Limited Duration Design Bending Moment

The expressions given above are for an operating lifetime of 3600 days.
Assumning an average of eight second zero-crossing period, this translates to
approximately 3.888 x 107 encounters. Assuming an exponential distribution (i.e.,
Weibull parameter of unity) the limited duration design bending moments can be shown
to be:

) logl

M, =M, +0000115% B - 2 (5.29)
759
logi

M, =M, +0000172L*" B - —2 (5.30)
759

where n is the number of wave encounters.

As stressed elsewhere, and discussed in Section 5.3.6, caution must be applied in
reducing the multiplier to account for short periods of duration.

Stress Range Spectrum.

The Weibull distribution, described in Section 3.5.1, can be used to express the
stress range spectrum. For shape parameters guidance can be taken from Section 5.5.1.

5.6 Commentary

Several methods for computing the expected load and stress range spectrum for
arbitrary periods of duration have been presented earlier in this section. The methods
presented are believed to represent the best currently available in terms of accuracy,
practicability and cost effectiveness. However, the subject of wave loading cannot be
regarded as entirely mature; it is an area of active research and it is only relatively
recently that direct methods of wave load calculation have been applied in the design
environment.
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Historically, the primary interest was in the development of methods for
predicting the extreme loads a ship would likely experience in its lifetime. More recently,
interest in estimating the stress range spectrum has aiso developed. The latter was not a
significant issue in the past because fatigue failures were less of a concern. But with the
trend towards lighter, optimized structure and the use of high strength steels, the need to
explicitly consider fatigue grew.

A parallel development has been the growth in interest in the application of
reliability theory principles to the structural design of ships. In concept at least,
reliability theory provides an appealing framework within which to develop design
methodologies that rely on direct methods. This is because of the strongly probabilistic
nature for the main variables that characterize wave loads on ships. However, the
application of these methodologies requires the explicit characterization of all relevant
variables. This requires much more data than is typically required using traditional
design methods.

The purpose of this commentary is to make the reader aware of the limitations of
the methods presented, the implications of the key assumptions and outline some of the
progress being made in improving load prediction techniques. The primary interest is in
the Level 2 and 3 methods which are based on long-term estimation using spectrai
techniques. The Level 1 methods are semi-empirical in character and their limitations are
evident from the limited data sets upon which their load estimation expressions are based.

The key issues in regard to wave loading in the context of damage tolerance
assessment can be categorized as follows:

¢ Arbitrary assessment periods
¢ Non-linearities in the wave/load relationship

Each topic is discussed in turn.
5.6.1. Arbitrary Assessment Periods

Virtually all the research in the application of direct methods of wave load
calculation has been focused on the lifetime of the ship. In the present context, damage
tolerance assessments will be required for shorter periods of duration, perhaps measured
in days or weeks. This presents a particular problem because all the methodologies, and
the supporting data, have been developed in a framework in which the duration is
measured in tens of years.
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As discussed by Chen and Shin (1995), the spectral approach is considered the
most appropriate method for fatigue calculations, and, by extension it is reasonable to
suggest that is also so for damage tolerance assessment. A key advantage of the spectral
approach is its flexibility, in principle, in handling durations of arbitrary length.

Having said that, however, it must be noted that the wave climate data, as
exemplified by the typical scatter diagram, is a variable quantity itself. This is much less
an issue when 20 or 30 years is the time scale of interest. The problem of using typical
wave scatter data for limited duration assessments can only be resolved by further
investigation. A related issue in applying the spectral approach is the discretization of
wave climate into histograms of wave height and period. Changes between sea states of
course occur gradually. The impact of discretization on the estimate of extreme load does
not appear to have been investigated. Time domain programs could presumably be
employed to investigate this aspect.

A Ship Structure Committee project is underway to develop sea operational
profiles. A major element of the project is the development of operational profiles for
arbitrary periods of duration. The statistical variability of the profiles are also to be
established; the intention of this is to provide data for future reliability analyses. The
results of this project should alleviate, to some extent, the current uncertainty in regard to
wave load estimates for short- and medium-term time scales.

5.6.2 Non-linearities in the Wave-Load Relationship

There are other fundamental assumptions made in applying the spectral method.
The principle one is linearity in the wave-load relationship as expressed by response
amplitude operators (RAO). This may be acceptable for fatigue damage estimation
because, generally, moderate seas cause the most fatigue damage. However, the
assumption of linearity in computing extreme wave loads is questionable particularly for
fast fine-formed ships.

Response amplitude operators (RAQOs) are normally developed through model-
scale experiments or numerically using computer programs based on strip theory.
Several such programs have been developed over the years. The most general of these
programs yield RAOs for ship motion parameters and also bending moments and shear
forces. A key assumption in virtually all such programs is that of linearity. In particular,
the oscillatory motion is assumed to be linear and harmonic. For ships with a vertical
plane of symmetry though the ship centreline the vertical response is assumed to be
uncoupled to lateral responses. Despite these severe assumptions linear strip theory
generally yvields good agreement between numerical prediction and corresponding full-
and model-scale measurement for moderate seas. In severe seas, the wave excitation and
the ship response are both non-linear. Because of the wall-sided assumption in linear
strip theory the predicted bog and sag bending moments are identical; measurements
indicate the sag moments are generally numerically greater than the hog moments. The
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tendency is for linear strip theory to under-predict the sag moments and over-predict the
hog moments.

The prediction of wave loads on ships.is an active area of research. As such
providing guidance that is generally applicable is problematic. However, it is reasonable
to suggest that for slow full-bodied ships the predictions of linear strip theory are
adequate. Predicting wave loads on faster, finer ships will, in general, require more
sophisticated approaches where phenomena such as slamming may need to be accounted
for. These observations apply primarily to estimation of the extreme load. In the case of
fatigue the limitations of linear strip theory are much less serious. This topic was
investigated by Chen and Shin (1995) and they conclude that there is a “strong argument”
that linearity can be assumed for the purpose of fatigue assessment.

Various corrections have been applied to the linear theory to improve prediction
in extreme seas. One of the more successful has been the use of second order strip
theory. Second order terms arise from the wave excitation and the angle with the vertical
of the side of the ship (zero in linear strip theory). Such a theory was developed by
Jensen and Pederson (1970). Mansour has developed a simple method for correcting the
results of linear suip theory. The method is described in a series of papers and in
summary form in a recent report (Mansour, 1996b). Three dimensional panel programs
and time domain simulation programs are other approaches into which research is being
conducted.

The possibility of slamming exists particularly for faster, finer-formed ships. The
Level 1 methods presented account for this phenomenon either explicitly or implicitly.
The spectral method is not a convenient framework within which to account for such
effects. Specialist programs are available to compute slamming loads. Alternatively,
simple multipliers can be applied as described by Mansour et al. (1996a).

The spectral approach is a demanding methodology in terms of data and tools
required. It is not always to appropriate, or possible, to employ an analysis of this detail.
Therefore, alternative much simpler methods of lead estimation have been presented.
The primary limitation that these methods suffer from is the question of their applicability
beyond the ship types upon which their expressions are based. While such methods
developed from the Class Societies are quite comprehensive, other methods generally
only address vertical hull girder bending.
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Lifetime Design Load

On this basis the following expressions were derived:
My, =M, +154M, - M,,) (5.23)

M, =M, +154M,~ M) (5.24)

where M, and My, are the design sagging and hogging bending moments, M, and M,, are the
sagging and hogging bending moments from static balance on an 8m wave, and M, is the still
water bending moment making proper allowance for its sign.

The multiplier,1.54, accounts for two effects. The first is a factor of 1.12 which accounts
for the systematic biases arising from the mean bias against the 8m wave balance, the
underestimate in the measured strain inherent in the type of gauges used, and inaccuracies in the
calculation of hull section modulus. The remaining factor is a statistical multiplier which is
applied to convert the value of the expected bending moment, which has a probability of being
exceeded once in its lifetime, to a probability of exceedance of 1% in its lifetime.

Inherent in the 1.54 multiplier is 3 x 10’ wave encounters. The value of the multiplier
for other values of wave encounter are given in Table 5.8 below.

Table 5.8: Bending Moment for Various Numbers of Wave Encounters
(Chalmers, 1993)

Number of Wave | Multiplier
Encounters
3 x 107 1.54
4 x 107 1.57
5 %107 1.59
7 % 107 1.63
10 x 107 1.67
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Limited Duration Design Bending Moment

The expressions presented above are intended for design purposes, and hence the
numbers of wave encounters are typical of the lifetime of a ship. Damage tolerance assessments
may be required for shorter periods. Using an approximation of the methodology upon which the
table above is based, multipliers for smaller numbers of wave encounters are derived and
presented in the Table 5.9 below. For reasons discussed in Section 5.3.6, caution must be
applied in reducing the multiplier to account for short periods of duration.

Table 5.9: Bending Moment for Various Numbers of Wave Encounters
(adapted from Chalmers, 1993)

Number of Wave Multiplier
Encounters
10° 1.25
3 x 10° 1.34
7% 10° 1.41
10 x10° 1.45

The expressions presented above can be used to predict bending moments for any point
along the length of the ship. This, however, does not account for slamming effects. To allow for
slamming, Clarke (1986), recommends extending the length over which the maximum bending
moment applies forward by a distance of 15% of ship length and then reducing the bending
moment linearly to zero at the foreward perpendicular. This is illustrated in Figure 5.11 below.

The expressions for the hog and sag bending moment can be added, converted to yield a
stress range that has a 1% probability of being exceeded in the duration of interest can be
calculated. This together with the approprate selection of the appropriate Weibull shape
parameter are sufficient to define the stress range spectrum.

The methodology described above is based almost entirely on full-scale data gathered on
warships ranging in length from about 100m to 200m. Hence the approach should, strictly, not
be applied to other types of vessel. The methodology presented in the next section, Method C, is
broadly similar in approach and includes a variety of ship types although the number of ships is
smail. However, the success of Method C in representing the response of a range of ship types
suggests that the present method may be applicable to ship types other than those from which the
data was gathered.
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Figure 5.11: Additional bending moment to account for whipping

Stress Range Spectrum

The Weibull distribution, described in Section 5.5.1, can be used to express the
stress range spectrum. For shape parameters guidance can be taken from Section 5.5.1

5.3.3 Method C

This method is based on work originally reported by Sikora et al. (1983) in which
a method for predicting lifetime extreme loads and stress range spectra was presented.
The method was further developed and reported by Sikora and Beach (1986).

The method relies on a generalized response amplitude operator for vertical
bending moment at midships. Sikora et al. examined response data from model-scale
results and full-scale trials for a variety of ships and found that the RAO for vertical
bending at midships could, after appropriate normalization, be represented by a single
curve. This generalized RAO is expressed as a function of the following parameters of
the ship:
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6.0 STRESS ANALYSIS

6.1  Introduction

Section 5 has outlined several approaches for estimating the statistical distributions or
spectra of ship loads over a given assessment interval. Section 5 has also outlined how maximum
local stresses and the spectrum of the locai stress range history may be obtained from the
combination of the loads distributions. This requires the development of local stress coefficients,
A, which relate the local stresses required for the damage tolerance assessment to the global hull
girder bending moments, external sea pressures acting on the hull, and internal pressures acting
on the tank boundaries.

The stress coefficients are evaluated by calculating the local field stresses at the point of
interest for a unit value of each load component {¢.g., vertical, horizontal and torsional bending
moment loads, internal and external pressure loads). In gemeral, this will involve conducting
stress analyses for unit loads considering each type of loading individually. Strictly, the stress
coefficients are a function of wave frequency. However, it appears (Cramer et al., 1995) that it
is acceptable practice to compute stress coefficients for one particular wave frequency, and
heading for that matter, and apply it to all wave frequencies and/or headings. The total stress
spectrum at the location of interest can then be estimated by combining the stress coefficients and
loads spectra using the methods outlined in Section 5.

The damage tolerance analysis procedures for residual strength and residual life assessment
also require the determination of certain crack driving forces which are used to describe the crack
behaviour in fracture and fatigue, Residual strength assessment (Section 3) requires the maximum
value of the stress intensity factor (K and the local effective net section stress (o,) expected
within the assessment interval. For a given crack size, the stress intensity factor is proportional
to the local stress state at the crack location (see Section §.4). Hence the maximum stress intensity
factor can be related to the maximum stress obtained for the extreme loading condition in the
assessment interval, bearing in mind that local residual stresses may have to be taken into account.
Residuat life asséssment (Section 4) requires the stress intensity factor range (AK) spectrum which
is in turn related to the local stress range spectrum (Ao) for the assessment interval.

This section outlines methodologies to determine the local stresses from unit loads (hence
determining the stress coefficients), as well as methods of determining the effective net section
stresses and stress intensity factors required for damage tolerance assessments.
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6.2  Definition of Stress Categories

Damage tolerance assessment procedures for fatigue and fracture require knowledge of the
stress field locat to the crack. The stresses to be considered may be treated directly, or after
resolution into four components as shown in Figure 6.1 and described below.

5 " Total Stress
] Distribution at
Crack Location

3

A

Membrane Bending Peak  Residual

Total Stress Stress Stress Stress  Stress

(4] . am Ghb op ar

Figure 6.1: Stress Components in a Welded Joint

a) Local Nominal Membrane and Bending Stress (0, and o;) : The local nominal membrane
stress is the uniformly distributed stress which is equal to the average value of stress across the
section thickness. The local bending stress is the component of nominal stress due to applied
loading which varies linearly across the section thickness. The nominal stresses satisfy the simple
laws of equilibrium of forces and moments from applied loads. They may be derived from simple
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formulae, beam element models, or coarse mesh finite element analysis (FEA) as described in
Section 6.3.2. The term local nominal stress is used because stress concentrations resulting from
the gross shape of the structure surrounding the local detail under consideration will affect the
magnitude of the local field stresses (e.g. shear lag effects) and must be inciuded in the local
nominal stresses.

b) Peak Stress (g,) : is the component of stress due to applied loads due to stress concentrations
at local discontinuities in the vicinity of the crack. The peak stress represents the highest value,
usually at the surface at a notch (e.g., weld toe). Peak stresses arise from stress concentrations
due to the following effects :

1) Geometric Stress Concentrations (K)) : due to the gross geometry of the detail
considered. The effect of the geometric stress concentration typically decays over
distances of the order of the section thickness.

2) Notch Stress Concentrations (K,) : due to the local geometry of the notch (e.g. weld
geometry). The effect of the notch stress concentration typicaily decays over distances of
the order 10% to 20% of the section thickness.

3) Misalignment Stress Concentrations (K., K,,) : due to bending stresses caused by
misalignments including eccentricity tolerance (K,,), and angular mismatch (K,,). These
are normally used for plate connections omly. The effect of the misalignment stress
concentrations typically decay over distances of the order of the section thickness.

¢) Residual Stresses (o,): are local self-equilibrating stresses that arise from fabrication and
welding. In general, residual stresses are strain/displacement limited phenomena and, as such,
do not contribute to plastic collapse if they relax. However, they do add 10 the tensile stress field
in the vicinity of the crack and have to be included in the calculation of the stress intensity factor
for residual strength assessment. Residual stresses may also be resolved into membrane and
bending components. However, since there is only limited quantitative data on the distribution
of welding residual stresses in ship structural details, it is normal practice to assume a uniform
(membrane) residual stress field near tensile yield strength (i.e., g, = 6,). This is discussed further
in Section 6.3.4.

d) Total Stress : is the total sum of the various stress components. The maximum value of total
stress at the crack location is referred 0 as the peak total siress {o;). The peak total stress can
be evaluated by :

0, =0,+ G, +0,+0 6.1)
KKy - K Ky w0 + ) + 0

i
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The Level 1 residual strength assessment procedure is based on this value of total peak
stress which, for the purposes of the assessment, is conservatively assumed to be uniformly
distributed through the plate thickness. Other levels of assessment for fracture and fatigue require
taking into account the variation of stress through the load bearing section containing the crack as
discussed in Section 6.4.

The nominal membrane, bending and peak stress components due applied loadings
(excluding residual stresses) may be derived, for a given stress distribution o(x) for x=0 at the
surface to x=B at through thickness, by the following analytical expressions (Hobbacher, 1993) :

B
1
"3 { o) dx (6.2)
8
0, = 2 fote (2 - xas 63)
0
(6.4)

Up(x) = a(x) - 0, - 0,0

6.3  Determination of Stresses and Stress Coefficients

6.3.1 General

As with other elements of the calculations there are a number of approaches with varying
degrees of complexity and accuracy that can be used to calculate the stresses (or stress coefficients)
required for damage tolerance assessments. The approach employed should, in general, be
consistent with the complexity and accuracy applied to other elements of the assessment process.

As previously mentioned, the Level 1 fracture assessment is simply based on the maximum
total stress (0,) at the crack location as defined in Equation 6.1 and Figure 6.1. Since Level 1 is
suitable for a basic screening assessment, it is preferable that the stress analysis be kept as simple
as possible. The simple approach is to calculate nominal global stresses at the stations of interest
using the computed hull girder bending moments and shear forces and the relevant sectional
properties. Estimates of stress can be improved somewhat to account for gross effects such as
shear lag, openings in decks and the effect of the superstructure using various rules of thumb.
Hughes (1983) discusses methods of accounting for some of these effects. The total stress at the
crack site can then be estimated from available stress concentration factors (i.e., K, K,, X, and
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K,.) for ship details. Alternatively, a combination of coarse mesh finite element methods and
available stress concentration factor (SCF) solutions may be used to calculate the maximum total
stress.

The higher levels of assessments for fatigue and fracture require a more accurate
description of the actual stress distribution. When published solutions are used for evaluating
stress intensity factors {SIF) (see Section 6.4.2.2), it is usually sufficient to determine the local
nominal membrane and bending siress components (i.e., ¢, and G, ), and residual stresses (i.e.,
O and possibly 0,,,). The effects of the local structural geometry (i.e., K, and K, but not stress
concentrations due to misalignments) are normally taken into account by the stress intensity
magnification factor (M,) used to determine the SIF. The M, factor is defined as :

M, = (K for crack in welded detail) / (K, for same crack in a flat plate) 6.5

In the limit, for crack depths approaching zero, it can be shown that the M, factor is equal to the
product of the notch and geometric SCF.

M, =K, K as crack depth a - 0 (6.6)

The local nominal stresses may be calculated based on global nominal stresses and available
factors for global stress concentrations and misalignment effects. Alternatively, coarse mesh FEA
which accounts for gross stress concentrations and secondary bending stresses may be used to
derive local nominal stresses at the crack location. Where M, factors are available, it is not
necessary to model the local geometry of the detail in the coarse mesh FEA.

Where appropriate SIF and M, solutions are not available, finite element or weight
function methods can be used. When weight function methods are used, the actual stress
distribution due to applied loads may be derived from local fine mesh FEA of the uncracked detalt,
upon which an assumed residual stress distribution can be superimposed to caiculate the SIF.
When finite element methods are used to compute the SIF, the local detail including the crack is
modelled. The actual total stress distribution at the crack location is therefore accounted for
directly in the calculation of the SIF, although it is usually difftcult to include residual stresses in
the FEA. The application of weight function and finite element methods for determining stress
intensity factors is described in Section 6.4.2.

6.3.2 Determination of Local Nominal Stresses

As discussed in the previous section, the local nominal stresses are defined as the stresses
that would be calculated in the section containing the crack, in the absence of the crack and the
stress concentration due 10 the local structural detail and weld; that is, the local nominal stresses
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include the stress concentration effects of the overall geometry of the structure surrounding the
detail, but not the detail itself.

The local nominal stresses may be calculated, for unit loads, using a combination of
parametric formulae for simple structural assemblies and global stress concentration factors to
account for the gross geometry of the structure and effects of misalignment. Alternatively, frame
models or coarse mesh global FEA may be used to obtain a more precise estimation of the local
nominal stresses. The following subsections outline methodologies for evaluating the local
nominal stresses using these approaches.

6.3.2.1 Simplified Analysis

Calculation of hull girder stresses is the simplest way of getting reasonable approximations
to the stress levels in longitudinal hull girder elements and connections and can be used for quick
evaluation of stress levels in important details. This approach is most suitable for a Level 1
screening assessment, Global hull girder stresses may be calculated based on gross scantlings.
Local stress components should be calculated based on net scantlings, 1.e. gross scantlings minus
corrosion atlowances.

Formulae for calculating hull girder stresses are included in Classification Society Rules.
Alternatively, the following formulae derived from formulae presented by Cramer et. al. (1993)
may be used.

Vertical Hull Girder Bending

Ony = Kg "M, -2/, 6.7)

o_. = nominal hull girder membrage stress due to vertical bending
M, = vertical (sagging or hogging) bending moment amplitude at the location under
consideration (taken as unity for evaluation of stress coefficients)

7z = vertical distance from the neutral axis of the hull cross section to the
location under consideration.
1 = moment of inertia of the hull cross section about the transverse neutral axis.

K, = global stress concentration factor to account for gross structural geometry
(e.g., hatch openings, shear lag) that affects the local nominal stress field
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Horizontal Hull Girder Bending

=K M, v/ (6.8)
where

0, = nominal hull girder membrane stress due to horizontal bending.
M, = horizontal bending moment amplitude at the location under consideration.
y = transverse distance from the neutral axis of the hull cross section to
the location under consideration.
I, = moment of inertia of the hull cross section about the vertical neutral axis.

Stresses due to Internal and External Pressure Loads

Local secondary bending stresses are the results of bending, due to lateral pressure, of
stiffened single skin or double hull cross-stiffened panels between transverse bulkheads (see Figure
6.2). This may be bottom or deck structures, sides or longitudinal bulkheads.

The preferred way of determining secondary stresses is by means of FEA or alternatively
frame analysis models. Alternatively, secondary bending stresses may be estimated from
parametric equations such as the following equations recommended by Cramer et al. {1995).

Similar equations are given in the American Bureau of Shlppmg s “Guide for the Fatigue
Assessment of Tankers (ABS, 1992).

a) Longitudinal Secondary Bending Stress in Double Bottom Panels
Longitudinal secondary bending stresses in double bottom panels at the intersection of transverse

bulkheads may be estimated by the following formulae.

Double Bottom Wider than Long (b > a) : Case 1 and 2, Tabl

=@ p- ¥ L)/ Vi D p = (@b)- (/i) 6.9)
Doubie Bott: nger than Wid >b):Case 3 and 4 le

=( p-& )i p=(®a)- G/i)" (6.10)
where

k, = coefficient dependant on the aspect ratio p, =1, and actual boundary condition in Table
6.1.
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= effective lateral pressure - taken as unity for evaluation of stress coefficients.

distance from point considered to neutral axis of the panel

= longitudinal length of double bottom panel (Figure 6.3)

= transverse width of double bottom panel.

i, = smeared out stiffness per girder about transverse neutral axis of double bottom
given by i, = 1/s, (see Table 6.3)

i, = smeared out stiffness per girder about longitudinal neutral axis of double bottom
given by i, = /s, (see Table 6.3)

I,, I, = section moduli of inertia about the double bottom neutral axis in transverse and

longitudinal axes respectively, including effective width of plating.
3., S,= spacing between girders in longitudinal and transverse directions respectively.

b) Transverse Secondary Bending Stress in Double Bottom Panels

Transverse secondary bending stresses in double bottom panels at the intersection of
transverse buikheads may be estimated by the foilowing formulae.

Double Bottom Longer than Wide (3 > b) : Case 3 and 4, Table 6.1

O0,=&  p-bi )i, p=(@b) G,/i)" (6.11)

Double Bottom Wider than Lo > a) 1 Case 1 and 2. Table 6.1

o, =k -p-bir)li, p = (bja) - (i, /i) (6.12)

¢) Secondary Bending Stress in Single Skin Panels

The stresses at transverse and longitudinal bulkheads may be estimated from the same
formulae as for double bottom configurations. However, the parameters p and torsion coefficient
7 should be taken as given in Table 6.2 (also see Table 6.3).
d) Bending Stress of Stiffeners Between Transverse Supports (e.g. Frames, Bulkheads)

The local bending stress of stiffeners with effective flange between transverse supports may
be estimated by:

Gy =(M/Z) + (6 -E-1/12-Z) 5 - (6.13)
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where

M = moment at stiffener support = (p - s - 1%/ (12 - 1,)

p = lateral pressure (external or internal pressure load) - taken as unity for evaluation of stress
coefficients).

= stiffener spacing

= effective span of stiffener or longitudinal

= section modulus of stiffener or longitudinal

= morment of inertia of stiffener or longitudinal with associated effective plate width

= deformation of nearest frame relative to transverse buikhead

1;, T, = moment interpolation factors for interpolation to crack location along stiffener length
r; = 1-2(¢/1)

1, = 60/ - 60d1) + 1

x = distance from end of stiffener 1o crack location.

O}I—‘N”“"m

It is of great importance for reliable assessments that bending stresses in longitudinals caused
by relative deformation between supports are not underestimated. The appropriate value of
relative deformation, &, has to be determined for each particular case (Figure 6.4). This usually
will require 2-D or 3-D frame analysis or coarse mesh FEA.

e) Tertiary Bending Stress of Plates Bounded by Stiffeners

‘The local longitudinal tertiary plate bending stress in the weld at the plate/transverse
frame/buikhead intersection midway between longitudinals is given by :

0, =0.343 - p- (s/t) (6.14)
where

p = lateral pressure (external or internal pressure load) - taken as unity for
evaluation of stress coefficients.

s = stiffener spacing

t, = net plate thickness

Similarly the transverse stress at stiffener mid length is :

o, =0.5-p - (s/ )0 (6.15)
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Figure 6.2: Simplified Stress Analysis of Hull Girder (Cramer et al, 1995)
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Figure 6.3: Definition of Geometric Parameters for Hull Configurations
(Cramer et al, 1995)
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Table 6.1: Support Bending Stress Coefficients k, - Double Bottom Panels
{Cramer et al, 1995)

(For intermediate values, use iinear interpolation)

Casa no. & Stress Boundary conditions o n =0.0 { n=0.5 | g=1.0
location

Case po. 1t 100 | 0.0952 | 0.0843 | Q.0767

Support bending Long sdges: 125 ) 0.i243 | 0.110Q | 0.0994

stress in {ong Simply supported 130 | 9.1413 | Q.1261 | Q.1152

direcdon ar middle of 175 | Q.1455 | 0.1342 | 0.1351

short end Shor =nds: 2.00 | 0.1439 | 0.157¢ | 0.1300

Clamped 2.50 | 0.1388 | 0.1381 [ 0.1356

3.0 { Q.1371 | 0.15376 { 0.1568

350 | 0.31371 | 01373 | Q.1373

400 | 01373 | 0.1374 | 0.15373

&uw | 0.1374 | G.1374 | 0.1574

Caseno.: 2 1. - - 0.0564

Support beading All edges: 1.10 - - 0.0591

sweess in long Clamped 1.20 - - 0.0609

direcon al middie of 1.30 - - 0.0619

sbort end 1.40 - - 0.0624

30 - - 0.0628

1.60 - - 0.0627

& up - - 0.0627

Cass 70.3: Locg edges: 1.00 | 0.0952 | 0.0845 | 0.0782

Support beading Clamped 133 0.1026 | 0.0549 | 0.0878

sizass in shorr 2.00 | 0.0972 | 0.0930 | 0.0526

direcdon st middle of | Shor edges: 2,66 | 0.0920 | 0.0925 | Q.0922

long edze Simply supporiad | £.00 | 0.0912 | 0.0913 | 0.0917

&up | 0.0916 | 0.0910 | 0.0916

Case go. 4: 1.00 - - 0.0554

Supoort bending Al edges: 110 - - 0.0633

swess in shorr Clamped 1.20 - - 0.6702

direction at middle of 1.3 - - 0.0755

long edge 1.40 - - 0.0798

1.30 - - 0.0832

1.50 - - 0.0857

1.7 - - 0,0878

1.80 . - 0.08%2

1.50 - - 0.0503

2.00 - - 0.0911

& to - - 0.0911
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Table 6.2: Support Bending Stress Coefficients k, - Single Skin Panels

(Cramer et al, 1993)

(For intermediate values, use linear interpolation)

Case no. & Stress Boundary conditions ol n=0.0 | n=0.5 | n=1.0
lccation

Case no. 3: 1.00 | 0.0866 | 0.0769 | 0.0698
Support bending Long edges: 1.25 | 0.1140 | 0.1001 | 0.0904
stress in long Simpty supported 1.50 | 0.1285 | 0.1148 | 0.1045
direction at middle of 1.75 | 0.1324 | 0.1221 § G.1139
short end Short ends: 2.00 | 0.1310 | 0.1250 | C.11%1
Clampad 2.50 0.1263 | 0.1257 | 0.1234
3.C0 0.1248 | 0.1253 | 0.1248
3.50 0.1243 | 0.1250 | 0.1246
4.00 | 0.i240 | 0.1250 | 0.1250
&up { 0.1250 { 0.1250 | 0.1250
Case no.&: Long edges: 1.00 | 0.0866 | 0.0769 | 0.0698
Support bending Clamped 1.33 | 0.0934 | 0.0858 | 0.0799
stress in shere 2.00 | 0.0885 | 0.0865 | 0.0843
direction at middle of | Short edges: 2.866 | 0.0837 | 0.0842 | 0.083%
long edge Simply supported | 4.00 | 0.0830 | 0.0832 0.0833
&up | 0.0834 | 0.0834 | 0.083«
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Table 6.3: Definition of Stiffness and Geometry Parameters

(Cramer et al, 1995)

Tyope Sketch Formulas for o and 1
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. . Sa \ b )
A: Cross stffening L
Middle girder / e =1 féq_JT:z ;7(15.—1,.-4)
stiffener in : — : — - - L
both directions are R N : :
suffer than the — _aji
others A b P 5 Vi
- f;c.!';o
) Ina.{no
s = .‘2{?—
b
B: Modified cross ! L]
stffening i et .-_.{ t- ”)
One girder / 1 Sa a
stiffener in —
a-direction only p.:i 2
— b Vis
Il
=0124 |—2
7? afnb S8
i I‘n-_— 0
| C: Single stiffening -
Girders / sdffeners =
in b-direction only o = infinite
- 77 = indeterminate

D: Unstiffened plats

-

Guide to Damage Tolerance Analysis of Marine Structures

132



6.3.2.2 Finite Element Analysis

In more critical assessments, or where the global structure is too complicated for simple
parametric formulae, finite element analysis (FEA) may be used to obtain a reliable description
of the overall stiffness and global stress distribution in the hull.

The global FEA is generaily carried out with a relatively coarse mesh, the main objective
being 1o obtain a good representation of the overall membrane panel stiffness in the longitudinal
and transverse directions and for shear, sufficient for determination of nominal stresses. Stiffened
panels may be modelled by means of anisotropic elements or, alternatively, using a combination
of plate and beam elements.

The extent of the model is dependent on the-type of response to be considered and the
structural arrangement of the hull. In damage tolerance assessments, the local region to be
considered is dependent on the stiffness variation of the hull over a certain length and this has to
be captured in the global FEA model. |

For horizontal and torsional bending response of the huil of an open hatch ship, it is
generally required that the extent of the global model covers the complete hull length, depth and
breadth (a half breadth model may be used if antisymmetric boundary conditions can be assumed
at the centerling). A complete finite element model may also be reguired for the evaluation of
vertical hull girder bending of ships with complex arrangements of superstructures (e.g., warships,
passenger ships), and for ships of complex cross-section (e.g., catamarans).

Alternatively, a part of the hull (for example, the midship area) may be modelled. Hull
girder loads should be applied individually at each end of the model to result in a value of unit load
(e.g., bending moment) at the location of interest. Unit pressure loads will normaily be distributed
over the appropriate section of the hull. The loads should be balanced in order to give a minimum
of reaction forces at the supports (boundary conditions). The loads and boundary conditions in
the hull cross section should be evaluated carefully when modelling only a part of the hull to avold
unrealistic stiffness from the forebody/atterbody.

Figure 6.5 shows an example of a global finite element model of a section of a bulk carrier.
This model may be used to calculate nominal global stresses and deformations away from areas
with stress concentrations. In areas where local stresses in web frames, girders or other areas (for
example hatch corners) are to be considered, the global model should have a mesh producing
deformations applicable as boundary conditions for local stress analysis. In such cases the global
and local models should be compatible. The local model may be directly applied as a substructure
or super-clement in the global model (if such techniques are available with the FEA software).
The substructure technique ensures that forces and deformations in the global and local models are
compatible and, if the substructure is detailed enough, local stress results may be obtained directly.
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The substructure techmique is very effective where local structural assemblies (i.e., the
substrucrure) are repeated several times in the overall assembly, but it does present added
complexiry into the analysis.

More commonly, the global and local analyses are conducted separately. Nodal forces
and/or displacements obtained from the global model are applied as boundary conditions for the
local model. In general the stiffness of the local model should be comparable to that of the global
model representation so that forces and displacements between the two models are compatible.
However, due to the greater level of geometric detail and mesh refinement of the local model, this
is rarely achievable. As such it is preferable that nodal forces be transferred from the coarse
model to the local model rather than forced displacements. It is important that the extent of the
local model is sufficiently large that boundary effects due to prescribed forces or displacements
are away from the areas where accurate stresses need to be determined.

The loads to be applied in the global analysis can be produced using any of the
methodologies presented in Section 5. The global analysis should be conducted for each load case
(i.e., vertical bending, horizontal bending, torsional bending, external pressure, internal pressure)
individually. Each load case should be analyzed for a unit value of the applied load at the location
being considered. In this manmer, the stresses derived from subsequent local analysis will
correspond to unit loading and therefore be equal to the stress coefficients, A, which are required
to generate the local stress spectrum from the combined loading spectra.

Figure 6.5: Global Finite Element Mode! of Bulk Carrier (ABS, 1992)
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6.3.3 Determination of Peak Stresses

Peak stresses may estimated based on parametric approximations of stress concentration
factors for ship details, when these are available. Alternatively, they may be determined based on
local fine mesh FEA stress analysis of the joint.

6.3.3.1 Stress Concentration Factors for Ship Details

Stress concentration factors (SCF) for a range of details typical of ship structures are given
by Stambaugh et al (1994), ABS (1992), Cramer et al (1995), and Yoneya et al (1992) for example.
Appendix A presents some solutions for notch stress concentrations (K,,). Stress concentration
factors for typical ship structural details (K,) and for misalignment effects (K,,, K,,) are presented
in Appendix B.

The analyst must exercise extreme care when applying stress concentration factors from
different sources to ensure that the correct definitions for nominal stress used. For example, in
some cases the nominal stress is defined at the intersection point of a connection, in other cases
the global nominal stress may be defined at the weld toe or some distance form the weld toe.

Furthermore, the analyst should be aware that sometimes the published stress concentration
factor solutions are designed to calculate the "hot spot” stress or the "notch” stress as opposed to
the local nominal stress. The analyst should make certain which form of peak stress will result
from the application of the SCF.

6.3.3.2 Local Finite Element Analysis

If appropriate stress concentration factors are not available, the total stress distribution
including local peak stresses may be calculated by local FEA. The crack itself is usually not
modelled unless the local FEA is going to be used to calculate stress intensity factors directly (see
Section 6.4.2.4). As discussed previously in the section on global FEA, the extent of the local
mode! should be large enough that the calculated results are not significantly affected by
assumptions made for boundary conditions and application of loads.

Figure 6.5 shows a local finite element model of a ship detail. The local model shouid have
a relatively fine mesh, especially in areas of stress concentration. It is important to have a
continuous and not 00 steep change in the density of the element mesh in the areas where the local
stresses are to be analyzed. The geometry of the elements (aspect ratio, corner angles, skewness
and warp) at the point of interest should be as near optimal as possible (for example :
length/breadth aspect ratio less than 2, corner angles between 6(f and 120°, avoid use of triangular
elements with reduced order shape functions).

Guide to Damage Tolerance Analysis of Marine Structures 135




‘l’l’l’l”‘
e
et g e el o

A
ffﬂ’ SIS AR )

N N
AWM ERMANN

Model of Ship Derail (Ma, 1994)

Figure 6.6: Local Finite Element

cal nominai and hot spot stress

and seldom for direct evaluation of peak notch stress since the weld

Local FEA of a joint is usually conducted to determine the lo

at the location of interest,

geometry itself is us

d Ge. for a

has to be determine

ually not modelled. If the peak notch stress

FEA 1o evaluate the hot spot

weld notch factor

then the most common approach is to use local

stress. The hot spot stress value is then factored by a
parametric equations or tables (see Appendix A) to provi

Level 1 assessment),
in the joint.

derived from

3

3

K,
de an estimate of the peak notch stress

ion is dependent on the type of element.

Requirements for element size at the hot spot reg
The mesh size may be determined based on experience or

by benchmark testing a similar mesh for

6.7 provides some guidance on

element sizes for 20-node solid, 8-node shell and 4-node shell ¢

determining the hot spot stress.

a case where results have been presented in the literature. Figure

jement types suaitable for

136

Guide to Damage Tolerance Analysis of Marine Structures



Strueniral detatl

Element type Element size

20 - node isoparamegic | tXixt
solid element

8 - node quatrilateral 2tx 2t A
isotrovic shell slement 1 T T
4 - node quadrilateral | tx ¢ T A
isotrapic shell element o 7S

v L

Figure 6.7: Examples of Local Detail FEA With Recommended Element Sizes
(Cramer et al, 1995)

137

Guide to Damage Tolerance Analysis of Marine Structures



Normaily the element stresses are derived at the gaussian integration points. Depending on
the element type, it may be necessary to perform several extrapolations in order to determine the
stress at the weld toe. Reference is made to Figure 6.8, principal stresses are used for the
extrapolation. First an extrapolation of the stresses at the gauss points to the surface is performed.
Then a furtber extrapolation of these stresses to the line A-B is conducted. Itis assumed that the
final extrapolation of stresses is performed by linear extrapolation of surface stresses at line A-B
at a distance t/2 and 3t/2 from the weld toe.

If FEA is to be used to determine the notch siress, then it should be realised that an
extremely fine mesh will be required in order to obtain accurate stresses (much more so than that
required for the determination of hot spot stresses). The notch is a relatively severe form of stress
concentration and stresses rise very rapidly as the notch root is approached. For example, the
calculated stress in a linear elastic analysis of a right angle corner will approach infinity as the
element size is decreased to zero. Therefore the local (micro) geometry of the notch (i.e., weld
toe radius, angle, etc.) has to be included in the model to obtain reasonable stresses that account
for this geometry. Since the notch radius is typically of the order of 1 mm (0.04") and at least one
node per 15° of the notch arc radius is required for accurate stresses, a considerable degree of
mesh refinement is required which results in a relatively large computer medel. Some advantage
can be taken by the fact that the effect of the notch on the stresses is very localized, typically only
affecting siresses within 10% of the plate thickness (B) at a weld toe. The mesh need not be as
refined outside this region, however care must be taken to ensure that the transition from the less
refined region to the fine mesh region at the notch is smooth and does not atfect the results of
interest. Elements within 10% B of the weld toe should be as close to optimal shape as possible.

The stresses obtained from a 2D or 3D local FEA of a joint containing a notch are not
evenly distributed through the plate thickness direction. The total notch stress can be separated
into different components 0., 0y, and o, using Equations 6.2 - 6.4.
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6.3.4 Residual Stresses

Residual stresses caused by welding and fabrication are self equilibrating stresses necessary
to satisfy compatibility in the structure. These stresses in themselves do not cause plastic collapse
since they arise from strain/displacement limited phenomena, and therefore do not influence the
abscissa in the FAD (S, or L). However, residual stresses do add to the crack driving force and
therefore have to be included in the calculation of X,,, for residual strength assessments. Residual
stresses need not be considered for fatigue assessments since they are accounted for in the
constants for fatigue crack growth law.

Ideaily, one would establish the residual stress magnitude based on actual measurements and
resolve them into their membrane and bending components (ie. 0, and 0,). However that is
impractical and therefore conservative estimates of residual stresses based on. findings in the
technical literature and on the location of the flaw (weld zone or base metal) and orientation with
respect to the weld, are incorporated in the analysis.

The following guidelines can be used to estimate the magnitude of residual stresses to be
incorporated into the residual strength assessment.

Level 1 FAD

o In the as welded condition, and with the flaw plane transverse to the weld axis, tensile (weld
longitudinal) residual stress is assumed to be the room temperature yield sirength of the
material in which the flaw tips are located. However, once the flaw tips grow out of the weld
metal and the heat affected zone, and are about one piate thickness from the weld fusion line,
the weld longitudinal stresses become compressive and may be neglected. For flaw planes
parallel to the welding direction, the tensile (weld transverse) residual stress is assumed the
lesser of the yield strengths of the base metal and the weld metal.

o If the welded assembly has been uniformly heated and cooled for a post-weld heat treatment
(PWHT) to affect stress relief, then the residual stresses parrallel to the weld (for flaws that are
transverse to the weld axis) are assumed to be 0.3 times the weld metal yield strength. The
residual tensile stresses after PWHT in a direction perpendicular to the weld are suggested to
be 0.2 times the weld metal yield strength.

Level 2 FAD

o If the actual distribution of residual stresses is known, then these can be incorporated by

linearizing the distribution such that the assumed residual stresses are greater than the actual
(measured) stresses over the flaw depth. The linearized residual stress distribution can then be
separated into its membrane and bending components.
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® A reasonable estimate of residual stresses can be based on some typical residual stress
distributions given in PD6493 (1991) for butt, fillet and pipe welds (see Figure 6.9).
Parametric equations have been developed corresponding to these distributions and their use
can reduce the conservatism in the assumption of "yield strength residual stresses in as-welded
joints”. Still, the use of these parametric equations pre-supposes some knowledge of the weld
joint restraint during fabrication.

e The most conservative approach remains the assumption of uniform, yield strength level
residual stresses as in the Level 1 analysis.

If the net section stress is deemed high enough to cause plasticity at the crack tips, a certain
amount of residual stress relief occurs and the residual stress can be appropriately reduced to the
minimum of:

g o,
b) g, based on approximate distributions
c) (1.4-0,/0) 0, for Level 2a FAD

d) (1.2-0,/1.20,)0, for Level 2b or 3 FAD’s

The evaluation of net section stress, o, is presented in Section 6.6. Clearly, the net section stress
must be of the order of 50% of the yield strength in order to get any residual stress relief due 10
plasticity.

When the flaw tips are in the base metal and away from the weld (2 to 3 plate thicknesses),
then the weld residual stresses are negligible. However, there are some longer range assembly
and construction stresses that still may be present. These may be relieved to some extent with
service (shake down effect) or as the crack grows. However, this effect is difficult to predict and
therefore, as a conservative measure, longer range residual stresses equal to 20% of the yield
strength are recommended to be included in the damage tolerance analysis.
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Figure 6.9; Typical Distributions of Residual Stresses at Welds (PD6493, 1991)
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6.4 Determination of Stress Intensity Factors

A key requirement of local damage tolerance assessment for fatigue and fracture is the ability
to evaluate stress intensity factors (SIF) for ship structural details containing cracks. The following
sections review the basic concept of the SIF, and present methods which can be used