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Abstract

In this study, ABS Publication 115, “Guidance on Fatigue Assessment of Offshore Structures” is briefly
reviewed. Emphasis is on the S-N curves based fatigue assessment approach of non-tubular joints, and both
size and environment effects are also considered. Further, fatigue tests are performed to study the fatigue
strength of load-carrying and non-load-carrying steel cruciform joints that represent typical joint types in
marine structures. The experimental results are then compared against ABS fatigue assessment methods,
based on nominal stress approach, which demonstrates a need for better fatigue evaluation parameter. A
good fatigue parameter by definition should be consistent and should correlate the S-N data well. The
equivalent structural stress parameter is introduced to investigate the fatigue behavior of welded joints using
the traction based structural stress approach on finite element models of specimens, and representing the
data as a single Master S-N curve.

Key words: Fatigue, ABS, Size Effect, Master S-N Curve, Equivalent Structural Stress, Traction Stress, Toe
Failure, Root Failure
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L. Introduction

Background

Fatigue failure in ship and offshore structures is not an unusual sight. The marine structures not only
experience the static loads, but also the dynamic loads that exist mainly due to the seaway excitations or
wave loads resulting in local changing pressures, the engine excitations that cause elastic vibrations, and
varying loads because of loading and unloading conditions. Such dynamic or cyclic loading of various
frequencies and amplitudes causes damage in the crystalline structure of the material. The microscopic
cracks become visible due to the grain size level plastic deformation; such microcracks then either grow
independently or join other microcracks to eventually form macrocracks only to propagate into a main crack
and structural failure in the last cycle of the fatigue life.

Cyclic || Crack || Microcrack || Macrocrack [,| Final
slip nucleation growth growth failure
< Initiation period > <Crack growth period >

Figure 1 Different phases of the fatigue life

Traditionally, the structures are designed for maximum static loads (or design loads) focusing mainly on the
ultimate strength and the buckling strength; however, fatigue strength is one of the major failure modes and
thus, is rapidly gaining importance in the structural design of maritime structures and the associated rules.

In extreme cases, fatigue can lead to a total loss of offshore structures or ships resulting in substantial costs
each year, and potential loss of life. Such tragedies have occurred throughout the maritime history since there
have been several disasters involving fatigue failure of the structures.

Figure 2 Fatigue failure of S.S. Schenectady, Liberty Ship



Figure 3: (Left) Hull fracture of passenger ship, S.S. America ; (Right) Floating drill platform, Alexander Kielland,
capsized after fatigue failure in one cross-brace securing the columns

Historical catastrophes indicate that fatigue strength should be an important consideration while designing
structures. Moreover, these days, every effort is made to increase the power-to-weight ratio of sophisticated
maritime structures, which increases the vibrational problems, reduces the actual structural material, and
thus, results in the reduction of the fatigue strength margin. High-tensile steel is introduced to meet the
demand of reduced structural weight, which normally indicates heightened static strength, but similar fatigue
strength as of mild steel.

High possibility of fatigue failures occur particularly in the welded structures because of the poor fatigue
performance of many welded joints. Welding introduces inhomogeneity in material since additional filler
material is utilized implementing subsequent heating and cooling process. Weld includes all kinds of defects
like inclusions, pores, undercuts etc, and the shape of weld profiles presents geometric variations thus
causing high stress concentrations. Furthermore, welding results in the residual stresses and distortions in
the structure, thus severely affecting the fatigue behavior. Clearly, ships and offshore structures consist of
various weld joints and thus, this emphasizes the need to consider the potential fatigue failure at the design
stage early on in any project.

The fatigue strength of a welded component is defined as the stress range (Ac) that fluctuates at constant
amplitude, causing failure of the component after a specified number of cycles (N). The stress range is the
difference between the maximum and the minimum stress values, as shown in Figure 4. Similarly, the ratio of
minimum to maximum stress values is denoted by R-ratio. The number of cycles to failure is known as the
fatigue life of the component.

Stress ¢ 4

———————————————————— --— Maximum stress

Stress
range G

Mean stress

Minimum stress

o—————l—_
-

N
o —i—

e

v

Cycles N

Figure 4: Constant amplitude stress history
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Several research efforts are ongoing in order to study the effective fatigue strength evaluation approaches for
these welded structures. In addition to that, substantial efforts are made towards the introduction of various
standards and fatigue design codes for the marine industry in order to provide an accurate estimate of fatigue
life of ships and offshore structures. The codes used by several classification societies are based mainly upon
the test data accumulated from fatigue tests on some small-scale specimens integrating the weld detail of
interest, by statistical analysis. They also consider the data from actual fatigue damages in ships and other
structures. Most rules present a series of S-N curves associated with typical welded joint details, where S is
the nominal stress range adjacent to the weld detail and N is the number of cycles corresponding to that
stress range. Each S-N curve represents a structural detail based on joint geometry, loading mode, crack
location etc.

Stress A
range

it

Mean line
Typical
scatter
in data
Design line

10’ >
Cycles N

Figure 5: Typical S-N curve for constant amplitude tests

Unlike the fatigue behavior of un-welded structures, the welded joints have unique fatigue features. One of
the fundamental differences in fatigue of welded to non-welded structures is that the S-N data of welded
joints have a characteristic slope within long-life regime; whereas the latter do not. Similarly, there are no
significant effects of applied mean stresses (or R-ratio) on welded joints’ S-N data. A number of organizations
adopted S-N design curve method in their codes and standards so that the designers can conveniently predict
the fatigue life of a certain structural detail by merely using the stress range.

As convenient as it may sound, this is exactly where most of the issues relevant to fatigue lies. There remain
two key issues in the fatigue evaluation method, and they are:

i) How to determine stresses?
ii) How to choose an S-N curve?

As mentioned earlier, each S-N curve represents a typical joint type or weld category based on geometry,
loading mode as well as crack location. Theoretically, there is infinite number of such S-N curves if the
parameters like joint geometry, loading mode, plate thicknesses, and crack locations are considered as a
continuous variable over a continuum. Thus, there is often confusion in which S-N curve to select and if the
selected curve is correct.

Mathematically, the stress is ill-defined at the locations with sharp notches, and unfortunately, the most
fatigue prone locations of welded joints are sharp notched locations or the positions with very small radius
such as weld toe or weld root. Several approaches exist in order to accurately estimate stresses at such
locations.



Cross Structural El. notch El-pl. notch Short Long
section discontin. effect effect crack crack
Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic
load t={ nominal |e| structural }={ notch || notch [~} J-integral }~ stress
stress stress stress strain intensity
' 1 t 1 { f
[ @ i~ X 0 rd
) & ) \ ) \ ) \x ) ;\ s
X -

N N N N a AK

Figure 6: Approaches to describe the fatigue strength

Nominal Stress approach uses the nominal stress range, Aoy, which is calculated using internal or external
loads and the relevant cross sectional area.

Geometric structural stress or hot-spot stress approach uses the structural stress range, Ao, at the weld. It
takes the effect of the structural discontinuity into account.

Notch stress approach and notch intensity approach use the elastic notch stress range, Aoy, or the stress
intensity, and thus considers the influence of notch effect of the weld toe or root.

Notch strain approach uses the local elastic-plastic strain range, which presents the damage process in the
material.

Crack propagation approach uses the J-integral or the stress intensity range, AK, and hence determines the
crack propagation rate given by da/dN.

Thus, it can be observed that several approaches exist in an effort to precisely find a proper stress value. The
former two methods, namely nominal and hot-spot stress methods have been adopted by several
classification societies in their design guidelines to estimate the fatigue strength of structures. Recently,
Master S-N curve approach based on structural stress method is on the rise. It provides a mesh insensitive
method (when Finite Element Analysis is used) to determine stresses at the sharp-notched locations with
consistency. The principle of traction based structural stress approach is established on elementary
structural mechanics theory.

In addition to the two key issues mentioned above in fatigue evaluation methods, it is important to indicate
that a good fatigue parameter should include following properties.

I. Consistency in stress determination
The evaluated stress at any position of the structure should be consistent everywhere and all the
time. This calculated stress should not vary or else the calculation goes in vain. Consistency is
one of most important properties that a solid fatigue parameter should possess. However, it is
certainly not sufficient to be merely consistent; the determined stress has to be correct and the
way to validate the accuracy is by data correlation.

il. Effectiveness in S-N data correlation
When it comes to S-N data, there is quite a bit of scatter in the S-N plot. However, with

tremendous amount of collected data, researchers have managed to find a trend to come up with
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S-N curves that marine industry has been using worldwide. Each S-N curve has its upper and
lower limit based on the scatter of the data. The determined stress that falls into the S-N plot
without increasing the scatter band, rather, collapsing the scatter band into fairly narrow band
demonstrates strong data correlation, and hence the accuracy of the fatigue parameter.
Therefore, a good fatigue parameter should not only possess the effectiveness in S-N data
correlation, but also the consistency in stress determination.

Objective

The main objective in this thesis is to review and apply the fatigue design guideline of a major American
marine classification society, American Bureau of Shipping, to several loaded and non-loaded steel cruciform
joints, and experimentally validate the newly developed master S-N approach in comparison with the ABS
guidelines.



II. Literature Review

Introduction

Among several classification societies linked to the marine industry, American Bureau of Shipping (ABS) is
one of the major organizations that have been involved in the fatigue technology development. Ship Structure
Committee (SSC) has carried out several fatigue research projects with the funding from ABS, in an effort to
avoid the critical issue of fatigue fractures in ships and other offshore structures. ABS, in coordination with
other professional organizations, classification societies, universities and private industry, has combined the
vast knowledge of fatigue behavior of structures from several researches, to create fatigue design criteria for
marine structures. This section conducts an extensive review of the main fatigue design rules that are in
American Bureau of Shipping, Publication 115, Guide for The Fatigue Assessment of Offshore Structures.

Approach

ABS Guideline contains detail fatigue assessment procedures and significant amount of information regarding
fatigue behaviors of welded and un-welded, tubular and non-tubular structures. However, in regards to the
objective of this thesis, the fatigue assessment of only plate structures or non-tubular structures is reviewed,
and moreover, the document prioritizes the welded plate joints since it is expected for the fatigue cracks to
initiate from the joints.

There are two major approaches when conducting the fatigue assessment of any structure.

1) Fracture Mechanics Approach
2) S-N Curve Approach

Although fracture mechanics methods are briefly mentioned in the guidance, this approach is not directly
utilized in the industry. It is often used for fatigue analyses as a supplement to the S-N data, or for use in
supporting studies that deal with fatigue related issues. When concerned with the acceptable or minimum
detectable flaw size or crack growth prediction, fracture mechanics has a significant application. Since the
latter approach, i.e. S-N Curve approach dominates the practical application in the industry, ABS employs S-N
Approach as the fatigue assessment tool for the determination of the fatigue strength.

Review of ABS Fatigue guideline

The principal objective of this section is to review the main fatigue design rules contained in ABS Publication
#115, Guide for the Fatigue Assessment of Offshore Structures. Fatigue assessment, in the Guide, is achieved
by the combination of nominal stress ranges, structural hot-spot stresses, relevant S-N curves, and the
Palmgren-Miner linear cumulative damage accumulation rule in order to account for the variable stress
amplitudes. The failure is recognized when the cumulative fatigue damage goes beyond unity.

The main provision of fatigue design rules in ABS is based on a set of eight (8) fatigue resistance curves. These
curves are obtained from test results of a set of constructional details, established from constant amplitude



tests. In addition, the thickness effect as well as the corrosive environment effect is considered, and the
fatigue curves are adjusted accordingly.

This approach of classification scheme of the structural details, the S-N curves, and the adjustments made to
the curves are mostly derived from DEn(1990) and HSE(1995) criteria. Thus, in the context of fatigue design,
ABS Guide can be regarded as a “hybrid” of the above-mentioned criteria.

S-N Curve Approach

After a comprehensive review of fatigue test results and fatigue strength models for welded joints, ABS
established a family of S-N curves for marine structures in the ABS Guidance on the Fatigue Assessment of
Offshore Structures. The ABS Guide widely employs S-N curve-based approach of fatigue assessment of any
structure detail. S-N curve defines the fatigue strength in the stress-based approach to fatigue, and thus can
be represented as a table, curve or equation. For design of welded non-tubular structures, the stress
determination approach used in the S-N method and the S-N curves are :- nominal stress approach and
hotspot stress approach. These approaches will be discussed later below.

Design S-N Curve Definition

The fatigue tests data obtained after constant amplitude fatigue tests when plotted in a log-log space, tend to
plot as a straight line, and this is regarded as the mean curve of the S-N data. The mean curve passes through
the center of the data through the application of the least squares method.

The linear model thus employed when the S-N data are plotted in a log-log space is given by
log(N) = log(4) —mlog(S) 1)

The empirical constants, A and m are called fatigue strength coefficient and the fatigue strength exponent
respectively. S is the independent stress range variable, whereas N is the dependent variable.

The design S-N curve however is defined on the safe (lower) side of the S-N data, or in other words, it is
defined as the mean curve minus two standard deviations of log N, which represents 95% survival probability
with 75% confidence or better.

Thus the basic S-N curves, which are established from constant amplitude tests, are of the form:

log(N) = log(A) — mlog(S)

When,

log(A) = log(A4,) — 20, the above basic S-N Curve signifies the design S-N curves.

N = predicted number of cycles to failure under stress range S

A;= constant relating to the mean S-N curve
o = standard deviation of log N
m = negative reciprocal slope (or simply, slope) of the S-N curve

From several welded joints fatigue data, the parameter ‘m,” slope is approximately equal to 3.0 which is
similar to the slope of the Paris fatigue crack growth law (da/dN = C(AK)"), which for most materials is n = 3.
Therefore, in ABS guide, a fixed value of ‘m’ equal to 3.0 is assumed, and the method of least squares is used to
estimate A; and o.

Table 1 below provides the parameters for ABS “In-Air” S-N curves.



Table 1: Details of the Basic "In-Air" S-N Curves

Ay Stamdard Deviation
Class A logp log, M logg log, A
B 2343 x 109 15.3607 35.3000 4.0 0.1821 0.4104 1.01 = 10%
C 1.082 = 104 14.0342 323153 35 0.2041 0.4700 4.23 % 108
D 3.988 x 10V 12.6007 200144 3.0 02095 04824 1.52 x 107
E 3.280 = 10V 12.5169 28.8216 3.0 0.2500 0.5777 1.04 = 10"
F 1.726 = 102 12.2370 28.1770 3.0 02183 0.5027 0.63 x 102
F, 1.231 = 10" 12.0900 27.8387 3.0 0.2279 0.5248 043 x 10"
G 0.566 = 10" 11.7525 27.0614 3.0 0.1793 04129 0.25 = 10"
W 0.368 = 10" 11.5662 26.6324 3.0 0.1846 0.4251 0.16 % 10"

ABS guideline specifies the knee of the curve at 107 cycles for the in-air details. Since the test data are much
limited in this range of fatigue cycles, an extrapolation of the S-N curve into this high cycle range involves a
change in slope. For in-air structures, the slope beyond 107 cycles is:

r=m+2

Thus, if Nq is the reference number of cycles and Sqis the corresponding stress range at which the change of
the slope occurs, from Figure 7, the relationship between N and S can be written as:

N=AS"™ if N < Ng (2)
N=C.ST if N> Ng (3)
Joint Classification Scheme

A joint classification system helps to relate the description of weld details to their corresponding design S-N
curves. There are eight individual S-N curves that denote eight ‘nominal’ classes that the structural details can
be categorized into, namely B, C, D, E, F, F2, G, and W. This classification is based on the geometric
arrangement, the direction of loading, and the location and mode of possible fatigue crack. Refer to the
Appendix A for the full list of the classification of structural details.

Log(S)

(6]
[=]

Log (N) Q
Figure 7: Two-Segment S-N Curve
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Adjustment to the S-N Curves

In general, the laboratory specimens that the S-N data are based on are considered different in geometry from
the actual size of the structural component. Thus, some adjustments are needed to achieve the expected
performance for actual structural details. In this regard, ABS identifies two major considerations that require
special awareness and possible adjustment in the fatigue assessment process. These are the effect of
thickness and the relative corrosiveness of the environment in which the structural detail is subjected to
variable stress.

Scale or Thickness Effect

The fatigue performance of welded joints is dependent on the plate thickness to some extent. For the same
stress range, the detail’s fatigue strength, which cracks from the weld toe, decreases with the increase in plate
thickness. The stress concentration to greater depth in thick sections influence the cracks more than in thin
ones, thus the fatigue performance changes with the change in thickness of the structure. The size effect in
fatigue in which larger sections tend to be weaker is manifested in welded joint fatigue by a thickness
adjustment.

In ABS Guide, the basic design S-N curves are applicable to the structural components having thickness that
do not exceed the reference thickness (tr) of 22 mm. However, the adjustments are made to those with the
thickness above 22 mm. The ABS recommended thickness adjustment is based on studies of fatigue test data
and the models used by others.

The thickness effect is expressed by an adjustment formula:

t
Sf = S(;)q t>t (4)
Sp=S t<to (5
Where,
Sr allowable stress range
S allowable stress range from the nominal S-N design curve
tr the reference thickness
to thickness above which adjustments should be made
t actual thickness

A “thickness adjusted” S-N curve can be constructed when t > tpand is of the form:

LogN = LogA— mLog[S(tl)q] (6)
R

Where,

S unmodified stress range in the S-N curve

tr reference thickness (= 22 mm)

t plate thickness of the member under assessment

q thickness exponent factor (= 0.25)

Hence, for plates thicker than 22 mm, ABS introduces the design stress penalty of (trer/t)025.

Environmental Condition/Corrosion Effect

Fatigue strength is reduced when the structure operates in a corrosive environment. The ABS
recommendations to take into account the influence of corrosion on fatigue strength are based on a review of
corrosion effects published in several guidance and other recommended documents in practice relating to
marine structures. Crack growth rates increase rapidly when the structures are corroded. To account for the



cathodic protection or the free corrosion conditions of the structures in the sea-water, the parameters for “In-
Air” curves are modified, and separate S-N curves are provided.

The parameters as given in the ABS Guidance on the Fatigue Assessment of the Offshore Structures, for the
‘In-Air’ (A) S-N curve, is given by Table 2.

Table 2: Parameters for ABS-(A) Offshore S-N Curves for Non-Tubular Details In Air

Curve A m C r Ng So
Class | For MPa For ksi For MPa For ksi For MPa For ksi
Units Units Units Units Units Lnits
B 101x107 | 448«<10'" | 40 | 102¢10" | 040x10¥ | 6.0 | 1.0x10 1002 145
C 423x108 | 403x10" | 35 | 250x107 | 635x10" | 55 | L.0x10 782 114
D 1.52x10" 465<10° | 30 | 433x10° | 279x10" | 50 | 1ox10 534 175
E 1.04x10" 3.18x10° | 3.0 | 230x10% | 148x10" | 5.0 | L0x107 470 6.83
F 6.30x10" 103x10° | 30 | 007x10" | 642x10" | 50 | 1.0x10’ 308 578
F2 430x10" 131x10° | 30 | 52810 | 340x10" | 50 | 10x10 350 508
G 2 50x10" 764x10° | 30 | 2.14x10% | 138x10" | 50 | 10x107 292 4724
W 1.60x10" 480x10° | 30 | 102x10% 654x10° | 50 | 10x107 252 3 66

The design S-N curves for non-tubular details associated with the parameters in Table 2 are represented by
Figure 8. Similarly, the parameters for ABS Offshore S-N Curves associated with the structures in seawater
with cathodic protection and free corrosion are given by Table 3 and Table 4 respectively. Each table is
followed by the relevant ABS Offshore design S-N Curves.

1000 +—

Stress Range {MPa)

10 | | H Ll | i il i) I I
1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Figure 8: ABS-(A) Offshore S-N Curves for Non-Tubular Details in Air
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Table 3: Parameters for ABS-(CP) Offshore S-N Curves for Non-Tubular Details in Seawater with Cathodic

Protection
Curve A m C r NQ So
Class For MPa For ksi For MPa For ksi For MPa For ksi
Units Uhnits Units Units Units Uhnits
B 4.04x10" 1.79x10" | 40 1.02x10" 9.49x10” | 6.0 | 64x10° 158.5 23.0
C 1.69=10" 1.97x10" | 35 | 2.59=10"” 6.35210"2 | 55 | 8.1x10° 123.7 17.9
D 6.08=10"! 1.86+10° 3.0 | 4.33x10" 2.79=10" | 5.0 | 1.01x10° 84.4 12.2
E 4.16x10" 127<10° 3.0 | 230%10Y 1.48x10' | 5.0 | 1.01x10° 74.4 10.8
F 2.52<10" 7.70<10° 3.0 | 9.97x10" 642510 | 5.0 | 1.01x10° 62.9 9.13
F2 1.72x10" 5.26%10° 3.0 | 5.28<10" 3.40+10" | 5.0 | 1.01x10° 55.4 8.04
G 1.00x10" 3.06x10° | 3.0 | 2.14x10™ 1.38x10" | 5.0 | Lo1x10° 46.2 6.71
W 6.40x10'° 1.96-10° 3.0 | 1.02<10" 6.54<10° | 5.0 | 1.01x10° 39.8 5.78
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Figure 9: ABS-(CP) Offshore S-N Curves for Non-Tubular Details in Seawater with Cathodic Protection

Table 4: Parameters for ABS-(FC) Offshore S-N Curves for Non-Tubular Details in Seawater for Free

Corrosion
Curve A m
Class For MPa For ksi
Units Units
B 3.37x10" 1.49x101 | 4.0
C 1.41x10" 1.64x10"° | 35
D 5.07x10" 1.55x10° 3.0
E 3.47x101 1.06x10° 3.0
F 2.10x10" 6.42x10° 3.0
F2 1.43x10M 4.38x10° 30
G 8.33x10" 2.55¢10° | 3.0
W 5.33x10% 1.63x10° 3.0
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Figure 10: ABS-(FC) Offshore S-N Curves for Non-Tubular Details in Seawater for Free Corrosion

The slope does not change for the the non-tubular structures in seawater for free corrosion.

Design Stresses for Fatigue Assessment

Fatigue assessment of structures is performed with different stresses that are efficient for the considered
structural detail. These stresses should be derived in a way that they correspond with the definition of the
stresses to be used together with a particular S-N curve.

Nominal Stress

The nominal S-N curves are derived from the fatigue test data, mainly from axial and bending tests. The
reference stresses used in the S-N curves are the nominal stresses, typically calculated based on the applied
loading and the sectional properties of the specimens. Thus, when using the design S-N curves in a fatigue
assessment, the applied reference stresses should correspond to the nominal stresses used in creating these
curves. This approach is popular in major industries, however fatigue design based on this approach is
cumbersome in terms of securing a series of S-N curves corresponding to each class of joint types and loading
modes. In many cases, the loading and geometry of the actual structure are much more complex than the
experimental specimen is; hence, it is not always possible to evaluate nominal stresses at each structural
component in complex marine structures.

ABS Guide provides following measures for the determination of the appropriate reference stresses required
for a fatigue strength assessment:

e Inthe nominal stress approach, the reference stresses are the local nominal stresses that consider
the gross geometric changes of the detail such as cutouts, tapers, haunches, presence of brackets,
changes of scantlings, misalignment, etc. It is unnecessary to use a very fine mesh finite element
model to determine the required local nominal stresses.

e  When assessing the fatigue strength, the stress concentration effect due to the local geometry of the
weld must not be taken into account, since the local discontinuity effect is already introduced in the
derivation of the S-N curve.

12



e The principal stress adjacent to the potential crack locations should be utilized if the stress field is
more complex than a uniaxial field.

When the fatigue assessment of welded joints is performed, the welded attachment adds uncertainty about
the local stress and the applicable S-N curve at the weld locations. These are captured in the nominal stress
Joint Classification section. However, when the structure is complicated and too difficult to be classified, the
hot spot stress approach is implemented.

Hot-Spot Stress

Hot-Spot Stress approach, or geometric stress approach considers the increase in stress caused by the
configuration of the structural detail in consideration. It is applied to extract the stresses at the established
hot spot regions or already predicted high stresses areas. For the welded joints, hot spot location is at the
weld toe. The stress at the weld toe is calculated by a linear extrapolation of stresses over two reference
points in front of the considered weld toe.

Structural or hot-spot stress excludes the local stress concentration due to the weld since the determination
procedure of such stress uses the stress at a certain distance away from the weld toe. Hot-spot stresses can be
determined by direct measurement of an appropriate physical model, by the use of parametric equations, or
through the performance of Finite element analysis (FEA). The use of parametric equations is preferred
mainly for the welded tubular joints in the offshore industry. Thus, finite element analysis (FEA) is applied to
evaluate the hot-spot stress, according to ABS guidelines. For the linear surface extrapolation of output
reference stresses, the reference locations of 0.5t and 1.5t (t - thickness) away from the hot spot to the
location of the hot spot are selected. In case of linear shell elements, the components of normal and shear
stresses denoted as oy, 0y, and Ty are individually extrapolated to the hot spot location, and then the
extrapolated component stresses are used to compute the maximum principal stress at the weld toe.

In order to obtain a reasonable stress output from Finite Element software, ABS Guide requires appropriate
element type and relevant mesh size of the model. Linear elastic quadrilateral plate or shell elements are
typically used. The element size around the hot spot should be approximately t x t. The aspect ratio of
elements adjacent to hot spot location is required to be 1:1, and the ratio could not exceed 1:3 for the
elements away from the hot spot. The corner angles of the quadrilateral shell elements are confined to the
range 50 to 130 degrees. The transition from fine mesh to relative coarse mesh should be smooth and

uniform.
_/‘\V ;

Smess st 47

Figure 11: Stress Gradients (Actual & Idealized) Near a Weld
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Assessment

Based on the literature review of ABS fatigue guidelines, following conclusion can be derived.

Stress definition is consistent and explicit when the nominal stress based S-N curves are adopted. However,
as previously mentioned it is extremely difficult to compute nominal stress for the structures with high level
of complexity in geometry as well as loading conditions. Therefore, ABS guideline resolves to the approach
like structural hot-spot stress method.

Hot-Spot stress approach reduces the number of eight S-N curves to one S-N curve, which is Class E.
Nonetheless, some drawbacks exist when using this approach. The derivation of the hot spot stress requires
finite element modeling, and it is sensitive to the element type and the mesh size and shape. There is no clear
justification to the reference locations, 0.5t and 1.5t, provided in ABS guide to extrapolate the surface stress.

Also, the adjustment formula to account for thickness effect calls for a specific reference thickness (tr) along
with the thickness exponent, q. The value of reference thickness is equal to 22 mm. The authors supposed
that the algorithm for the thickness adjustment formula was obtained using tubular joints, or perhaps using
some other procedure. The origin of the algorithm or the procedure to develop the thickness adjustment
formula is not well documented, and the reason for selection of the reference thickness is unclear. The value
of the thickness exponent provided is 0.25 for all curves. However, it is well known that not all joint types
have same effect with the change in thickness. For each class of curve, the rate of change of fatigue lives will
vary with the similar change in thickness. Thus, the constant value of this exponent is questionable.

Along with the scale and the environment effect, ABS guidelines is in agreement with the principle that was
established well over 30 years ago which concludes that the fatigue strength of the welded structures does
not increase with the increase in material strength. The crack propagation rate is not relevant to the material
tensile strength, unless the material is exposed to the corrosive environment. Furthermore, it is assumed that
a welded structure consist of the residual stress equal to the yield stress. Consequently, the fatigue life is
depended on the applied stress range rather than the mean stress, regardless of whether the stress is tensile
or compressive.
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III. Test Procedures & Results

Introduction

Funded by the National Shipbuilding Research Program (NSRP) in 2011 and building on previous Office of
Naval Research (ONR) projects (Huang, et al. 2003 - 07), a joint project “Elimination of Overwelding to
Reduce Distortion in Naval Shipbuilding Applications” was initiated. HII-Ingalls and Applied Thermal Science
(ATS) fabricated welds to study their behavior through extensive tensile, static shear, fatigue, and dynamic
testing at four independent test sites including University of New Orleans (UNO), University of Maine
(UMaine), Naval Surface Warfare Center - Carderock Division (NSWCCD), and Concurrent Technologies
Corporation (CTC). This section focuses on the steel plate cruciform joints manufactured in order to evaluate
the fatigue strength of welded joints. The study provides fatigue test results for load-bearing and non-load-
bearing cruciform welded joints in 5 and 10 mm thick plates, which were tested at the University of New
Orleans. The test results are then compared to the current ABS fatigue design standards.

Test Method

Test Material

The test specimens were manufactured using 5 mm and 10 mm thick steel plates. They were cut and welded
at HII-Ingalls. The steel grades of ABS grade DH36 and HSLA-80 were used for several specimens to be tested;
whereas the rest of the specimens were of dissimilar strength, AH36 welded to HSLA-80, in order to reflect
weld details in actual ship structures. NSWCCD verified the material property of all base metal plates and the
metal weldments. The mechanical properties of these different materials are shown in the table below.

Table 5: Mechanical Properties of the Specimen Material

Material Yield Strength Ultimate Tensile Strength Elongation
HSLA 80 36205000_—589600 1?/[ (; ;I:Si 6(1} 01(1} O_—695550 1(\)/[ (; ;I;Si

Test Specimen

The fatigue specimens varied in material, plate thickness, weld size, and weld method. Another variation was
if they were load-bearing (load-carrying) or non-load-bearing (non-load-carrying).

Figure 12: Load-Bearing Cruciform Joint (Left); Non-Load-Bearing Cruciform Joint (Right)
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Similarly, the following table shows the number of specimens as well as the variations in the parameters. As
can be observed from the table, each load-carrying specimen had a corresponding non-load-carrying
cruciform joint with the same parameters. Three individual specimens were fabricated from each plate. Thus,
in total, there were 192 cruciform specimens, out of which, 96 were load-carrying and 96 were non-load-

carrying specimens.

Table 6: Fatigue Weldment Matrix: Load-bearing (left) and non-load-bearing (right)

Load-Carrying Steel Cruciform Joints Non-Load-Carrying Steel Cruciform Joints
Plate . Plate .
Plate No. Material Process | thickness wfl:fni;ze Plate No. Material Process | thickness W;l::lize
[mm] [mm]
1 DH-36 FCAW 5 3 33 DH-36 FCAW 5 3
2 DH-36 FCAW 5 5 34 DH-36 FCAW 5 5
3 DH-36 FCAW 5 8 35 DH-36 FCAW 5 8
4 DH-36 FCAW 10 5 36 DH-36 FCAW 10 5
5 DH-36 FCAW 10 6 37 DH-36 FCAW 10 6
6 DH-36 FCAW 10 8 38 DH-36 FCAW 10 8
7 DH-36 FCAW 10 10 39 DH-36 FCAW 10 10
8 DH-36 FCAW 10 12 40 DH-36 FCAW 10 12
9 HSLA-80 FCAW 5 3 41 HSLA-80 FCAW 5 3
10 HSLA-80 FCAW 5 5 42 HSLA-80 FCAW 5 5
11 HSLA-80 FCAW 5 8 43 HSLA-80 FCAW 5 8
12 HSLA-80 FCAW 10 5 44 HSLA-80 FCAW 10 5
13 HSLA-80 FCAW 10 6 45 HSLA-80 FCAW 10 6
14 HSLA-80 FCAW 10 8 46 HSLA-80 FCAW 10 8
15 HSLA-80 FCAW 10 10 47 HSLA-80 FCAW 10 10
16 HSLA-80 FCAW 10 12 48 HSLA-80 FCAW 10 12
17 AH36-HSLA-80 FCAW 5 3 49 AH36-HSLA-80 FCAW 5 3
18 AH36-HSLA-80 FCAW 5 5 50 AH36-HSLA-80 FCAW 5 5
19 AH36-HSLA-80 FCAW 5 8 51 AH36-HSLA-80 FCAW 5 8
20 AH36-HSLA-80 FCAW 10 5 52 AH36-HSLA-80 FCAW 10 5
21 AH36-HSLA-80 FCAW 10 6 53 AH36-HSLA-80 FCAW 10 6
22 AH36-HSLA-80 FCAW 10 8 54 AH36-HSLA-80 FCAW 10 8
23 AH36-HSLA-80 FCAW 10 10 55 AH36-HSLA-80 FCAW 10 10
24 AH36-HSLA-80 FCAW 10 12 56 AH36-HSLA-80 FCAW 10 12
25 AH36-HSLA-80 SAW 5 3 57 AH36-HSLA-80 SAW 5 3
26 AH36-HSLA-80 SAW 5 5 58 AH36-HSLA-80 SAW 5 5
27 AH36-HSLA-80 SAW 5 8 59 AH36-HSLA-80 SAW 5 8
28 AH36-HSLA-80 SAW 10 6 60 AH36-HSLA-80 SAW 10 5
29 AH36-HSLA-80 SAW 10 5 61 AH36-HSLA-80 SAW 10 6
30 AH36-HSLA-80 SAW 10 8 62 AH36-HSLA-80 SAW 10 8
31 AH36-HSLA-80 SAW 10 10 63 AH36-HSLA-80 SAW 10 10
32 AH36-HSLA-80 SAW 10 12 64 AH36-HSLA-80 SAW 10 12

FCAW: Flux-Core Arc Welding
SAW: Submerged Arc Welding

Figure 13 displays the basic dimensions of the specimen. The total length of the horizontal base metal was 12

inches, and the vertical attachment was 4 inches long. The specimen was 3 % inches wide, into the paper.
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Figure 13: Dimensions of a Cruciform Joint, Weld size (S) and Thickness (T)

Figure 14: Load-Bearing and Non-Load-Bearing Steel Cruciform Joints received by UNO for Fatigue Testing

Test Machine

Figure 15: MTS Unixial Test Machine at the University of New Orleans
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In the laboratory of the University of New Orleans, the fatigue tests were conducted in an MTS uniaxial testing
machine where the specimens were loaded using hydraulic grips and cycled axially. The machine has a force
capacity of 200 kips and MTS 647 Hydraulic wedge grips with force capacity of 110 kips and maximum
operative pressure of 9,000 psi. Hydraulic wedge grips were used to mount the specimens, and to apply the
loads on them. Along with the grips, there are four individual (or two pairs of) wedges mounted on the grips.
These wedges are 3.5 inches deep, 3.75 inches wide, and opens from 0 to 10.9 mm. The metal brackets are
used to keep the specimens aligned in the center of the wedges. The machine operated remotely using
FlexTest GT software from which the load levels and frequencies were specified. 5” of gage length was
specified for all the 12” specimens to avoid any buckling during the test procedure.

Test Requirements

As per the specification by project sponsor, NSRP, fatigue testing was carried out in accordance with ASTM
E466 using gage length of 5 inches.

Load Specification

There were two stress ranges at R = -1 that were applied to the specimens: 30 ksi (+/-15ksi amplitude) and
60 ksi(+/-30 ksi amplitude). The table below specifies the number of specimens tested under the specified
loads.

Table 7: Load Specification for Test of Individual Cruciform Joint

Fatigue test at Fatigue test at
Total Specimens stress range 30 stress range 60 Spare specimens
ksi [207 MPa] ksi [414 MPa]
Load Carrying 96 32 54 10
Non-load-carrying 96 32 54 10

R ratio = minimum load/maximum load = -1

Distortion Acceptance Criteria

Several test specimens had little to severe misalignments as well as angular distortions. Thus, the Distortion
Acceptance Criteria was set for the fatigue test specimens as below:

i. The misalignment/offset in the specimen should be less than or equal to %2 thickness of the through
member.
ii. The angular distortion should be less than or equal to % thickness of the through member.

Figure 16: Severe Offset in the Specimen
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Failure Criteria
The elevation of cruciform joint’s compliance to 100% marked its failure. In other words, the fatigue failure
criteria set for all the specimens was at 50% reduction of the specimen stiffness.

Fatigue Failure Mode

There are two major fatigue failure modes: plate failure and weld failure. The former mode of fatigue failure,
where the crack initiates for the toe of the weld through the thickness of the base plate is classified as the
weld toe failure. Similarly, the latter mode, which initiates from the root of the weld and travels along the
weld throat is classified as the weld root failure.

1IN | |
——— ] —
Weld Toe Weld:Root
Failure Failure

Figure 17: Two Major Fatigue Failure Modes Classification

Test Procedures

Fatigue tests were carried out on all the load-carrying and non-load-carrying steel cruciform joints.

Distortion Check

First, the cross-section of the cruciform specimens were scanned to the computer. Then, using AutoCAD, the
misalignment/offset and the angular distortion of the scanned files were measured. The specimens had to
fulfill two previously mentioned criteria before considering them fit to test.

If the measurements in AutoCAD displayed that the specimen fulfill both criteria, or if the misalignment and
the angular distortion in the specimen were less than or equal to % thickness of the through member, then
the particular specimen was set aside to test. However, if it failed to fulfill any or both criteria, then it was
straightened so that it fulfilled the criteria.

Figure 18: Distortion Criteria Check on the Scanned AUTOCAD Pictures of the Specimens: Pass (Left); Fail (Right)
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Distortion Correction
For the specimens that failed to satisfy one or more distortion acceptance criteria, they were corrected or
straightened using three point bending die and a hydraulic jack as shown in Figure 19.

Measurements
After making sure that the specimen satisfied both criteria, each weld of the cruciform was marked as weld 4,
B, C, and D. Then, using Wikiscan, vertical and horizontal weld leg sizes were measured at four different
positions of each weld in the specimen. Thus, this resulted in 16 horizontal and 16 vertical weld leg-size
measurements for a single specimen.

In addition to the leg size measurements, the actual thickness and the actual width of the specimen was
measured to calculate the actual cross-sectional area of the base plate using the digital caliper at different
sections of the specimen.

Figure 19: 20 Ton Hydraulic Power Life Bottle Jack

Load Calculation

The applied load was computed based on the desired stress level and the actual cross-sectional area
measurements. A specific nominal load level (+/- 15 ksi or +/- 30 ksi) was selected based on the test-matrix
provided for the specimen. Then, the actual force amplitude required to maintain that load level was
computed as below. The loading was fully reversed and of constant amplitude.

Force amplitude = Stress or Load level X Cross — Sectional Area (7

Mounting of Specimen

Next, the specimen was prepared to be tested on the MTS machine. Several pictures are taken before the
specimen was put on the machine as a part of documentation. Then, carefully, gage length of 5 inches was
marked. Thus, with 5 inches gage length or the length between the wedges, the specimen was gripped on the
MTS machine. The fatigue test machine with a test specimen installed is show in Figure.
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Testing & Data Acquisition

Fatigue test of the welded joints were carried out in constant loading mode, which means the specimen was
provided with the constant cyclic force (Sine signal). First of all, the force was applied for approximately 100
cycles, to make sure the cruciform was completely gripped and to confirm the initial force and displacement
were stable in order to avoid the slippage in the wedges. After verification, the fatigue test was performed.
Under the data acquisition part, all the data for first 1000 cycles were stored into the computer hard-drive,
then after 1000 cycles, data for 5 cycles in every 100 cycles were stored until the fatigue crack developed in
the cruciform and it broke apart completely in two separate pieces. For all the fatigue tests, the applied stress
ratio was R = -1, and the cycling frequency for the majority of the specimens were 7 Hertz. For each test, time
(sec), axial count (segments), axial displacement (inches), and axial force (kips) were recorded per cycle.

Test Results & Observation

Specimen Pool

Out of the 192 total specimens, only 177 specimens were tested for fatigue. Several specimens did not meet
the distortion criteria, and they had to be corrected. However, few of them were severely skewed or distorted
beyond repair so they were discarded. Other specimens were retracted from the specimen pool because one
of them was destroyed by accident and the data recorded for two specimens were corrupted.

Stiffness Measurement Results

As previously mentioned, load and displacement were recorded per cycle, and then the stiffness curve was
derived based on the collected data. The procedure to stiffness calculation is in Appendix B. Figure 20
illustrates load, displacement, and the calculated stiffness curve over the number of cycles (logarithmic) of
one of the specimens marked 30-A1, 12 inches long, 3.5 inches wide, and 3/8 inches thick, with the gage
length of 5 inches.

In general, a significant reduction in stiffness could be observed for all the specimens right before they fully
fractured. The stiffness curve initially remained steady as the test continued and then dropped suddenly as
the crack propagated either through thickness of the base plate (weld toe failure) or through the root of the
weld (weld root failure). Only couple of hundred of load cycles is then required to break the specimen
completely apart when the stiffness of the specimen dropped. This reflects the fact that fatigue crack growth
dominates the fatigue lives of the welded joints.

Thickness Effect Results

With respect to the thickness parameter, there were two different thicknesses for the cruciform joint
specimens overall. They were the joints with thickness (t) of 5 mm (3/8 inches) and 10 mm (3/16 inches).
Several data points were plotted with varying thickness nonetheless keeping all the other parameters
constant such as applied load, weld sizes (s), and load-carrying and non-load-carrying joint types in the
following plots. There were only different thicknesses; however, from the plots, it can be seen that in general
the specimens with thicker base plates (3/8 inches) have lower fatigue lives that the specimens with thinner
base plates (3/16 inches).
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Figure 21: Fatigue Data of Load-Carrying Cruciform Joints with Applied Stress Range of 30 Ksi
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Figure 22: Fatigue Data of Load-Carrying Cruciform Joints with Applied Stress Range of 60 Ksi

Cycles to Failure, N [Cycles]

8000000

800000

80000

O[O IRD| <D

0.15

0.2

0.25 0.3
Plate Thickness, t [in]

0.35

0.4

#5=3/16in,t=3/16 in
©s=3/16in,t=3/8 in
#5=5/16in, t=3/16 in
$s=5/16in,t=3/8 in

Figure 23: Fatigue Data of Non-Load-Carrying Cruciform Joints with Applied Stress Range of 30 Ksi
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Figure 24: Fatigue Data of Non-Load-Carrying Cruciform Joints with Applied Stress Range of 60 Ksi

Fatigue Failure Path and the Critical Point

The observation of the fracture surfaces after the fatigue tests led to the identification of fatigue failure paths.
These failure paths were based on the initiation location of the cracks and their direction of the propagation.

i) Toe failure - The crack started at either side of the weld toe and the crack propagated through
thickness of the base metal plate. See Figure 25.

ii) Root failure - The crack initiated at the root of the weld and eventually travelled to the weld
surface. See Figure 26.

Besides, few specimens did not develop fatigue crack during the testing, even beyond 2 million cycles, thus,
the failure path could not be identified in those joints. Such joints were classified as the runout specimens.

Table 8: Number of Tested Joints and their Fatigue Failure Path

Cruciform Joint Type Toe Failure Root Failure Runouts
Load-bearing 61 30 0
Non-load-bearing 80 0 6

As illustrated in Table 8, none of the non-load-bearing specimens experienced fatigue failure at the weld root;
whereas, both load-carrying and non-load-carrying specimens had weld toe failures. Furthermore, only the
non-load-carrying specimens had 6 runouts.
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Figure 26: Fatigue Failure Path: Weld Root or Weld Throat

In the marine industry standard, despite the inevitableness of fatigue failure, toe failure is usually preferred
to the root failures in the welded joints. The toe failures represent the crack in the base metal, which is
convenient to locate, and thus, corrective measures can be taken immediately in contrast to the weld root
failures where it is not possible to locate the fracture until the complete separation of the joint. Utilizing only
non-load-bearing type of structural detail will avoid the weld root failure issue; however, it is not viable at all.

Only for the load-bearing cruciform joints, the fatigue lives when plotted against the corresponding weld sizes
(s) normalized by base plate thicknesses (t), a specific marked point can be observed that divides internal
weld root failure from the external weld toe failure. Figure 27 shows the cycles to failure of the specimens
against the nominal s/t ratio (weld size to the plate thickness ratio) for both stress range levels of 30 ksi and
60 ksi.
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Replacing the nominal weld leg sizes with the actual weld leg sizes and the thicknesses of each specimen,
following plot, Figure 28, was generated, which is more justified. The plot clearly confirms that within the s/t
ratio region of about 0.75 to 0.95, both fatigue failure modes of weld toe failure and weld root failure exist.
However, when s/t ratio of the specimen is below the specified range, the crack occurs at the weld root, and
likewise, if s/t ratio of the specimen is beyond this range, the fatigue crack occurs at the weld toe.
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Therefore, on the contrary to popular belief that increasing weld size (or overwelding) on any structure
prevents the weld root failure, increase in weld size to base plate thickness ratio over 0.75 < s/t < 0.95 range
would rather confirm weld toe cracking in case of fatigue failure. Additionally, the fatigue cracks that
originated from the weld root seemed to have caused a significant reduction in the fatigue strength of the
welded joints as compared to the weld toe cracks.

Data Analysis & Discussions

Ultimately, the fatigue test results are utilized to estimate the fatigue life of the load-carrying and non-load-
carrying cruciform joints. The fatigue life evaluation of welded structures includes S-N data from actual
weldments in order to generate corresponding S-N plots. Thus, using the experimental results from the
fatigue test, experimental S-N plots were produced.

As identified previously, there are several uncertainties on how to determine the correct stresses at the weld
toe or root locations. Provided the time and scope of this project, only nominal stress approach was utilized in
order to generate the experimental S-N plots, and they were compared against ABS design S-N curves from its
Publication 115, Guide for The Fatigue Assessment of Offshore Structures.

Statistical Analysis

The correlation of the large database of fatigue test results in order to display a general trend of the data
requires a statistic regression analysis. Using the least squares fitting method, the statistical linear regression
analysis of the data was performed, and the standard deviation and the R-squared value was computed.
Standard deviation shows the variation of the dispersion of data points from the average or mean value of the
total data. It is non-dimensional in case of fatigue curves and represent the scatter of log(N), where “N” is the
number of cycles. The standard deviation for fatigue method is usually reported as 0.30, 0.40, 0.50, etc.
Essentially, well-correlated test data to the mean curve would have low standard deviation. Now, the
coefficient of determination or R-squared value provides a quantitative measure of the efficiency of the future
outcomes that are predicted by the model. The numerical value of R2 ranges from 0 to 1; the higher the R2
value, the better the regression line fits the data set.

The regression model is in the form: log(N) = by + b;log(S); where N is the number of cycles to fatigue, S is
the applied stress, by is the intercept, and b, is the inverse slope of the mean regression curve.

Nominal Stress Based Experimental S-N Chart

The load-carrying and non-load-carrying steel cruciform joints were tested with two different nominal stress
range levels, 30 ksi and 60 ksi. The S-N charts in the following figures: Figure 29, Figure 30, and Figure 31
exhibit the nominal stress range against the number of cycles to failure for each specimen.

The fatigue test results are presented in terms of nominal stress ranges. The solid lines in the plots are the
mean regression line to display the general trend of the data. The mean regression line represents the 50%
survival probability. The broken lines are the upper bound and the lower bound curves. The lower bound line
is calculated by subtracting two standard deviations of log N from solid line representing 95% survival
probability, whereas the upper bound line is calculated by adding two standard deviations of log N from the
solid line representing 5% survival probability.
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In addition, the standard deviation (o), R? value, and the inverse slope of the plots (b;) are provided.
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Figure 29: S-N Chart based on Nominal Stress Approach for Load-Carrying Steel Cruciform Joints
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Figure 30: S-N Chart based on Nominal Stress Approach for Non-Load-Carrying Steel Cruciform Joints
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Figure 31: S-N Chart based on Nominal Stress Approach for all Steel Cruciform Joints

The S-N Chart above display a significant scatter in data. The scatter bands, from lower bound to the upper
bound, are substantially wide for not only load-carrying and non-load-carrying specimens’ fatigue data
individually, as in Figure 29 and Figure 30, but also, when combined as in Figure 31. RZ value for Figure 29
and Figure 30 are 0.7 and 0.77, and the standard deviations are 0.33 and 0.23 respectively. Despite the
simplicity in determining the nominal stress, its ability to effectively correlate the fatigue test data is hence
certainly questionable with such large scatter bands presented in the plots above. Therefore, when
considering nominal stress as a fatigue parameter, it is definitely consistent; however, as demonstrated by the
analysis, it does not effectively correlate the S-N data. The least correlation exists when the load-carrying and
non-load-carrying specimens fatigue data are put together in an S-N plot based on nominal stress approach.

Comparison of Nominal Stress Based Experimental S-N Curve with ABS
Nominal Stress Based Design S-N Curve

Classification of Joint type

In order to compare the experimental S-N curves with the design S-N curves established by ABS guideline,
there is a need to classify the load-carrying and non-load-carrying steel cruciform joints into one of the
several classes of ABS welded joint types. Based on the geometric arrangement, the direction of loading, and
the location and mode of possible fatigue crack, there are three classes that most closely match the testing
conditions of the cruciform. Referring to Appendix A, from ABS guidelines:

I Class F curve represents the non-load-carrying cruciform joints
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Figure 32: Class F Joint Type from ABS Fatigue Design Guidelines

“Joint made with full penetration welds and with any undercutting at the corners of the member
dressed out by local grinding. Member Y can be regarded as one with a non-load-carrying weld.”
I1. Class F2 curve represents the load-carrying cruciform joints with weld toe failure

Figure 33 Class F2 Joint Type from ABS Fatigue Design Guidelines

“Joint made with partial penetration or fillet welds with any undercutting at the corners of the the
member dressed out by local grinding.”

IL. Class W curve represents the load-carrying cruciform joints with weld root failure
“In this type of joint, failure is likely to occur in the weld throat unless the weld is made sufficiently
large.”
“Weld metal in load-carrying joints made with fillet or partial penetration welds, with the welds
either transverse or parallel to the direction of applied stress (based on nominal shear stress on the
minimum weld throat area).”

Design S-N Curves and Comparison

As discussed in the Literature Review chapter, the design S-N curves in accordance with the ABS guidelines is
given by,

log(N) = log(A) — mlog(S)
When,
log(A) = log(4,) — 20

Two major adjustments to the S-N curves were considered: Scale or thickness effect and environmental effect.
The environmental condition selected for the S-N curve was “In-Air” since all the fatigue tests were conducted
in the laboratory. No thickness penalty was applied to any joints for all the tested specimens were thinner
than the reference thickness (tr) of 22 mm. So, the relevant design S-N curves were identified for curve class
F, F2,and W, and thus, they were plotted against the experimental S-N data as shown in the figures below.
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Figure 34: ABS Class F2 Design S-N Curve Vs. Experimental S-N Data of Load-Bearing Cruciform Joints
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Figure 35: ABS Class W Design S-N Curve Vs. Experimental S-N Data of Load-Bearing Cruciform Joints
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Figure 36: ABS Class F Design S-N Curve Vs. Experimental S-N Data of Non-Load-Bearing Cruciform
Joints

Comparing the tested fatigue specimens, all the weld root and weld toe failures of load and non-load-carrying
specimens exhibit higher fatigue lives than their respective corresponding ABS design curves . However, Class
F design curve for non-load-carrying cruciform joints in Figure 36 seems over-conservative. The lower bound
or the mean minus standard deviation curve of the actual test data falls higher than the design S-N curve.
Nevertheless, the slope of the design curve, which is assumed equal to 3, is consistent with that of the
experimental data.

Observing Class F2 and Class W design S-N curves in Figure 34 and Figure 35 respectively, the data lie well
above the curves themselves validating the effectiveness of the ABS fatigue standards. Although the data
more or less support the slopes of the ABS Class F2 and Class W design S-N curves, the slopes of the
experimental data S-N curves tend to be steeper and overly conservative in the long life regime.

As discussed in the previous section, the structures with the thicknesses even below the reference thickness
of 22 mm i.e. 5 mm and 10 mm display variations in the fatigue lives. Thus, there is a need to account for the
thickness effect of the plates even below the reference thickness.

ABS design S-N curves serves as a good safety check for the fatigue assessment of any structures.
Nevertheless, the data remain widespread with high standard deviations and low coefficient of correlation
value. Therefore, an alternative approach is necessary to express the fatigue test results in the region of the
test detail.

Limitations of Hot-Spot Stress for simple connections

The hot-spot stresses are expressed in terms of stress concentration factors, to be applied to nominal
stresses. For the structures with weld details, in which the fatigue failure initiates from the weld toe, the
structural stresses at the weld toe are called the hot-spot stresses. Nevertheless, when the failure occurs at
the weld root, the hot-spot stress approach cannot be used. Thus, the application of hot-spot stress method is
limited to the joint types with weld toe failure only. The hot-spot stresses include the stress concentration
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effect due to the weld joint, but not due to the weld itself. Fatigue strength of several welded joints is hence
represented by fewer curves.

For simple joints such as the cruciform joints, simple T-joints in plated structures or simple butt joints that
are welded from one side only, the derivation of hot spot stress using finite element model with shell
elements is not recommended. As shown in the figure below, the stresses in the direction I, or direction
normal to the base plate shell, there is no stress flow into the transverse shell plating as it is represented by
only one plane in the shell model. The analysis of such joints with shell model would give nominal stress even
at the hot-spot locations. Thus, the hot-spot stress approach was not used to determine stress for the fatigue
test specimens.

Figure 37: lllustration of Stress Normal to a Shell Element Model

According to the ABS fatigue design standard, when the stresses are obtained based on the hot-spot stress
approach, the use of the ABS Offshore S-N Curve-Joint Class ‘E’ curve is recommended, for all the joint types.
Class F, F2,and W S-N Curves characterize the load-carrying and non-load-carrying steel cruciform joints; the
nominal stress S-N curve Class E, being higher than all three S-N curves, would be non-conservative to be
used with the hot-spot stress approach.
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IV. Master S-N Curve Representation

The conventional stress analysis method for the fatigue assessment of the welded joints is based on nominal
stress or hot spot stress method. As witnessed earlier, the nominal stress based S-N plots exhibit poor data
correlation and the widespread scatter of the data, and the hot-spot method based plots have shortcomings
like mesh size sensitivity, arbitrariness of reference locations and failure to predict the fatigue behavior at
times of weld root failures. Therefore, a new approach to the S-N curve representation is essential.

Nominal stress based S-N curves are basically parallel to one another, indicating the existence of a single S-N
curve with all data collapsed into one single S-N curve, preferably straight. To establish such an S-N curve, a
single effective global stress parameter is required, and the Master S-N Curve Approach introduced by Dr.
Pingsha Dong and adopted by the new ASME Boiler & Pressure Vessel Code, Section VIII, Division 2, presents
such scaling parameter in terms of equivalent structural stress.
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Figure 38: Master S-N Curve of Weldments and Statistical Representation of the Mean, Lower Bound, and Upper
Bound Lines from WRC Bulletin

The Master S-N Curve is presented as by the equation below.

ASs = C.N"

(8)

The constants C and h are derived from the regression analysis of large number of data shown in Figure 38.
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Equivalent Structural Stress Parameter

The equivalent structural stress parameter is an effective global stress parameter, which is used as a basis to
establish Master S-N Curve. It is represented by the following equation:

ASs = —S— (9)

t*2zm [(rym

The equivalent structural stress parameter (4Sy) is obtained by normalizing the structural stress range (4as),
with two variable parameters, thickness (t) and the bending ratio (r) with m = 3.6, which is the value based
on fracture mechanics concept. As a result, it explicitly captures three major aspects of the fatigue behavior in
the welded joints that have been the topic of investigation.

i. Structural stress range (4ads) captures the stress concentration effects of different joint types.
2-m
ii. The thickness correction term t*zm provides the scale or effective plate thickness (t) effects.

1
ii. The bending ratio term, or the loading mode function I (r)m captures the loading mode effects.

For the fatigue evaluations of welded joints, it is essential to observe the stress distribution at the fatigue
prone locations rather than a stress value at a single point. When the crack travels or propagates, the stress
alternates accordingly, hence the necessity of observing the stress distribution. The stress distribution at the
fatigue failure location, such as weld toe is represented by two stress states simultaneously: an equilibrium-
equivalent stress state and self-equilibrium stress state, as shown in figure below.

Traction-Based Structural Stress: Equilibrium Equivalent

</
t T fl
ngd Tl?e 4 3
rac
L—N—‘
Ty

T,

m

Notch Stress: SelfEquilibrating

—

e -

)
e \

Figure 39: Through-thickness Structural Stresses Definition: Local Stresses, Structural Stress, and Self-
Equilibrating Stress

Based on the fracture mechanics concept, the equilibrium-equivalent stress state or the traction-based stress
state signifies a stress state that is similar to the corresponding equivalent far field stress state. While the self-
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equilibrating stress state represents the stress state influenced by the local notch geometry. This stress is
only dominant within a distance of 0.1t from the notch root. The thickness term and the bending ratio term
then consider the self-equilibrating notch stress effect aspect in the Master S-N Curve.

Traction-Based Structural Stress

The traction-based structural stress definition is based on the elementary structural mechanics theory. It is a
generalized nominal stress state at the fatigue prone location. Following considerations are made for the

fatigue evaluations of the welded joints:

a. Since the local effects due to the weld geometry is already captured in S-N data, a global based stress
measure is needed to exhibit the overall joint geometry effect along with the loading mode effect on
overall stress concentration. Based on elementary structural mechanics principles, such parameter
that captures the through-thickness distribution of stress state is in the form of membrane and
bending stress. Membrane stress (om) represents the uniform stress through the thickness whereas
the bending stress (ob) represents the linear stress gradient in the stress state, as can be seen in

Figure 39.

b. Three structural stress components are relevant to fatigue crack, corresponding to the linear
representations of three traction components, along a hypothetical crack plane such as weld toe
cracking. They are normal, in-plane shear, and transverse shear stresses, and the membrane and
bending representation of these components satisfy the equilibrium conditions across and along the

crack plane. See Figure 40.

Hypothetic Cut

Weld Thickness,

Figure 40: Exposing Three Structural Stress Components in Section A-A in a 2D Cross-Section (Left) and Section A-
A-C-Cin a 3D Cross-Section (Right)

c¢. The membrane and bending stresses are related to the line forces and the line moments. In FE
analysis, the line forces and moments relate to nodal forces and moments according to the nodal
force and displacement relationship. Displacement satisfies continuity in FE methods, thus the nodal
forces as well. In the displacement based FE procedures, the nodal forces and displacements are
considered to be the most fundamental quantities. The equilibrium conditions can be confirmed at
the nodes only in terms of nodal forces, not in terms of stresses.

Therefore, the traction-based structural stress is based on the reaction forces at the nodes. It is determined
using the nodal forces and moments along the hypothetical crack at the possible fatigue crack location,

satisfying the equilibrium conditions.
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Simplified Stress Formulation for 2D Analysis

Traction-based structural stress is by definition the summation of the membrane and the bending stress.
Nodal forces are exposed with respect to the perpendicular direction to the weld line. Thus, with a view to
maintain the equilibrium conditions, after extraction of nodal forces from the 2D FE model, the line force and
the line moment per unit length through thickness are determined by utilizing following simplified equations.

fx = ?=1in (10)
m, = Yity Fuyi (11)
where, F,are the nodal forces from FE analysis at Nodes i

Yi is the vertical distance of each node through thickness to a reference node

fy and m; are the line force and line moment.
For 2D models, the in-plane shear structural stress component is zero. Furthermore, the transverse shear
stress is usually insignificant or its effect on fatigue behavior is negligible, hence it is ignored during
calculation.

After determining the line forces and moments, the membrane and bending stresses are given by the
following equations.

_ L

Om =7 (12)
em
Op = tzz (13)

where, 0, is the membrane stress

0y, is the bending stress

tis the plate thickness
Therefore, according to the structural mechanics theory, the traction-based structural stress(os) is then
characterized by,

og = oy + 0y (14)

Also, the stress concentration factor (SCFg) based on traction-based structural stress is defined as the ratio
of structural stress to the applied nominal stress (a,,).

SCFss = 2% (15)

In Case of Weld Root Failure

The traction based structural stress calculation for the weld throat (weld root failure) is similar as for the
weld toe. Coordinate transformation is however required after collecting the nodal forces from the nodes
along the weld throat line, as shown in Figure 41.
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Figure 41: Element Group Highlighted to Collect the Nodal Forces for Weld Toe Failure

The collected nodal forces with respect to the global coordinate system (x,y) are rotated with respect to the
angle 8 into the local coordinate system (x’, y’). Then the calculation is performed as usual.

F, = F,Cosf + FyCos(90° —-0) (16)
Fyr = —FxCos(90° —0) + F,Cos6 (17)
Then,

1 6
Os = Oy + 0p = gZ?ﬂ For + 2 ?:1Fx’iJ’i (18)

where, ais the length of the weld throat.

Self-Equilibrating Stress or Notch Stress

The remaining terms that are in the equivalent structural stress parameter help to account for the self-
equilibrating part of the structural stress, and they are the thickness correction term and the loading mode
function.

Loading mode function, I(r)/m and Thickness Correction term, t'(z-m)/zm
According to the two stage crack growth model based on fracture mechanics,
N = fa:af da (19)
a0 C(Mn)™ (BK)™
where K is the notch stress intensity factor
Mrn is the ratio of K with local notch effects and K based on through thickness (without notch
intensity effect)

N is the fatigue life in cycles
a is the crack length
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n = 2 (empirical constant)
m = 3.6 based on Paris law of crack propagation
Cis the integration constant.
The above equation can be re-written in the relative crack length form as given below:

_ ra/t=1 td() 1 1 _
N - fa/t—>0 C(Mkn)nt(AK)m - Et 2 (AUS) mI(r) (20)
Thus, rearranging,
2-m
Agg = C™V/™ tam I(r)Y/™. N (21)

The loading mode function, I(r) is a dimensionless function of the bending ratio r, which is defined as the ratio
of bending stress and the total structural stress (r = 0¢;,/05 ). For pure membrane, r = 0 and similarly for
pure bending, r = 1. I(r)1/m, based on elliptical crack solution adopted by ASME Div 2 and API 579-1/ASME
FFS-1, is given by the following empirical equation,

I(r)Y™ = 0.001176 + 0.0767r5 — 0.0988r* + 0.09467° + 0.022172 + 0.014r + 1.2223 (22)

Similarly, the thickness correction term, t*2m/2mjndicates a penalty on stress range with increasing stress. t*
however denotes a ratio of actual thickness t to a unit thickness, thus making the term dimensionless.
N t

t* = (23)

tre f

where, trer = 1 mm in the Master S-N Curve. Note that the thickness ‘t’ represents an effective thickness of the
plate. For symmetric joint types, effective thickness is equal to half the thickness of the plate.

Fatigue Strength Assessment using Master S-N Curve Approach

After the nominal stress approach was utilized to correlate the fatigue data in S-N plots, the Master S-N curve
approach was implemented to further inspect the effectiveness of this approach. In order to execute this
approach, the traction-based structural stress was determined first for each specimen using finite element
models in the finite element analysis software ABAQUS, and then, thickness correction as well as the loading
mode function was later determined.

Finite Element Analysis and Structural Stress Calculation

As discussed earlier, the traction based structural stress is calculated by the following equation:
os = 0, X SCFg¢

Based on the variations of nominal leg sizes and nominal thicknesses of each steel cruciform joints, there
were sixteen (16) different finite element models, 8 load-carrying and 8 non-load-carrying specimens. The 5
mm thick cruciform had three different leg sizes, whereas, the 10 mm thick cruciform had five different leg
sizes, as shown in the table below:
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Table 9: Variation of the Cruciform Joints with respect to their Thicknesses and Weld Leg Sizes

Model(load & non-load) Thickness, t [mm] Weld Leg Size, s [mm] s/t]-]
1 5 3 0.6
2 5 5 1.0
3 5 8 1.6
4 10 5 0.5
5 10 6 0.6
6 10 8 0.8
7 10 10 1.0
8 10 12 1.2

Due to the symmetry in the geometry, only a quarter of the cruciform joint was modeled, for the specimen
with each thickness and corresponding weld leg size provided in the table. Four node, quadrilateral, plane
strain elements, (denoted by CPE4 in ABAQUS) with mesh size as 0.5t x 0.5t was adopted to model the
cruciform joints. Regarding the material property, the young’s modulus of the model was set to be 207,900
MPa or 30,153 Ksi, and Poison ratio was 0.3. As an example of the procedure, a non-load-carrying cruciform
joint of thickness = 10 mm, and weld size = 5 mm is presented below.

Figure 42: A Quarter FE Model of 10 mm Non-Load-Carrying Cruciform Joint

The boundary conditions were applied along the baseplate and the attachment plate symmetry line and
uniform pressure load was applied to the end of the base plate as illustrated in Figure 43.

Figure 43: Boundary Conditions applied to the FE Model Along the Symmetry Lines

Along the horizontal symmetry line of the base plate, y-symmetry was implemented which means the model
was restrained to move along y-axis, and rotate about z-axis. Similarly, along the vertical symmetry of the

40




attachment plate, x-symmetry was implemented which restrained the model to move along the x-axis, and
again the rotation about z-axis.

Thus, finite element analysis was performed on the model above, and several other models with varying
thicknesses and leg sizes.

The traction-based structural stress was calculated by making a hypothetical cut through the thickness of the
base plate, at the weld toe for all the load-carrying and non-load-carrying specimens. However, for the load-
carrying specimens, another hypothetical cut was made along the weld throat because of the possibility of the
weld root failure in such joints. And nodal forces from the hypothetical cut location at the weld toe were then
extracted.

S, Mises
+3.6128+02
+3.211e+02
+3.010e+02
+2.709e+02
+2.408e+02
+2.107e+02
+1.806e+02
+1.505e+02
+1.2046+02
+9.029e+01
+8.020e+01
+3.010e+01
+2.438e-07

Figure 44: Von Mises Stress Distribution. Load Applied = 207 MPa.

NFORC1

Figure 46: Hypothetical Cut Location at the Weld Toe through Thickness
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Thus, collecting the elements at the right hand side of the hypothetical cut, following table specifies the
elements and the node numbers, along with other parameters required to compute the traction based
structural stress.

Table 10: Traction based Structural Stress Computation from FE Model

Elelril)ent Node ID Vi [Fl\)lﬂ] N /l:l;m] fo= 2k Fy= 1035 N
331 5 | 1822630 | 455.6575
266 332 4 087151 | 1480727 | 7 2iza Py = é) ) 295.99 N/mm
332 4 | 1180640 | 177.0960 O = 206.999 MPa
207 333 3 85.0535 | 42.5268 0= 71.0379 MPa
2es 333 3 | 103.4060 | 517030 Oy = Oy + 0= 278.04 MPa
334 2 853294 | -42.6647 Given, o,,= 207 MPa
265 334 2 955064 | -47.7532 SCFss =0 /oy, 1.34
335 1 86.6511 | -129.9770 | Effective thickness, t =5 mm
335 1 91.3552 | -137.0330
270 336 0 88.656 | -221.6400

Stress Concentration Factor based on Traction Stress

Along with the traction stress based structural stresses, the stress concentration factors were simultaneously
computed for the FE models. For a joint type, when the nominal stresses and SCF are known, then the
structural stresses can be easily calculated. The SCF for models at fatigue prone locations, weld toe for load-
carrying joints, and both weld toe and weld root for non-load-carrying joints were analyzed, and the
parametric SCF curves were plotted as a function of s/t ratio. The curves in Figure 47 illustrate the
relationship between SCF and s/t ratio, which was determined using ABAQUS.
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5.00
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$

$

0.00
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L

0.0

02 04

0.6

0.8

1.0
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12 14

16 18 20 22

& Load-Carrying Weld
Toe Failure

¢ Load-Carrying Weld
Root Failure

Figure 47: Parametric SCF Curves of Load-Carrying and Non-Load-Carrying Cruciform Joints
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The figure demonstrates for load-carrying joints, SCF decreases as s/t ratio increases, but, for the non-load-
carrying joints, it is the opposite. However, compared to the load-carrying joints’ curves, there is no
remarkable fluctuation in the SCF values of non-load-carrying joints as s/t ratio varies. Furthermore,
observing the two curves for load-carrying specimens, the figure confirms an intersection point of the two
curves at an approximate value of s/t ratio equal to 0.75. It is obvious that higher the SCF, greater the
possibility of fatigue crack. Thus, Figure 47 indicates that for the specimens with s/t approximately smaller
than 0.75, weld root failure dominates the fatigue behavior, and those with SCF higher than 0.75, the weld toe
failure mode will be dominant. These curves establish the validity of experimental data in Figure 27 and
Figure 28.

Equivalent Structural Stress Based Experimental S-N Chart

If all the fatigue test data of the load-carrying as well as non-load-carrying cruciforms, with weld root along
with the weld toe failure can be put together into one single narrow band on the S-N chart, then this would

ultimately prove the validity of the Master S-N Curve and hence, the equivalent structural stress parameter.
As already discussed in the sections above, the equivalent structural stress, which is the basis of Master S-N
curve is given by,

A0, SCF
2-m 1
t*zm [(r)m

ASS =

where Ag, is the applied nominal stress range
SCF,is the traction based structural stress concentration factor
t(2m)/2m ig the thickness correction term
I(r)1/m is the loading mode function with m = 3.6

The bending ratio r is given by:  r = Asy, /Ass

The loading mode function I(r)1/™ is given by:
I(r)Y™ = 0.00117° + 0.0767r5 — 0.09887* + 0.094673 + 0.0221r2 + 0.014r + 1.2223

Thus, after the calculation of traction based structural stress for each set of the specimens with FE models, the
thickness correction values and loading mode functions were determined. The calculated bending stresses for
all the specimens were more or less constant, and the approximate value of loading mode function I(r)1/™ for
all the specimens was 1.23. Thus, for the test specimens,

I(r)V/m = 1.23

The thickness correction value for 5 mm and 10 mm thick base plate specimens were determined to be 0.707
and 0.606 respectively.

Hence, using the estimated values for all the load-carrying and non-load-carrying fatigue test specimens, the
equivalent structural stress parameter for each individual tested specimen was computed, and thus, plotted
against the cycles to failure as below:
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Figure 48: Equivalent Structural Stress based S-N Chart for Load-Carrying Specimens
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Figure 49: Equivalent Structural Stress based S-N Chart for Non-Load-Carrying Specimens
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Figure 50: Equivalent Structural Stress based S-N Chart for Load-Carrying and Non-Load-Carrying
Specimens

Statistical Parameter Comparison of S-N plots based on Equivalent
Structural Stress with Nominal Stress Approach

As demonstrated by Figure 48, Figure 49, and Figure 50, all the S-N data, based on the equivalent structural
stresses calculated using FE models, reasonably correlate and collapse into a narrower band, irrespective of
the cruciform joint types, plate thicknesses, and weld sizes when compared to the nominal stress based S-N
Plots. For clarification purpose, following tables include the values of main statistical parameters helpful to
investigate the correlation of the data points in the fatigue assessment based on both nominal stress and
equivalent structural stress parameter.

Table 11: Comparison of Statistical Parameters of S-N Curves based on Nominal Stress and Equivalent Structural

Stress

Load-Carrying Steel Cruciform Joints Load-Carrying & Non-Load-Carrying Cruciform Joints
Stress Approach o r? b1 | Stress Approach o r by
Nominal 0.33 0.70 | -3.40 | Nominal 0.38 0.58 | -3.12
Equivalent Structural 0.24 0.83 | -3.19 | Equivalent Structural 0.24 0.83 | -3.40

Non-Load-Carrying Steel Cruciform Joints

Stress Approach ° r by
Nominal 0.23 0.77 | -3.08

Equivalent Structural 0.17 0.87 | -3.39
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In Table 11, the standard deviation values of load-carrying, non-load-carrying, and both load and non-load
carrying joints specimen data together, were 0.33, 0.23, and 0.38 respectively when the nominal stresses
were plotted in the S-N chart. However, significant reduction of the values followed when instead of
equivalent structural stresses replaced the nominal stresses. The standard deviation values dropped from
0.33 to 0.24 for load-carrying joints data, 0.23 to 0.17 for non-load-carrying joints data, and 0.38 to 0.24 for
both load and non-load-carrying joints data put together. The substantial reduction in standard deviation
indicates the strong correlation of the data points and possibility of a single master S-N curve. Similarly, the r-
squared values increased with the use of equivalent structural stress parameter over the nominal stress. The
closer the value of R? to 1, the better the regression line fits the data set. From the numerical values of RZ in
the provided table, the equivalent structural approach has higher values, ranging from 0.83 to 0.87, and
hence, gives better curve fit.

Comparing all the standard deviation and R? values in the table above, it can be concluded that there existed
the least correlation when the load-carrying and non-load-carrying specimens fatigue data were put together
in an S-N plot based on nominal stress approach. However, with the use of equivalent structural stress, the
standard deviation is reasonably lowered and the correlation is remarkably improved.

Conclusion

Not only can the traction based structural stress parameter be calculated consistently with the provided traction
stress approach, but it also serves an effective fatigue parameter in order to correlate the fatigue behavior of
welded joints irrespective of the joint types, plate thicknesses, the weld sizes along with the loading modes. When
associated with the fracture mechanics concept, a master S-N curve can be generated with the basis of equivalent
structural stress parameter. This parameter captures the geometric stress concentration factor, the loading mode,
and the plate thickness effects in different kind of joints, and consequently, provides a significant improvement in
the correlation of fatigue data. Thus, the master S-N curve approach, along with the application of equivalent
structural stress concept, serves as a good platform for effective fatigue assessment of welded joints in the ships
and offshore structures.
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V. Conclusions

In this study, a brief literature review of the ABS Publication 115, Guide for The Fatigue Assessment of
Offshore Structures, was performed. Further, the fatigue tests were performed on the load-carrying and non-
load-carrying cruciform weld details, typical in marine structures. The experimental results were
subsequently evaluated, and compared with the ABS fatigue assessment methods. Finally, the master S-N
Curve approach was utilized, and the experimental data were evaluated using the equivalent structural stress
parameter. The findings of this study can be summarized as follows.

il

Nominal stress definition is consistent; however, the determination of nominal stresses in the
complex structures is a challenge in itself. There is virtually no correlation in the S-N data based on
nominal stress approach.

Hot-Spot stress approach reduces the number of eight S-N curves to a single class “E” S-N curve.
However, hot-spot stress, when determined using FE model, is sensitive to the element type and the
mesh size, thus, it is not consistent. In addition, in its calculation procedure, no clear justification to
the reference locations, 0.5t and 1.5t, is provided. This approach is not applicable to the FE models of
simple connections like cruciform joints.

Experimental results indicate that the fatigue lives of the structures vary with the variation in the
thicknesses of the base plates, even if the thickness is lower than the reference thickness provided in
ABS guidelines.

The load-carrying steel cruciform joints have two fatigue failure modes: weld root failure and weld
toe failure, whereas, the non-load-carrying steel cruciform joints have only weld toe failures. The
stress concentration curves developed from the finite element models of the cruciform joints display
a critical point for the load-carrying joints where the failure mode transitions from weld root to weld
toe, and that point is in the vicinity of s/t ratio = 0.75.

The equivalent structural stress is consistent with the master S-N curve, and it correlates the fatigue
experimental data reasonably well. It takes into account the influence of thickness as well as loading
mode variations, and considers the stress concentration factor of different geometry. Thus, this
parameter makes it possible to plot the fatigue data of several joint types of varying thicknesses and
loading modes into a single S-N chart, with relatively narrow scatter band. Overall, in fatigue
evaluation methods, the equivalent structural stress serves as a very good fatigue parameter.
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Appendix A

+“ABS

aprrenDix 1 Guidance on Structural Detail

Classifications for Use with ABS
Offshore S-N Curves’

Type mumber, descrpnon amd notes on Class
mode of fanlure

Explamaary oomsvh RS Frmmples. mcluding nlune modes

TYFE1 MATERIAL FREE FROM WELDING
Nobes on porencal modes of fuilure

In plain sl h'n.g:l.l.m:rﬂsmm at the surface, nsually wther at serface imegularites or at comers of the cross-secticn. [n welded comstuction,
fahmﬁﬂm’n'rﬂlmnh DCCET i A Teghom ufplmnmﬂmualmhﬁ.um :h:nnn'r]:cnfh'nuldnd]nm: will usealhy bo much loarar. In steal with
mvetor bolt holes or other stress concentrations azising from the shape of the member, fathre will msually initiste 2t the stress concentation.

11 Plais seeel

{2} In the as-rolled conditicm, or with
cleaned surfaces bet with no
famg-rat  edges of re-enomant
CODATs.

B Asx (a) ot with amy flame-cur
adges sobsequantly mound or
machized to memeve all wiible

Beware of nsing Class B for a member
which mary acquire stress concanmiration:
during itz life, e.g. as 2 result of mst
pitting. In such an event Class © would
ba more approprize.

Any ru-anfmant comers in flame-cet
edees should kave a radins meater than
the plate thickness.

.

{c}  As (a) bat with the edges maching C  Tote, howsver, that the presence of 2 me-
fHamgrat by a2 comroled antraxt corzar implies the sxdstanca of a
procedure to ensuze that the cut siTess Ccomcaoimabion so that the design
surface is fres from cracks. simess should be taken as the net siress

cultiplied by the relevant wiress

concenfration facior

TYPE ! CONTINUOUS WELDS ESSENTIALLY PARATLFL TO THE DIRECTION OF AFPLIFD STRESS
Neotes on pereadal mades of failure

With the excess weld metal dressed fush, fafigne cracks weuld be expected to initate at weld defect locations. In the as-welded condition, cracks
moight initiate at siop-start pesdtions o, if these am oot present. af weld surface dpples.

CGeneral comments

i} Backimp strips

I backing ‘h:psmmnﬂ.mm:l’.mgh.n]nm: {a) they must be comtizaons, and (k) if they are attached by walding those walds must alse comply
with the relevant Class mguiements (note v that tack welds, nnless subsequently groend ot or cowered by a continnows weld, woald
reduce tha jeint to Class F, sea jodmt & 5)

if) Edge distance

An sdge distance critrion exists to limt the pessibility of local siress concemirations occuming at unwelded edges as a rewult, for exampls, of
emdsrcut, weld spatier, or accidental overareave in mesmal fillet welding (see alse notes oo jeint Type 4). Althoagh an edge distance can be
specified caly for the “width’ dimectiom of an elamemt, it s eqully i to ansere that mo accidental undarcutting cccars on the nnwelded
cornars of, for exampla, cover plates or bex girder flangas. If it deoas ocour it should subsequanty be ground smooth.

11 Full or pastial pemstration butt welds, or
fllet weldi. Pament or weld metal in
mambem., without attachments, built =p
of plates or sectiom, and joined by
contimeoes welds.

Agplicd
mre=x

" The contents of Appandix | have besn adapted from poblications of the U E. Health and Safsty Exscotive. Parmission from the Health and Safety
Execative 1o wse S source material i grasefully ackmowledged.
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Appendix 1 Guidance on Structural Detail Classifications for Use with ABS Offshore

S5-N Curves Al
Type mumber, descrpnon and nodes on Chass Eaplamaary somee rs Examples, imcluding fnlure modes
maonde af farkure
{a) Full pensiration best welds wid thawald B The significamce of dofects should be
overfill drossed flush with the surface and doterrzned with e aid of specalis
fimish-mackingd in e directon of smess, advice and'or by the mse of fachm =
and with &e weld proved free fom mechanics anahyuis. The NDT technique
dpnificant  defoct: by  ooodesouctve st be selected with 2 view b ensuring
examination. the dewcticn of much wpnificant defects. .
{b} Eutt or fllet welds with the wlds made © 2 an accidentl] stop-start oooum in a
by an smiomatic submerged or opan ac ragion whare Class C L requized remadial
i and with Do stop-s@art positom: eciiom should be tzken so that the Snished
within the langh. wald has 2 sipsilar surface and root prodile — B e d.
‘b thaxt Esandod -
{c) As-fh)h-u.twﬂ]:ﬂ:n—m:ld:mﬂ:mm.grbep- I Forsitoaton at & ends of Sange covar
wiart positions within the langth. plaies weo jomt Type 6.4

TYFE3 TEANSVERSE EUTT WELDS IV FLATES (Le. essendally perpendicular to the direction of apphied stress)
Notes on poremcsl mode: of failure

With the wald ands machined flush with the plam sdges. Atizee cacks o the as-welded conditon mormally inftate at the wald tos, 5o that the
Gtigue vtrength depends largely upen the chape of the wuld overSll I this i dressed fush the strecs concentraton cazsed by it is remeved and
filere is than ausccizmd with weld defucts. [n walds mads on a parmmansar backing soip, Stigne cacks initate at the weld metal'sip junctom,
and in partial penstration welds (which shonld not be nsed undar fatiges conditons), 2t the wald root

Welds made sotirely from one side, withont a permanest backing, require care o be taken n the maiing of the root bead in ordar to emwame a

Diesizn siresses

In the design of but welds of Types 3.1 or 3.2 which ame not aligned the stesses pmst incheds the effect of amy eccentricity. An approximats
method of allowing for eccantricity in the thicknes: direction is to mmltply the normal saess by (1 + 3 o/t), where  is the distance betwesn cemters
of thickness of the tao abuiing members; if ooe of the memben it pared. the cemter of the untpered thickness mmst be used, and t is the
thickness of the thizner memhar.

Wrth connecticns which are sepported laterally, 6. flanges of a beam wiied are sapported by the web, sccanticity may be naglectad.

31 Pamenr metal adjacent to, or weld metal Mot that this inchudes butt walds whach
in, full pensmaton butt joints welded do mot completely maverse the member,
from both sides betwsan plates of cqual such as welds nsed for nsarting infilling
width and thicknew or where diffcrences plates fmhe teeoporary holes.

in width and thicknes are mackined to a
wmocth tramition not steeper than 1 @ 4.

{a) TWith the weld overfill dressed flush with ©  The significance of defects shomld be

the surface and with the weld proved free determine with the aid of specialist
from  sigmificant  defects by =oon- advice andor by the wee of fachme
destractive sxamination. meckanics anabysds. The NDT techmique

must ba selected with a view to ensuring
the detection of much significant dedects.

{b) With the wulds rade. sither masmallyor D' In genemal welds mads by the mboarped

by an antomatic process other tham aTc process, of In posdtoms other tham
wwhmarged arc, provided all mms are downband, tad to baw 2 poor
mads in the downband posttion. reinforcement skaps, from the peint of

view of fatigee stemgth Hance such
walds are downgraded from D o E.

() Walds made other than in {a) or (b). E Inboth () and (c) of the comars of the
crons-section of the smessed alemant at
the weld toes shomld ba dressed o a
smaath profila.

Mota that step changes in thickness are in
puneral, not pammitted emder fatdmme
conditions, tut that whers the thicksess
of the thicker member i not greates than
117 = the thickness of the rhinner
membar, the changs an ba
sccommeodated iIn the wreld
without any packinimg. Step changss
width Isad to large eductions in sength
[ 5o joint Type 3.3).
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Appendix 1

5-H Curves

Guidance on Structural Detail Classifications for Use with ABS Offshore

Tipe mumber, descripaon and notes on

mode af farlure

Chars

Explamaory comsmens

Frmmples, mcluding fnlure modes

32

Parent metal adjzcent to, or weld metal
in, fall penetraticn butt joizts mads oz a
parmanent backing sirip betamen plates
of equal width and thickness or with
differences iIn width and thickmess
machingd to 2 smooth tramsition oo
steepar than | in4.

Mote that if the tacking soip & fllet
walded or tack welded to the member the
joint could be meduced to Claas G (joixt
Typa 4.2

33

Pamnt motl adjacent to, or weld metl o,
beoth wides betmrean. plaies. of unequal widh,
with the weld ends ground o2 dine not ks
tom 125 times e thicknass t

Step changes @ widh cam offun be zroided
by the wmw of soped tmnsiton plamks,
amanged w0 2 o amble et wsld o be
e bestorsen plates of eqel width.

Mow that for this demil the smess
conoantrrsion fos been aken nbe acoount n
the joint clyification.

FRE-T

TAPE{ WELDED ATTACHMENTS OX THE SURFACE OR EDCE OF A STRESSED AMFAEFR

Notes on poremdial modes of failure

VWhez the weld iz paralle] o the directics of the applied stress Exittgee oacks nomeally xdtiat at e weld eods, bet whan it i emverss to the dinction
of siressing they wwmlly mitixte af the wld toe for attacheents Imvolving 2 singls, as opposed to 2 doubls weld, cacks may also it at the wald
mot. The cracks them propagets inte the siressed memobar. When the welds are on or adjacenr to the edge, of the steeed member the st
concentation is masased and the fatiges strength is reduced; thiz is the reason for specifying an “edge divtmce’” I some of thess jomts (e alio note

om edge distancs in jemt Typs 2).

41 Parent me@l {of &% soesed mamber) Buit welded joints should be made with an
adjacent o toes or ands of hevel-tratt ar £llet additional rénforcng fllat so 25 fo provide a
wulded atechmemn, mEapdka of S similar ton profils fo that which worald exdst
omisntxtion of the wald to the direction of in 2 fllet walded joint.
applicd wimas, and whether or not e welds +— —
e comsimeons round the attachmors

{a} With aachment leogth (pamllel o e F The deowaw in Dtpw smeogth with —
direction of the apphied st < 150 me and muTeasing Arachrent lemgth & bocrsme mom
with edge distencg = 10 mam. load in tansfumed miv e looger mmst

Fving am oA in v concarTton Figs
dalamin

(b With atachment length (pamllkl o te F2
direction of e appbed mess) =15 mm and
with sdge distencs. & 10 mm.

41 Pomnt oetal (of the sowsed member) 2t de & Motw that the classification applies o all
s or the ends of bt or fllet welded sizes of atachownt, It would theresoms:
attachenants om or within 10 mee of the edpes mchide, for emepls, the juncticn of two
or comars of a simwed memher, and flamges at right angies. In mch sitiations a
mgardless of the whaps of e attackmant low ftigne classificaton can ofisa be

rvcided by the mse of 2 tamsiton phis
(e 2lso joint Typa 3.3

43 Pomnt oetad (of the srwssed meeshes) of & ot that this clasificaton dogs not applhy b
% of a butt weld comnecting the strassed Sllet welded jots (e joint Type 31
mamiar o ancder member sloted thirosgh Homower it doss 2pply 1o loading i ther
i direction (L or T in the deatch).

{a) With the length of the woted: F p— -
mambar, pamlkl to the dmcion of & I
applicd wtmas, £ 150 mm and cdgw distancs e
=10 mm

(b With the length of the woted: Fl - T
mambar, pamlkl to the dmcion of & ¥
applicd v, = 150 mm and cdgw distance
2 10mm

(¢} Wrth edge distence = 10 mm. G
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Appendiz 1

5-N Curves

Guidance on Structural Detail Classifications for Use with ABS Offshore

Al

TYFES

Type mumber, descnpaon aad notes on

mode of farture

Nutes on poremtisl modes of failure
Failums in craciform or T jomts with full penetratico welds will normeally ixtiots at the wmld toa, but In joits mads with load-carmymg Sllet or partial pansiration
Tutt walds cacking mary initing withar 2t Sw weld tos and propages oo the plate or &t the weld roct and propagans threegh the weld. In welds pamllsl to te

dEmction of e appled stres, boowvar, awld fiihme is moomeeon; cacks: noreeally inftistg at the weld eod and propagase mtc S plate

Chass

Explammory oomsTenLs

Examples, inclading galure modes

LOAD CARFYTNG FILLFT AND T BUTT WELDS

i o

dimection of applied s, The stuss concantration i moeased, and the g senesh i thorefors rednced, if the weld end is locamd on or adjacent ot edze
of a stmessed mamber mthar fom on it sarface.

51

Juwimt descriprion

Parent metal adjacent to creciform
joizts o7 T joints {member masied X =
iketches

Mamber ¥ can bs regardsd as one with
a mon-load-carmying weld (ses joint
Type 4.1). Mote that in this instance the
sdge distance limitation applics.

=

e s

—

{a) [Joint made with foll pesetation walds F
and with amy ing 2t the corners
of the member doemsed om by local
grinding.

(b} Foint pade with partial pesetration or F2  Im this type of joint, failere & likely to
fllet welds with amy endercetting 1 the occur in the weld droat wmless the weld is
comen of the member dmssed out by mads mffcintly large (iee jomt Type
local grinding. 54).

5.2 Parent metal adjacent to the tos of load- The relevant stress in meosbar X should
carying  fllst  wulds which are be calczlated on the assampton that its
eswentially transverss to the direction of effective width iz the same as the width
applisd stress (mensber X in shetch). of membar ¥

{a) Edge Distance = 10 mm F? These classifications also apply to

jodnts with longimdinal welds only.

(b} Edge Distance = 10 mm. G

53 Purent metal at the eods of load- G
carying  fllet  wulds which are
essentially pamallel to the direction of
applisd streas. with the wwld end om
plate edge (member ¥ = sketch).

54 Weld metal iz lcadcamying joints W This incledss joints I which a peliating

TYPES DETAILS IN WELDED GIEDEES

mads with fillet or partial penstration
walds, with the welds sithar mansverse
or parallal to the directon of applbed
stress (based on momimal shear simess om
the mizinvem weld throat arsa).

load many be carried I bearzg, such as the
commection of ‘hearing sfiffeners  of
In wuch examples the welds
should b designed oo the assumsption that
none of the load is carmied in bearing.

Nobes on poremtal mode: of failure

Fatigne cracks gunerally imdtiate at weld toes and are especially associated with local stess concentrations 2t weld ends, short leogths of retarn.
walds, and chemges of directicn Concentations are aphanced whea these feateres coour at or nsar an edge of 2 part (wes notes oz joizt Type

1

General comment

Most of the joints in this section are also shown, in a more general form, in joint Type 4; they ans included bere for conveniencs as baing the
joimts which occar mwst frequantly in welded girders. Whers sdge divtance i mentioned in the jodnt types below, it refers to the distance from
2 free [aowelded) edgs.
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Appendiz 1

S5-M Curves

Guidance on Structural Detail Classifications for Use with ABS Offshore

Type mumber, descripaion amd notes on

mode aff farkere

Class Explamasary ComwenLs

Framples. imcisading fnlene modes

6.1

da}

L

Parent pwetal at the toe of a =ld

commecting a stiffenar, dispbragm, etc.
to a ginder famge.

Edge distance = 10mm {we joimt Type
432).

Edge Distance < 10 mm.

Edge distance refers to distance from a
free, Lo wowelded, edge. In thin
axeople, therefore, it i Dot relevant a
far as the (weldsd) edgs of the

Wil plate iz concermed. For meascn for
wdge distance ses note ox jodnt

Typa 1.

6.2

Parent matal ar the s=d of a waeld
commecting a siiffuncr, diapkrages, .
fo 2 girder web In a regico of combingd
Exnding and thear,

This claszificatien  inchudes all
attzchesets to girder weba.

da}
&)

Parent m<tal adjacent to welded shear
COTmECEOrs.

Edge distance = 10zm.
Edge distance = 10mm (ies Typa +.2).

[F]

Paremt metal at the ond of a partial
length wulded cover plat, regardless of
whather the plate han square or tapersd
ands and whaether or oot thare are wulds
across the snds.

Thiz Class inclades cower plates which
e wider than the flamge Eowwver,
such a dewil i not mecormended
because it will almest ingvitably reamlt
in uzdercurtmg of the Slangs odEw
whers the Tamverse weld crouses it, 2
well 2z imvelving a longitmdinal weld
termimating on the flamps <dpe a=md
camsing a high siress concentration.

Parent metal adjacent to the eods of
discontineomns welds, e.g. intemmittent
wab/Hange welds, tack wulds w=nless
wwhssqaantly buried in contimueoss runs.

Ditto. Adjacent to cops boles.

This also incledes tack wulds which are
not wabsequently buried in a contimmous
weld. This may be particularly relewant
iz tack welded backmg strips.

Mote that the exivnce of the cope hole
is alloared for in the joint classification

It should mot b rmEgarded an 2=
additiczal soress concemtration.
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Appendix B

Stiffness Calculation

The stiffness of the specimen is performed using the recorded data of force and displacement. The stiffness
curve is determined according to the definition as the load divided by the displacement.

Stif fness = Force/Displacement [Kips/in]

The initial stiffness of the welded cruciform is considered to be an average stiffness of first 1000 cycles, to be
consistent. Then, the cycle count where the initial average stiffness of 1000 cycles is reduced by 50% is the
fatigue life of the specimen.
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