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Abstract

For improvement of fatigue lives, hull designers have been advised to improve the geometry of structural
details, to reduce the general stress levels or to use some post-welding improvement method like toe
grinding, TIG dressing or some types of hammer peening. Two latest technologies for improvement of the
fatigue strength of hull structure are introduced and studied in this paper: one is from the material points
of view and the other is from the fabrication points of view. From the material points of view, a new steel
material (FCA-W steel) was developed around 2001, which showed an improved fatigue initiation life as
well as an improved crack growth life both in base steel plate and welded joints, and a new alternative for
fatigue life improvement was thus introduced although fatigue design has been traditionally based on the
fundamental premise that the fatigue lives of welded structures are independent of the steel materials used
and their strengths. By introducing this new steel, fatigue life can now be improved. Its effective
application has also been studied in consideration of newly established S-N curves for this steel (FCA-W
steel). From the fabrication points of view, ultrasonic peening has attracted attention as a fatigue strength
improvement method. The ultrasonic peening method improves fatigue life owing to the compressive
residual stress, a weld toe geometry improvement and the grain refinement that are caused by imparting
impulses at the weld toe with radiused pins. Regarding the application to ship structure, its effective
application has also been studied under various loads.

1 Introduction

We, three shipbuilders in Japan have introduced two latest technologies for improvement of the fatigue
strength of hull structures: The application of high fatigue-strength steel to weldments (FCA-W steel)
from the material point of view, and of the ultrasonic peening method (UP-method) to weld bead toes
from the fabrication point of view. At fatigue design stage, hull designers have been advised to improve
the geometry of the structural details to reduce the stress level, or to resort to some post-welding
improvements like weld bead toe grinding or TIG dressing at fabrication stage because fatigue design has
long been based on the fundamental premise that the fatigue strength of a welded structures is
independent of the steel material use and its strength.

The former FCA-W steel will be applicable to be applied relatively high-stress areas in hull structure to
improve its fatigue strength without any structural reinforcements only if the S-N curves of the FCA-W
steel are newly established. In this study, the effects of FCA-W steel application instead of conventional
steel on fatigue strength improvement are introduced, and several application studies during structural
design carried out by three shipbuilders are shown summarizing its effective application proposals from
the viewpoints of fatigue design.

The latter UP-method improves fatigue strength for weldments at fabrication stage by the compressive
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residual stress, a weld toe geometry improvement and the grain refinement caused by imparting impulses
at the weld bead toe with radiused pins. Its effective applications under variable load are also studied
through a series of fatigue tests envisaging its practical applications.

2 FCA-W Steel

FCA-W steel, a new steel material, was developed that showed an improved fatigue crack initiation life in
weldments as well as an improved crack growth life in welded structures. For its practical applications,
hull designers must newly establish the S-N curves of FCA-W steel approved by the classification
societies as stipulated in the Common Structural Rules for Double Hull Oil Tankers (CSR-T) [1]. We have
continued the joint research projects with Sumitomo Metal Industries and each of the classification
societies: NK, DNV, and LRS.

Mechanism of FCA-W steel

Low carbon content is one of the main characteristic of FCA-W steel plates. The micro structure of FCA-
W steel is a fine ferrite-bainite dual phase. As the result of dual phase structure, the yielding ratio is
relatively small. One of the mechanisms at work in FCA-W steel to improve the fatigue strength of
welded joints (weldments) is avoidance of the material notch effect by homogenous hardness distribution
as shown in Fig.1. A material notch may occur at a steep change in hardness [2].
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Fig.1 Hardness distribution of welded joints
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Fatigue test

To establish the S-N curve, the fatigue testing of small scale test specimens was performed at a high stress
ratio which is recommended in order to derive S-N data that are safe to use at all mean stress levels and to
achieve test results that are representative of actual structures having a higher residual stress than that in
the small scale test specimens. For assessment of test data, the test specimens made of conventional and
FCA-W steels were prepared and fatigue tested. This makes it possible to perform a relative assessment
of the fatigue strength that improves the basis for derivation of S-N curves keeping in mind all
uncertainties that might be introduced during fabrication and fatigue testing. As a result of the earlier joint
research project with NK, a tentative S-N curve adaptable to PrimeShip FA was newly established,
discussing the result of the fatigue tests [3]. Figure 2 shows the fatigue life improvement in percentage by
FCA-W application instead of the conventional steels against the stress ranges at a probability of
occurrence of 10 in full and ballast load conditions based on the PrimeShip FA calculation results
showing the superior characteristics of FCA-W steel for fatigue life improvement. Even in the higher
stress ranges, fatigue life improvements by FCA-W steel application is considered to be approximately
twice as the original fatigue lives of the conventional steels. This is the one of the advantages of FCA-W
steel application. The design S-N curve of FCA-W steel for hot-spot stress range applied to cruciform
joints with a similar geometry to the specimens obtained by other joint research project with DNV and
LRS is shown in Fig.3 [4]. As shown in Fig.3, the differences between the FCA-W steel and the
conventional steels are insignificant for the left part of the S-N diagram when approaching that of the low
cycle region (high stress range). This indicates that the use of FCA-W steel should mainly be considered
for structural details subject to wave type dynamics rather than and in areas subject to low cycle fatigue
such as resulting from loading and unloading.
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Fig.2 Relations between stress ranges and fatigue  Fig.3 Design S-N curves of conventional and FCA-
life improvement by FCA-W steel application W steels

Figure 4 shows the fatigue test results for FCA-W steel with and without weld bead toe grinding
performed by Sumitomo Metal Industries although these results must be further discussed in joint
research projects with the classification societies. The fatigue life of FCA-W steel with weld bead toe
grinding was improved furthermore twice or more than that of conventional steels. This means that FCA-
W steel with weld bead toe grinding is also more effective for further fatigue life improvement on
condition that full or partial penetration welding is applied to avoid root cracking.
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Application proposals
Several application studies on structural design carried out by three shipbuilders are shown summarizing
its effective application proposals from the viewpoints of fatigue design.

Longitudinals in a cape size bulk carrier: A 350 x 125 x 10/21 T-type bottom longitudinal, and a 350 x
125 x 10/21 T-type side longitudinal were selected as examples of FCA-W steel application. These
scantlings had already satisfied the fatigue life requirements by the Common Structural Rules for Bulk
Carriers (CSR-B) [5]. In the CSR-B, as there are no specifications for FCA-W steel at present, the effect
of application is estimated by relative comparisons between two fatigue life calculations based on the
CSR-B replacing the B-curve in the CSR-B with F and FCA-W curves in Fig.3, respectively. As a result,
fatigue life improvements of approximately 2.3-times became possible for the longitudinals by FCA-W
steel application. From the viewpoint of fatigue design, structural optimization of longitudinals can be
achieved by using FCA-W steel. In addition, structural redundancy by the use of FCA-W steels can be
secured whenever hull designers conform to the original scantlings stipulated by the CSR-B.

Longitudinals in a VLCC: A 600 x 200 x 13/19 T-type bottom long , a 500 x 150 x 11/22 T-type side
longitudinals provided in way of the draught line at normal ballast load and a 450 x 150 x 11/16 T-type
side longitudinal provided in way of the draught line at full load were selected. In the case of CSR-T, the
same estimation procedure for CSR-B was followed by using the design S-N curves in Fig. 3. With CSR-
T, fatigue life improvements of approximately 2.5-2.8-times fatigue for the longitudinals became possible
by FCA-W steel application. This means that the original longitudinals can still be used only by changing
their material to FCA-W steels without any scantling increase even if their original design fatigue lives
for conventional steels were 10-20 years, not satisfying the design life requirement stipulated by the
Common Structural Rules. In addition, structural redundancy by the use of FCA-W steels can be
furthermore secured whenever these scantlings are satisfied with the present fatigue requirements for the
CSR-T.

Hatch corners on the upper deck of container ship: The fatigue life improvement with FCA-W steel was
estimated by using the ABS Guideline. An improvement of approximately 1.8 times by FCA-W was
obtained by comparison of the S-N curve for weld joints in Fig.3. As shown in Figure 5, because the
fatigue life improvement with FCA-W steel for base metals by FCA-W application is relatively larger
than that for weld joints, this improvement is considered to be more enhanced in base metal. FCA-W steel
application will also be one of the alternative means for extending the fatigue life of hatch corners,
replacing the practical measure of inserting a thicker plate in way of the corner in addition to its free edge
grinding.
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3 UP-method

The UP method improves fatigue life affected by imparting impulses given at the weld toe with radiused
pins owing to the compressive residual stress, a weld toe geometry improvement, and the grain
refinement as shown in Fig.6 [6]. Figure 7 shows the UP apparatus used in this study, UP500 system
made by Integrity Testing Laboratory Inc.

(2) reducing
stress concentration

etal structure

(1) adding compressive
residual stress

Fig.6 Schematic views of effects by UP-method Fig.7 UP500 system

Fatigue tests for fillet and boxing weld joints by using cruciform joints without load bearing were
performed at room temperature in order to confirm the effects of the UP-method on fatigue strength. The
test was performed under three weld toe conditions: as weld, weld toe-grinding, and weld toe UP. The S-
N data obtained for fillet welding joints are shown in Fig.8, and those for boxing weld in Fig.9. In Fig.8,
the fatigue lives of fillet weld joints after UP are improved to the same levels of those after toe-grinding.
In addition, the same improvement levels are seen to be obtained for the different plate thicknesses
(16mm, 22mm, and 30mm) of specimens. As shown in Fig.9, because the slope of the S-N curve for UP is
slower than compared to that for ‘as weld’,  the improvement by UP for boxing weld is effective within
the low stress ranges. It is also confirmed that the improvement by UP for fillet weld joints decreases as
the stress ratio becomes larger as shown in Fig.10. Figure 10 shows the effects of overloads on fatigue
strength for boxing weld joints with or without Ups. For the test specimens exposed to larger compressive
load, the effects are reduced while the effects are maintained for those exposed to larger tensile loads.
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In order to clarify the effect of stress ratio and load on the fatigue life improvement by UP, additional
fatigue tests reproducing the change of load conditions before and after launching during the construction
stage were performed on the assumption that UP would be carried out for the fillet weld joints in way of
the upper deck exposed to changeable hull-girder loads. The relations between the applied stages of UP
and loads for fatigue test condition, Case-1 and Case-2 are shown in Fig. 12. In Fig.12, Case-1 reproduces
UP application in the building dock before launching, while Case-2, after launching. As shown in Fig.13,
the same levels of fatigue lives as ‘as weld’ joints are observed for Case-1 (before loading), while the
improvements of fatigue lives compared with UP at a stress ratio of R=0 are observed for Case-2 (after

launching).
@ | <CASE 1> <CASE2>
5 Apply Ultrasonic Peening Apply Ultrasonic Peening
before loading after loading omean
h | | |
Trmean | I |I | II
®I| II |||||| I
]
III‘
a /

Time

Fig.12 Loading cases for fatigue tests
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The applications of FCA-W steel and UP were introduced as the latest technology against fatigue strength
improvement from the viewpoints of fatigue design and fabrication.

FCA-W steel

Effective application of FCA-W steel to stress-concentrated areas in hull structure can now be officially
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discussed at the structural design stages by using the newly established S-N curves approved by the
classification societies. The designers can freely use FCA-W steel instead of the conventional steels
without any scantling increase in order to improve fatigue life. This effective application will be further
discussed through these practical application proposals in this study.

UP-method

The application of UP to weld toes is as effective as that to weld toe grinding on fatigue life improvement
of the weld joints at fabrication stage. The stage and scope of UP application, however, must be
considered at design stage to take full advantage of its effective use. The designers suggest applying UP
especially to the weld joints in way of the upper deck exposed constantly to hull-girder still-water
hogging moments in container and LNG carriers as an effective application.

Acknowledgement

The authors would like to acknowledge the contributions made by Sumitomo Metal Industries, NK, DNV,
and LRS for their valuable opinions and comments through each joint research project for FCA-W steel.

References

[1] International Association of Classification Societies: Common Structural Rules for Double Hull Qil
Tankers, (2006)

[2] H. Katsumoto, N. Konda, K. Arimochi, K. Hirota, A. Isoda, H. Kitada, M. Sakano, H. Yajima:
Development of Structural Steel with High Resistance to Fatigue Crack Initiation and Growth, Part 3,
Proceedings of OMAE 2005, Greece (2005)

[3] J. Hara, Y. Takaoka, N. Konda, K. Arimochi, A. Inami, H. Dobashi, N. yamamoto: Practical
Application of High fatigue-Strength Steel to Weldments (FCA-W) in an LNG Carrier, Proccedings of
the 24™ Asian-Pacific Technical Exchange and Advisory Meeting on Marine Structures, TEAM 2010
(2010)

[4] N. Konda, A. Inami, K. Arimochi, Y. Takaoka, T. Yoshida: A Proposed Design S-N Curve for Steels
with Improved fatigue Resistance (FCA steels), Proceedings of the 11th International Symposium on
Practical Design of Ships and Other Floating Structures, PRADS 2010 (2010)

[5] International Association of Classification Societies: Common Structural Rules for Bulk Carriers,
(2006)

[6] Y. Kudryavtsev, J. Kleiman, L. Lobanov, V. Knysh, and G. Prokopenko: Fatigue Life Improvement

of Welded Elements by Ultrasonic Peening, International Institute of Welding, W Doc. XI111-2010-
047 (2010)

Page 7 of 7




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Web Coated \050Ad\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Japan Magazine Advertisement Color)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


