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Abstract

This study investigates the fracture failure ofsloingitudinal members constituted of a stiffened &s attached
plate, in which a crack has propagated by fatigamfthe stiffener flange or from the fillet weldufing the ship
life, fatigue cracks may initiate in the structu@wing to the difficulty to detect every small ckagduring ship

surveys, some of them may propagate by fatigue t#ingth that can be critical in view of the fraet, when the
ship meets extreme loading conditions. This studp@ses a quantitative evaluation of the criticalck length.

Specifically, this study employs the failure assesst diagram methodology to assess the conditibfeslore at

the crack tip. Based on various crack configuratjahis study establishes the analytical formutetiof the

crack-tip condition that are validated using firetement analyses. The material toughness is esgufas terms of
crack-tip opening displacement. The failure assesshiagram allows then to evaluate the failuresstiof cracked
longitudinal members as a function of the craclgtenThis enables determining critical fatigue &réengths

corresponding to the maximum longitudinal stresasved from extreme loads. For ship longitudinannbers,
the critical crack lengths are found to be vergéarso that regular ship surveys are very likelpeasufficient to
prevent fatigue cracks from propagating beyondchtgecal limit.
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1. INTRODUCTION

During the ship's lifetime, fatigue cracks mayiat# in the ship's structure. These cracks maygwate to a length
that can be critical in view of the fracture whle ship encounters extreme loading conditions. [Bwal of crack
length is hereafter named the critical crack length

It is well accepted that ship design and fabricapoovides sufficient fracture resistance to thecitre. IACS [1]
states that, in ships, inherent redundancy prevtmdslocal loss of a structural member from immedia
endangering the global structural integrity. Steabhness is also finely controlled to ensure thtigue cracks do
not result in extensive brittle fractures, as i lbacurred in the past for the Liberty ships.

However, the newly adopted goal based ship cortgtrustandards (GBS) [2] provide that the actudlrelancy in
ship design must be demonstrated. Researcherhgpesed various approaches to address this prodesdes
Soares et al. [3] analyzed the effects of fatigaelcgrowth on the ship global strength, yet negléthe fracture as
the governing mode of component loss. Dinovitzeal ef4] analyzed the fracture toughness of typieagitudinal
members in the ship structure using the failuresssent diagram (FAD) methodology of the Britisarsiard [5].
The European fitness-for-service network (FITNEd])developed also a structural integrity assessimerttedure
(SINTAP) to determine the significance of crackdenms of fracture. Within SINTAP project, Wallin &l. [7]
proposed a material fracture toughness estimatiberse.

Thus, for typical longitudinal members, this styshgsents a quantitative evaluation of the critfeéigue crack
lengths.

This article consists of three sections. The fgsttion presents the scope of the study. The seseaiibn
establishes, for various crack configurations,ftheture assessment point analytical expressianall;, the third
section evaluates the critical fatigue crack length



2. SCOPE OF THE STUDY

2.1 Longitudinal membersincluding fatigue cracks

The ship considered in this study is a Capesizk dadrier in full loading condition. Two longitudashmembers in
the midship area have been selected from the detkh& bottom region. Indeed, the high level odsdes in these
regions leads to greater material toughness rageines [8] than other locations. The considered itadmal
member called a stiffened plate element (SPE) kyulimate capacity assessment methodology of IAGQS
consists of a stiffener and its attached platirias Study represents the stiffener as a flat bgurgé 1 shows the SPE
geometry, wherél is the stiffener’s web heightyis the stiffener’s spacing, ahds the longitudinal member’s span
between two transverse webframes.
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Fig 1. Stiffened plate element including a) an edge crac¢ke stiffener, b) a middle crack in the plate

Table 1 presents the dimensions and propertidsedfno longitudinal members picked up from the dE&REeq)
and bottom (SP&0m) regions. Because large fatigue cracks are mikebylto occur in the end of the ship's life, this
study considers that the SPE are corroded to théhickness.

Table 1. SPE dimensions and properties
PropertiegUnit) Symbols  SPEe  SPEottom

Web heigh{mm) H 370 320
Web thickness(mm) tu 9 9
Stiffener spacingmm) W 880 850
Plating thickness(mm) t, 17 18
Length(mm) L 5700 2850
Steel gradé-) - EH36 AH32
Yield stresgN/mnf) oy 355 315
Young modulugN/mnf) E 210000
Poison coefficient (-) v 0.3

* Net thickness

The studied cracks initiate from the stiffener&efedge or from the fillet weld, and grow into base material by

fatigue. This study considers two crack configunadt

e An edge crack propagates from the stiffener’s &dge through the web height, whereas the platingires
uncracked. This crack configuration is called Hestied plate element including an edge crack instiféener.
Figure 1a shows a representation of this crackigordtion whereaec is the edge crack length.

e The previous cracked stiffener fails, and the cruén propagates to the plating by fatigue. Thisckr
configuration is called a stiffened plate elememuding a middle crack in the plating . Figureshiows this
crack configuration wherayc is the full length of the middle crack.

The middle crack in the plating affects the entirdth of the plating between the two adjacent stiirs. Therefore,

for the middle crack configuration, the plating Wiccorresponds to twice the stiffener spacing/,(8ee Fig. 1b),

whereas a plating width corresponding to one tingestiffener spacing/{, see Fig. 1a) has been retained for the
edge crack configuration.

Under the action of the hull girder vertical berglimoment, the hull bending curvature imposes aoumif

displacementA) on the SPEs with an amplitude directly proporido its vertical location in the hull cross-secti

The material behaviour is set as linear-elastidvaih elasticity modulusE}, leading to the expression of the

longitudinal stress in the SPE in Eq. (1).

V|
Ogpg = IE (1)
This study assesses the condition of fracturenfose longitudinal members.
2.2 Fracture mechanics

The fracture mechanics field of interest is thelysia of the mechanisms of the crack propagatiomaterials.
Usually, two categories are identified: the linetastic fracture mechanics (LEFM) and the eladtstic fracture



mechanics (EPFM). The LEFM theory, which is goverhg brittle fracture, is reasonably well estat#idhand the
stress intensity factor (SIF K) approach is the most widely employed (e.qg.: teigssessment). However, the steel
employed in ship construction is carefully contdlto ensure that fractures occur in a ductile reanthe ductile
fracture cannot be assessed accurately by methwely ipased on LEFM theory. Thus, some situatieqsire the
use of the EPFM using approaches such as the tmokening displacement (CTOD).

The applicability of each field of fracture mechamis not clearly defined. Thus, the failure assest diagram
(FAD) methodology is a very practical approach lnseat encompasses the full range of fracture bhebav

2.3 Failure Assessment Diagram

This study is based on the FAD methodology propdsgdhe British Standard [5]. A sounder theoretical
background of this approach can be found in [8 Bhitish Standard proposes three levels of frecassessment.
The choice of the level depends on the amountmitidlata available and the desired degree of poactf the
results. This study uses the “Level 2", definedhes“normal assessment”.

The failure assessment diagram principle is baseth® interaction between fracture and collapsa structural
component including a crack. Figure 2 presentddihere assessment diagram corresponding to thellzv

In the ordinate, the fracture rati,{ is the ratio of the applied crack driving forecethe fracture toughness of the
material. In the abscissa, the collapse rdtip i6 the ratio of the applied load to the limit dbaf the structural
member.
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=
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=
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Fig 2. Failure assessment diagram

The failure assessment curve (FAC) representsrdugbed limit conditions of the modes of failuh@m a brittle to
a ductile fracture. Equation (2) provides the LeX/sIFAC expression fdr, from zero till unity. IfL,is greater than
unity, K, is simply set to zero, because this study doesomtider the failure by collapse that occurs bdygrl.
K, = (1- 01412)cjo3+ 07exd- 065L°)] (2)
A failure assessment point (FAP) can be deternfioed given loaded cracked component. If the FARdRided in
the area below the FAC (see Fig.2), the consideogdponent is not supposed to fail. An FAP aboveRAE
represents an unacceptable level of crack whichcaage the component failure. In addition, an FBecto the
vertical axis means that the potential fracturerigle. However, an FAP in the vicinity of a cgllse ratio equal to
unity indicates that the potential failure is clwesized by the global yielding of the consideredatural member.
The fracture ratio expression (see Eq. (3)) isti maf the crack driving force represented by thedd | stress
intensity factor K)) to the material toughne&s,,, which is derived from the measured CTGIR.{.

K / K2
K= K = X & D% LE' (3)
mat Y mat

whereoy is the material yield stress aRtis the elastic modulus corrected for constraimditions E'=E for plane
stressE'=E/(1 —v?) for plane strain). The teriis set to 1 as proposed by the British Standdrtbfsthe case in
which X is not quantified by structural analyses. Equafi®rdefines the stress intensity factr)(

K, =cYvza (4)

wherec is the applied stresy,is a dimensionless function related to the cramkfiguration, anda is the crack
length.

eq?ation (5) provides the collapse ratio expression

_P
L "B (5)

whereP is the applied load arte} is the limit load at which the cracked structur&imber's yield strength is reached.




The FAD approach classifies stresses based onrtaeire. The primary stressgsare defined as the loads applied
to the structure, whereas other stresses, incluttiegesidual stress, coming from the fabricatioocpss, are
categorized as secondary stresse# significant property of secondary stressefia they cannot by themselves
cause plastic collapse because they arise frossgtisplacement limited phenomena. However, theyribate to
the severity of the local condition at the cragk Tiheir contribution adds to the primary stresthigK, expression
(see Eq.(4)) by replacingwith o,+os.

Finally, if the structure is loaded with a combipnatof primary and secondary stresses, the regufilasticity
effects cannot be evaluated by a simple lineartaddpf the effects resulting from the two indepentdstress
systems. The FAD includes a tepnm the definition of the fracture ratio to covletinteraction between these two
stress systems. The British Standard [5] proposaslified formulation o when secondary loads are small, as
given in Eq.(6).

if y= Kls/(K,p/Lr)< 4,then

pP=p for L, <08 (6)
{p =40p, ({105-L,) for 08<L, <105

Here,K| is the stress intensity factor. Its exponesésdp indicate thak, is computed, from the secondary or the

primary stress respectively. The parametaran be calculated using the expression providéayin(7)

py = 010 ¥ - 000702 + 300° ° )

Employing the FAD methodology to assess the camustiof fracture, the failure stress)(can be evaluated related

to the crack length. As a limitation of the FAD &2, if the fracture conditions are met, the elenig assumed to

fail without consideration for the subsequent crpakpagation behaviour.

3. FRACTURE ASSESSMENT POINT

3.1 Formulation

This section presents an analytical formulatiothefFAP for each crack configuration presentecettion 2.1.
First, the collapse ratid() formulation has been presented in Eq. (5) asatie of the applied loag onto the limit
loadP,. The applied load is the product of the appliedsst 6spg multiplied by the cross-sectional area of the SPE
(see Eq. (8)).

P= USPE(AD + AS) 8)
whereAr andAs respectively represent the cross-sectional ardaeaincracked plating and stiffener.

The limit loadP, of the SPE is the sum of the individual limit loaftthe plating and the stiffener. If the individua
component does not include cracks, Eg. (9) canigeahe limit load expression for this component.

P =0 vAxars) 9
Anderson [8] provided limit load formulations fofflat plate including an edge crack (see Eq. (240 a flat plate
including a middle crack (see Eqg. (11)).
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Pome =0y (1_aMc/2W)AP (11)
where the uncracked ligament lengta corresponds tbl-agc.

The fracture ratiol;) expression (see Eq.(3)) is related to the longial stress in the cracked component. Thus,
Anderson [8] provided load line compliance solusidior a flat plate including an edge crack andaa fllate
including a middle crack. These solutions resuiteelxpressions of the actual stress in a crackédrstr (os ; see
Eqg. (12)) and its attached cracked platiog;(see Eq. (13)).

o = AE/ [L+4aEC.VEC(aE%_| ﬂ (12)
Op = 11_”52 /[L + aMc-VMc(aM%w\/ﬂ (13)

By substituting Eq. (1) into Egs. (12) and (13) trctual stress in the cracked stiffener and thatisi attached
cracked plating can be expressed in terms of lodgial stress in the SPEsgg as provided in Egs. (14) and (15).

o = aSPE/ [1+ 4aEC.vEC(aEC # j / L} (14)
e ()




Based on the load line compliance solutions praViofe[8], Egs.(16) and(17) can compute cracked member's
dimensionless elongation along the centerlinehéndase of an edge cradk() and that of a middle crack/c),
respectively.
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Finally, for each crack configuration (see Fig. the dimensionless functioné required to evaluate the stress
intensity factor (see Eq. (4)) is assessed by FEprasented in the next section.

17)

3.2 FE-determination of dimensionless functions Y

The British Standard [5] provides expression fanalsdimensionless functior. However, this section extracts
dedicated function¥ from FEA of SPEs including cracks. The SPE modelssist of quadrilateral shell elements
with centered nodes, referenced as S8R5 in Abdyues.end of the SPE is clamped, and a longitudingbim
displacement/) is imposed on the other end. A spider-web meshitegis then applied in the crack-tip region, to
focus the meshing toward the crack tip. This mashire produces concentric rings of element cedtere the
crack tip. The elements in the innermost ring aetdegenerated to triangles by merging the thodesof one
edge.

Figures 3a and 4a show the FE models' geometrytasestess the stress intensity factor at thef @m @dge crack
in the stiffener and that of a middle crack in phating, respectively.
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Fig 3. FE modeling of a SPE including an edge crack Fig4. FE modeling of a SPE including a middle crack
in the stiffener in the plate

In Figs. 3a and 4a, the structural members reptedavith thick lines are modeled with finite elentwwhereas the
effects of the adjacent structural members (thied) are considered through symmetry boundary tiondiapplied
to the edges of the finite element model. Theestigl previously cracked in Fig. 3a has been remaovéig. 4a
because it is supposed to have failed (see FigFid)res 3b and 4b also provide a view of thelctgrmeshing.
For the edge crack configuration (see Fig. 3) andhe middle crack configuration (see Fig. 4), F&ah assess the
stress intensity factoK() for various crack lengths. These FEAs have besfopned for various SPE's plating
width (W) and stiffener web heighH] representative of the considered bulk carrieftdship section scantling.
Thus, Eg. (18) can compute the correspondggrea and Yyc.rea Using the FEA resultk ec.rea @and K vic-rea
respectively.

- KI,FEA
YFEA o 7l'|]i (18)
where,a corresponds tagc ando to os (see Eq. (14)) for the edge crack configurationergasa corresponds to
0.5ayc ando to op (See Eq. (15)) for the middle crack configuration.
Figure 5 present¥:c.rea @andYyuc.rea @s extracted using FEA (see Eq. (18)).
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Fig 5. Function Y evolution for edge and middle cracks

For each analyzed edge crack lenagthuntil 60% of the web height and middle crack Iéraic until 70% of the
plating width, the correspondinyecrea and Yucrea present, at the most, 2% deviations between al th
representative dimensions of SPEs. Therefore, geleiormulations capable of evaluating the stressnisitg
factor of any SPE in the midship section can hedito theYec rea andYucrea Values. Equation (19) can compute
Yec and Eq. (20) can compu¥gc. Those equations are accurate enough Krassessment.

4 3 2
YEC[aECj = 3631(6‘50] - 315c{aECj + 124'{‘%0] - 0755 + 112 (19)
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YMC(aMCj = —o.o{%] ¥ ose(aMC] - 0.62(%] + ozz(am] - 003 19 (20)
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3.3 Material toughness

This study uses the “Standard Test Method for CTi&cture Toughness Measurement” provided by ASTM
E1290 [9] to evaluate the toughne8g,| of the steel grades EH36 and AH32 (see Tabl@His test involves a
notched specimen in three-points bending condifidre specimens are 50 mm square cross-sectioral Dae
measurement indicates only the material fractunghoess at the onset of fracture, and ignoreatbsesjuent crack
growth resistance behaviour. Figure 6 presents rdselts of the CTOD measurement at various testing
temperatures. These values were gathered durirgyialdlype approval.
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Fig 6. CTOD measurements

The FAD Level-2 methodology [5] states tlal: is related to the temperature of the structurehath the fracture
occurs. Here, the temperature was chosen as thgyCWeanotch (CVN) testing required temperature déegd in
class rules [10]. Additionally, the chos&p,was set as the lowest measured value for tempesatanging from the
CVN's temperature to’C. Table 2 lists the chosép,. At these temperatures and for both steel gradegesults
indicate that the specimen fracture behaviour ctildu

Table 2. Fracture toughness for considered Steel Grade
Steel Grade Testing temperature &,
() (© (mm)
EH36 -20 1.7
AH32 0 0.4

The results of this test are directly related ®tpecimen geometry because the stress triaxidfdgt at the crack
tip increases with the thickness [8]. However, gsspecimen thicker than any structural memberkenship, the
crack-tip condition in the specimen is at leastmagch severe as the crack-tip condition in the stalcture.



Therefore, transferring the measuigg; to the real structure leads to a conservativesagsent of the failure
conditions.

4. CRITICAL CRACK LENGTH ASSESSMENT

For both crack configurations (see Fig. 1) andrfoious crack lengths, the applied stressd corresponding to the
failure stressd;) is assessed in such a manner that the FAP ieboa the FAC (see Fig. 2). Thus, the collapse and
fracture ratios can be assessed analytically ametibn of ospe (see Section 3). Tables 1 and 2 list the SPE
dimensions and properties, and the material tougg)mespectively. For a crack tip distant fromhkeat affected
zone, Dinovitzer et al. [4] considered conservdyiveresidual stress equal to 20% of the matei&tystress. In
addition, the residual stress is considered unifilmough the thickness and constant across the @osmp.

Figures 7 and 8 show the failure stress evolutiorSPE located in the deck and in the bottom, igpy. Both
figures show that for small cracks, the FAP is tedaon the vertical limitl(=1) of the FAC that corresponds to the
yield strength of the SPE. For larger cracks, #ileife occurs then by fracture. To ensure an atelAP analytical
evaluation, the results are restricted to the utglidomain of each dimensionless functigg: andYyc (see Eqgs.
(19)-(20)). Thus, the failure stress is determinetil an edge crack length corresponding to 60%hefweb height
and a middle crack length equals to 70% of thdrgawidth.
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Fig 7. Failure stress of the SPE located in the deck Fig 8. Failure stress of the SPE located in the bottom

Figures 7 and 8 reveal that the structural mendmatéd in the deck has a failure stress signifigdmgher than the
one located in the bottom. This can be explainethbyfact that the material in the deck has highedd stress and
toughness than that in the bottom (see Tables Eu2ally, for the edge fatigue crack considering 1, the failure

stress decreases quasi-linearly as the crack lengteases. For the middle fatigue crack considerjr 1, the

failure stress drops rapidly for small cracks, thatt decrease becomes slower for large cracks.

For each SPE (see Table 1), the maximum longitlidiness ¢m.y) iS evaluated based on the extreme hull girder
vertical bending moment provided by the rules [Hisk corresponds to a f@robability level. Table 3 lists the
estimated maximum longitudinal stress in the §RENd SPEwom FOr the SPE., the bending moment is positive
because it corresponds to the hogging conditionMuich the deck is in tension, whereas for the $3BE the
bending moment is negative because it correspantietsagging condition for which the bottom isansion.

Table 3. Maximum longitudinal stress Table 4. Critical fatigue crack length
SPE Maximum hull girder Section Maximum SPE location Single crack configuration
location  vertical bending moment modulus stress Edge crack in stiffener  Middle erack in plating
M, oy (MN. ) Z(m®) Oy (NImm?) - azc'H A/ 2W
Deck 5078.44 23.27 2182 Deck 0.40 0.28
Bottom -5106.8 33.32 153.2 Bottom 0.28 0.17

According to Figs. 7 and 8, the critical crack l#rggcan be evaluated corresponding to the maxinomgitudinal
stress ¢may defined in Table 3. Table 4 lists the criticdidae crack lengths.



Table 4 reveals that although the applied maximiess 6may in the bottom is approximately 30% lower tharttha
on the deck, the critical crack lengths for the SRk are significantly (~30-40%) smaller than thatttoe SPlcc

It can be concluded that the low material yiel@ssrand toughness in the bottom affects significéim resistance
capacity to fracture of the structural member ledan that region.

CONCLUSION

This study evaluates the critical fatigue craclgtérof ship longitudinal members considering tlaeture failure of

those members including fatigue crack. Specificahys study adopts the failure assessment diadfahb)

methodology to assess the condition of fracturtur@iat the tip of various crack configurations.isTistudy
establishes the analytical formulations of the kit condition that are validated using finite rakent analyses.

First, for each crack configurations, the failuteess evolutions are assessed as a function diatlgeie crack

length. Then, the critical crack lengths are evi@das they relate to a maximum axial stress derik@m the

extreme hull girder vertical bending moments:

e For a single edge crack initiating from the fregedf a “flat bar” stiffener, the critical edge ckalength
corresponds to approximately 40% of the web heigha stiffener located in the deck and 28% fotiffiemer
located in the bottom.

e For a single middle crack initiating from the filleeld at the connection with the stiffener, thitical middle
crack length corresponds to approximately 28% efaiating width for a panel located in the deck &anél for
a panel located in the bottom.

Finally, this study shows that for typical crackedgitudinal members, the ship design and fabmecaprovide

sufficient redundancy against fracture to the ceactructure. Therefore, regular ship surveys arg hkely to be

sufficient to prevent fatigue cracks from propaggtbeyond this critical limit. This study also pides analytical
formulations of crack-tip stress intensity factoattcould be employed for fatigue crack growth sssent.

NOMENCLATURE

acc, avc Edge crack and middle crack lengths

Ap, As Cross sectional area of the plating and stiffener 8PE
K, Mode | stress intensity factor

K, Fracture ratio

L, Collapse ratio

My-max Maximum hull girder vertical bending moment

P Applied load

Py Limit load

Y Dimensionless function (see Eq. (3))

Y| Structural member's longitudinal displacement

Omat Material toughness, crack-tip opening displacenf€iOD)
of Failure stress

Omax Maximum stress

Op, Os Actual stresses in the cracked plating and stiffene
OspE Applied longitudinal stress in the SPE
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