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Abstract. A Joint Industry Project (JIP), gathering 26 diffiet companies, was started in 2007 to better asldhes
Out of Plane Bending (OPB) mooring chain fatiguechamism and propose some mooring chain fatiguegdesi
recommendations.

Within this project, full scale fatigue tests ameprogress to mimic the OPB fatigue mechanism. Gtaio results in a
reasonable time-frame, these full scale tests @maimg on a dedicated fatigue bench at 1 Hz (inst#faa normal
offshore frequency of 0.1 Hz) in a corrosive seawanvironment, on 2 different chain sizes. In pelatests on
small samples, taken from mooring chains, have b#mre to better understand the influence of theosore
environment on chain fatigue, by separately adirgghe crack initiation and the crack propagastages.

This paper will describe the tests done on smatipdes and the global methodology proposed to adcfurnthe
higher frequency in the full scale tests (i.e. 1reither than the normal offshore frequency of 0z) &h the mooring
chain OPB fatigue performance. This paper will address the chain size effect.

1 INTRODUCTION

Eight years ago, several mooring chains of a detpvadfloading buoy failed prematurely within a yesmall time
frame. These chains were designed according to ectional offshore fatigue assessment using API
recommendations. With this first deepwater buoyliappon, a new mooring chain fatigue mechanism hasn
discovered. High pretension levels combined witinicant mooring chain motions caused interlinkatmns that
generated significant Out of Plane Bending (OPRBigée loading. Traditionally, interlink rotationgearelatively
harmless and generates low bending stresses ichtiia links. The intimate mating contact that oscduring the
proof loading and the high pretension of the manmetemporary mooring designs have been identifiedgasavating
causes for this phenomenon. Typical deepwater mggmetension can be as high as 15% of the MinirBueaking
Load of the chain which is, as an example, for ahn grade R4 studless chain, about 230 tonnes.

Out of Plane Bending (OPB) refers here after taoeding of a chain link out of its “main planehétone containing
the oval shape, see figure 4). It is caused byfmdication of transverse forces and OPB momenishwre resisted
by friction forces at the contact between links.
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Figure1: Chain Link Failure on deepwater buoy Figure 2 : Deepwater buoy and chain connection to
dueto Out of Plane Bending (OPB) the floating body
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Figure 4: Out of Plane Bending (OPB)
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Under high pretension, the friction is high and thement that can be resisted at the contact bettuglesican be
significant. This rather unusual loading conditfona chain link arises from the combination ofthijgretension over
MBL and poor articulation of the fairlead or chadmse (chain connecting system with the floatingypodhe
alternating OPB stresses may be large enough &edhe fatigue crack propagation in the first mgJink starting
from the chain connection at fairlead and failusa ©e quick. On particular case of the first degpwhuoy, 4 links
have failed in less than 8 months always at theedagation: on the first moving link.

A key difference between the traditional mooringicktension fatigue mechanism and the OPB fatigubat chain
tension fatigue uses the stress histogram apmli¢iiet mooring chain neglecting chain rotation effewhile the OPB
fatigue uses the inter-link angular rotation cote@ro a stress (under constant chain tension)sasii@e of fatigue.
Figure 1 shows the failure of a 81lmm mooring chiai®PB. Figure 3 compares fatigue crack locatiarsténsion
loading and OPB loading.

Out-of-Plane Bending (OPB), explains why the mogrihains of the first off-loading buoy that failézbe Ref [1] )
had such a short service life.
After this event, SBM undertook several differeggttcampaigns to reproduce the OPB mechanism fdd[R2] [3]
and [4] ) and get the first laboratory demonstraté the Out of Plane Bending.
In 2007, a Joint Industry Project (JIP) was propose the offshore industry in order to implemenkaege chain
testing program to better assess this new fatigehamism.
The main objectives from this JIP were to:

- Perform a quasi static test campaign to assesattréink contact stiffness

- Implement a fatigue test program to get OPB endwraata points (S-N curve)

- Provide some design guidance to address the OFB fehigue mechanism

The fatigue domain of interest includes the higbley regime (low stress range and large numbeyalés, typically

above 2 millions). Due to schedule constrain it wasessary to implement the fatigue tests at aehiffequency (1

Hz) than normal offshore conditions (about 0.1.@18z).

Moreover, it was initially proposed to do all faiigjtests in air and then to derive an S-N curveeBwater using the
factors given by standard S-N curves. Howeverytiigity of such extrapolation has been challenigggrevious JIP

results (T-T fatigues tests on chains, see Re&f®wing a different trend (different slope) betweests in air and
tests in a seawater corrosive environment (teste dvseawater at 0.2 Hz and 0.7 Hz showed thectegbénfluence

of frequency in seawater: 0.2 Hz fatigue perforneawas lower than that of 0.7 Hz; however, thesevata results

were far superior to attempted extrapolated residta in air tests). Moreover, the ratio on lifetlween S-N curves in
air and in seawater can vary between factors of2depending on the standard codes used by thetiyd
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Consequently, it was decided to carry out mosheffatigue tests in seawater at 1 Hz (offshore mgdme loading
frequencies are expected to be in the 0.1-0.2 Hgex which is then introducing the question of itifuence of the
frequency increase on fatigue testing in a coresiwironment.

In addition, a test program on small samples ha beplemented within the frame of this JIP in ortte better
assess the environmental parameter influence aoguéatest and its relation to the testing frequebgylooking
separately at fatigue initiation and crack propagefatigue stages.

2 TESTSON SMALL SAMPLESDEFINITION

2.1 Initiation and propagation fatigue mechanisms

The life time in fatigue may be split in 2 phasas:initiation phase (including initiation of micmacks, propagation
and coalescence of microcracks and initiation ofeeroscopic crack) and a crack propagation phasggpation of
the macroscopic crack), each corresponding toréiftedamage mechanisms.

The following consideration, extracted from seveederences, provides a good insight for both tetighechanisms

by addressing especially the crack nucleation,samall crack growth:

- “In flaw free material, a significant fraction die total life is spent before the first detectahlerocrack appears.
At low amplitudes, the nucleation stage can occilngymajority of the fatigue life. Another fractiari the life
time is needed for propagation of the microstruadtyrsmall cracks (i.e., crack of the size < 0.5 /m). Again
this fraction can be quite high at low amplitudesopagation of physically small cracks and macrksaan be
guantitatively described by means of fracture maidsa On the other hand, there is no generally Eede
guantitative description of the nucleation procasd there is no widely applicable description & pnopagation
of microstructurally small cracks”. Ref [6]

- “Crack nucleation processes are associated withgdmeration and coalescence of excess vacancieg alo
persistent slips bands... Clearly, propagation oflsaracks is an important aspect of the initiatimina fatigue
crack on the order of 1 mm” Ref [7]

- “The fundamental problem is that the customarydinelastic fracture mechanics (LEFM) paramei&r is
strictly speaking an invalid representation of #mack driving force in the presence of enhanced-tipa
plastically and microstructural inhomogeneity” Ref

- Fatigue crack initiation parameters are reviewed/isyDowell in Ref [7] “Fatigue crack initiation pameters are
reviewed, ranging from simple effective stress atrdin concept to more recent critical plane theoriThis
approach is considered as distinct from fractureharics approach in view of the difficulties in &ppg the
latter to small cracks in a rigorous fashion”.

2.2  Effect of thefrequency increase for both crack initiation and propagation stages

As explained in the following extracts, testing ancorrosive environment can be really sensitivehi® testing
frequency: “Because the environment induces aféignit time dependency response, environment canmarkedly
with loading frequency. At high frequency, it isnamon for the environmental enhancement to be sotists

eliminated because of inadequate time availabla$sociated chemical reaction and mass transpwtids... Strong
frequency effects are observed in most corrositgua systems” (Ref [9] )

The effect of the environment and of the frequeimayrease will affect each phase (initiation andpagation)
differently. This can be summarized as follow:

- Influence of the environment and of the testingjfrency on the crack initiation time:

o Crack initiation is very sensitive to the surfageish of the chain link in terms of the depth oitied
manufacturing crevice defects and other imperfestidcarly occurrence of corrosion pitting in seevic
can also create crack initiation sites.

o Increasing the cyclic frequency up to 1 Hz (inste&d normal offshore cyclic loading of 0.1 to ®12)
will have an impact on the duration of exposureaircorrosive environment. Therefore, testing in
seawater at 1 Hz should increase the crack irgtigtme.

0 Pre-soaking of samples in free corrosion conditibas been implemented before fatigue testing.
However, it is difficult to assess if this enablesachieve a representative steel surface in terims
density of initial small defects (corrosion pits)dadefect profile.
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- Influence of the environment and of the testingjfrency on the crack propagation time:

0 As defined by P.S. Pao in Ref [10] “crack growtlter@an be substantially higher in a corrosive
environment”. The author defines different mechamisteractions between corrosion and fatigue like
“hydrogen induced fatigue” (hydrogen embrittlemetityacking and/or anodic dissolution at the crack
tip” and “stress corrosion cracking”.

o The frequency may have an impact on the crack gatpen rate (as may possibly interact on one of
several of the corrosion - fatigue mechanisms aboMais can be assessed separately by doing some
tests on samples in air and in seawater for diffiefrequencies.

2.3 Requirement for a multiaxial fatigue criterion for crack initiation stage

Some FEA work, that has been implemented withinftame of the JIP, has demonstrated that the sstass for a
link subject to Out of Plane Bending is multiaxé&lthe OPB spot location. The OPB spot locationristhe link

curvature close to the border of the interlink emhtarea where most of the initial crack locatifmosn tested chains
have been found.

Therefore, a multiaxial fatigue criterion is appriage to describe the OPB chain fatigue initiatitage.

Some recent multiaxial fatigue theoretical develepta have been proposed by K Dang Van, based ticatplane

theories (Ref [11] , [12] and [13] ) that can h&@dmssess the macroscopic flaw initiation stage.

In Dang Van method, the assumption is made thastheture is submitted to high cycles fatigue Whimplicitly

means that the overall behavior remains elastie. Main hypothesis is that a fatigue crack williaté if and only if

the material doesn’t reach elastic shakedown Ipcalhe elastic shakedown at the mesoscopic scada(lic grain
size) may occur only if an elastically adapted nagital state is reached at the scale of the steictu

A multiaxial fatigue criterion has been definedkyDang Van that gives the critical loading patthie diagrant — p

(shear stress as a function of hydrostatic presshieh is the hydrostatic part of the stress tensor

- This criterion aims to deal with high cycle fatigeenditions where the damage occurs at a microsdepel. The
formulation uses the current values of shear strgs&nd hydrostatic pressure p(t), at the mesoscsgrle, to
calculate an “equivalent” stress and compare é tioreshold:

o No damage will occur ifT (t) + a* p()< b, t OT
0 a, b are material parameters calculated from twipls fatigue tests
o Tis the loading period.

- The initial Dang Van criterion defined for infinitéfetime has been extended for a finite lifetimasbd on a
complete series of torsion and bending Wohler curfee the material considered. For each finite neimaf
cycles N, a limit amplitude in torsion and bendtan be defined (denoted &and f, respectively), each of these
pairs defining a new Dang Van line that will fornbandle in the— p diagram. It states that over a finite number
of cycles noted N of a T-periodic stress stategéet failure initiates if the Dang Van criterioril&as follows :

o [Ifitexists t O[t, t+T] suchT(tO)+ ay ! p(to) 2 Db,

wheret is the shear stress and p is the hydrostatic press
ay et by are material constants which depend on N.

24 Small samplestesting programs description

24.1  Crack propagation tests

- Tests objectives:

Crack propagation tests on small samples were peeft at TWI (see Ref [18] ). The objective fromabdests was
to determine the influence of cyclic loading fregag (in the range of 0.1 Hz to 1Hz) on rates oigia crack growth
for high strength chain steel in seawater and asHes influence of environment (air / seawater) ahdesting

frequency on the crack propagation stage.

- Frequency scanning tests:

Six “frequency scanning” fatigue crack growth regsts were conducted to determine the influenaeydic loading
frequency on observed fatigue crack growth rafBsese tests were conducted under conditions oftaoisK, with
the frequency being varied in blocks to establighibfluence of this parameter.

The following six frequency scanning tests werdgrened, using a stress ratio of 0.2:
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o0 Two tests in air, at highK
0 Two tests in seawater, at higk
o Two tests in seawater, at |a¥K

- Paris law definition:

Initially, two tests were performed in air, undenditions of increasingK (constant load range), to determine a
baseline Paris law for this material. These tegievearried out using a stress ratio of 0.2 andguency of 1 Hz and
were used to select suitable low and higthvalues (respectively of 380 and 800 N/ffin

24.2  Crackinitiation testing program

- Tests objectives:

Full scale testing on chain links at higher frequethan the normal offshore frequency (1 Hz insted@.1 Hz) is
reducing the time of exposure from chain links incarosive environment. This is assumed to havanfimence on
the corrosion status from these tested links.

To assess the influence of the corrosion statuss{geand profile from corrosion pits on chain )kon the crack
initiation stage, the endurance limit for two typEdoading (torsion and rotative bending) has bdefined for both
corroded and non corroded samples machined froin &h&s.

These 2 types of fatigue loading (torsion and re¢abending) have been selected to derive Dang d(awes for
corroded and non corroded material.

- Preliminary study:
A preliminary study was contracted to CETIM to optie the test program (see Ref [19] ). Since typéiahore life
time for mooring chains (over 20 years) would inelmgore than 50 millions of cycles, the question teedefine if it
was essential to get the endurance limit for atl8410 cycles (very costly) and also to simulate the best to get
the standard deviation.
A theoretical approach has been implemented treehgphasized the following:
o A normal distribution from the fatigue life for avgn load is generally admitted
0 A constant standard deviation can be defined wieatidhe fatigue life
0 The stair case testing method is recommended {gedre mean fatigue strength but is not suitable t
derive the standard deviation
0 The fatigue curve under load controlled (Wo6hlerM Surve) can be modeled as follow:
= with an asymptote for steel tested in air
= with no asymptote for tests under corrosive envirent
= with a downgraded asymptotic curve for corrodedglam
Stair cases simulations have then been implemégnsag Monte Carlo random function) based on arehyplic S-N
curve (valid model for tests done in air on corebae non corroded samples) calibrated to fit thaichmaterial
properties (grade R4). A large number of stair sdses been simulated that has shown that with angstic curve,
there was a significant overlap between the enderéevel found at 10 millions of cycles and at S0ioms of cycles.
Therefore, it was concluded that the results mayadstatistically distinct.
Finally, simulations have been run to find the besy to get the standard deviation at lower céstials demonstrated
that a few tests at constant stress level will gl®Vvess dispersion on the standard deviation ¢héarge number of
stair cases.

- Dang Van curves definition at 1 million and 10 moitls of cycles:

The Dang Van curves (fatigue limit criteria forigen number of cycles in the/ p diagram) are derived from Wohler
curves fatigue threshold for both torsion and ieégabending tests on samples. The same materidediR4) as the
crack propagation tests was tested at 2 diffeeu@l$ of corrosion (non corroded and corroded)amdpared.

The endurance limit for one million of cycles arat L0 millions of cycles were extracted for torsiand rotative
bending and for both corroded and non corroded mahigsing nine samples for each stair case. Sgvyew samples
have therefore been used to build stair casesni@lsa * 2 number of cycles * 2 materials * 2 loaglconditions) and
to derive mean S-N curves.

The standard deviation for corroded S-N curvesthes been defined using 10 samples tested at 2acariead levels
defined for a shorter number of cycles (5 samptes2fload levels corresponding roughly to® tycles and 5*10
cycles). Twenty samples were therefore used tovelahie standard deviation on corroded materialaffges * 2
loading conditions * 2 stress level). The standdegliation has been conservatively defined on cemoshmples as
the dispersion is assumed to be higher for corredeaples than for non corroded samples.

- Comprehensive testing program:

The samples have been machined from 84 mm stucthess links grade R4 manufactured by Vicinay.
The full crack initiation testing program (see IR&d] ) was done in 3 phases which were:
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0 Phase 1: Reproducing offshore corrosion state
o0 Phase 2: Fatigue tests to derive Dang Van curveswonded and non corroded samples
o0 Phase 3: Comparative tests to see the influentteeafamples size

3 TEST PROGRAM RESULTS

311 Crack propagation tests

- Testing protocol:

Fatigue crack growth rate tests were carried owmgusingle edge notched bend (SENB) specimens medHrom a
supplied section of 84 mm chain link grade R4. Egpecimens (section of 15*30mm) were machined fsections
located in the link straight part opposite to tlasli weld to ensure crack growth in the parent rizte

All tests have been carried out using standardoskydraulic testing machines with computer contod data
logging. A direct potential drop technique was usednonitor the crack length. All tests have bearried out at
ambient temperature using a sinusoidal waveform.

These frequency scanning tests were conducted walelitions of constant driving fora8K by decreasing the
applied load range as the crack grows from anainitiack of 3 mm up to a final crack of 15 mm. Tyelic loading

frequency was varied in blocks to establish théuerice of this parameter, as shown on the figulevbeFive

different blocks of testing frequency (0.1 Hz, ®2, 0.5 Hz, 1Hz) were implemented using both insireg and

decreasing conditions.
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Figure 6: Frequency scanning tests block loading

Crack growth rate data from the frequency scantésts was post processed by plotting the cracktewersus the
cycles data for each frequency test block and deténg a linear fit. This provided a crack growtdte for each
frequency block tested.

- Testresults:
The following results and conclusions can be derivem these tests:

0 There is a rather good consistency between botlplsantested under the same conditions (more scatter

for higher frequency values)
0 The fatigue crack growth rate in air is not realgpendant from the cyclic frequency (between 0.1
and 1 Hz)
o For a high driving forcefAK ~ 840 N/mni’?):
= The fatigue crack growth rate in seawater increasgnificantly (more than 50 %) when th
testing frequency is reduced from 1 Hz down toHiz1

Hz

e

= The crack growth rate is higher in seawater thaaiirfrom a factor of 2 to 3 depending of the

frequency (environmental factor close to 3 at 0zlad closer to 2 at 1Hz)
o For low driving force 4K ~ 400 N/ mni?):
» The fatigue crack growth rate in seawater is nallyelependent on the testing frequency

= The crack growth rates in air and in seawater @&my gimilar (no noticeable environmental

effect in that case)

o0 Comparison with BS7910 (see Ref [15] ) curves teels(R<0.5), as illustrated by the Figure 7 below

(conventional graph showing the crack growth ratecfion of the driving force):

= For data in air, there is a good consistency wighrBean curve (slightly not conservative for

results at lowAK)
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= The seawater tests results at highare consistent with BS mean curve. Crack growths are
a little lower in the test at 1 Hz but BS mean euiva little lower than the test results at 0.1 Hz

= Regarding the results for seawater tests at Ly the BS mean curve crack growth is
significantly higher
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3.1.2 Crackinitiation testing program

- Phase 1: corrosion samples definition

AK (N/mm™)
Figure 7 : Comparison of all fatigue crack growth rate data

In order to assess the influence of corrosion tigde crack initiation performance, the first stegs to define a target

corrosion profile that would be representative féélwore corroded chains after a couple of years.

Therefore, a couple of chain links retrieved frasp tmooring legs segment from a unit moored in N&#a have
been analysed. These 157 mm chain links have speut 9 years in seawater and have been takereésrance.
Both metallographic examination and metrologicapiction have been performed.

Both general corrosion (corrosion of the entirefae) and pitting corrosion under oxide depositdlzed crevice

corrosion) were observed.

Corrosion mapping (see figure 9) was carried outdntact-free measurement of the surface of thedfter chemical
stripping as per standard given in Ref [16] . Time &as to obtain an image of the surface finisa emall zone.
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Figure 10 : Close view of a corroded area (chain
link metallogr aphic examination)

Figure 8 : Specimen cutting areas for
mor phological analysis (tubular section taken from
chain link)
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Figure 11 : Roughness profile along dotted linein
s figure9

Figure 9 : Mapping of surface after chemical
stripping of surface oxides

From these investigations, a target crevice casrodiepth was defined betweernu@and 15Qm.
Two corrosion methods have been tested on sampjisdrical specimen) and compared. These were:
o0 Salt spray method: the tests were carried out astprdard given in Ref [17] and samples were resdov
every 100 hours up to 840 hours.
o0 Corrosion by immersion in NaCl solution: the samsplgere immerged in a salted solution (NaCl
concentration of 50g/L) for a maximum duration db&ours.

The samples were retrieved regularly and analyzeédd same way as was done for the reference thkn
0 Metallographic examinations
For each cylindrical specimen taken during thestestmetallographic section was taken in ordeibtaio an
image of the state of corrosion. The maximum deptihe deposits in the area observed was measured.
o0 Characterization of the surface:
Mapping of the surface of the cylindrical speciméns3 dimensions) was carried out. A clear imafgéhe
specimens’ surface is produced. The specimens gleamed as per standard given in Ref [16] befoee t
mapping was done using a contact free measuringimac
The result from this comparison was that the gaday tests accelerated corrosion of the cylindrigacimen more
significantly than the immersion tests. In the cafthe salt spray tests, the presence of generadsion was mainly
observed together with incipient corrosion undgpadits and 800 hours gave satisfactory results meiipect to the
corrosion state observed on the reference links.
Consequently, 800 hours salt spray test duratios ezmsidered sufficient to “simulate” corrosion detation on
fatigue samples:
0 The whole surface is corroded: general corrosidh lg@rge crevices (depth ~ 1Q@n)
o Corrosion does not affect the section of the sarfipBe< 4%)
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- Phase 2: fatigue characterization from chain ligiegle R4 material

Fatigue tests have been carried out in rotatinglingnand reversed torsion loading conditions (lcattb R=-1), on

standard cylindrical fatigue specimens. Accordiagédsults from the corrosion phase study, theseirseas have
been extracted from the periphery of the straigbé af the chain links, opposite to the weld zdrtee samples were
typical fatigue samples with a nominal diametelrsd@ mm for rotating bending and 7 mm for torsiomey were

tested in air at 100 Hz for rotating bending and-H&0for torsion. These frequencies have no infleeoc the fatigue
behaviour of steels, when tests are performediaraironment and ambient temperature.

g Order of the tests
(WPa) 1 2 3 4 5 B 7 ] 9
370
340 b3
310 E 4 X
280 [a] X 4] X
250 4]
220
MNumber ﬁ Q % Q g % % g §
fiwlee | 2 1 8 8 | 3[R |8 |8 |8 |¢%
Figure 12 : Standard torsion specimen (non X : failure before Nr (Nb cycles to failure)
corroded and corroded) O : no failure at Nr

Figure 13 : Stair case exampleat 1E7 cycles

The endurance limit and standard deviations haes lsalculated from each stair case (corroded andcoaoded
samples for rotating bending and torsion and forillion and 10 millions of cycles).

The stair case method does not show a sensibreliffe between endurance limit at 1E6 and 1E7 y€lee cut-off
lives are in or very near the asymptotic part & 8N curve. The whole results (stair cases at &taf, cases at 1E7
and tests at constant stress levels) have thengreeassed and a reasonable fit has been obtasieg & Stromeyer
hyperbolic law.
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Figure 14 : Example from Woehler S-N curve Figure 15: Typical failures observed on fatigue
obtained (tor sional tests/ corroded small samples) specimen (bending on top and torsion below)

For the endurance limits determination, the failenigerion corresponds to a macroscopic crackatidn, detected by
a loss of specimen stiffness. However, conductpegisnens to failure in this case showed that chaitiation phase
represents the major part of specimen’s totaldd@mpared to the propagation phase.

The main result from the comparison from endurdimés between corroded and non corroded samplésaisthe
corrosion state on standard fatigue specimen redhesendurance limit by about 40% in rotating legénd 35% in
torsion.

Dang Van curves parameters were derived from fatigsts using the rotating bending and torsion emde limit
(fatigue tests results from stair cases and Stremagymptotic values). This is shown on the folloyvigure.

For non corroded material state, the Dang Van Hulésslope, a, was found to be in line with typiealues for steel
(around 0.3-0.35). In the case of corroded matstatk, the Dang Van slope (a) increases signifiacharacteristic
of a material fragilized or containing defects.
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Dang Van curves
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Figure 16 : Dang Van material limit diagram

Figure 17 : Crack initiation location on corrosion
crevice (corroded sample)

Finite Element Analyses have been done within taené of the JIP, using 107 mm studless grade RiB dimks.
Three cycles have been run in out of plane benlipgto sliding) at 25% MBL. These FE results wdrent post
processed by CETIM to apply the Dang Van criteri&dng both non corroded and corroded material, sersé

locations.

The safety factor has been calculated using theviolg formula:

b
Max(z (t) +ax p(t))

The results from this multiaxial stress state ciote have shown that:

(o]

0]

0]

The smallest safety factor is achieved at loca@ofas shown on Figure 18) which was the worst shear
stress location. Its safety factor is smallest tti@ one achieved at location B which has a highest
maximum principal stress (B being close from lamatB’ which is the worst location when looking at
the maximum principal stress). Since OPB failu rore often associated to location C, the mubiaxi
criterion seems to be a better approach than iahieriterion associated with the max principakss

for proper fatigue assessment for OPB.

The results using corroded material curve are anlmte severe than results with non corroded méteria
showing that failure is occurring at a significgritwer load level with corroded material.

A ratio of 1.85 can be derived between safety fact@lculated at location C using non corroded and
corroded material.

Note that this ratio is applicable for the compamiof non corroded machined specimens to corroded
specimens. The use of this scaling should be ugdcaution on actual mooring chains.

Similar results (calculated Dang Van safety fagtbi@ve been obtained when using the stresses egtémoim strain
gauges glued during tests at location B (aboutirléle the link curvature) and M (link straight par

Figure 18 : Dang Van SF calculation using non
corroded material curve at 1E7 cyclesand FE
resultsin OPB
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Figure 19 : Dang Van safety factors calculation
using corroded material curve at 1E7 cycles
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- Phase 3: large specimen testing

Size effect is one of the numerous factors infligmthe fatigue strength of components. It is welbwn that for the
same material, increasing the size of the specig®ds to a reduction in fatigue strength (for thme nominal stress)
and this being due to a higher probability to haveefect for larger parts and also to a less st&egs gradient for
these parts. In this case, tests have been cawutdd torsion on specimens with a central diamet&0mm compared
to 7mm for the standard fatigue specimens, byiactge with 5 specimens at 1E6 cycles. The saihedariterion
was used (macroscopic crack initiation). Tests HBaen done using both non corroded and corrodeglsam

The endurance limit found for non corroded and ased samples at 1E6 cycle was found to be rathatasifrom
the one found on smallest samples (7 mm diametieryeal performance degradation was found whereasing the
sample size. This can be justified as follow:

0 The difference in specimen diameter (20mm vs 7msrprobably too low. Results from the literature
tend to confirm this observation, as illustratedfigyire from work done by Sors (Ref [14]). It appea
that fatigue strength reduction at 20mm is abdb¥®and significant reduction occurs only for diaenst
higher than 30mm.

o In the case of corroded samples, the fatigue stneoflarge size corroded specimens was found even
higher (about 10%) than that of small standardonted specimens. This may be due to the fact that
corrosion tests lead to similar maximum depth pitdoth small and large specimens; which may make

the corrosion effect more sensitive on the fatigtuength for smaller specimens.

B . s s B
) s.mJ Far ) %-

um.ﬁﬁf??&ﬁw tube| :

o7l N

| ol | I~

] _________!:1.___-__-

o— ; . o —
M 40 B B0 100 w0 #Oomm
Figure 20 : Large size corroded specimens Figure 21 : Sizeeffect in torsion for cylindrical
specimen (see Ref [14])

4 FREQUENCY EFFECT CORRECTION FOR FATIGUE TESTSON CHAINS

To account for loading frequency difference betweaba full scale fatigue tests on chains and the ringo
environment, it is important to estimate for eae$t the contribution from both initiation and prgption stages. For
this, it was initially foreseen to implement withthe JIP Acoustic Emission measurements duringnggsthich
would have helped to assess when a crack is propggdhis was unfortunately not implemented duebtmlget
constraint. However, some post failure crack ingasions have been done using MPI (Magnetic Partittpection)
on symmetrically loaded chain links to check théeptial presence of cracks on similar OPB hot $épations. This
can provide valuable information on the time sgent. macroscopic crack to initiate.

Further work and discussion are in progress withim JIP to validate the correction proposed to actdor the
testing frequency difference. A potential correatfactor (on life or on stress range) can be pregdsr each full
scale test on chain following the following guiadteds:

- Estimate (based on recorded stress and NDT results)machined and uncorroded material and then is really
if the test is more dominated by crack initiation o severe to correct the corrosion effect on testeihsh
crack propagation mechanism.

- The crack propagation stage can be assessed | Ratio between da/dN at 0.1 Hz and 1 Hz:
fracture mechanics and established industry pmac’
that enables to extract out the amount of fatigiee
corresponding to propagation. Then, an aver
correction factor on life can be extrapolated, gsin :
simple linear model and boundaries derived from |« /
frequency scanning tests results (as per Figure 22)°

- For a test dominated by crack initiation mechanis,

the factor of 1.85 on stress (Dang Van Safety Fa F,equeLcyeﬁect

ratio between non corroded and corroded mateigaf’ | Meshodin seavater

given in the previous chapter) provide a Ve, [ AK (NImm3i2)

conservative correction on stress that would apply ° o0 oo 100 0 =

Figure22: Corr. factor / crack prop rate (1to 0.1 Hz)
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5 CONCLUSION

This paper summarizes the tests that have beenatosmall samples in the chain OPB fatigue JIP s&hests were
intended to provide insight on the effect of fregexefor the full scale fatigue tests (1Hz inste&é mormal offshore
frequency of 0.1Hz). This has been done by looksegarately at the influence of the environment oacic

propagation rate and by assessing the fatigue enderthreshold for corroded and non corroded nahtécrack

initiation stage).

A simple correction model can be proposed for crardpagation stage and the effect of the corrostatus on crack
initiation stage can be framed by fatigue enduraeselts comparison between corroded and non cedredmples.
This provides an idea of the order of magnitudéhefnon conservatism for tests at higher frequericia corrosive
environment.

For each individual full scale fatigue test on chahe challenge is then to assess if there isfatigue mechanism
(crack initiation or crack propagation) which isngdioating and then to propose a correction on thebar of cycles to
failure or on the stress range.

Further discussions are ongoing within this projecaddress case by case the result from eachidodivfull scale

fatigue test.

The crack initiation test on small samples have alsabled to get the Dang Van material curves basetbrroded

and non corroded material. Applying a multiaxiaigae criterion did also confirm that the most dak sensitive
location was within the chain link curvature in altiaxial stress state location, showing that drigerion would be

more suitable than an uniaxial criterion basedhennhaximum principal stress.

Finally, the sample size effect was assessed stdst program. The results did not show signifigeduction in

fatigue performance for the larger specimen lilgg to insufficient difference between specimesnditer (7mm vs
20mm). Further investigation, within the full scakst fatigue program, is currently in progressassess potential
fatigue strength degradation for larger chain di@mdirectly from the large scale tests.
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