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ABSTRACT

This study is concerned with the analytical " and

experimental investigaticn of fatigue behaviour of monopod

tubilar.joints in air and dold seawater.environments. A

~total of;seven joints were tested under cyclic loading. Two

specimens — one in air and the other in water were subjected

6 pseudo-random loadings

The remaining.five specimens -
two in air -and threg in sea water were tested under Constant

amplitude sinusoidal loadings. The joints were tested both

‘in as-welded and weld tdé ground conditions. The corrosion

tests were carried 'obc’ innaturdl'seavater at 0°C to similate
‘the;cold ocean envuenment_ : !

From the' masurea sttams diring static loadxng at

critical hot spot ‘ldcations, strain and stress ccncentration J

factors were dete'rmined and compared -with the finite element
analysis. ' The MSC/NASTRAN finite element computer code was
used using: triangular and quadrilateral flat shell elements.
Fach element has ‘five degrees of freedom consisting of to

in-plane displacements, a normal displacement. and bending
«

rotations.

The effect of seawater, weld toe grindiig, the,
nature of applied loads and &rack growth charac:eri!tics are.

studied in.detail. The fatxgue lives of the joints for crack

initiation, propagation and £inal failure are deter ined ai

compared ‘With those of T or, ¥-jolnts from the pubushea
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i pzoductmn platforms. fhe' structurai tubular ménbers’ cf

N sectluns- Durmg the laat 20 years, t'he need for such

" radial'ne'xibi'uq}. whichri's' a source of s‘ev‘e‘re stress

~ of flex);mln_y ugmq qusset pxaces, w:.ng plates and nng

= stxffeners eto. Improper jo{m; des_gn, faulty welds” dun,ng

1.1 General "

“the \mique problem of welded tpbular “intersections. _ The,

““tubular connection has_ baen coxqphcated by the tube wall

+ JINTRODUCTION ... ..

" Research on fatlgue of welded tubudar joints ‘has

-been heralded hy t_he petroleum industry due ta the 1ncreasmq'

use ‘of’ "tubular skt .fm: offshore éxplotation- and :

offshore platforms cohsist exclysively of cireular steel
members grei very rapidly ‘dnd attention is be).nq focussed on..

alternating loads in. the. web and bra‘cing'memb'ers'aue £ s

randon’ ‘and repe&ltxve natu,re o “ocean waves, wind and ice

“floe rasult in fatique of the membex‘s, The des‘,\.gn Df welded

coqcéntration at’ e Soime® 1ntersect10ns This. stress '

conqentration qauses an early faugue fal.lure of the jomt.

The mai.n aim £ tha 'eint desiqu is. Elther to,” J.n::rease the




" Most of the exploration and production platform’s\'

‘are of the basic jacket type support).ng a-platforn deck as s .
showl

mg. . The 1nstallat10n Bf the first template type-

steel st«meture m«; £70f- Mexico marked the’ £irst use of

welded"\;_ubular ofvfshore platform. For shallower waters,_ such

as. Cook Inlet: platka and the Beaufort 5ea..muncg\'ua and

onocon& platfgtms have been’in use for' vater depths ap to

N 30 1 15‘.195‘ 2,3 &nd 4). Recently Heerema Bngineerlng Ccmpany

proposed a Trlpod Tower Platférm. qu 5,” supparted by three

5, +* branch mémbéds’ for deepawkte:a up 0 350 m.

: . Offshoz:e str\:ctures are sub)eczea to large~gravity \

loads and envl.ronmelftal forces besldes corrosion and fcullng

The*pidtorial summary of ma]or loads, envimnmental forces

“and,_ eq;.—rosmn zones“at different depths in a typidal offshore 4

st;ucture» shpwn in Fl.g ‘.6. Several fénuxes of tubular
jomts in offshere structure& ‘have tnggered research >
8  interests for improved‘method of deSign. .The advent of
general purfbse computer, ogr;mmes, Based on classical shell
gg * thedry, makes it possible to anlyze simplified tube sections
2 by; accurate representation of. the ‘complex connection of the )
" . "L, members: i L \ ; N {







N,

piatforms; for deep waters' and harsh ice dncestad’ &

“envi Sonents. Particular attentlun needs to be ngen ‘to the > &

ew of large disssived oxyqen conr_em; ancf the

s Ob]ect).vé.s e Scoge %, 5 % ‘. ':- Ly ,. - T, o =

son vuc‘n the fimte element analysxs, "

‘compa

Predlct;l.on of £at1gue hves usmg fracture o . R

i)
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g 3 S 6
Sel e 2 g REviEW u! LITERATORE . - > -
. - 2, Genéyal . v S
TR K SR ae-eurcrx urrled cut on symetric planar tubulaf

jolntsw be divided xm €hree basic cntegoriel

1) thenmtical analysxa, ’;

uii

" d;ugni considerations.

naqnxtnde ef 1oemzea‘
1urqer and -uier aswer cynndeu. “The. bool l\elber wa-
nnalyud as a :\un cyluuirical shell -ug{ng elqnﬂ:-ord!.r 37

aiffezentul aq\ntions, me::e the ma “was exprused as




-i.nite eLeuents. T‘hb fléxibjlity of the.web

The results of

for an

N

S A

Noltg and Hanuford (10) derlved claseﬂ form .

a)(presausns for the fatigue damage of structures due ‘to ocaun 2

wgves‘ T'hq t‘ela;ionuhxpa begween wave height- and 5truus :
and

" range, Agtx‘ea‘u'rafn_gu and: nunberof cycles to failure,




‘, . rezone technique to” reduce “the numbel: ‘of degrees of fxeedom._ .

N ** N 4
probability distribution for .the occurrence of wave heights
were derived for-a single sea state/storm. N

A finite element method for determining stresses,’-

strains and defon\atxons has been presented by Mehrotra (11). .

Empirical’ formulae wrs Lo developed for”symmstrical
rectangular-tubes,. to -estimate the.joint modulus. The Y

results _were checked with full-scale experlments with

different load:ngs and bounaary conditions. A non=

canfomable bendihg fLeId ‘was used’ i m cunjunctlon “with the
cunformable cunstant straln membrane field which Shcwed
better performanoe than a conformable set of llnear '

" tinctions- ! J R s iF g

The ef!ectlveness of hl\gher order xsoparametric

‘so1id finlte elements for- welded tuhular Jol.m: analysls was,

studied by Horgan (12).; ’l'he fhute eIe_vnt madel usgd afy Wb

me plate elements at critidal regxnns ite . redenned using

hlgher order solidel ments ) provsde for more agcyritd |

results.

The rezoiie techmque was efficient-in requcmg the

A

. computer costs, g

Johnston (13) reviewed the avuxame ,experlmehtal

déta on welded ‘ubular joints and éompared with :hemﬁcal

analysis based on three partials differential equations of the
thin shell theory

The study indicaced the inndequucy of ‘fhe




»

2

dependent on stress .range only.' nn:\:her reunch was

Suggested o idvestigate the iheTuerice of Tesidtal stresses. |
Narshali (15) toviewad the Resiica code of Practice on the
design rulés of tbular joint'relative to static ultimate

strength and fatigue, ifentified” problems of hlgh—cycle

fatigue and cumulatl.ve r_!umage and exatined “case hxatoues of

offshore failurés in view of the'-"propcsed ermr;a and risk

analysis. o 3 -, L &

‘{o’;hidn, Inui and Tida (16 stu-died the

values. Using.a st:ax.n energy solation for a cylj.nd(iéa.l

PY umner (18), which was ba-sed on &
e




data.’ The predicted fatigue nves were compared wlth the

resnlts uf elght sets of' nnn-overlappmg x-]qmt 'data, o s

T etal (19), usinq

"'I\KJOIN'I" The expepmental hot ‘spot” stress ~concentra.tlons

inte{ wexaed

gusset plates, nonﬂnterwemul cat~




A = e steel sem: ‘welded , flared joxnts and cement-grout fxued

joints under static and ulow—cycle alternating loads.

sy Bucklxng and post_ buckl.:mg strength of ‘circylar jol.nts have

also been, studied, Further studies were suggested to -

determine stress cu)\centratlons and the effecL of over- stram

“on, fat_ggua lee of 'large scale tubular Jomts. E .

A o To (ac -(24) and Béale, Toprac and Noel , (251 stud'led

e B t)\eﬁtress “concentrations in tubular connections. Using the .

. measured stresses) the centours of isostatics and J.sobara % = &

Jvere ¢ nstructéd and’ the stress pattern and stress - |5

. distribytions plotted. for' the specimens tested. e
£y = :‘. Toprac, Johnston and Noel (26) suggested Eurther
. “research uecessa«‘y to develop better methods for the design

“of weldeq Joints, and the Heed, for stud).es on' three g 5

~ gimensional effects, cyclic loading, comutativa damage,

testlng of spéecimens with two or more members framing into”’

c,he chord,  and strengthening of j\J:nts. ) -

;" Babikar- (27) cpnducted tests on uverlapping joints,-

" and non-int ing joints. The

partially i

* specimens . wére N~typs tfugs* jointhwith hollpw xectangular

‘chnrd and | '—:cula hok Lo web: members. The vertical load on .~ -

The cyclic

a specimens vas’ incraduced by prestressmq.




1gie dured B

Joints. Ths non—intersectin'g,jolnts wére found unsafe if. 3" = 2

dasigﬂed according to-class —F jodrntr’

o thhout )ntersectlon of the “branch membex:s Tésts on two Tt 1 ot

tubular steel connections were perfqrmed by Kwan (29) fcr -

AitaLYEotedes o e branches and compared the résudts with - 4

‘the .finite elément ‘and. the three-diriensional photoelastic .

., -‘solutions. -

A method of analyzing'a ring-stiffened tubular T

‘. joint with’ multiple non-intersectirig branch .members was - = B, %

. developed by Miller and Trammell (30).

Model ‘test results ©, . °

‘were compared with analytical results;-for a three-way Y and"

o - K-joint,”

Theé full field distribution including the gurface—

stresses on the Shell was obtained by photoelastic coatfng at

the “joint intersection.

. i stryctural “joints.of N-girder Eype
171 i rectangular hollow chord and circular or rectangular weh - cyT
_—_— ;sect" orts were aiiala by sést::o_ud, Wardle, Osgorby, Wood and. ‘b o <
-7 ".shinoda (31) " The deflections, bending moments, loads and
Y et e stresses.were calculated, based on 3ssumed load- and -

A G ]
Eastwaod. Osgerby,

deflectlon patterns at the intersection.




TR N=type 3oints, theoretical concours of load dxstt

and compareé wlth experlmental data fcr T—j-o)nl:s‘ Alsc. for

but Lons, -

ldcal deflecti:ons and s:resses were obtained for different

eCCentrlcltles % 5 B R .2 g

Ratara)an and Toprac (33) carned ouit fahgue tésts

: on T-Jolnts with dxfferent stress x‘angﬁs a_nd weld p:ofneg

and established S- -N _cirves for crack initiation and comp).eLe

- failure of the joints! Kumhane, Natara]an and_Toprac (34)

studied tne paremeters .meluqu ‘the rauos of, 4) chord

length to mean chord rad‘;us, ii -mean ‘rddii cf brace aml

chotd., ).S.i) mean c‘hord radius to t'hicknass, anﬁ l.v)

thlckness of brace to c)mrd, Stress qoncentratlan £ ctors.-

K 1n1tlat\.on oi fatique cracks, fauure of the ]Dlnts under

static and fatigue loids and -the: size” effect were T




the B lﬁfening plates 1ttachment lnslde the tube.

effec:s of alternating Loads on. tnbular K-Joints. weré' -

-7 N mvemgacem by Kurobune, .r«ak;no .and saqawa (37) =

-conpared’ \gi_cn thg, solated jumt tesf_s. Fauure toads ‘vere

found ‘t‘o be- abéut 2!

U R '}tésts.' The analyt::.cal results from the fuute lenent method

%o R o . Tests on n-tyﬁe cmss 3o m:s with hollcw

= g " rectangular chord and cxrt‘:ular brlce memhen!, were carried

3 " _out by Shinouda (40). The: joints were non—-overlappxng and’ . .

;tlffened with stxffbning plate welded to the loaded face of

the hord at the joint. “The r_mxnts _showed improvement in® -




| ltimte load carrying capacity as a Tesult of Stiffening. -
o P ,

Far = Blates.”

N 2 =% Mall &nd Zirn (41) investigated symmetrical K-

-joints with hollow circular members under Stitic and -dynamic

o . . ,
©7 _.. was found that the lattér. with negative eccentricity, showed

ing capgeity. Static and fatigue ‘tests

chlna anfd- Sakurai (42). ‘The results indicated that

with xncreaaed chord thickness T An‘);tii:al results were

Et;rmul'ae aenvea, by Beale and- T.opxac {1).  correlation

pam.ecers vad made with those ®of; Bouwkun\p'a (21). In the:

experiment repcted hy Ref. (21), all the cracks appeared in

the chords. The combination of butt and fillet welds and

E grindihg welded beads jin “the vicinity of critically stressed

areas improved the fatigue strength of K-joints

considerably. N " o

been carried out by .Ea qo‘d, Wood and Shinouda (43) to

investigate the strength. and the reinforcing effect of the

v loads; Among the overlapping and non-éverlapping joints, it'

the brace of the weld toe in contrast to “tHosk. Appestsigiin °




Conducted by Delesques, Valbert and'sflnt\sco (45) to

investigate the load cariying capacity and check the T

of cutrent desxgn methods._ For, all the four apeeimens te‘sted

the 1ong1cudma1 irections:

scale T—Jomts ito "

Martin (46) tested smal

investigate the maximum.:stress concen‘trations Mtigue dax%ﬂ



7 r:hanqed 0 alte‘r }'.he ngxdn:y and load carrymg capacu:y at

. —tuhuiar joints, witli and without gusset plates and: neqa i

- inward buck_ing of the main. tube member was correlated wlth

'presented by sammet: (45) ‘ The geometuc conngunnon s’

, been presenited by Wordsworth' (47) ‘Strains were measured "

with brittle, lacquer and ‘r'esistance ‘strain gauges in thé Tl

joint scale models mage .up of acryixc ‘tubing’” “Hlavacek.

presented ‘test. redults of 128- cruclfbrm and. K-t ype welded ey

eccentz\lcxtle,s. “The strength of joihts.wi respech r.o D "o e

the strength of, tubula[ lattxce gi(der and estahlxshed a

“chord :qbe_slendemess criterion an@ thé shape factor for Ko

ation inr.o the factors whxch affect the 7

strength/of ;ubular omts without qusse: plates was . | !

frac.ture. m G EL e . 5 = 3 .

strenqchs in terms qf the, ratio of  'yield joint! i 'yield .

tension memher' and ‘maxxm\m\ Jﬂxnﬁ' tot maxim\xm tension ' 7 .
. \ E . { % o -
“member' . . o _— [ ¥ o

L stat;c tebtg on- ‘24N and K- cype chcular member

cxrcumfelential stresses in, the chorﬂ member. The destgn N

procedures-for welded attachment to tubes have. been dlscussed‘

by Melwornm and Bern\nn (52). The cheorencal ‘solutions. based




N

condi.tionsA satake

P\l«)xshma, -uhxda, Kujinotn, H.\nani‘ and

. tubular Joints nsad Ln offshote structures. Parameters such

-as weldan residuu sete!s and weld defects introauced aftex

,easuring the crack opening d:splacement and imprevements
sugqested in sefe_[ting mterials for offshore Structures.
Pau, Pluriner and Kuang 155) carried out tests on K,

‘7 and x-f.ype of joitits and developed fomulae for ultimate
uzengths.

The strength behaviour and”£a11re mechanism of
. platform tibilar 3 %

ints ha\re 'been w-pared with, those of
other investiqations.

\x) l.oad :runamlnion, ill crucxfoh: jaim:a'(.ss) 'Dhe Toad ‘;

the weld hg tompletion were successfilly evaluated by *




f

g2 B : Edstiood qnd Wood (61) carried ouf tests on '

‘the other in tensior

- R ~

- distribution at the inféraction of the: tubes were

investigated, which led to an empirical formula for

predicting the collapse load. R

Statxc and d&namlc tensile tests on 6 welded steel

tube node joints were, conducted at the Technxcal Unlversxty
of Stuttgart (59) to‘estin\ate the load bearing: capacity of
such joints. The. joints under static load failed by
deforuatibn 'of the cord weWbers. In the dyhmuic tests,. pedk
stresses were observed at the weld of the tie member. "
An investigation on load-deformation” ~ ..

‘characteristics of’ statxcally loaded ]cunts of rectanqular ;

hollow sections was carried out: by’ Eastwood, ngerby, wcnd
‘and nee (60): The specimens were of non—mcersectmg
hranches, partlally mtezseccmg branches and. cnmpletely
o‘{_erlapping branbhes w:.th one branch carrying cempressxon ‘and

N n; was found from the experiments that

an 1ncrease in overlap: cxhibits better.losd ‘carrying.:
capagiq:_'me;cna_ac;s of failure of the chords by the

collappe of -the :op'fé e are more to occur-when compared to

the joints with overlnp.

pp'ing and welded gap joints i cuz;uLaz stiuctures

nvulvmg reutangular and, round sections. ’Dh.ree d1ffe{em:>

nulytical techntques, vxz fmxte elemént flljlte‘ différence

A




Grigéry (63). “The andlytical :’esu'l"

Fracture Mechanics “approach,’ The Naval Research Laboratdry -
approach, ‘and Notoh Stregs analysis apprcach vere cdmpared/

with* expermental values on larqe scale vlnodeIs of T ax;d

" joints. i ¢ s, o4

a T-joint; in which the branéh was loaded in eéansio}\._ The -

measured local strebses comparel reasonably vell with o

analytical vailes obtained £rom, Bx]laards approach. The * |,

investigatisn was lmuted only,to T-joint and one combin‘attion N

of member sizes. 'l'he onen\:at;on of the strsun gauges was

based on the stress coat - analysis. e e,

Smedley (65) reviewed the problems of fatigug




- hollow, sectmns suEJex:bed to- static and« dynanuc "oads have F

2% ew wo heen, stnd;eﬂ-by Mang (se)._ The thecxencal mveanahon of

. Sprlnq o mulation method. The results cempared well

expenmenzal values Y

L utea 67) nadé asses: of r

'-tﬁg conetr\xctxon of Juints 1n wh ch. chord and branch memhers

L - are welded to one arother- with. gussets, dlaphragms and

Y L stxffenlﬂg rlngs, subjécted to axlal doadsf with the menber

. @xes’ in-thé samé plane. <The. fatigue analysls of a Jack wp
platfom was carned out by xwan (68) on the basxs of the
AvaLlable aridling, ‘records from platforms in cperation in'the
Nnn;h SEB. For two dxfferent K=joints, stress. concentration
fictors vere obtained using finite element analysis. Fatigue

lxves cf:‘ mobile lnd fixed platforms were compared wu:h

: dlfferent S-N curves. The determinxstxc method of analysis

. was found o be more’ suitable than the powsr ppectral adnsity

Tests

: 3 method which req\ures the transformation to be unear

we re car;xed out by Washio, Togo and Mitsal (59) to

‘,idvestxqate the strength and stiffness of saddle type tubular

y ‘cxuss joints— and estahushea efipirical rules, to calculnte the

&



« amplxtude famgue endurance (Miner's, rulé), Mlner's i.inear .

experimental data for the ultmate load cérrqu capagity,

geometnc \parameters using least squa( 5 method, ety

Kurobane and l{onoml (70) pre' ented the expé’rixpeﬁcal

cumulative damaqe rule was shown. to be a spéclarcaae of the

and the‘elastic Stress distribution of Tehord in T; X, and_ v

joints. Brink and Van der Ktogﬁ (73) carrled out numerlcal

and experinental investigations to study the local stress
distribution’in cross joints with ‘specific.weld sizes. :The:
study inaicateé that the unstiffened cross-joint is poor in
carrying alternatl.ng loads and. can be 1n\praved by proper
posxtloning of the seam weld relative to the ‘attached brace.
' For the first time, Holliday (74) investigated the
stress distribution of tubular T-connections using photo-

elastic models. Making use. of three-dimensional

s

$




resuits compared with pzevmus exper(mental tesulfs’ of .steel-

! models.. The study indicated bhat the three-dlmensmnai i
photoeladticity scap'be used .ﬁoré efficiently to study the

hlgh étresa concentratlons of more complgx jom«;s.

effxcient for analyzing com‘plex tubular (Lntetsectxons. -

-2, Corrosion Fatigue Testy
Dlgkstra nnd e ‘BacK (76), presented the fatngue«

test (,esults on forty tubular® T and x olnts, carried out 1n i
The Netherlands. Most jelnts were tested in air and 'in axial ‘i
Toadiig. WouE T-Joluts wete tested 'if AEEIEfcial ea’watir, .
three at free corrosion and one with cathodic protection.” 1 :
-During’the fatigue test, crack qrom:h vas: morlitored by visual . %

« inspection and strain measurements.+ The Bea water tests had i

only 43% of the life that ceuld be expected in air. The flee

corgosion and air fatigue tests showed relatively early erack

initiation and slow crack growth compared to ‘the cathodically

%

protected jeJnt. Hicks (77) described ‘the United Klngdom

Offshore Steel Research Programme (UKOSRP)- fatigue progranme

designed to acquire 1nformation on the fatigue life Jof welded

|
3
Jeints in seawater for compiling design rules for offshore ; g }'




*'.’be expected. and differences i gtfesl history -show smalt -

‘environment has Been shown to be much less marked than would .

structufes. The; influence of a gimulated seawater ,

effects on perfurmance. The characterisatlon of the stress

hxstones on the basis of root mean square or higher order
averaging offers a’valuable method 'of ‘Comparing constant
amplitudé and variable amplitude test results.

"2 Gibstain (78)presented the' results obtained ‘from

fatigue tests carried out at Det Norske.Veritas in the

framework of the Buropean ‘Fatigue Resedrch Programme. Tt vas oo
vfoun@ that both the aegéh, and length of cracks in tubular 1
joints, are approximately linear functions of. the number of
cycles. Walker (79) has reported the Dutch results, which
indicated that the fatigue endurance 6f T "sk,z.,;;e'}s joints in
‘seawater at 20°C is equal to about 1/2 to 1/3 that of a
similar- test joint in air under constant mplggua;‘ieadiﬁg
conditions. On the contrary, the tests performed in "'Brji,tain
at stress ratios of R=0;and R=1 for joints freely corroding
in seawater at 5°C showed that the fatigue strength was not
significantly different from that obtained in air. Based on
t;he measured strain drop in the hot spot, it was inferred
that ‘the fatigue crack growth rate in seawater vas
approximately three times that obtained in air. The rate of
fatigue crack propagation in seavater in typical offshore
steels at high stress ratios was considerably greater than,




that  observed from tests in air. ‘The accelerated fafigue‘

crack growth sate;: bowever;; oecurrediovér i relubively narrov

‘frame of the European "coaland” Steel Coh\mnnity (BCSC)

‘,ffshore steels ptogram. The effect “Of seéwater corro:

‘under reahsmc stress ampntude. Tests on’ steels hy

3 Vnsiknvsky (81), over a frequency range ‘of

“,’r' under cathodlc and free uorrssmn po‘: ntlai in~ aqueous N g 2w

g § :
% env}ronments, ;nd’lcated that they Swere. not susceptible to .« .

percent Nael soluuon) .

y: Baageh!en (82) pl—esented 4 survey of research:on . b
£y - i &
7 fatique strength xmprovement qf welded cruciform and T-Jomts . e

g; ) out withins ECSC and Norway ‘and compared the results SN

with existing weld design codes. It has been ‘shown that -

connseenuy high fatigue strengths in air were - -obtained for T

velds treated by gzimnng. Under free corrosion in sea water

the increase in fatigue strength due to weld profile . ;5 g,
7

I




. or Z 2 'on"1ife was” xecommendgd for tue greund welds.

- weld angl&was kept constam—.. Further reeeazch xms been_'

5 and 100 vlm\ thlck matetial. On the basis of

’h{aans.
Jonke‘:s and Dv-erbeeke (35) performe& fat)gue tests Sn weldad .

',l‘-shaped plate specm\ens under random luading fn air b,

temperature of 17—26 c and seéa water ‘at’ 20 s ) C. < It was

“found that seawater reduced the endurance by a factor of 2.3

which compared ‘well with :he'seman, random load 'tests .(factor

'2). Houevei the lower reduc(:xon factor of 1.5 abtaxned

from the Er:tish random “tests ‘wai due to the luwer




M

weight, :msballation equipment Loads; ‘vave; current, wind and

ice forces. 'ryp;cn Jotne 6 lorés ay < occur du,e R

. . ‘fracture. +The p(esent fatigue»des gn

,f].xed ofﬂshore platforms are

- < S¥or template, type str

- less than 'three seconds, the duc o ‘stedls .and itrucmi;él‘ a o

- redundanl:Y. the American” Petroledm Ir\stltnte (API_ cnﬂe (BG) K

specifies the peak rmnunal strgs s m the »brace ana - _'

dlscusses !;he 11m1tation' af the h'nt spot*st;ess ydue to il

* environmental Loads «for d Efg‘vent.' t"pes. of Jon.n:s. j‘ot

? & structures witn® natural, perigds ‘greater fidn 3 secund-s,- for .

d1fferent structurn]. ‘types,

for. higher de iqn s,t(esses or for - s
1

“areas whére the 1nng ter_ distribution af cyciic 'loads is’

de

mnre savere than the Gulf* of Mexlffo, ;led anal‘ysis of

© cumlative fatiqus damage analysis shoum be. carkied out
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, = number of cycles to failure at the same stress

range, -derived from the S-N curve - .
3 = total number of blocks, and . -

D, = usage factof:

B % .
» After knbwing the cumulative damage ratio, a . ‘-

planned life of ¥, years will be assymed, based on the * -
e : ope:auenax reqniramuncu and the ouanoqtaphxc data, the

tatxgue life Of joint will ba aat_xmated by:

by x.ife=1; (years) . . & ) -
Dy :

i
5
i
]
i

The American Welding Society (AWS) structural

oy, welding code (87), suggests the use of AWS-XX S-N curve with
hot spot ‘stress or strain range for designing tubular

members. This curve is based on the data obtaimed from

joints tested in air. On the other hand, the API code
recommends ‘the use of x'-'curva for as-welded joints exposéd to
seavater envircnment. The Tot spot strain range used can be
) ohf.axned from-i) measured data, ii) f£inite element mlyux
or iii) empirical equations. % .-
@ . The U.K. Draft for development DD 55,.(88) suggests
s the use of h curve for tubular joints. The new British code

recomfends the use of extrapolated hot spot strain range. «

The Det Norske Veritad Code. (89) suggests the

tatigue design methods based on: a) fracture machanics

analysis, b) fatigue tests consisting of the fcuwing three

main” steps: - .




i

o 29.

i) determination of long i araersiiion of
stress range, using deterministic or spectral
analysis;

i1) selection of appropriate S-N curve with a 958 ,
c?qf‘ide;xue limit; and .
1ii) dece'minacion‘of,accumulated damage,. using

Miner's rule.

The APT code recommends ‘checKing the main .chord -

. ‘mémber using K curve and the cyclic punching shear stress

range Vpr, using ) e
g, cyelie V.= < sina[fak.r +2 f/{y( o1

] (3)
:.where
= nominal stress range for that.portion’of the
s - ‘axial load which is.reacted by adjacent
braces in the same plane &5 in a K ..
connection.  ° .
fatr ='the nominal stress range for’that remaining
: portion of axial load which is reacted as in’
T, Y or X connections %
fbyr‘ = incplane bending stress range,
and Yo .

£, '='out-of-plane bending stress range.
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It is "seen that very, uttle
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nnfxguration epe. “When a “tubula

B sub'Je‘CteG “to: external loads,. the' shred dis«trlbut),on

s:he Basts, stYuctural response to appned loads

and brace under Ioad (Bn)




dgterminaclon of* th se stressES is i portant to. ob

The fona’wing, are the stress\ﬂalysxs

_' ; (;) smt;m lacquex: techn)ques CHE

8wt ', (218 ‘Strain g‘auged actylic nodels. -

3L ey photoexasuc m thods: - -

4 (4_} Parametrlc equatwns o

S i (5) F;_m,cer elemenc apptoach

6) Welded steel tubular mudels _' .

parametr

gaugea stee.l tub 1ar models. 3 'A . R 3

Stress Analxsw Methods ’ gl e
R Parametnc sguauon ‘ . - »

. rsem _emp).,rica]. equatxons are used for; cemputing the' - P

of the non- einfcrced planar ]Olnts- 'x'he parametrlc . : =




. : - e .
, equat ions. employ non-dimensional ratiGs . of the geometric

The semi-empirical parametric formulae for
estimating jthe geometrical stress concentration ‘factor (SCF)
-y

f.at the weld toe have the following general form (1,92)
of \ el £

Anmong the formulae applicabl‘e to K,
- €hose with only Ln—plane ‘bending -mode have Béen consldsred.

Beale dnd Toprac's equation derived from experlmental data

v, 5 and 6—defined in Fig. 11

o'l g2 73 M (sine)"s

non-dimensionalyparameters

0. 622 02746 L0608

0.1873 a°,




determlnatwn of - 'SCF sor 1n-plane bend.mg for T‘

1

00603&09& U

SCF, ‘. L 1o 822 B

Keh
v )
o e " sery = 2.827 370 35 <0435 g5,0:5¢
g 5 branch ’
ki . = The formilae proposed by Gibscein' (95)_ az;'e:
- 1038 195[1 651‘1(3042)]
L : Yenora
2 e v, SCBy = y0-38 0. 29[0 95-0.65(p:
B R Yoranch

5

b 4 ana X

=1.684

9,

“{10)
Tan

i12)

(13)

Ja)

‘.41)2](15)

These équations are valid only for certain ranges’ of the

dimensionless parameters.

. Tablé 1,
B - . g
. -~ & 4 ! ¥
Wy . 2
3 /
.

are within theé validity range of the equations!

The joint parameters, given'in

For




AL unstifféned joints these ranges are given in Tablg 2(a). Inm, . = .o
. ° .deriving these parametric equations, the results of acrylic’ R

v . _ model; tests of finite element -analysis have been used, whith

‘estimate the peak ‘stresses at the midthickness! The stress
concentration factors cbtained using above equations’are
‘given in Table 2(b). Fom 5

s . .3.2.2 Finite Element Aggrnach d 2 t ,

," The stresses at the ]Olnt 1ntersectxons can'be

I L determtned accurately by the f).ruce elament - mechod" prb‘/ided

NPkt che stréss varistion across the’ thu:kness of- ma shell

surfate of the shell, then ‘some degreé of variati

. = % exist between the analysis add measurements. 'l‘.he‘ fa.nite'

3.2.3 Welded sSteel Tubular Nodels oy

weldedsSteel Tubular Nodels

; éarriéd ot

The-majority of fatigue tests have Dbee

on steel joints, covering a.yide ringe of parainete:u w‘hich

are representative of joint intersecticns of " offshbre i

structures. The h:.ghest criucal hot spot: strain . range is

& stress region. This method excludes straxns d\le tQ residua

and notch:stresses. In t‘he’\present study, the hot spot




strain range-of the joints has been obtained using strain

- gauged steel.tubular models.

3.3 Hot spot strain or Stress Range

) The hot: spot stress is the peak stress around the ¢
- Hint‘ersectian of Ewo o more members. The service life of
b tuhnlar joints is qenerally calculated from S-N. curve, where

s i the hot spot stress.rahge, and N is the number of cycles

< -to failure.

... .. Bccotding to AWS Structural Welding Code (87), the

hot—spot stress or strain range is defined as: "Total range

vof (mrst hot-,spot stress or strain on the outside !urface ‘of

).ntersel:ung members of the toe of the ‘weld joining them e

s B ‘meuured qfter shakedown in model or: prototype connection or

- calculated-with best available theory. The British Code

o, e '(88)," uses the folloving definition for the hot—spot strain

‘range: ~ M"Relationship Q* (C‘urve) applies to thé main members

e S S oty ¥ and K connections. The stress rsnge corresponds to

the peak range on the outer surface 'ad]acent to the toe of
- .., the attachment veld Ietween braceand diord maberi®.  The

corresgpnding 8-N. curves for the above two definitions are

AWS-X curve and DD 55-Q curie respectively.

S * By The API Code RP2A (86), states “hot spct strain

range may be defined as that which would be measured by a

[ . -
..~ strain ‘gauge element adjacent to and perpendicular to the toe

i
i
i
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of the weld after’ stable strain cycles have been achieved" .
The proposed fatighe design rules (98), which is followed in |
the present study, suggest that the idealized hot spot strain
R ey by linear extrapolation of measured
strains to the weld toe. The strains are measured by -atrain
gauges at apprcpriat‘e locations (A, B), indicated ip’ Fig. 12,

and defined by the following equations (137): - :
+

a; = 0.2 /rt but « 4 mn (16)
. Ay =0.4%(xe) (RT) S 2 (17)
by =0.2/rt but < 4m (18)
% - w.
. Dy=0.65vre "I (19)

The maximim' jot spot strain range is obtained using the

) ; ;
linear extrapolatioh-to the weld toe through A and B, thus
including the effects of the “global geometry of the joint and

the weld (76). The magnitude@ of the hot 'spot strain range,

“Ae for the random loading is given by an ‘equivalent constant

amplitude equal to the root mean square value (rms) of

2 Oy

i (20)
0.707 . E A

‘where o = ms value of a’random signal (139). In the

American literature (15) the hot spot streds, oy is defined
e 3 i
ds T

%us = F ¢ fus

The strain concentration factor (SNCF) is the ratio

of the hot spot strain, ¢ and the nominal'strain, e, in the

HS

(21). "
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v R & "
" brage. The stress concentration factor (SCF) adopted,in
Europe is the ratio of maximum principal’ (hot spot) 'stress,
g amd the nominal stress o in the brace (100,137). Thus,
_"scg = "Hs/"o ) ) . (22)
<4n which ; o
E o X
us = 1o (s t Vel o (23)

cus! 5o . Puy (24)

Eqn: (22) can be \rewritten as .

{egg+veys

©. SCF =

T y(25)
o {(1=v%) 3 o
tgs y
=0.3 and — being small, ,the SCF > 1.1 SNCF. (100)

HS, o S "
\ . .

3.4 Fracture Mechafics Approach )
The fracture mechanics provide a quantitative
selationship between the applisd stress, the size of the '
stress concentrator, such as a weld crack'or similar flaw,
_and the toughness of the material and can be effectively used
' to’estgblish the criteria for the design, inspeceién and
repair of offshore.platforms (101,102). The structural .
_Ln:e;zr‘ ty paramet;szs contrglling fracture are‘» shown in Fig.
Coaa ’ o
R N 4




3.4.1 Linear elastic fradture mechanics (LEFM)

/

2. 3 a 2 Determination of Fatxque Erack: .Growth Rate Curve

- ).Soundary chd].t).Qns away from o

'rh‘e application jof hnear e1;smc Eracture <

boundaries, the nature of applied madmg Kand envlro‘nment s

viz t‘he Applled stzess/ train 1eve1 allcwahle

defect size, or the material p:uperty, the unk[mwn ‘quantities i,

governihg the design can be estimated. ‘a

L ‘I‘he stress 1n(:en51ty factoér xs of primary

importance in ‘the predlCLlon of br;.ttle failures usxng anear

elastxc fracture n\ec}\anlcs.l Numerical ﬂetexmmanon of .

stress 1ntensl£y distributlon alcng the c!ack front 15 a

difflcult task and the Btreﬁs

ntenslty depsnds-ma).nl'y on me Yy

crack ftont.- T -

gemetry, size ‘and shape PE the ctack, and the loaﬂs.ng

conditibng. ' 'The reLatLor\ship among these p;rameters




‘= half crack length (if it is an embedded crack)

..+ = crack'depth (for surface cracks)

the remote stress, ,

-+ X = eorrection factor dependent on geometry

e ! Since fatigue crack growth depeids on the dyclic

‘stress raiige,”and the stress intensity factor varies directly

i
“with the applied 1uaé it is appropriate to consider the J
@ ] ¥
el ;- . range of stress 1ntenslty factor given by I’

VAK =¥ po /E (27) ”

: ! For fracture’ meckanics prediction of far_i.gue life,

knowlédge bf crack growt‘h rate data for the mate1131 1s -

sssbatial, To determine the crack growth fate, a precracked

‘specimen is subjectéd to constant amplu'.ude dyclic loading.

- During the test, increments of crack lerigth ahd the |

‘ -+,  corresponding number of loading cycles are obsérved for a

TR ¥ given load range. The resuiting data Of crack length, a, vs.,
: i A

» n\uﬁ er of cycles, N, are plotted: éy,perfoming experindnts

- on xdentmaf “specimens sub]ected to dlf‘ferent stress ranqas«

crack length is plotted aga).nst numbe: of cyc]:ea._ da/dﬂ for

‘ succeﬂslve pesit1ons along the curves are detemined‘ \

; g qrap‘h:.qally or numencauy. The corfesponding values oE

w0 stress 1ntenslty facor ~ranges. K, ara computed from- the

" knuwn .applied lead ranqe and me.-,n,cnack length for dach’ K

S *,<~iinterval. The'resulting data when displayed onia log-log ~

bowe e 3 plot Of da/AN‘vs. AK reduces to a single. cuive as
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Fig. 14. ;This curve has & sigmoidal shape that can be
divided‘into three major regions. Region I indicates a =

threshold value AK,

m' below which no crack.propagation takes

et e

K place. Region III corresponds to the craixsicion: into. the
unstable fegime of rapid crack extension. ‘Reglon I1 shéws
essentially a 1inéar reIatxonsth between log T ﬂa and log
5 “AK definedl by Paris ‘equation (110). . F !
"'3.4.3 atigue Crack Growth Model B
N " In the present study, an.andlytical'tvo dimensional 2

.crack model of an edge rotch type is considered, to simulate’

: the, cfack growth observed in the tubul'ar monopod joints. The

_instantaneous crack growth rate was determined experimentally

ail.a thm the stress intensity ‘factor calculated from the

Bt e frac;ure méchanics (LEFM) princlples. In region IT of the

' curve shébwn in Fig. 14, the fat).gue Grack growth Hate ‘;; is

by




_and nhave to be determined. For more complicated |

factors haw

test data and’ c.rack growth racords. Subscitucing Eqn. (27)

in Egn. (25). we.,get

o p T4
According to Gurney (111), C and m are not strictly,
material constants, since-they vary with the mean cycling
stress, test environment and the cyclic frequency. For a

particular material and.set of conditions, the values of C

‘configurations, such. as. tubular Juints, the stress intenbity

o be determined from t_he Ftubular joint facigue

da _ m. . ;
&= C(YﬂAa T, . . L (29

3.5  Fatigue Failure Criteria for Tubwlar Joimt . |
. The following fatigue lies defined by the extent - E
“,of cracking ‘are, usually defined (140): .

1) N, =158 darop in the otk gauge meagurement
close to the, point of crack initiation
ii) N, = First discernible surfachanlng usually
) detected by visual inspection 7 °
£14) Ny =First thiough thickAess crxcking“ %

(iv) N, = End of test, wher the crack length becomes

approximately equal to half the main chord el
o circumference . o Ry :
=8
.y . ¥
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47 FINITE ELBHEN_T ANALYSIS.
4.1 General - -’ .

In welded tubular joints Eacxgue cracks are found

to initiate at the weld toes at the hot 'spotf Hany =
techru.ques have been In use to' determine the sEibas «

_ concentrations in the hot spot region. In general this s

i done by utrun gauge measurements or finite element

calcu‘lations, or both. - In both cases the effect of weld

'defects and welﬂ grofiles cannot be taken into Consideratlon )

ana: hence .do not provide information on’the ‘local effects.
'l'he high' lgcal stresses, usually characteuzeﬂ in terms of
stress ‘concentration factors,. are especially important for
£atigue congiderations.

The ‘monopod structure % anulysed by _the

MS_ NASTRAN cnmp\xte: code (116 117) using flat’ shell

eiemencs. g of the ‘non-axi ic nature of the

,problem (structure, being rotacmnally' symmetric with the vave
" foad antisymmetiic), the nodal and clenent data were prepared
fol’ the three—dimenaional structure and used to evaldate the
s“:'re_ss dlst,rlblltlun and structure defnmation. The following
section describes the basic theory related to the analysis .

using QUAD4 and TRIA3 finite elements.




4.2 Flat Shell Elements - QUAD4 and TRIA3 B &2

e LN i3

«

A three nodeddisoparametric flat element (TRIA3).
and ‘a four noded isoparametric flat element connecting three
and four grid points respectively are shown in ng. 15. The

element formulatiun allows inplane, bending, and trunaverse

shiear deformations as well as coupling between inplage and

" “bending behaviour. =The grid Point numbérs associated with - -

“the fields G1, &2,'G3 and G4 are upique for ‘either element

and must be_ordered q&nseéucxveiy around the perimeter of thai
QUADY élement ‘such " that au}nterioranglés \are less than 1‘80:‘
degrees. The element has five nodal degrees of freedom .

;and,a normal: >

consisting of two, inplane dxsplacements, ‘“x u,

aisplacement u,, and two bénding \rotauons Byr

rotational degree of freedom is permitted about tfee noriial
for these eléments so that there will be a P and a column
of zeros jn the six'by six stiffness matrix associatéd. with
each cofifiected grid point, The system stiffess n\a‘t;ix Wil

thus’ be singular and constraint is imposed, by he’ single’

point constraint (BPC) capability of NASTRAN r.‘omp\lter code

(\17) - . '

The constitutive mt:n.x, ‘which defines the stress-

strain law for the shell element 15 ‘as 50110"5- B

30y "




where t = thickness of the element and {o} i
. o .
- oX .
. . LY Y, %
The ‘terms e®are defined as surface strains and -
’ given as.
he® " au‘k/,ax )
T T el =)es, =]a % =
1 Y {e } vy uy/ 3y ) (33)
. % ¢ 3, -

'_e'xyAr'Tx':

s where “u,

and “y are the ' dlsplacementa of the natnrnl surface
in x andy directxons.

Similnrly the ‘reference aurface -

curvatures are;




16 and ny' and yyz' are the corresponding transverse

strains of the reference surface. The cross sectional’

properties; of t, I and t, are the membrane-thickness,

/ . — 2 Kisg
area moment for the cross section-and shear thickness

respectively, referred to the reference surface.

“~ The matrices G1, G2, G3 and G4 are elastic

(36)

Q, and Q, are the transverse shear forces in Fig.'

shear,

w

second.

constants which'are obtained from the continuum formulation.

‘!\‘he tern’ com:alnxng “e2 Gy in the Eqn. 30 represents the effect

of couplifig of bending and membrane behaviour.

d " The stresses are computed at autances zy and z,

cefnttoid of the element.

The stress state is given as: e

B ; uﬂ--!l(M)‘i-u'#{Au)ﬁ

where the membrane stress o° is given by

o Gy (e-e ) + t G, (x"-x;°)

y

s, from the reference plane’along a Line perpendicular at the

(38)




‘components of the nodal polnts of the finite element system.

N e - . 46

and Ac results from thermal effects. In addition to these

i

stresses, -the force resultants ¥, N and Q are also computed

at the node points.
The restraint provided by welds at the ends of the

tubes with the base plate is simulated by restraining the

trnns‘lationa lnd rotations of all the bottom nodeu. The

solution of the equilibrium yields the aisplacement

e s e ke

4.3 Discretization of thé Joint

For diacreuzntion of the tubular eonnectxon,

2

aveYopea i ioss Wera Qi £or the maln Gbord, ead thees
branch members with their lines of intersections. Both () :
triangular and quadrilateral elements were used, with smaller °

size elements alonq the lines of intersection-and larger size

elements away from ‘the Lntersection of the jomt.'
Quadrilaterals are formed by doonecting the points on tyo
adjacent lines. de trLanglea were formed from a
quadrilateral by connecting its shorter auqnnau. A smooth,

transition from smaller ‘to larger elements was obtained and

the elements and their npde numbers were numbered

consecutively. The developed surfaces, element patterns dnd

their nunqéring for branch tubes and main chord are shown in

Pt CER TSNS R S

Figs. 17-20. The bulk of the input data consisted of element

numbers and surface coordihates.of the nodal points. The

generated mesh for the joint is shown in Fig. 21. : §
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4.4 Element Stresses and Strains T T

f£rom the finite element analysis are compared with the

values measured by strain gauges in.’ Figs. 22 through' 26

(137). - PR . B B

The element surface strains and stresses obtained ~
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w ¥y, ’ 5. EXPERIMENTAL PROéEWRES : -
5.1 General
; _ The objective of the experimental work was to -

determine fati'ua lives of monopod type tubular jgints in i)

¥ air at room temperature and, -ii) natural at_0°cC
Joint details, design of test frame and eor‘mecuons, specimen

., fnbrxcatxcn and cooling system for seawater circulation are

f
- ducubed ifi-the following segtions:

" s -
~ N 5.2 Test Hardware and Loading Devices

The'existxng test fzame was ddapted to support the

» 7t b, specimen and provide the necessary reactions for the

31 giraulic actuators. To avoid the lateral deflections of the

N " frame additional inclined side braces were provided. The

$ . . verticsl hydraulic actuator was supported from the two
N - *channels, which were bolted to the top of the two maif
e " columas: ~ The horizental hyauuhc acguator was nupported by
. st

.. 7 ... the other fwo.main columns approximately at one third of

E s I their height,’with a box type unit with I-sections inside the
; i et

- unit atsintervals to avoid the deformation of the unit during
ST eyelié 1oadmg. The teatinq frame and the positions of

loadin actuatou are lhwn in Pig!. 27 and 28. ' To avoid any

Blight movemant of the loa‘ung frhme cclumnn, due to the

N fluctuanng lohd during tesuné all the bolts were provided

wim steel hushmg- on eif.ner nds. so that the inr!ur




. m thick was connected. To the other side of this plate; a

)
i

0 . 43

diameter of the bushings were equal to the outer diameter of
the bolts, so as to fit exactly. The bases of the col\lmns‘
were bolted to the heavy duty test floor.with suffidient
c'uxque. The hydrnu).ic rams were used to apply the loads both

in- vertxcal and horhontal directions. The base of the

The vezéxcar'md horizontal hydraulic actuators had .

i

i

specinen was ‘Fixed to the 90 cm thick heavy duty test floor. - % i
capacxtles 220 KN and 670 KN respectlvely and. were controlled !
i

.by the ms machine. The hydraulic power supply for the rams 4'_ .

cansisted of 40 H,P. electric motor with 1200 rpm and a
hydraulic pump with a flow capacity of 65 litres per min. at
an operating’ .pressarb of 20 MPa. .
Special connectmn devices were designed to appJ.y
static vertical and cyclic honzm?tal loads to the sgeculens.
Carg was taken to achieve the verticality of the vertieal
load, to avoid any eccentric loading during testing. Por the

. * ’ o
pin-jointed end, of vertical ram, a square steel.plate of 25

circular ring, ‘:{ch aimensions 0.D. 375 mm’x 50 mm high x

3.18 mm tk., was welded. The outside diameter of this tube
was exactly equal to the inner diameter of ;:he main chord of
the specimen, so'that it can easily siide. This was provided *
n order to avoid any slip of the’verttcnl ram during cyclic i
loading. The vertical load ,cpn;nection unit is shown in Fig.

29. The concentricity of the vertical load was confirmed




equally on the circumference of '.hg main cherd -xpon vertical i
R A L

load application. 5 . « ;

- For thée cyclic load application 'in‘the horizontal =
‘direction; Four semi-circular plates 12.7 mm tk..were welded T
#e -
to two end plates of 38 mm tk. at a distance of 250 mm apart.

= .The semi-circular plates were fastened with two smaller

plates on both top and bottom sides to make a monolithic

connection. T'he “end plates were 1nterconnected using 25 mm

dfameter Boits on all.the four corners, maxihg the whole
system to act as a s).ngle unit. One side of the unit in turn N

was welded tq the end of the horizontal hydraulic ram as
_shown in Fig. 30. - - s

Before ‘the commehcement of the actual testing
progran, & aétailed loading frame analysis vas carried out to

engure that the stresses and'deflections at critical joints

|

{

o do not exceed the allowablé,values ‘inder the maximum expelted 1
loads: Alsa £he load cells At the werticsl asd Horizomtal {

. ' i

hydraulic rams were calibrated to check the linear i

; s . i

{

relationship ‘of load and the corresponding voltage levels.

5.3 Design of Pypical Joints -

Seven joints were fabricated "to_ study the joint’

behavmur under static and cycuc loads (Table 9). One joint i
.* with stiffening rings (Fig. 31) and six without (Fig. 32).

~



-~ stiffened joint stiffeners were provided at the main ‘chord

branch tube intersection, to decrease the joint flexibility. .., -.

. The stiffening rings are circular in'shape spaced at 100 mm

apart with the dimensions of 75 mm wide by’ 6.25 mi thick.

The directions of static and dynamic loads for the joints ¢

. . together ‘with the reactive forces .are shown in Fi

The material selected for. the fabricatiofi-of s
specimens, was according to ASTM A3 Grade B steel f£or the’”
wet tests and, ASTM AS53 Grade B speclflcatlons for* the dry

® e * tests. ’I'he mechanical properties of the steels are given in -

Table 3, chemical compositions in Table 4. ST oy
All the three branch ‘tubes, spaced at 12&' to. gach
other, intersect the m:un chord at one thu'd of 1ts height,

“with an inclination of a7 with the vertical axis.. To avoid L
stress cancenttabions due to proxmu:y, the axialt‘and lateral
.loads were applied at msr_unces of ,more thau three times the

’ diameter  of :the’ main tube from the joint intersection. The
ends of all the branch tubes and the.main chord weré welded
to a base plate'of 25 mn thick, which was bolted o the heavy :

* from the top 'of the; sain dwrd, a sleeve of 250 mm x 3.13 mm
' thick waB provxded to avoid any localxzed effects due to

- axial and dynamic loadings in the vertical and horizontal

|
i
!
{
i
3
, duty test floor of 760 mm thick. At a distance of 150 mm - : 2 E
{
1
i
|
. directxons respectxvely. ;




" achieve fuil penetrations, economy in overall’

5.4 Specimen Fabrication and Welding Details .
. . The steel for the dry specimens was donated by '

STELCO (Steel calpany of canadal and .the financial aupport
for. the vet specimens was provided by Depattment of Enetgy,
Hines’and Resources, Canada.-' -The bevelling of ends of the
tubes, cutting and trimming were carried out according €o
American Welding Socisty. (AWS) ‘Strictural Welding‘.cués (87)
requirements. )

. Different ield thieknesses were.uesd based on the
design requirenents. All welds were of the fillet type, with
eléctrodes of AWS-ASTM E6O11 and E7018 speci‘fications to

elding cost,

and good weld.quality. The welding of the specimens was done

by a welder who was fully competent for the job with 15 years
experiente and qualified for this type of work. The weld
sizes between i) intersecting-branch ‘tubes and main chord,

ii} branch tubé, main chord ends and base plate and iii)

stiffening rings and the tubes are shown in Pigs. 34 through

36. . =
% i .
. In addition to normal visual inspection, aIl welds
were subjected to 1008 radiographic examination using gamma

rays, to ensure that no cracks or major weld defects exist.
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Faulty weld locations, indicated by radiography were removed
and rewelded ‘and reexamined to avoid all possible flaws. The
mechanical properties of electrodes and welding details are

shown in Tables 5 and 6. The welds for some joints were .

ground to enable comparison to be made with other joints a7

'
tested in as-welded condition. .

After welding of each specimen dimensional checks

were carried out on all the models;, to check the accuracy of

the spécimen positions and distortion due to manual metal arc
welding. ‘All the checks carried out were found to be within
the acceptable tolerances in-both linear and angular

aimensions in comparison with the American Welding Code.

5o specials tanks; ‘one for cooling the water
) 3 - .
(dimensions* 1200 mm x 1200 mm x 1200 mm), and the other to

house the test specimen (dimensions: 900 mm x 1050 mm x 1050

_mm), were fabricated in the laboratory for carrying out tests

in a similated natural seawater environment. Natural

seawater from the Atlantic Ocean was transported and cooled

in the main tank and then circulated through the test cell
containing the specimen. Two pumps, with a flow capacity of &

11 litres/min., "were used - one to pump the water to the test

cell ‘and the other to circulate the Water from the test cell . '~




Tt e [

o~ 3 X :

~Back to the main tank. . The water retyrning to the main tank
was discharged with a free fall to maintain the oxygen

- concentration. A cooling unit was provided in the main. tank
with an automatic control system, and the water tmp;xatura
was maiftained Between —1°C and -2°C. The seawater
temperatyre around- the specimen was maintained at 0°C
throughout the testiny period. The schematic view of:the
seswktar Srenlation syeten Vith soling EEigemdnts. fe
shown in Fig. 37. _The sides and bottom of the sea vater'
cooling tank were ctgvated with a thick plastid sheet to

minimize corrosion. Howevet, the specimens and the inside

~ surface of the test cell were free to corrode. The test set-

up with test cell housing the specimen, and the main tank

. with cooling system are shown in Fig. 38.

a
5.6 Weld Surface Profiling
Fatigue strength of welded tubular joints depends
on many factors, such as, u&d_impe:fecu?ng, slag
inclusions, notch geometry, crack-like defecti and rﬁsiduai
stress. Technigues have been developed to improve the
fatigue strength of joints by reduction of the stress

Gomcentration factor and removal of intrusions at the weld
i ' - \

toes,. 3

. ) - |

One technique which has proved most promising, is

1
i
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‘to grind the weld toes (82) with a disc grindér. Care was.

taken to’ produce a smooth concave profile at the weld toe.
T achieve the maximum advantage, the grinding depth was kept
approximately I mm, and it was extended little beyond the

weld toe so as to remove the undercuts as can be seen in

Section A, Fig. 39. Section B (Fig. 39) shows the profiling
: : o :

of the weld doné on the joints tested in air.
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‘6. TESTING PROGRAMME d

6.1  General

A total of seven joints were tested-under constant

" amplitude and pseudo-random loadings. The three joints

tést_ed in ‘aif'are denoted as 'Dry 1', 'Dry<2' and 'Dry 3':
and - the foyr specimens tested in seawater are designated as

“*Corr. 1', 'Corr,

*Corr. 3' and 'Corr.-4'. The dry tests

were carried out in air at room temperature, and corrosion

tests were done ih a simulated natural seawater environment,

During testing, strains, specinen tip displacement and sea

water propertles were monitored, The fatigue life of joints

for- crack initiation, wall penetration and final failure were

" determined for all the specimens.

6.2 Stresscoat Application and Analysis

To deternfne the maximum strains and hence hot-spot
stresses accurately, electric resis:g;‘: strain gauges were
used. \)The exact positions of the hot spots ic};e best scrair{
gqauge locations) can be obtained with the help of stresscoat

- application, Brittle lacquer coating cracks at threshold

.value which occur perpéndicular to the maximim principal «

tensile strains. Since crac‘ks initiate at the. greatest
ntrains, stress concentratxon points can Me qu].ckly

identified. By kno’vling the direction of max!.mum strains ata

point, orientation of the strain gaiges cani be made in order -

to obtain precise néhsurements (118).. '
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|

Brittle lacquer coatings are very sensitive to

changes in temperatufe and humidity. Depending on the
prevailing conditions in the laboratory at the time oOf °
testing, the selection of the coating was made. For the
laboratory temperature of 18°C and relative humidity of less.

than 50%, brittle lacquer TL-500-65 was selected.

The joint location was cleaned thoroughly to remove ’

ay ‘oil, dirt, rust and loose paint if any, with the help of

_ Tens—Lac brittle lacquer T-1 solvent. First of all, Tens-Lac =
i : ;

brittle lacquer undercoat U-10, which consists of arn}ixture.

of aluminum powder ‘and a carrier solvent, was upn‘yed on to
" the surface of the joint to obtain uni forn reflectivity. -

Brittle lacquer was then applied over the undercoat, which

was_air-sprayed on to the joint portion of the monopod model.

. roring an area equal to about 1 1/2 times the diameter.of
the main tube and for the branch tubes this distance was
dlnost equal to Lhoir Qiameter. ¥ .

A uniform thickness of 0.15 .m.n was obtlined’_by'
spraying abo{.e twelve layers, at intervals of 2 min. between
each coating eidept the last one, which was applied atter 20
min. Simultaneously, the ccating was applied tc four

cAlLbrntiDn beams of 206.25 mm x' 15 75 mm x 3.125 mm standard,
i L




was 65'F. The, culi.bratmn beams and the:model were ‘tured M:
about-70* fun24 hours._ The coated specimen 1s sﬁ::mn in Flg. ,(

0. During curing, température was measured” canstantly. with

the help of & temperature serisor (thermq-coublq) and the -

humidity was meaaured with relutive humisty mater. After

_thé curing’tine” yas comple\:ed ~the temperature s, hrouqht

down to the testing temperature of 65°F and “the. specmen vas |’
also allowed to attain.the . same temperutnre- before the uctual. W b
testing was starﬁed. The zelntive humidlty vn rugh:r than

that :equxted during tesnng. * Vo

. To start with, only vertical compressive 1084 vag T

applied at intervals of 10 kN and during each increnent, the
cracks were observed 1n the coating and t.he 1oad was brought

*.to zero each time before the fext ‘incremental load:  This'ias: *,

falloued for all load ‘increments. At the same time, duriig Rl
incremental loading, the strain gauge readings from the foir
strain gauges, which were installed at four locations of the' . =~ -

main tube were also r 222 kN con ding, to the

fall loAd capacity of the vertlcal hydraulic actuator was

applied to “the mcrlel and no cracks were found in the coating.” ”

The, mximum ltrain  gauge readings during this load was ~abo||l: ' v

2300 ié, but the sansltivity of the couting was 500 e and




 ‘hence ho'crncks ber‘e ouna“in"rne coating.
i, ! ‘Duting’ testxmg, the

sens lvh{y, of ﬂxe coatlng was. measured usxng callbrntiun y
-Dac calibra\:br Hodel C 220 ’l'Ms

bﬁms vlth the aid “of Te

from the huilt in, struin scale when the freé end” of the

. dxstance uhen che full lenqth of the" crack appear in _the

cantlleve: specmen towardn the free end gives the requlred

R coacmg “strdin. Details ‘of the caubmor_a;e,sh_

42,0 e . . .
' Next, ising:the, x'wr'izonzal hydraulic 'ncﬁuatdr, the

oad in the” horizontal dxrectxon vas’ app}ied hy pulhng the

ud wag applied at

speelmen tuwards the actum:dr

1ncrements of jD kN‘and (<3 acks. .were observed. r‘l'he first Eet
,of cracks appeared at 80 BY) und these vere., marked with .
felt-tipped e, The load vas msed tp a mmmum “of JOO kN
n increments and crack pmp;qatlons narked on_ the coating.

. The phocographs are shown In Fig. 43 fo diffzrent 1ucanons
The crack diatrihution cn the main tube, ice.
The

of the’ jolnt.
1n “the. actnator slde, was synmetrlcal on exther side.
cradks ln the’ other two-branch tubes ‘vere almost similar to,

one another, on either side of “the weld, both 1n the muin

tube as:well. as the branch tubes. This can be seen in Fig.

-

caubmcor ‘gives direct T asng of brittle couting strains N

in Fig.

“¥hen_‘the, Load was




ok 4'4:;). . The coabing and _the undercoat’ ‘were. then, removed qsxng

P S0 | and 'm_ brlttlve Lacquex solvents uspecuvely. S "

ol i The second test s cnnducted to~ st\ldy the crac)g

“the actuator Aqaxn, coamg -was spriyed. on the‘joint

% -simila\r to fu’sb test:” This® time the coatinq selec’ted was -

Lo & TL 500—70,- H-hich has a. higher 5 nsxtivlt

: eoating. The coating vas appl1ed at 0'F and Garear nn F

fox 24 honrs. The relatlvg humldlty uns 50\ and m

After 4 hour

appmp(lace Eor the” ulected cnatmg.

and ‘agtual testing scurted, The ioad in t‘n horjtontai‘

dxrectinn was increased, in uteps o

‘ ' cracks- veré observed ‘around thé, joint., The ﬂrst get o
.U cracks eccarred in the main tube'at the wels edge of the
E Antersection of the mai.n tuhe and f_he ﬂrst leg thch vas ‘in-,

Wk “Line with the horizontal actuato‘r fom 1088 Of- zo kN. W B

T L secand set, of: cracks vas' fa\lnd At a loud of 400 kN at :the ‘edge

s of. the weld in-the hranch tuber. When L-he lnus wds® incregsed

. : to 80 % ll\any smaller crm:ks vere.£oiind abuve _the weld i

o tha main tube. Thesg cracks. ‘were marked ‘on the specimen. I'\s:,

out 'in the main tube but the cracks in the first.brunch tube

. were propagating .along, the wld instead of avay from . the weld

the loading “was dncrenéed, the distrlbuticn of cracks zpread .
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Fig. 42).°: During this stage, ‘amall intermittent vertical

:cracks were.'observed in the main tube opposite to the first

; 2
branch tube, in between” the two other branch tubes

‘intepe};tion (Fig. 43(b)). No cracks were found in the

remaining. branch tubes until thé load reached maximum at

which: the cracks were symmetrically distributed in the main

' tube and the branch tubes, as shown in Fig. 43(b). Cracks

appeare:i during release of loading oniy on compregsion sides
of the two branch tubes . o

¢ ¥ Nn cracks appeared beneath the lovwer portions of
all branch tubes (lower crotches).® All the cracks,vere
marked o, the specinen and photosraphs e taken before -

remuvmgfthe coating, The spread of the lacquer cracks

around ‘the :.om: gaye.a vivid picture of the overall strain -,

dutribution and the severity of strains at critical

locauiom, which were chosen for. af £ixing the. strain gauges ‘.

muund the Joint o measure strains during static and fatigue

loading. . = . . .

. The ppme pracedure was fulloued fer the joint with

scsffemng rings. - The’ coated specimen and’ the contlng crack

patterns are shown sn Figs. 41 und 42(b) respectively . ol

|
i
'i,
)
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6.3 Test Set-Up and Instrumentation ... .
Great care vas taken to achieve the verticality of

the static load with the vertical hydraulic actuator

simulating the deck load, and the horizontality- of the cyclic

load with horizontal hydraulic actuator to simulate the wave

» loading. The base plate was secured to the test floor with
. the maximm allowable torque to the bolts.. To aveid any Lft P

/T of the base plate due to rocking.of the gp,ec;mgn,':é(vo' T o
angles were bolted on two sides’¢f the plate, Finally, the i

. vertical and horizontal load comnection,units were checked

i . for smooth mévenénts, To measuré the specimen tip

. displacenents during cyclic'loading, a linear variable '

Aisplacenent transducer was placed at the top of the

specimen (Fig. 38). The test assembly for dry-testing is
, “e 5 <

“shown in Fig. 4.
’ The direction of vertical and horizontal load
applications amd ‘their reactive forces are shown in Pig. 3.
. Prior to the final assembly of the joint inthe test rig,
nusber of electrical resistance strain gauges. were installed s
at meorhan;: locations on the basis of the brittle lacquer
' F testing. The a‘train'qauéés consisted of uniaxial, biaxial
: and rosette gauges. The propertfes of. the'gnuge‘n are given
inTable 7. More gauges'were placed near the critical }
region. ALl the uniaxial gauges 'we_re placed at locations

where the direction of the maximum principal strains are




known. The rosettg gauges were installed at locations of

unknown directions, $ “the prlncipal‘stra!n!. The strain
gauges were connected-to a vhe;tstone bridge in combination
i\d:h a temperatnre-cmpenuatmg dummy gauge. »

. For the joints tested in seawater, special
protective coatings were applied on the gauges to protect
 them against chenloal sattack aod soisturasdoeEoisenwpter, (el

condensation around the- joint. After the gauge was installed

in positlon, H-coat"ﬂ was applied to the terminal oi the

gauges where they are soldered to the lead vires. A thin
coating of M-coat A/D was applied to t.he full wideh”of the -
gauge and to all the exterior edges. After lllouing to dry
£or about 24 *hours at room \temperat’_urg, an intermediate layer
of metal fgil such as M-goat FA or PTFE Teflon film was
applied to produce. a-further v}apgur barrier. A final layer

of M-coat G was applied after an elapse of a few hours (119).

Fig. 46 'shows the cross sectional view of protective coatings’

for strain gauge applications. This procedure was adopted

.
for all the joints tested in seawater. The strain gauge -
locations. and their directions for all the.specimens tested

are shown in Figs. 47 through 53.'. The.procedure for strain

" gauge "application to the metal surface is given in Appendix

L

"
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6.4 . Automatic' Data Acquisition System
To measure” strains under static.apd fatigue
loadings, an au‘t:omati(? data acquisition system was employed
with the f.ollowing Hewlett~Packard units:’ 9825 De;ktop
Computer (contréller), 9826A Plotter, 3455A Digital
Voltl_neter, 3437A Syé_tem Voltmeter and 3495A -Scanner.. The
units weré ‘connected via a Hewlett-Packard Interface Bus “(HP-
.T8), which provides a link and communication between the,
components. ALl the strain gaugés from the sPec;menKCeze
connected to BLA strain gaugs switch and balancing uhits
vhich in turn were interconne¢ted to'a B & K strain indicator
unit.* The change in the resistance of any strain gauge
caused by the load could be read from the digital indicator.
display or through its remote analog cutput.. The B & K
strain indicator type 1526 gives instantane.ouu direct
readings of strain levels on a digital display and has a hold
function to permit t}:e measurement of largest peak,
regardless of sign and time. In cases where both static
and dynamic strains are present the two components can be
separated by the use of the hold function. The built-in set -
of 1o‘w'pass filters can also help to achieve this besides
hoise filtering. Bécause of the demoduldtor principle used
* in the strain indicator, resistive and capacitive unbalance

on a strain gauge arrangement can be balanced out together by

one potentioreter (120),
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All the strain guages bere connected in half-bridge
configuration. To eliminate the temperature éffects,
compensating gauges were used along with the._ active strain
gauges. The BLE switch and balancing ur'li'tt; were modified
i\nternally‘ by conriecting a-high and low wire fromone of the
input channels to the high and low oufput wires respectively,
to facilitate automatic strain measurements and simultaneous
data recording. This enables the scanner to pick up
individual channéls on the computer's command.

The strain gauges from the test speclmen were
connected to the strain indicator unit via the scanner and
balancing units. An excitation voltage was applied across
the similated Wheatstone bridge and the variation in voltage
drop recorded. The strain data was displayed in the , —
indicator unit, while the analog signal was transmitted to. ¥
the A/D gonverter i.e. the systen voltmeter, vhere the. signal
was ‘converted from analog to. digital..binary code and - extended
into the computer message storage. Similarly, the digital
vo]f.nieter interfaced with the computer received the load
signal from the load cell of the hydraulic actuator. ' Thé
computer was used to reécord simultaneously I?oth the load and
strain signals. The computer was proé}.med' to collect data,
store ‘the maxXimum and minimum strain at any stage of testing,
Plot the stress-strain hysteresis loops for aifferent gauges
and record the data on papex;. This automat‘ir; strain




throughout testing time simulating theinatural seavater

in Fig. 55.

‘damage. The corrosion fatigue life can be affected by

6.6 Static Tests . s

¢ i BT

measuring system helped td measure strains more efficiently . . —— |

and accurately during testing. The computer controlled data

acquisition system is shown in Fig. 54, and the block diagfai
. -

¢

6.5 Measurement of Environmental Parameters
3

of£shore structures. are subsjected to.both corrosion
and fatigue and the combined efféct of an aggressive

environment and fluctuating stress acceleratés the fatigue

environmental factors, such as dissolved oxygen content,

salinity, temperature, velocity of the sirrounding fluid and

pi-value. The normal tures in offshore” land

vary £ron -2°C in midwinter to #0°C in'mideunnef. On'the. - . -
basis of this it was decided to maintain a temperature of 0°C
environment. In the present investigation, salinity, pH

value, dissolved oxygen cantent, HCO, concentration and .
temperature were messured:once a'dhy and the values showh in .

Table 8." The detailed measurement procgdures are given. in

Appendix B.

+ .7 the firsw stage in the ‘testing procedure was the - e

applicatitn .of [incremental static loading up to the peak .




* and hnrizontal,.ditectians. To méasure strains duting

jx number “of electrical resistance ‘strain gaugés at m\pottant
S '“ . locatxuns. Thé number of strain gabg‘es and their Positions
e g for 'all ‘the specimens® are-shown in' Pigs. 47-through 53. A .
shakedown of the mstrumentatxon was performed by applying 4
"'fo.s cycles with a partial load before thé commencement of
; thetest, to ensure satisfactory-performance of the gauges
R ..and elininate drift. A '

M g After the calibiation of thé strain gauges, the

| A joints vere subjected to step-wisé increasing and decreaslng
Y g - loads and stgams fecorded. during' ea¢h increment. The
‘selected load levels for each je'int in the vertical and

IR LA hbnzontal gueccions, are given 'in Table 9. The static

measured at the maximan and minimun peak- 1oads for .

joints are o given ifi-Tables 10 throigh 16. From the

fred strains, principal stresses and strains were’

straxn concentration factors (Tables 'I7 and- 18). .The details

Fatxgue Tests ..

comencement of fa:igue testing folloued

i edxately after the cbmpletion of the static tests. The

i




‘method of*generation and applicatioh of Tandom load ‘time

" haximum and: minimum cyclic loads were selected to obtain .a

desired stress range. Five joints were tested under constant
amplitude loading at stregs ratig R = =1; four at a freqiency
Of 0.20 Hz and one at 0.25 Hz. fTwo.joints were tested. under

pseudo-randor. loading, one in air and the other -in water. The

; detatls of the tést environment, weld conditions, and, peak’

load levels for all the specimens are-given in Table 9. The

history and the constant amplitude sinusoidal signal-are
described in Appendix D, The number of cycles were countéd
as_positive zero crossings. ‘In both constant amputude‘a:id
pseudo-random load applxcauons, ‘the MTS testing system wag
employed. The details of the MIS capability and' method of
use are given in Appendix E. During fatigue loading, strains
from all the strain gauges were r'eco);ded\at appropriate -
intervals. ’ :

A linear variable displacement transducer (LVDT)
was. installed at the free end of the chord‘above the. 1evel of
the horizontal hydraulic actuator (Fig. 38) to measure
displacement of the specimen. ‘Use of LVDT gave better
ACCEEGT A% ‘Eha ALsplAGIIeHE WedetTeRERER: OF PHe JplatartHup
those based on the actuator stroke measurement. i

Crack growth due to fatigue can be mohitored by

visual inspection, surface- marking! measurement of the drop

in straxn level and non-destruct:.ve techniques (NDT).  In the




present investigation, .an attempt was iiadle o) BbtacE the
crack initiation and propagation using non-destructive o

. testing methods. ’!(réutk;anyer Ultraspnic Miniature Flaw

Detectér USK 5MR -and Miniature Chart Recorder SI;S and a : -]
- portable Magnetic Particle Testing unit .were used to detect : g
the cracks'at the weld toes. Thé water level around the

specimens was first lowered well below the ‘joint interséction

level and ‘the locations near the rexpected crack inxtiation

regions were cleaned and dried. ,The portion was then: L%
'maénetizea with individual contact prod sets. 'Im;mdiacely

after magnetizing, magnaflux liquid was applied and the

cracks were observed,with a Magnaglo black light. The

magnetic particles in suspension adhered to the crack

openings indicating the presence:of the crack.
Ultrasonic and magnétic particle testing methods, were« o
not successful for thé wek tests in crack, detection and as a

! crack lengths were messured

result the reported surfac
visually using magnifying glass. * The water level surrounding
the test specimen vas lovered for observing the crack y -
initiation, The First crabk initiation was Hotibed at crack -
lengths ranging EXom 2 mn - 10'mm. However, the detection of 5
through-thickness—cracking of - the chord was very successful.

This was made feasible by the use Of kerosene filled inside

the chord to a predetermined height of 75 mm. "As soon as the

R S P TP




“.crack opening in each cycle. This was immediately noticed

r‘m onl; by the smell butialso by its floatation on the wat/er
surfaee’ A fresh batch of natural sea water was theri ‘added
“within 2 £ime period of 2500 to 3000 cycles to réplace the
water polluted by. kerosene.' This procedure: vas followad for
the stiffened and the four wet specimens and the drack growth,
measurements after wall penetration mi'ght k":a,ve been affected

due to the traces of kerosene. - Total crack length was

measured considering the main cfack in the chord together: . . *-

_with the secondary” cracks branching off from the main crack

along the weld toe.  The ‘specimens. tested in weld toe ground

.conditions were Dry 2, Dry 3; Corf. 2 and Corr. 3, while Dry

1, Corr. 1 and Corr. 4 were tested in af—y,eme'd condition. -
only Dry”l and Corr. 2 were subjected Ao peedibseaifion )
xégaing WLYE tHS Fest BLENE Specliiiis tested Tider constant
amplitude loading. The test parameters of the specimens are
- given'in Table §. ~The. number of'cycles ‘corresponding to 15%
‘stéain dcop in the ot spot.region, first visual crack, crack
ineiation, through-thickness; cracking and end of test for

: t'he joints were recorded mnd the results presented in Thple |
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Ths ('.yplcal. détalls ,Of :

. compact tenswn specxmen (crs) tests~

81 (us). are shown in Fig.

MTS ‘hydraulically actuated, servo—con\:rdlled mecha tokl test -

system. The crack propagation Vas’ ﬂmdled on,

tested. The test set=up is shown * Yin Fxg 56(b s

~machiined notch tip to & distance of’
less than ‘0.1B), prior to generatifg-the

‘seawater. The purpose of precracking was :q‘ grb’fzca'

Load ‘shedding wa'g'

amplitnde with a stress ratio R = 01."

done ayring precracking. After precraexmg to the'










7. - PATIGUE FRACTURE MECHANICS ANALYSIS

7.1 Crack drowth Data and Material Constants ¢ ana ¥ .
W o Shetaad growth data of CTS’lpoci.mens, t.he

sf_re(u 1ntenu.ty factor range corrupondan toa given crack

‘growth rate uas:calculated.  The stress intensity factor:

1 uation that 1noorporntes the: important variables is ngan

"= thickness.of specimen mm;

For the Qompact t.emfen rpecingn,

v -u:m.n 9.25 Eor il between 0.3 and 0.7'is glv!n by

(a1, 134, 138): ) t %om ek §
: e i
Ha/w) = 29.6 ;;) ~ 185.5./(3)

" For the various applied load ranges, corresponding’

‘values of stress intensity factors and da/dN data were

nomputad «and plotted ona lég-log scale (ug. 510 Using the

: regresuon analyeis, the matexi.al constnnt- C and m in Eqn.

u = width of specisen, m . - + o in

= = sn 7 7/2 t a2 s
+655.7 (2) - 1017.0 ) * T+ 6389 () (Y,




against -the nuhbe;‘ of chles to wall penetrahun (Fi 58),

. propagauoﬂ stage. The Eollowi—ng assunptions are’'made in

(4)  The initial crack depth a; is assuned tobe 0.i.mm. The .

" bowed crack in the t‘ubular joints (Fig. 59). - ;

Al o X :
‘extiibits a linear relationship, which can be represented by:

The stress }mensny factor K ahq _the” correctian

factor b'a Jare detemlned’ [Exofl the expenmental _crack growth’

data of tubatar Join H ance crack depth measurements couTd . S

" number of cycles, indmatl.ng a_constait;
|

durlnq crack

comiputing the crack ‘depth. i n: - T *

‘(1) The shape.of craek_ surface is considered as seghent. . - ) 5

of anarc of a lcircle.

(2) - The transition from surface ctack to thr,ﬂugh—t,hxckness -

crack is considered to ‘be smboth.~,

(3). The surface crack shaps variation during- crack

propagation is .the same for all the joints tested. and

£inal crack depih is taken equal t wall thickness, of

- the chord .

Siérack depth is c

N | i 5
Fo The hot spot stress range, Ac vs. mumber of cycles

of . failure, N, for the tubular joints shown in Fig, 83




following procedure (18

- Ao =

Ng = number of' c'ycles for fanure.

o= slﬂpe of the straight hne,,’

4constant, . o v

Regression analysis of 5-N data of tubular joints vas_ carnea

oux and‘the ‘values oﬁ n'and k,. which provide a good £it of

the test data were fuund to be -0.3001 and 9788.136 , -
respectively. F T R o

" The non-pmpagatm?faugue crack region (Regioh ~ x)

" of Fig. |I, curresponﬂs to ‘the endurance linit of the SN

From “the orthogonality asgumption, the slope m -of the-

AR plot (Piq. 14°and an. 28), is" related ‘to the slbpe,

N "o a2y

Fer a knnwn value of n = —0.300), the correspanding value “of

the xlaterial constant m is 3.33, whigh differs from the value
of 3. 9 obtained from crack growth data of CTS specimens.
To determine the stress inténsity factor Eor %

tuhular joints, the correction factor Y is-obtained us:mg the




iy D, gja‘:c(w-u‘/b—a)“"

& v
A43)

by Mllltlplyxng both sides of Eqna 43 by Ng,y, lnd

51 Bubstitutxng Bqnq 41 for Au, Eqn. 43 becomes ®

: ala/e) . ¢’ |
W awwe nyk f\ﬂ)ﬂtv

P
where' San il 4

crack. depthy

- ) - / »
) : total thickmess of the main tube,
T s+ N = number of eyeles at cra’ck‘depth" a.,
. ' N; 5 Final’ life or ninber of -cyeles. td through-
R ok thickness cracking (crack depth, a beconss,
5 . " equal to thickness; )
dig 4 Bt R
N ¢ Y = ccrrec:{on faétor .
‘mow ‘the qeometric corremon factor ¥ will be of the form
L ST 1,/m . [t1/m— ) S
’ L L AN frazk-kC/m
Con oo R D using Ban 45 the* cobrection: factor ¥ can’ he

. * . aeter'mi_ﬁed for any-crack.depth at s"given number, of cycles.

S- .t found to” be between 0.214 to. 0. 3504 Knowing the valuea of

correctlon factor Y, the crack tip’ stress intensity factor,

- L .. . Kj!for the cgbu' ar Fig.

oints is computed from Edn. 27.

The range of values for the correctlon factor % 4 uas.

i
3




; s 2SS - 7.

60 shows the variatxon of the f.‘otx‘ectxon factor, Y, with the’

correspond:l.ng crack depth to thlcknuss ratio, a/t an,a‘ it can
T
" be seen 'that the: correction factor variés inversely .
_proportional to Ya since K and-o--remain’ constant during the

: crack _growt]

of, tha crack, the materlal propertics ake into

consxdemuon, compared to traditxonaxrs-n curive and
palmgren—umer ‘cumulative damage rule nethods. -, P
In the’ present ‘study, fatigue life estxmatxen ‘of

monopod f_ubula: Joidts is made using fra;ture mechanics w‘h)qh

conuders the Eallmung factors:
- (i) Initial defect size, a;
(ii) critical :rank depth desining ‘the failure of

‘,;) P the Joint,- o

.. the ‘cracks, and
(iv) The fatigue crack growth data for the material

subjected to.the 'service loading in the actual

envxmnn{ent‘ e
The xrn.tlal defect s;ze, 2y, is normally conni.dex‘e

_as surface 1mperfecbxon due to- welding, and 11—.5 value




to the existing codes, it is assumed that the initial defécts.
aré always present along the weld foe. The “AWS Structural

Welding Code allows a maximum uwndercut of 0.25.mn, vhich .

would be an adequate initial - defect for fatigue crack . |

initiation. The DIV Code (T06), allows-an initial defect

size, aj equal to 0.1 mm. The critical crack size, ag will

©. 1" gepend’ on em natire of crack’growth. .Diring experiment,if

the. crack penetrates the thickness of the tubeu rapidly ‘and:

then - slowly p:opngates around the cucumference. the cri.t:ical

% erack size will be taken equal to half the brace aianete:.

Alternatively, if the ‘crack is quickly eatablished around the -

“+ circumference a.nd f.hen propagates through the thickness
équal t the tube

“slowly, the critical Size will be t
wall thi.ckness. . This factor is specl.fic to each particular
" type of Joint and ‘loading condiudn (101). * In majority of

tests, Ahe tg)ne taken for a astect o giow 0 half, the

crltxcal size 1s much mghen ‘than the remininq life. In the

))resent 'case, following the DNV rulaa (us), t.he Einal b S

& critical cz‘ack depth, agr {5 taken equal to the thickness of

the maln chord wall (t-= 9 525 mm) .

with Known values of the correctlon factor, Y,

ecmcshc -and m, inlcxal and El.nul crack dgptha

and the ho\: spot Btress range,” the. number of cycles to

B ASE

TS falldre fe obtained by inteqrating zqn. 43 and given by










8. TEST RESULTS, OBSERVATIONS AND DISCUSSION

T a 1 Stress an Strain D:.strlbutlans . 2

b s The study of ‘thé stress analysis indicated thatr the

stress and strain distribution around the Jomt'mtersectwn

. “showed that. theé hidhest stress intensity exists.in the hot . -

spot region m the in—plane loadlng directis at the v Rk

Er g ]unctlon between” the -first branch tube and the mam chor

On. the opposxte s).de of the ﬂrst branch tube, i.es i.n e

between the branc‘h tubes 2 and 3'the mr_enslty was -lcwer

gomparatively, ' The bendmg stress autnbuuon is Minimam. < T it
towards' the - centerline Of ‘the bending axis, Fig. 61.

The stress: analysxs was| carried out by fxnxtE'

ot T element met'hod and £hé ‘Fahtits aibng the symmetry lire with

respect to bemung loads are compared with ‘the measured i

strains (qus‘ 22 to 26) Generally the computed values - b

47 compare redsanably well with: the. measiifements, with ‘the

difference of only 10 to 15 pércent.  Neglecting the sm.h

degree »of,f:eeaom i

the thlﬂ shell element did not. introduce 2
)

any significant errors even'when the’ bending éffects are

‘ predomlnant _The _maximum ooll\puted sttesses occur at the .

midsurface ‘intersection of the chox‘d and brace. ‘A more.

reala.stxc estl.mate of the stresa dn.stn,butx.on can' be

determined if the weld dimensions are taken into account im . oy

¢, 7 T the modelling. ‘The diffe,mnce betveen the numerlcal and

s‘xperlmental data wo\xld be decreasad futth&r if the 1nf1uence




8. 2 Hnt Spm: Stress and Strain Range
: ? the ot spot stress or strain ranged were”

determined from the' maximum ‘principal strains corresponding

to peak static load ranges. The 'measured hot spot strain -

ranges are .determined excluding the 1local weld effects.
o The hat spct stress and SCF are ?uted using i)
fuute element method. ii) parametric equatfons (Eqns. 5 to

15) and equatlons sugigesced by iii) Mazshall (15) (Egn. 21)

and ;v) ‘Radenkovic (100). The e‘trapolatiqnmethod £rom the

strain measurements to the weld toe as suggested by the
European Working Group IIT and Department of Energy, U.K.

(98) g).ves the ‘hot spot strain range, which is consistem:

 with the-fipite ‘element method (Table 17, and Fxgs. .Kz(a) to

”62(‘:)). For the joints with diameter ‘ratios fw 01498, 084 «
. wall thicknessdratid, % = 0.688, this method can be applied




six jolm:s compared wlth 9.70 s obtaxned by. the “finite
elemént method. For the’brace ‘the averaqe maxirium: peasured

SNCP ‘was' 4. 54 comlpared bil.th 6.58 determlned by FBH (Table

17{5)) - Table 18, shows the comparisen or: istress

concentration factors as obtained Erom the experlmen “ana:

finite” element method. "The variation' in the results can be

due ‘to i) ‘absence of weld toe in the finite elément
= a

discretization of the intersecting region -and ii) limitations’

involved ‘in obtaining consistént-experimental data from the

actual location with respect to the weld tod. Thé . -

experimental uncertainty is compounded by the size and type
of strain gauge used. Although the uSe of three gauge

rosette ensures tlie measurement of the principal strains, the

s physical®size of the rosette causes difficulties in obtaining'

neasurements near the actual weld toe. HMoreover, sifice the

' experimental SCF along the mtersection weld is found at the
veld toe, the numerical Scr #s also calculated at that

R . location. A relatively saller wniaxial gauge i allow’for
“the, placenent of the gauge closer to the weld toe, which
requues aprior knowledge of the’ stress state to .decermgpe

the maximun principal stress. The SCF computed by using

¥arshall's approach is’lower than those determined by, other

methods, since it neglecu the biaxiality of strains and the

‘measured strain range (without extrapolation to the weld toe)




.s:ress cn-putations. on, ‘the other mma, scp dompatation

X strain ng,m and takes intb account the excrapnlm:ed

yield higher ~values than na ahall s. Hanver the

analytical results (fable m Figs: sz(a) th gh sz(ﬁ,

show the afstributiof. of strains near weld tae of main’ chord ' -

{ from which the extrapolated strains were obzaine st

. ’ - uthough the finite element net:hod— constitutes W i
W 3

= viable techniqne for pl‘edlctlnq the hot spot stress in,

tuhglar joints, the parametuc equanons provlde an altemate

s & approach to’estimate the relative magnitude of the hot spot

stress with respect €0 .the nominal branch atreas. The

t.hlc)mess to diameter ratio ‘of the chotd a'nd branch “to chord

diameter ‘ratio dre the parametess, which govem the fedas
¥ dlstribution. 'l'h& branch to chord, thlbkness rntio Lnfluem:es

only the relative bending stiffness of the bxanch and ~chor

and hence governs the bending stress in’ the branch at the
intersection. The measured and analytigal’ semns on q;e.
branch tube and the main chord, in the in-plane benamg L

direction were plotted graphically and are shown in'Figs.’22/°

to 26. The computed strains in the elementa' very close to

wig the branch-chord intersecting 1me.u-xna1c.gea high values. of




bending stresses, hich éanhof Be’ medshred die te the

“presence of the weld.

Erom the finite element analysis, maximum har. spot

strains, stresses and strain and stress concentration 'factor

Although the parametric

-1 are given in Table 17 and 18.

present study. The stress concentrauon factors lLsted

Table 2 are based on the parametnc equa:lcns denved by

Kuanq 21: 1 (Exxon), Gibsteirn (bnv), and Wordsworth an

g Smedley (Llnyds) Among the equaticns ‘used, only Kuénq si

K Vlsser's and Beale and Toprac's formulae yield 50% of; the

values obtained by FEM and experimental results. 'l'he sttess

concentration factors (Table 18) based on rela:xonshxps

F . proposed by 1) Bealeand ‘roprac_ (T, and 11) Vissex’ (93)‘

applicability. Beale and Toprac's equat;on retams ‘the charrd




.3 crack iniuatim and Ciack Gmwch.Behakur

The fatigue \faxlure of the joints is.a continuous

. process, which orl.q).nates from small. defec\‘.s, r.hat carinot. e .

detected-in their early stage of growth by ordinary.

ncndestructlve mEthOds ‘The early indication of t'he

develupment cf the cracks is obtained from the observed drop

in the strain m,\tput from the rosettes gauge located st e

crltical hot s_pot (as élose as+ 6 mm (tos the weld r.oe) The

nitlatlon life, 1, 1s bésed}an the" laboratory

lobservation of the reduction in the initial strain.amplitude’
by 15 percent. The first v1sible erack length corresponding

“to N,, ranges from 2.5 mm to 0. o mm (Table 19): The erack
propagation rates on ‘the T in ‘the through

thickness difections: are specific td tubular joings in

planat  components, where' the propagation rates accelerate

Sxponshitally 48 the Crack grows _the crack growth stage ;
constitutes only a small’part cf‘the Marait fatigue life
(137). Although the tubula: jcxhts éxhibit early crack
initl.ation in view of the high SCF, it is compensated by the .

slow rate of prupagatlon and the. experlmental Fact indicates’

that the‘ Jpropagation stage consmmtes, the. major: span in the.

fat‘.}.gue life (Table 19). All the jolnts tested " 1n air and

natural sea water failed in a simxlar fashlon thh the

“ exception ofia few 4dditional secandary cracks in some




~to

branched ‘away from ‘the weld toe 1nto _the chord wall. Figs.

86

joints. In each case fatigue tfacks initiated at the weld

“in the chord at the hot spot region within an arc

** Govering approximately 30° on either side of the joint mid-

"‘plane. - The cracks, always initiated at.the weld toe in thé -

hot sput region son ehe c‘hox‘d {de closn “to t_he lynlnetry une

in the' plane of bonding. , Th few-casés muxnpxe crack

" initiation’ wa ob-erved. ‘The single -cracks jomed later’ Into

maln crack wh:.ch then propaqated aiong the we].d toe and then”

63 tnrough 69, and Tables 21 t‘hrough 34, ,show 'the

l:hazacterl.stxc results frum the measurements of crack

’ptopagatxon on the chord. sl.de. After the thtoug'h thl.ckness

cracking, the crack on either side of the hot spot locatiod
propagated more' 6r less symmetrically about the centerline.
The crack length and growth s £5F thid tde of symsetry
line for all the joints are'shown in Pigs. 70 and 71. Half
crack length vs N/N, indicates a linear relation until the

occurrence of fhrough thickness cracking Fig.-'58. The .crack

" growth rates on both sides of symaetry line at aifferent _

z stages of joint 1ife vary from 1.05 to 158.82 x 10 “mm per

cycle dependan.on,the used load range. The averall crack

propagation rate for the joints Dry 1, Dry 2, Dry 3, Corr. L,

Corr. 2, Corr. 3 and Corr. 4 were respectively 4.29, 23.66,

-4

10.93, 16.35, 5.81, 148.18, and 21.16 x 10 mm/cyqle.
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Increased crack growth ratés correspond to higher hot spot
stress ranges. When chq main cracks started to grow intg the
chord surface. secondary\ crack.e contirued, along the weld toe

fota atetdnice ranging from 10 to 25 mm.. The photcgraphs of .

. . 5 Y
failurs pattern of .joints Dry I, Dry 2sDry'3, Corr. 1, . !
oot

. - |
& Corr: 2, Corr.. 3 and Corr. 4 are shown in Figs. 72 to-78.

ZL'

8.4 Effect 3¢ Ccld Sea Water Environment - CUENE e T

In this sectmn, oHly test results of tubular 5y

joints tested'in cold s\ba\water aré dlscussed and compared

with the publxahed lxte}uature. The faugue strength unae:.. "

free corrosion has been studled by. several 1nvest1gatbrs (19,. - A

97, 121. 122). The Nsthenlands and Norwegian l‘eseatc'h\ f S

programs ‘have concluded: that the free: corrosion fatigue ' R

strength at water temperature of 20°C.and" 12° c is | et

significantly lower than that in @ir:- But the tests carned.-

“'+ .out"in U.K. have found that ‘sea water at 5°C has fo .~

slgnlflcant effect on faugue stx’engt‘h, since the‘ corrosion.

- - -.effect rat 10Mer te mperatures should be less thqn that for

tests at: hxgher water temperatures. Sea water tests have

been repbrted (121) which had a lifetime of. only 43 percent. - ..l

Of that expected ln air. The Dutch program concluded that

fatlgue crack growth ra{-.e in sea water is three ti es faster L




c amph.tude‘ 1oad1ng in sea water at’ o°c’is mmpared with that .

thah that in air. In the present study; ‘the crack length’of

“. Joint 'corr. 2 specinen, which.ua's tested under variahie g

Gf the companion npecimen Dry 1 under identical loadi.ng

-For, tha same tangne life (Fig.: 53), the total

.onﬂitxons
rack engths 1nc1uding the mam and seqondax'y eracks for the

chlut carz. 2 and Dry 1" are’ Found to be 552 and 417 mm,;

x‘especf_ vely and che correspendmg ctack growth rates 2

’l’h

-aatin\aeed at, 5.81 X 10 anﬂ 4.29 x 107" 'mm per cycl N

Eai.lu're pattern for, the two joints is shown in Figs. 72 and

Bffect of Weld Toe Grind].ng

The fatigue cracks tend to origmaee at the stiarp"

1len _and Merwin (83) reviewed the advantages and

“limitations of several methods for improving the fatigue

strength of welded joints. uém' toe grinding details of Dry
1 and Corr 2 jomn are ‘shown m(mg. 39. Toe radius in

.corr,. 2 joint (Section A, Fig. 39) is mueh larqsr than that

+ of i:‘r‘y 1 (Section B, Fig. 39). «The’onset of- crack initiation

Jocéurred,at 6.1 x 10 cycles and 2. 36 x 10% cyélen for corr

toe raﬂmn, weld dnfact remuval and surfaeh fin:sh hpve

delayed considerably the crack +initiation-event. The

* defects 1eft at the toe due to welding.. Haagenun (82) ana B

§
i
.
H




. i By el oBe
e w g £.7 3 e 2 7% ‘!

instantaneous crack growtl' rates for the .two Jo_tnts are .

approxmacely the same after the' crack inltiatlcn‘ smuar i

ints (83,97, 122) The stress ranges’ fpr the as

welded joints Corr. 1 and Cofr:! 4 are different’ from those of *

toe graund specimens Corr. 2 a}‘xd corr. 3 and hence*
meanlngful comparison of the effect of toe grinding cannot 'S

‘ndde: . Howsver, it could be seem in Big: 83 that' the toe -

grinding aid not inprove the fatigue life in sea water. The

:mnnmg ot the wall could have compensated for ar ¥ benefus

fron\ ithe- reﬂuced stress concentra ion and the ren\pvaL 'of wald

toe defects.

--8.6 Joint Suffness Measuremencs

nunng Eatlgue esting,

tor the change Ain”
stlffness of .the spécimens and to, evaluate me degree i ‘of s

red\mdancy cf- the struzture, before crack uutj.ation, dunng

d‘éplacement tranaducer (LVDT)‘ . This, was instilled at t'hé

~top of ‘the specimen (Fig. 38). The use of ‘DT gave a better

mcnitoring of. the displacement compared ta the hydraullc

actuator stroke measurements. T A

thtle change in the’ stlffneas ‘was observed ungil.

it réck‘initia‘tion. . During th_e cxgck»propagation “in ;he nain A







2t

5 the. hot spot stxaln . stress ranges. The Awsl,x—x surve is

L the! measured lives are longer tharL th deslgn rives”

eflned-byn‘the 'E‘*curve or t<22 mm ih sed watet. With t'he

_showed-a clear f_rsnd. to raduced endutance as the th).ckne‘ss_

iﬂcreases‘ at -t})e sEhe hot spot stress ranga. However there’

is np.otsvmus tmckness effect in Japaﬁese results. The

present results fall' ~Justa. hel‘ow t'ne luwer bound of the

“Fne mean llfe of 6 mm (D—lGE) thick

scatter (Fig.- q4

) 1_ The dat prede ntec} :Ln,Refs. *9T; 123,124 and 125 ' -




ensions andrthe hot spot,gtr.éss’,

the present study. The 3o

st(ength "of ‘the® jOlntS, subjected to axial Load in brace and

plane. bending ‘moment .- However, a greater Eatigue life was
i :




mechanics. Only three specmens, viz‘ Ccu'. \, Cor.r.‘ 2 and

éorr. 4 are considered fot ulustratxon.

Eactuf and memu constapu. " mite inicgal orack depth, ni, :«'

is. assu.\ea on m basis “Of ,DNV- and Avas qux.aeu.nes.




. CHAPTER 9

CONCLUSTONS AND RECOMMENDATIONS N




;anlusicnm

2y -Wem ‘toe gnnding appea:‘

& fatlgue dige in sez

water,.

3) ‘Badéd .on -the.

-cTack grovth T

crack nru,tlatlon occurzedr I

percent‘ ‘of the joint ﬁves




as st the lcads th’hout :large change 1n‘

dlsplacemenh even “when the. c.radk 1engch becomes. ‘equal to

cf‘ t'he ll\al.n chord‘ " further ‘drack

propagatlon do's not take place in Thie abi ‘chord, . since

cold seawater whiph occu';s' ‘a'f s Eew\dgys of wettin

Jthe circulating sea water; polluted with these impurities =




[ tHe region w‘nexe the crack uu.t].atlon and propagation:.are

xpecbed to’ oecir. - “Ihis precautxonary néastre will'aid

T { to esta—blis‘h a. completely cﬂnt?lled ‘corrosion tes!. ‘for

& " petter unaerstanamg of “thertorrosion effect in cold”

R ’ 7 water. ¥ 5 - . T 0

‘3). The fazia‘;e

ests’ under wide’ and 'nirrow band randon load

» s
‘ “ spectr,a with 1ohg return Petiod;  representative. of those
2, expenenced n “real ‘otfshore structures, would, b more”

sl ) realistic. ' P S ', i :

“ S ' 4) Jolnt faugue study for ’loads with

. i hlgh-cycl.e fatlgue 146 in the ‘range of 8.5 x 105 _1 5 %

107 cycle

methpd, consxdering the weld dlmens).ons and an,

japprepnace ‘choice of ‘the element sizes

takes imto consxd;ratmn the .Lnfluencé of 1uaamg,

initial defect size characteristics may 'lead to better

estinate of the f@tlgus life.
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. TABLE 3 . Mechanical Properties of Stel s
: v |~Yield: Stress Tgngile Strength:| Percentage
Steel Grade /mm? < N/mm? :|" “Elongation
3\ X > ¥ By
ASTM A36 . . -
ASTM -AS3 36
K 7 Ss
; . Pl b B F
£ Vg « . g R

' TABLE 4: Chemjcal Composition of 'Steél (Weight-Perééntage)
. i W 2 % o o3,

|Steel' Grade [ ¢ [ mn ;P Tis oSt
‘ |asmu a3~ |“0.26 | 0.8" | 0.04 0.05 0.03
Asmi A53 0.09 | 1.17 | 0.002 | 0.016 |. 0.05| "
s
B, 3 y
g §

TABLE 5: Mechanical Properties of Electrodds (Ref. 48)

y BWS-ASTH AWS-ASTM
Electrode Type °, e E6011 (E7018
i .|vield strength, uy'u/-;\mi 330 - 420 | 400 - 483

‘. |mensite strength, o, N/m? | 413 - 510 | 483 - 586
’ I/
’|Elongation in 50 mm, % * 20+ 30 22 - 30

Reduction'in Area, % 35 - 60 55 - 75




TABLE %: Welding Details-(Fig. 34, Ref. 126)

Electrode

Applicable Joint Detail

Current

ize (Amperes)

(mm)

3.2 - 3.97

Y

90°.~.140
130-220
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ik * TABLE 7: Strain Gauge Properties " N
. « v
; : Gauge | Gauge | Grid [Overall| Overall| Fatjgue| Gauge
Gauge |[Designation |Resistance (Factor| Length| Width|Length | Width Life. s| Patterm
Type Q = Cycles 7
Millimeters o %
. Single BA-XX-125 120 2.02 3.18 [+6.35
Element aD g
i
Biaxial | EA-XX-125 120 #2.02 3.18 | 3.81 [ 546
Elément ™ / . 4
: .|Rossette| EA-xx-125 120 2.02 3.18 | 1.57 | 6.99
K7 CLE |
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. TABLE 8 Range of Sea Water Parameters ;
# : 6 R - ’ :

"\ .| Parameter ) 3 3w -~

chiorfnity, . . T m 16 - 22 ‘g/litré . 5, & L

E T 36% - 38%.

™
o
=
T
B
=3
o

- 7| 0.06 - 0.26 g/1itre
¢ o }
J . Gl .25 < 188, i, ;
B A% i - . B . 1

+|Dissolved ‘Oxygén Concentration ‘| 10 mg/L - 12 mg/litre|
. ! N 5 P A'. [ i N

.| Temperature, - . ct 4.5 ¢
5 ] §
¥ - 4 ]
7, ) : ) i
- ; :
N i
1 . i
- ; . qe
. ) i : i



* ' |specimen | Environment 4 Type of - i Load, Levels. ", 2
Vro. . Ldading v | Pmin - TR
" S 4 L . < i Horizontal | Wertical
. - : ) ., . ©t kN, TN .
“®aw fo : T ; 2 g v i v :
> . Air Toe Grouna, |.° v A | variabie P 62 =
" air 70e ‘Grouna ! [ .0.25¢ ‘66 23 = Y
7 4 . Air, |Rs-weldea Lea 0.20 53 & ¥ 158 a L
N . Seawater’ [As-Welded .} CA. . 0.20, =y Cosa e I g L
Seawater |fToe Ground VA . variable [ -1, |-, 62 178 T
B R S 5 “ [t
‘‘Seawater |Toe.Ground, |, .C A, i 0.20 % .. 80" 178 .
‘‘§eawatér |As-welded | ;'C A 0.20 -1 s8 " | - 133
' By . . v = L.
A ffened Joint, VA-Variable Amplitudé, .CA-Constant Amplitude . L
B * ExCess Weld Removal (Fig. 39, sSgction B) & 1
o P &
i 7 B
B ” e
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', 'TABLE 10: Static Strain Readings for Joint Dry 1 # 3 -
: . . .70 (Vertical.62 kN; (Horizontal * i78 kN) .. - - i *
'Strains' (Microstraind)| .. | Strains (Microstrains)| . ° .

2 - —{ Gauge v

g Eorizontal Load. - | -Neo-\| _, Horizontal Load - ce i
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"rABLE 11: Static Strain Readings for Joint Dry 2 .
1 (Vertical 22 kN; Horizontal + 66 kN) £ =
Strains” (Microstrains)

_Gauge

s No.’

strains (Microstrains)|

"Horizontal Load.

HorizZontal Load '«

-62 kN + 62 kN




Static Strain Readings for Joint Dry 3 g
{Vértical "133 ky; .Horizontal + 53 ki) s

o 2
Strains (Microstrains)

Horizontal Load

- 62k ¢| +62ky

o o-120 40 - i
~260. 100 i
-380 100
=160 0




qs fo! Joim: -One (Cor:. 1)
cizontal ¥ 5

| S€rains (Hicrostrainq x

N s:r'gtns ‘(Microstrains)

lronmuunoaa | NG. °  Botfzontal Load |
- Y —— =
-53TkN +53 KN R T % -
g 150 <[ -130
c2 .,280 "~ -220
=3[ 150 -160
g - 340 -280
15 360 -480
6 =, 560 © <780 :
7.1 340 -460 -10
-8 560 -400 -60
9. 640 -520
S0 340 -300 2 -170. 17«
1t St 290 =340 -60°
12: f[.0 7 300 -320 -200°
.3 180 -280 -210 -
125 =200 ~360
- - -370°
- - -280
- - -180
-60 -'70 -155
-495 -390 30
-350 | -210 ~200
-100 - 60 30
- - -250 -
-75 - 20 -180 °
-103 ~185 ° -
=20 =130 -
-20 e =




T, TABLE-T4:Y

sta€ic’ s:mm Readin
(\Ierﬂcal 178 kﬂ'

gs ﬁnr‘ Jo:nt Tﬁm (Cor
Hori zontal 7

Strains (Miérostjains) ‘GB;;e j Straina uubrostrain&-l
"Horizontal -Yoad, _~No. ., i . ‘Horizéntal foad .
ez | et [Tz 2

220 1Z2g0° 20 " 80
.z 300 .- |2 s [ 0ty
. 340 -560 22 To240 Jf -0 -
T s2 -920 | 23 " 00 - i -20°
N 320 =540 24" -320 5 +160
240 . -420, 25 =520 . 4240 -
240 -540 26 . |° -s00 +160
260, -320 27, =160 +100
g 460 -200 28 - -30 "+zuq,‘f
R TI EPY) -200 “29 -280 43207
1" . 180 -120 30 -160 +180 +
2 320 s 31 -100 +200°
13, 160 0- 32, . -140 +280
’ 100 , 100 ) - 40 +200 -
T ) ‘40 34 100 -80
16" 120 ‘0 ‘35 140 . -180
. 280 =80 36 7. 20 | -120 ;
1 [ 300 -120 137 400 240
19 i 220 20
;. 2 ~




" TEABLE 15:

Static Straifl neadings for Joint 'l‘hree (Corr. 3) N
( Verticdl 178 .kN; Boruom:al kN) © -

121

)
Y-rains’ (Microstrains)

Strains. (Microstrains)

Gauge . Gauge
No. _'Horizontal ‘Load No. Horizontal. Load
Co L ee T ve0 : 80k | +80 kn
“ + 640 . =320 19 +180 200
520 ~400. 20 | 260. -100 .
640 -340. 21’ mo | 200
4 . 520" -720 22 . -80 600
5 840 {14 23 =140 780"
¢ 500 -680 2 -260 580
7+ 200 0. 25 -160" +300 -
8’ 340 —156 26 - =20 +460 i
9 40 -15 7 - 40 +a40 N
1. 200" -80 o +420 -
n' 100 -60 29 -220 | +120
- 12 100 -20 30 =100 ¢ +120° s
I 940, -640 31 -100 . 320 %
14 ,:' 800 ~Z7i0 32 ~260 +280
15 840 | -440 33 ~180 400
16 60 ~20 34 360 -340 o ity 58
17 320. -100 35 -120 140
v,u w0 | =10 L




TABLE ‘16 Static Strain Readings for ‘Joint Four (Corr. 4)
(Vertical 133 kN; Horizontal ¥ 58 kN) : -

o .
¢ Strains (Microstraing) " | straiis (Microstrains) v e
Gauge Gauge — -
No. Horizontal load '~ | No.:| . Horizontal Load.
. =58 kN +58 kN . -58 kN +58 kN
1| 4260 | 240 i 280 320
- . 200 —iDU 18 R 220 -180 ’
A 100" | <100 o 0 | -e0”
n +380 B I R SR I T
5 +500 400 2., 60 - —40
"6 | ss40 640 23 + 60 -40 R
7 4480 380 - 23" 1007 | -20 ~ i
Sa | ses0 =500, .| T2 £ #100 ) i
9 4360 |00 |2 35 o —l6 60 ‘
100 - 4240 o 26 ~200 ‘- 440
¢ 3»'1602 i o 27 S 120 d
12 j e B 80 )
14 0 IR T I '3 300! Y
14 S I P Y - +260
15 31 -6 +220 .
16,0} P Y - 20 +160 N




< TG = Toe Ground, AW = As Welded; ** Exces:

TABLE 17(a): Hot Spot Strain Range

and*Strain Concentration Factor (SNCE) - Main Chord

1550,

8.5

& Hot Spot Strain Range SNCF
(us) -
Specimen . Nominal -
No. - Strain i .
Range Measured Extrapolated | FEM | Measured Extrapolated | FEM
2 ) : y .
Dry 1 (TG)** 84 - 684 713 - 815 8.12 8.49 9.70;,
Dry 2 (TG)** 200 1625 1675 1957 8.13 8.38 9.78
Dry 3 (AwW) ~ 160 1202 1285 - 7.5k 8.03
N . .
corr. 1 (aW)| -'160 1340 1365 1549 8.38 8:53 9.68
|eorr. 2 (z6) 84 684 713 815 8.12
@
Corr. 3 (TG)|. 240 - 1980 2070 2327 8.25
corr. 4 (aW)| 173 1480 1680 -

J#

s Weld Removal (Fig.

39, Section B)'.*

-
3




" Y Beral
on, ‘Factor, (SWCEF)

T Hot Spot ‘Strain Range
(ps) T onlt
Specimen- Nominal .
No. Strain &
Range Measureéd Extrapolated
(us) . »

Dfy 1 (TG)** 84 - 333 =
bry 2 (Te)**| 200 817
pry 3 (as) 160 218 -
Corr. 1 (awW) 160 640 % 7355
cotr. z (re)| 84 33 | s 378
corr. 3 (re)[* 240 ° ‘es0 1100% | -
corr. 4 (aW)| 173 700 ST 190




"Hot Spot Stress Range

" TABLE 18

and Strgssconcengral

3 a: . SRS T -
: " |nominal : o, .
Specimen|Stress . L S
- No. . |Range o] o ~
Py - | Ge/mm2)y i g |t
| ot . Measured| FEM [Marshall|Radenkovic|Measured{ FEM [Marshall|Radenkovic|Parametric| ..
e o E (99) (:00)" - (99) 100) quations, -
A s - r2_aw N [(1,19,95)" 7
- 16.76 | 152.24 [198.34] 136.77 | 156.54 9.09 L,
“ 39.90 400"."39 1472.42| 324.93 +367.88 10.01 B
i’ “31.92 | 283.52 - 240.35 " 281.85 8.88 5
31.92 [ 314.22 (377.17| 267:94 299.41 9.84 - =
pal 16.76 152.24 |198.34| 136.77 156.54 9;09 -
47/‘.89' 464.07 |566.47| 395.91 | 454.48. 9.69 - 8.26
h “34.58 | 343.66 |408796| 295.93°| 340.96 9.94

8.56 |

‘) Numbers. in parenthesis refer to references,
** Excess Weld Removal. (Fig. 39, Section B)

AW




S ah g X - ; :
Sk v
s TABLE 19:° Fatigue Test Resultf £ -
W RN o - " Numbeér of cycles for (in 10%) - | Rratic of .. i
N . S S i o = : Fatigue Lives
M S 15% e f Crack Through | End of | N, N, Ny -
# Firsgt Visible Crack - P e
:Strain Drop Chord Wall Test LI *:
. N Ny N, =
81.15 * 95.0 -{0.162|0.251|0.854
4.94 13.4° [0.198(0:291|0.369
- . 16.37 ‘33,2 {0.3320.420{0.,403 |
6.53 ; N BRIR ] | 23.3 |o.280|0.382[0.501| " . . =
P Corr. 2 . 1.7 61.00 [ 9.8 82.86 95.0 |0.439(0.542f0.872| * _ - -
e 8w Cor¥aid, 1.26, - 7= - 1.52 3.3 [0.382 - [0.461
Corr. 4 L 7.20 - 8.20 6.0 ., 11.20 ©20.6 0.350/0.398|0.544 -
" >
3 * 4 u
y B T & -




J 5 o TABLE 20: Comparison of Fatigue Lives with Fracture Mechanics Approach -

5 A .

4 Constants From 3 . o
- . - ‘ Patigue Lives. to

. | C.T.8 _ Tubular Joint crack Stress ! Wall Penetration

Number Specimen . 8-N Data Lengths Range i * Ny ot
’ . Data . mm .| 'N/mm?2 Cycles

c m n m y [rnitial [Find® ¢ Experimental | Fracture Mechanics

corr. 1f. J 0.352 314.22 116800 © 108610

o' |d.9ex10-13]3.6 [0.3001 [3.33 | 0.10 |o.525 [ _ £y -

Corr. 4 - : " 0.325 343.66 112000 105350

: [}
5 '
- 4 < . \

LeT



TABLE 21: Summary cf Crack Growth Data (Fig. 63) - Right of Centre Line
Test Specimen: ~Joint Dry-1

Load Range = £ 125 kN " Main Crack Length = 210 mm
Prequency = variable Secondary Crack Length = 4 mm.
95x10" cycles . Total’;Crack Length = 417 mm
. v . .
sce : : s i P
Location of| Increase in| Total number N ‘Increase ®| crack growth Crack = .2
crack tip |.’cycles in of cycles ' 4
i ontee | 8n B Mnted an| . ™ 1205ER% ) | (TBES mn/cycre) | 1RRFER
= T — »
0 .23.80 23.80 . 0.25 5 B o021 R 5 '
A 3.77 27.57 0.29 -6 1.59 1 .
B 0.57 28.14 0.29 10 17.54 21
c 0.30 28.44 0.30 6 20.00 27 —
8 D ¢ 7.36 35.80 0.38 15 2.04 42 3 -
\ E 8.54 Y 44,34 ) 0.47 B 1.05 51, 4
F 6.42 70.76 0.75 10 1.56 61 oy
G 4.12 74.88 0.79 8 1.94 68 ¥
H 3.78 78.66 0.83 2.38 7
I 4,27 82.93 . 25 .86 1021 , ° :
J 2.10 85.03 . 0.89 | 24 11.43 126
K 1.17 86.20 0.91 14 11.96 140, L S PR
L 2.30 88.50 0.93 33 14.35 173 <
M 1.10 89.60 0.94 10 % 9.09 183 %
N 710 || e2i3 0,97 21 5.66 " 204 3
P 2 2.69 95.00 oo 6 2.23 210 @




i [TABLE 22:. Summary of Crack Growth Data (Fig. 64) * Hight of

Céntre Line

: . Test Specimen: nt Dry=2.. ° = .

i Load Range '= 132 kN i Main Crack Length - 156 mm
Frequéncy = 0.25 Hz 4 Total Crack Length = 317 mm .

4 N 1 x 10% dycles ~ 5 - JE . =5 B 2

Location of | Increase in| Total numberi; _ Increase crack .growth [ Crack
crack tip cycles in of cycles . e g—ls +| in cracx ‘rate .| 1engtn’{. B g
e 10" ‘units in 10* units (M) length (mm) [(10~% mm/cycle)| (mr) i ¥ &
: i ‘ aN N * £ (da) mm ©. da/dN - b B e 4 -
: a 3,910, 3.91 B 16
3 : ; T
c - .15
- D, E 2
: JE 50
-F 10
~pef i S8 B
i B 1
1* 5
2 A% . 5
% G 6
. L . 8
.. ® _5u
o L N 13
b s 12
) e «




TLoad Range = 106 kN
Frequency = 0.20 Hz
33.3 x 10% cycles

N,

TABLE 23:

Summary ‘of. Crack Growth Data (Piq. 65) -_

Joxnt Dry-3

Total track, x.e h
Main Crack, Lenqi;h

Location of

Increase in Increase Grack grouth, .
crack tip cybles in AR AT ARR
- 10% units length (mm) (m-'* mm/cycle)
dN (da) mm .
a 14.87 B
B . .13 4, 7
¢ 0.75 i 8
D 0.43 fag
E 0.13 8.
.F 1.43 20
e 1.7 27
H 2.10 16
i 1.63 13
J 3.07 ~ 16
K 1.40 22 %
T 3.80 15
M 1.80 16




" noad Range

106 kN

c 0
bl N
= Main Crack Length = 164 mn .
Frequency 0 20.:Hz 5 1w - Sécondary, Crack Length = 23 mm
N = 10 cycles . Total/ Crack.-Length = 430 mm
Increase’ in [ Total number-  / . |1nexease crack. growth : { Crack
cycles in v | ‘of cycles v Ny |in erack rate - length
10% nits | in ip* units. (N) i léngth (mm) [ (10~* ‘mm/cycle) | (mm)
’ Ly # 2. 0,28 o 2.5. »
, R y 8
e & - 3 11°
= . p .23
1 34
i .
» A 48 & o
% 71
s 87
. 110
123
E 133
: 5 140 .|
.| 140
- SSET IR N
w
!§4 1




: Summary of Crack Growth Data, (Fig.- 67) - Right of Centre Line-

. tooa Test Specimen:; Joint Corr. 2
Load Range = 125 kN A

Main Crack Length = 214 mm

_'w. 4 . Frequency = Variable . .= ’ - 4 .:.Secondary Crack Length = 93 mm
i N, = 95x10" cycles ¢ ", .. : Total Crack Length = 552’ mm
.|Location of Increase in | Total number 5 Increase Crack growth ‘Crack
crack tip cycles in of cycles * i in crack rate .- length
L 10% units in 10% units (N) .| length (mm)f(10-""mm/cycle)| (mm)’
0 61,00 61.00 g
A 3.05 . 64.00 > 24
B 1.9 65.90 50
3 c 3.93 69.83 o 68
D 0.82 70.65 78"
E 273 . 73.38 <9
P 1.92 75.30 101
G 9.60 84,90 138
H 1.45 86.35 155
I 1.43 87.78 171
3 2.42 9020 185
K 2.37 92.57 191
L 2.26 94.83 198
M 2.43 95.00 214
- «

‘




Load Range’
=Frequency =

N,

3.3x10"
v s e

ww g
Growth Data (Fig.. 68) - Right

of Centré Line .

Main Crack‘length = 229 ‘mm -,
Secondary Crack -Length = 116 mm;
Total Crack Length = 717 mm _

Location of

in | Totalnumber

'Increase

Increase - Crack growth Crack
crack tip cycles in of cycles "t | K- | in crack rate length
- = 10% units in 10* units (N} % | length (mm)| (10=* mm/cycle) (mm)

‘A 1.53 B 1.53° : 0.46 83 54.25 83
B 0.17 1.70, 0.52 | 27 . .158.82 110
0.26 1.96°, ,0.59 29, T11.sa t139
e 0.09 i2.08" g2 -SRI 144.44 L5z
D 0.15