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Abstract

The aim of this paper is to propose a lifetime prediction rodtfor threaded connections.
The example discussed here is a drillstring connection ustek o0il and gas industry. The

method is based on a mechanical analysis performed eitliefinite elements or a closed-
form solution described in a companion paper, and a fatignadyais using the Dang Van

criterion which has been extended to finite life domain. Theehanical analysis provides
the stabilized stress path and the fatigue analysis previtefatigue life. Fatigue tests have
been performed on small scale threaded connections in tod@lidate the methodology.

The comparisons with the predictions show the difficulte®stimate the fatigue life on

structures presenting high stress gradient due to scaeteff
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LET Last Engaged Thread
FET First Engaged Thread

pM macroscopic stress field (scale of the connection)
T mesoscopic shear stress (scale of the grain of metal)
P hydrostatic pressure

ay, by parameters of the Dang Van criterion

N number of cycles to initiate a crack

Cup Make-Up torque

f friction coefficient

Qup resultant of the contact pressure at the shoulder

due to the Make-Up torque

minimum uniform applied stress at loss of contact at the kleyu
K, axial stress concentration factor for tension loading

K, axial stress concentration factor for bending loading

T tension loading
M bending loading
Q resultant of the normal contact pressure at the shoulder

e

resultant of the normal contact pressure at the thiead

1 Introduction

Stress concentrations in structures submitted to cychdiloy are frequently the
sites of crack initiation. In particular structures preseg notches, such as tubes
or threaded assemblies, exhibit a strong risk of high cyaligie. For the oil and
gas industry Hill etl. [1] reported that 65 % of the drillstring failures can dirgct
be related to fatigue phenomena. One can trace the histdrihaninterest in this
domain with a finite element analysis of the connection [2] Hre recent presen-
tation of real size fatigue rig [3]. Although a series of necevorks have focused
on fatigue of notched specimen [4,5,6] or on the stressibligion in connections
[7,8,9], the complete problem of the lifetime predictiompedure ranging from the
determination of loading to the prediction of fatigue lifashnot been a definitive
answer so far.



The fatigue design methodology for structures can geneballseparated into two
different steps: a mechanical analysis and a fatigue aisalise mechanical anal-
ysis is performed in order to compute the stabilized cycléhef multiaxial stress
field X, i.e. the elastic or plastic shakedown state of the stracflinis analysis can
take into account the cyclic plasticity encountered in tiess concentration zones
and can be performed with different tools such as finite efemmethod [10,11]
or analytical and semi-analytical solutions [12,13,14].

The fatigue analysis is then performed to compute the nurabeycles before
failure, denoted as a macroscopic crack initiation. Dependf the elastic or the
plastic shakedown state of the structure, different danséagtes will occur and ap-
propiate criteria can be applied. Let us cite as exampleth#henergetic approach
[15,16] for Low Cycle Fatigue (LCF) or the critical plane appch [18,19,20,17]
for High Cycle Fatigue (HCF). It is important to mention tmabst of these fatigue
criteria are not suitable for structures presenting highsst gradients, since they
are based on a fatigue reference curve on smooth specimemprblblem has been
tackled using approaches available for engineers whidastaito account the notch
effect such as the critical distance or volume approache2$223,24,25,26].

The present work is to present a global design methodology.sfudy presented
here will focus on the computation of the stress field inducetthe threaded con-
nection and the application of both the Dang Van fatigueegoh [17]. A similar
work has been already presented in [27] which focuses ogu@atiifetime of bolt
with the application of the Dang Van criterion. The presgmpraach is based on
smooth specimens rather than directly on the bolts. The ltyowath respect to
bolts is the introduction of the prestress due to the makeuque. The step by step
methodology permits to include further effects in the faggzcomputation like the
notch effect, a gradient effect, etc. as presented in theegieg paragraph and also
to adapt the procedure to similar structures or differentemals.

We discuss two different methods for the computation of trekedown cycle un-
der cyclic loadings: one based on the finite element methdtierelastoplastic
regime and one based on the closed-form solution [28,2%enelastic regime.
The Dang Van fatigue criterion initially defined in infinitéd domain are extended
to finite lifetime based on simple considerations. Finadlygue tests on small scale
threaded connection are performed to assess the accurmfatitiue methodology
presented here.

2 Thestudied structure

The present a lifetime prediction procedure for drillspgnas employed in the oil
and gas industry, which is a threaded assembly of tubeswsdrdted in Fig. 1.
The drillstrings have a length of several kilometers andaaditer of the order of



ten to thirty centimeters. The roots of the threaded assesiate characterized by
a radius of some millimeters. One can easily remark that tbbad problem of
fatigue of this drillstring encompasses several lengthesca

e thescale of the drillstringassociated with a rod model in order to represent the
complete dynamics of the drillstring considering the coh&nd cutting prob-
lems. The main variables are here the generalized stresfies iod: the tension
T, the torsionC' and the bending moment/, which are functions of the curvi-
linear coordinate along the drillstring.

e thescale of the tool-joinaissociated to a model where the contact and the plas-
ticity occurring in the connection are taken into considiera The macroscopic
stress field is the main parameter at this scale.

e the scale of the grain of metalssociated to the mesoscopic stress field, where
the macro-meso passage may be provided for example by thg \Zanfatigue
criterion.

The present work will only address the last two scales. ThHerdenation of the
generalized stresses at the scale of the drillstring is#lfitvhich can solved using
so-called torque and drag models [30]. The following diseus will focus only on
the tool-joint because it has been reported that this is teegential site of crack
initiation in drillstring [31].

Determining the macroscopic stress field induced by theciadding on the com-
ponents of the drillstring based on the generalized stgess®y be very compli-
cated without Finite Element Method. For components prasgigeometries such
as sharp or blunt V-notches, the computations can be detdtamialytical tools
[12,13,14]. Nevertheless, the difficulty arises when th@ponent is a threaded as-
sembly. Indeed, one has to take into account not only the Enggometry of the
threads but also the contact between the pin and the boxhéenale and female
parts of the assembly, as well as the plasticity induced f@gstconcentrations.

It is important to notice that the stresses at the scale ottmmection are deter-
mined both by the global loads and the Make-Up torGlg The Make-Up torque
represents the tightening torque applied on the conneettuoh ensures a good
fit between the male and female pieces. Its roles are themiiae®n of the torque
to the drillbit and sealing of the inner tube and avoid leakagthe drilling mud.
We will further remark that it plays an important role on tregiue life of the
connection.

3 Mechanical analysis

The main results presented in this section are based onedefosn solution ded-
icated to the estimations of the stress field at particulamtpaf a threaded con-



nection. However some parameters of this solution can oalgdiermined from
results of finite element computations of a threaded commedtress localizations
and the contact between the two parts of the assembly, heard box, allowing
the modelling of the influence of the Make-Up torque on thesstifield.

The presentation starts with a complete finite element aisbf the threaded as-
sembly and ends with the closed-form solution.

3.1 Finite Element computations

The finite element model of the threaded assembly has beeloged in the
commercial code Abaqus[32]. Two kinds of models have beed:.ug) an axi-
symmetric one for the case of tension and compression Igdafiand (i) a 3D
model for the case of bending loading. The axi-symmetric model is composed of
about 42000 elements including 1900 for the contact and Ehem8del has 58000
elements which 6100 are devoted for the contact. The comgptitne ratio was
1:10 between the two models. Both models neglect the hefijeanf the threads,
which is a reasonable assumption, as for instance explamggD]. Alternative
solutions involving 2D harmonic models could also have besed to deal with
bending loading and would have diminished the computaltioma. The mechani-
cal cyclic behavior of the steel 4145H (or sté2ICrMo4) constituting the tool-joint
has been modeled with an elastoplastic law with a lineamkate hardening:

a=—(z—a)e (1)

whereoy is the yield limit,a is the residual plastic stress field, is the kinematic
hardening modulus ang}? is the equivalent plastic strain rate. This type of behavior
has shown good agreement with respect to uniaxial cyclsidertest [28]. Without
discussing the complete solution at this point, let us symeimark that after five
cycles the structure reached an elastic shakedown stateinidrmation will show

up to be essential for the application of the fatigue crteri

The Make-Up torque has been simulated by overlapping theapththe box at
the level of the shoulder in the beginning of the computatitime contact algo-
rithm will determine contact pressures to reduce the opgiteg gap to zero. The
Make-Up torque is deduced from the contact pressures anchéasured friction
coefficient f= 0.1. This type of connection models have been used previously an
its accuracy with respect to experimental measurementsdesassessed in[11,7],
and also more recently for steel/aluminum connections i). [bhe reported fric-
tion coefficient varied betweah08 for steel structures in [11] t0.13 — —0.39 for
steel-aluminum structures in [51].



The finite element computation have shown that the maximusstield is always
located either at the root of the Last Engaged Thread of théy#t T) or at the root
of the First Engaged Thread of the box (FET), as shown in Fi¢prZension and
bending loadings, which matches results from the litemf88,9,34].

3.2 Closed-form solutions

Although the FEM computations are useful for the preciseasgntation of real
geometry of the connection as well as the non linearitiegthiced by the contact
and the plasticity, they are time consuming. ThereforetHerpurpose of a fatigue
analysis, we propose an semi-analytical solution devatélde computation of the
local stress field with the use of an equivalent mechanicaleho

Recently, a set of closed-form solution devoted to the cdatmn of the elastic
stress field for a tube presenting an internal or an externalimferential notch
has been proposed in the companion paper [29]. In this sectie develop an
adaptation of this solution to determine locally the strigsisl within a threaded
connection.

The solution presented in [29] shows some limitations wa$pect to the dimen-
sions of the notched tube. In this purpose, we studied theityedf the closed-form
solution for various geometrical tubes regarding to a patang characterizing the
notched tube geometry. The results show that the solutippBcable if the param-
eter¢ is below a critical valug* contained in the intervdl.21, 0.27]. Concerning
threaded connections used in oil and gas industry, the pdexmis ranging from
0.1 to 0.19 which allows us to use the closed-form solution for notchdzet

Since only the stresses at the roots of the thread are coedider the fatigue
analysis, one can say that this stress field is principailyedrby the axial stress
concentration factok z, which gives the ratio between the maximum local axial
stress and the applied gross axial stress. It seems theonedds to perform a
mechanical equivalence between the local stress field abthef the LET or FET

of the connection and the local stress field at the root of dareal or internal
notched tube as it is illustrated in Fig. 3.

For tension loading, the only forces driving the stress figlhe root of the LET are
the tension loading’, the resultant of the normal contact pressure at the shoulde
@ and the resultant; of the normal contact pressure at the LET (see Fig. 3). Thus,
the only forces driving the stress field at the root of the FESthe tension loading

T and the resultant;, of the normal contact pressure at the FE#& being the
number of thread sections of the tool-joint.

Therefore, invoking the balance of forces on adequate stdbphathe pin and the
box, one can write the following equations



R,
T+Q+F = / S,z (R)2rRdR  forthe LET, @)
Ri

Re
T+F,= / S22z (R) 2w RdR for the FET 3)
R,

whereR;, R, andR, are respectively the internal radius, the external radnasthe
notch tip distance of the tube at the level of the considenesbd, as illustrated in
Fig. 3. For instance, equation (2) can be obtained by exipiggs$ise axial equilib-
rium of the lower part of the male part, up to the first engadeddd. In order to
solve those equations, one will need the expressions otthdtants), F; andF,

as a function of the applied loadings. This task has beewaed by investigating
the influence of the Make-Up torqug,, on the contact pressures under tension
loading with the help of the numerical model presented l@for

The first result of this study deals with the resultant of tbenmal contact pressure
at the shouldef). As depicted in Fig. 4, the dependence of the resuttawith the
Make-Up torque”,,,, approximately follows a bilinear law

2o
QUP (1 - Eup> 20 < Eup

0 2o > Yup

Q= (4)

wherek,, is the tensile stress for which the contact is completeliydothe shoul-
der,@., is the resultant of the normal contact pressure at the skouriduced only
by the Make-Up torqué€’,, and, is the applied uniform stress given by:

T
Yo=5— 5
o (5)
with
Sry = (R — Rj) (6)

and whereR; and R; are respectively the external and internal radius of thé too
joint (see Fig. 3).

A good estimation of the parametei,, and >, is obtained by the following
formula:



Cup

QUP = %7 (7)
. Qup

where the radiug,, represents the mean radius of the pin along the threads of the
connection (see Fig. 3), the paraméftés the friction coefficient and the ares,,
is the cross sectional area of the tube and is equal to

Sup =7 (R = R?). 9)

The approximation (7) has been formulated without the imibgeof the thread
helix and is obtained by computing the torque due to the tasuhcting at the
shoulder and the resultant of all forces acting on the ttgelBdr a more complete
formulation, the reader can refer to [35,11].

The second result refers to the resultants of the normalacomiressures on the
flank of the thread$’; which has already been studied in [35,11] without the influ-
ence of the Make-Up torque.

The Fig. 5 shows for traction loading the distribution of thimensionless resultants
F; along the threads given by

F' [ F Q
F = <_ — ) 7 10
T \F., Qu (10)
Fz’
Fr =2 11
Oy (11)

whereF;,  is the resultant of the normal contact pressure on the flatteothreads
due to the Make-Up torque only.

One can notice that this distribution is almost independerthe Make-Up torque
value. It has been also verified that it is independent ofehsite load and that the
contact conditions do not change. This means that theldlisiton of the forces is a
purely geometric characteristic of the connection. Thel$¢oacting on the threads
for any traction loading” and Make-Up torqué€’,, values are computed using the
dimensionless parametefs based on single load.

Inserting the axial stress componéiy, and the resultants of the contact pressure
@ andF; into (2) and introducing the axial stress concentratiotdiak™, , leads to



the expression of the axial stres§* at the root of the LET of the pin for traction
loading

S
Kby |21+ F) = 1= F| S+ KLy (L4 FIP) Sy < Sy
Zmax — Sup
Z7 STJ
Ky, 1+ Fi g Yo Yo > up
up

(12)

where K%, , is the axial stress concentration factor due to tensionitggand its
expression is given in [29].

And similarly inserting the axial stress componéiy, and the resultants of the
contact pressur® and F}, into (3) leads to the expression of the axial streg§$*
at the root of the FET of the box for traction loading

S
K, —STJ (1+Fn) = FiP| Sy + Kby Ry FP By < By
Emax — up (13)
YA STJ
KtZZ[]'—i_fn] g Yo 20>2up
up

For bending loading, the stress field at the roots of the LEThefpin and the
FET of the box is induced by the bending loadihfand the loading due to the
contact ag) and F; for the LET andF,, for the FET. The part of the stress field
induced by the bending loading is explicitly given in [29]dahie part of the stress
field induced by the resultants of the contact pressurestaraa by performing
an analogy between the bending loading and the tractionrigadhis analogy is
obtained by determining an equivalent traction loadifjgrom a bending loading
M given by

_ MRy

Y= 14
=T (14)
with I, being equal to
s
Irj = (Ri — Ri). (15)

This axial stres&’’ represents simply the maximal axial stress induced by tie fle
ural moment\/ at the outer fiber of the tube.



Therefore by invoking the global equilibrium conditionsg wbtain the following
equations

Ro
O+ F = / Y,z (R)2rRdR  forthe LET, (16)
Ri

Re
F, = Y77 (R)2rRdR for the FET (17)

1e]

and

_ £\ R2-X?

e \/_VRX SyYdYdX + [ (Vs vdydx  forthe FET
(18)

M o s oo Yzz7YdYdX + [R° 0” EZZYdeX for the LET
4

whereX?, , is the axial stress component induced by the bending loashraytube
without a notch .Its expression is

MR,

Bhy =

(19)

with T \
I1=7 (R~ R!) (20)

Inserting the axial stress componéiy, and the resultants of the contact pressure
Q and F} into (16) and introducing the axial stress concentratiandis k%, and
Kéz, respectively for traction and bending loading, leads ®dRkpression of the
axial stress272%* at the root of the LET of the pin for bending loading

S
KtZZ [F+—STJF1—1—ff]E*+KtZZ up( .7: ) X< Yy
up

STJ
Kt [r i S
77 Sup

max __
2ZZ -

E] X >,
(21)
with

K}y Relry
K.Y, Rpl’

(22)
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And similarly inserting the axial stress componéiyl; and the resultants of the
contact pressur@ andF,, into (17) leads to the expression of the axial stieg$*
at the root of the FET of the box for bending loading

S
K, [r T ST‘]]-“n - ]—7{1’1 S KL, S, N < Sy,
Yhy = s (23)
K, [r T S—fn] o 2> S
up

The Fig. 6 shows the comparison between the closed-forniignland the FEM
results for tension loading along the bisector of the notictha LET of the pin.
This solution being based on the use of complex elastitibam provide accurate
solutions for the multiaxial stress in axysymmetric sitoas. One can then note
that the closed-form solution gives good results in the meaghood of the notch
with an error less thaih.5% for the axial componeri ;; and the radial component
Y rr and less thas?% for the circumferential componediye. However the solu-
tion becomes less accurate when we go far away from the natticyarly for the
radial stress componehlzy.

The Fig. 7 shows the comparison of the closed-form solutrahthe FEM results
for the axial and the circumferential stress component@ldvel of the root of
the LET of the pin for various Make-Up torque,,, and tension loading,. One

can note that the proposed solution shows good agreemettisespect to FEM
results, for all loading cases.

4 Fatigue analysis

In this part, we are interested in the application of a fagigtiterion dedicated to
the predictions of the life time of threaded assemblies.edhe stabilized cycle of
the macroscopic strain and stress field is determined, atpeament will provide
the critical points and the fatigue lif&, i.e. number of cycles to failure, of the
structure. The used fatigue criterion is the Dang Van dote[18].

The criterion of Dang Van, in its initial formulation, all@to define the limit of the
imposed external loads under which the structure will havenéinite life. A pas-
sage between the macroscopic scale of the components ante8uscopic scale
of the grain allows to state that the lifetime is infinite ietmesoscopic shear stress
7 (t) and the hydrostatic pressufe(t) satisfy the following inequality

max {7 (t) + aso P (1)} < bso (24)

11



where the coefficients,, andb., are defined as

too - foo/2
foo/3

These coefficients are deduced from two Woehler curves friain gmooth spec-
imens giving the fatigue limit., in alternated torsion and., in fully reversed
bending. In general, the Woehler curves are not defined farfamty of cycles but
rather for10” to 10° cycles. We recall that the inequality (24) has to be verifi@d f
all points of the structure.

Aoy —

boo = to. (25)

In order to obtain a criterion suitable for the High Cycle igae regime, some
modifications must be done as presented also in [27]. Letsusaes that we have
a complete series of torsion and bending Woehler curveshimaterial under
discussion. For each finite number of cycléswe can define from the preceding
Woehler curves the limit amplitude in torsion and bendirenated: ; and respec-
tively fx, which will conduct to a lifetime of exactlyv cycles. Each of these pairs
(tn, fn) defines a corresponding pair of coefficients

P ty — fn/2
A YE

of a new line in the Dang Van plot representing the stress ipetihe mesoscopic
shear-pressure coordinates.

by =tn (26)

Thus the structure will have a lifetime of at leastcycles if

max {7 (t) + ayP (t)} < by. (27)

The different lines obtained form then a bundle in the Dang pat, which will be
cut by the stress path in this space (see Fig. 8). The numlsfctds to failure is
defined by the tangent to the shear-pressure path.

From a physical point of view, the fatigue life defined beftwethe number of
cycles to failureN corresponds to the nucleation of a small macroscopic crack
in High Cycle Fatigue regime. The initiation phase is theical phase from the
point of view of design, since once the crack has initiatad itot likely to arrest.
Moreover, the present experimental observations of faibfrthe specimen tested
showed that the propagation phase of the macroscopic caacBeneglected when
compared to the initiation phase. Indeed macroscopic drat&tion was attained

for ~ 10° and complete failure of the specimen at orty300 cycles after; simi-

lar observations are reported in [36]. However if more psexi is needed for the
lifetime prediction, one should use for instance the LEFNdrapch coupled with

12



the Paris law in order to determine the remaining lifetinm@vrmacroscopic crack
initiation to complete failure.

For the sake of simplicity, we consider here as a first appnaxion that the Dang
Van lines are all parallel. This implies that:

AN = U (28)

In order to link the equivalent mesoscopic shear stbgst® the fatigue lifeNV, we
introduce a fitting law to describe the Wohler curve in alsged torsion proposed
by [37]

ty = 0N+t (29)

where\ andJ are the fitting parameters. In the case where we have at oise’s d
posal only a Wohler curve in fully-reversed bending, thatieh (26) allows us to
compute the Wohler curve in alternated torsion. This hypsihis very strong but
due to the lack of experimental data on our material, thismatation can be seen
as a first approximation of lifetime predictions.

A comparison between the closed-form solution and the FEIte on the ap-
plication of the Dang Van criterion is depicted in Fig. 9. $Higure shows the
computation by the two methods, analytical and numeridaheequivalent meso-
scopic shear stress+ a., P introduced in (27). This type of presentation has been
chosen for relevant comparisons since, in the HCF domaimall rror on the
stresses leads to much higher error on the fatigue life. Asdépicted, the closed-
form solution gives reasonable predictions with an error@f when predicting at
the root of the LET of the pin and with an error smaller ti2a when predicting

at the root of the FET of the box.

5 Resultsand Discussions

In order to validate the proposed fatigue life criteriortjgae test in repeated ten-
sion has been performed on a small scale threaded connedgtioa machine test
INSTRON with a maximum loading equal 850 £N.

A small scale threaded connection has been designed by dalintgs of an API

connection with the same the stress concentration fadhis. donnection has been
designed to test the methodology presented here and shouberunderstood as
a downsized experiment for the real connection. Moreoverdimensions of the
small scale connection where chosen to be such that, withvakable machine

13



test, it was possible to perform fatigue test in the compiatge of the finite life-
time domain, i.e10° to 107 cycles. It is well known that the scale change is likely
to induce a change in the fatigue process due to the sizet ¢ife@2,23]. How-
ever, due to pratical constraints, i.e. the maximum loachefdvailable machine,
we were obliged to downsize the geometry including the nodoh radius.

Papadopoulos showed that the gradient effect is more impiitian the size effect
[38] which strengthens our choice.

The small scale threaded connection corresponds to a 1/Asimwg of the NC46

API connection. It has an intern&l; and an externak radii respectively equal

to 10.4 mm and20 mm and the geometry of the threads presents an opening angle
equal to55°, a root radius equal t0.25 mm and the distance of the notch tip of
the LET from the longitudinal axis of the connectidi) is equal tol5 mm. As a
comparison, the root radius of the initial full scale thredatonnection is equal to

1. mm. The theoretical stress concentration factgiprovided by the finite element
computations is equal ta57 for tension loading. More details of the geometry of
the used connection can be found in [28].

The small scale threaded connection is equally madel@zaMo4steel as the API
connections.

The Tab. 1 presents the values of the mechanical propettiiasned on a strain-
controlled cyclic tensile test at2% of elastoplastic deformation for the elastoplas-
tic parameters, the values of the Dang Van fatigue paras&efatigue limits on
smooth specimen,, = 260M Pa and f,, = 400M Pa [39] and the parameters
0 and )\ introduced in (29) obtained from a fully reversed bendingize test on
smooth specimen [40] and the use of the simplification (28).

Table 1
The macroscopic material parametefsYoung modulusy Poisson ratiogy yield limit,
H kinematic hardening modulus and,, b, Dang Van fatigue parameters.

E [GPa]| v | oy [MPa]l | H [MPa] | as | bo [MPa] | A )

210 0.3 835 8333 0.45 260 0.15 | 678

The fatigue tests starts with imposing the Make-Up torqug of 133 Nm or
433 Nm and continous with a cyclic repeated tensile loadihg, (R = % =
0). This make-up torque was applied though dead weights tloaiged an obvi-
ously repeatable torque value on the specimen. For the highgue, the tension
fatigue test has been duplicated in order to quantify théescaf the fatigue life
results.

The results of the repeated tension fatigue test are showahs. 2 and 3. The
experimental scatter of the fatigue life has a maximum valgeal to21 %. The

14



loads applied in this study induced local plasticity at thetrof the threads of the
connection. Finite element results show that the equivgkastic straine;? at the
LET has a mean value over all the tests equal.68 and0.31% for C,, equal to
433 Nm and133 Nm respectively.

Table 2
Results of the fatigue tests for a Make-Up torque equdBBNm.

Tiax [kN] 138 120 113 100 88

N test 1 || 113677 | 271328 | 454372 | 718460 | 1516831
[cycles] | test 2 || 90066 | 258030 | 409882 | 855261 | 1759682

Table 3
Results of the fatigue tests for a Make-Up torque equaBBNm.

Tax [EN] || 105 97 94 88

N [cycles] || 91492 | 199827 | 981140 | 1801615

The Fig. 11 shows the crack initiation site which takes platéhe root of the
LET of the pin of the threaded connection. The predictionhaf track initiation
site made with the Dang Van criterion is in good agreemertt tie experimental
results.

The distribution of the stress components along the bisettie root of the LET

is presented in Fig. 12 for a Make-Up torque equaki88 Nm and a repeated
tension loading equal td13 £/N. This result is obtained by a fully elastoplastic
finite element computation after five cycles of repeatediten®ading which was
enough to obtain elastic shakedown. The load induces qilgsait the root of the
LET and therefore the maximum stresses take place at a deséaqual td@).16 mm
from the tip of the root of the LET.

The Figure 13 shows the mesoscopic shear stress and hytdrgsessure, evalu-
ated along the bisector of the root of the LET. One can notie¢ the maximum
values of the equivalent mesoscopic shear stressi., P and of the stress com-
ponents are reached at the same location. The differenesbéetthe value of the
equivalent mesoscopic shear stress at the tip of the robieof ET and at the dis-
tance equal t®.16 mm is equal tol5 M Pa which is less thar % of the value
at the tip of the root of the LET. The predictions of the fagglives at this two
particular points leads to a reduction of the number of cy@gqual ta50%. This
result highlights the difficulty to estimate the fatigueelibf structures in the High
Cycle Fatigue domain.

The direct application of the modified Dang Van fatigue lifeg criterion (27) is
then illustrated in Fig. 14, where stresses where computdataoot of the LET of
the pin. One can see that the Dang Van criterion gives tooetwasve predictions

15



with a mean ratio between the experimental fatigue lives thedpredictions of
aboutl15 for both values of the Make-Up torque. Note that evaluativgdriterion
at its most critical value from a fatigue point of view (i.etrat the root of the LET
but at a given distance from it) would further increase treedipancy between the
prediction and the test results. It would indeed predicnesmmaller fatigue lives
than those presented in Fig. 14.

Let us discuss now the possible reasons for such a discrgpanc

A first explanation is related to fatigue criterion itselh& obtained stress state has
a high hydrostatic component, as can be observed on Fignlihid region, we
have no precise indication that the original infinite life& criterion is still valid.
This phenomenon is also emphasized by the fact that the iergerused for the
identification of the parameters of the criterion are donewhydrostatic pressure
region, which may induce a lack of precision in the regiomtérest. Furthermore,
a strong assumption made in the present approach is thehegi®of parallelism
of the lines defining the structure lifetime, which is preeehin (28). It is clear
that replacing the:, coefficient with a cycle dependent coefficient could im-
prove the prediction in this domain. Further improvemerais be obtained based
on recent evolutions of the Dang Van criterion [41] in thehhlgdrostatic stress
region.

A second kind of explanation for the discrepancy lies in thegaly mentionned size
effect which is well known for geometric discontinuitiescbuas notches or welds.
Indeed, these types of geometric discontinuities indudceeasgradient effect [42]
as well as a scale effect [43,44] which leads to a reductidghefatigue limit of the
material. Therefore applying a classical fatigue criteram structures presenting a
geometric discontinuity will generally underestimate thaggue lives as showed in
Fig. 14 with the Dang Van criterion.

Recently, a study of the effect of the stress-gradient aguathas been performed
in [45,46] using the Dang Van criterion. Based on a numencatlel of crystal
plasticity it is shown that, in the presence of a notch, oely frains in the neigh-
borhood of the notch tip are highly stressed. Therefore ittedihood that a grain
be oriented in such a way that its preferential slip systemasdes with the orien-
tation of the maximum principal stresses is very small. Kgl of consideration
provides an explanation to the fact that the use of a cldsitigue criterion on
such structures provides very conservative lifetimes,aasle seen on our exam-
ple. Unfortunately such analyses are for the moment onlyitatise and are not
yet suitable to engineering applications.

These two forementionned phenomena, namely the natureedatigue criterion
and stress gradient effect, provide plausible reason$i@observed conservatism
of our approach.
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In order to take into account the notch effect, one couldyagiflerent stress reduc-
tion techniques like the critical point technique discusse[21,22,52] or the vol-
umetric approach discussed in [24,47,25,26]. On figure Eodisplay the fatigue
lifetime predictions obtained with the Dang Van criteriqppéed after reducing the
stress field byi 1%. One can remark that the predictions now match the experimen
tal observations and that this choice is coherent with tldersrof magnitudes for
the corrections encountered in the beforementionned paper

6 Conclusions

This paper presented a methodology for fatigue lifetimedigtéons devoted to
threaded assemblies. This technique is based on a mechanatgsis and a fa-
tigue analysis.

The mechanical analysis provides the stabilized stre$sghaing the cyclic load-
ing. This can be done by two different methods:

e a complete finite element method which takes into accountdhgplete elasto-
plastic material behavior, the exact geometry of the thedamssembly and the
contact between the two parts of the connection in order timate the final
elastic shakedown state at any points of the structure,

¢ a closed-form solution which predicts directly the elastiess field developed
at the root of the LET and FET of the connection.

The drawback of the finite element method is the large timeprdation which
makes it not practical for real time survey of the damagerdyuthe drilling pro-
cess. This is overcome by the closed-form solution which mates stresses in-
stantaneously. For the time being this solution is puredgigt but it can be easily
extended to elastoplastic behavior with the use of the Naultes [48] or the Zarka
method [49] which have been recently employed for examp|&6ih

The fatigue analysis is performed using the Dang Van cnitestiich has been
extended in the finite lifetime domain. In order to validate tfatigue method-
ology, experimental fatigue tests on small scale threadeuhections have been
performed. The results have shown that the direct apptinatf the fatigue life cri-
terion on the most critical location near the notch root uedemates the fatigue
lives when the Dang Van criterion is used.

This may be explained firstly by the fact that this criteriawlpably needs to be
adapted in the high hydrostatic pressure domain, in ordeetapplied to this type
of notched structures. A second explanation is linked tor@sstgradient effect,
which leads to a need of correction or averaging of the evatluatresses, before
an application in fatigue criteria, such as the Dang Vareaon.
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As a final conclusion, we can state that further work is neadestder to justify
on a sound theoretical basis all the assumptions and thécapph of classical
fatigue criterion for structures presenting geometricdiginuity and large stress
gradients.
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drillbit tool-joints

b)

Figure 1. Description of a drillstring: a) drillstring corapents; b) picture of the pin part of
a tool-joint.

22



see attached file MaximumStress-LET-FET.pdf

Figure 2. Critical points of the threaded connections: angetry of a threaded connection;
b) root of the First Engaged Thread of the box; c) root of thetlengaged Thread of the

pin.
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Figure 3. Mechanical equivalence at the root of the LET offtime a) threaded connection;
b) equivalent notched tube.
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applied traction loading, and the Make-Up torqu€’,,,,.
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(a) (b)

Figure 10. Photographies of the downsized threaded capne¢s) connected (b) pin and
box

(@) (b)

Figure 11. Photographies of the downsized threaded caoneafter failure: a) box b) pin.

28



1400

1200

1000

800~

[MPa]

— 600

z

400

200

0 n n AAAAA n el n n P TR R
10" 10

X [mm]

Figure 12. Stress distribution along the bisector of the& af¢he LET forC.,,, = 433 Nm
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