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ABSTRACT

This paper deals with the developments performedABREVA for the definition of an analytical
methodology for the evaluation of secondary bendiognent relaxation in piping systems.

After a first presentation of the problematic ahd background of the methodology, the paper present
the already existing approach codified in the Alfpemndix of the RCC-MRx and the specific
improvements performed for the consideration oflIbestory effects.

The pertinence of the approach is finally showrodlgh the comparison of analytical applications to
reference Finite Element Modelling solutions spiealfy developed for validation purpose.

1 INTRODUCTION

Piping systems are submitted to a complex set gy and secondary loadings which have to be
combined together within Fracture Mechanics Assesssn(FMA) methodologies in order to justify, at
design level, the circumferential welds of pipingtems. This set of complex loadings, which are tdue
seismic loading, thermal expansion or stratifiaatipipe break... are generally determined indepehdent
through elastic modelling of the loop, and then alated together through accumulation rules which
insure the overall conservatism of the demonstmatio

Based on those accumulation rules, the conventymaatice for FMA is to directly impose those laagh

to the cracked section: all loading are then carsid as primary loadings. However, for situatioheng
the secondary part of the loading is dominant, phéstice could be over-conservative since thetietdly
determined secondary loading could drastically @stimate the real loading imposed to the piping
system. In such situation, it is important to tak® account the relaxation of the secondary logslidue

to plasticity in the piping system.

The purpose of this paper is to present the nualedevelopments and methodology improvements

performed by AREVA-NP in order to define an imprdvanalytical scheme for the assessment of

secondary loadings. This work focuses on simpléngigystems where no elastic follow up is expected.

This development relies on:

- The Finite Element Modelling (FEM), with or withoatacks, developed in order to provide reference
solutions for the analytical scheme developmentvatidation;

- The proposition of the analytical scheme, spedificdefined here for small surface cracks in sinsple
piping systems;

- The validation of this proposition through a conigamn to FEM reference solutions.

A detailed description of the problematic is figstliven in the paper. Then, the three main stephef
work are described. Finally, the befit of this agrh is illustrated through the example of a pipe
submitted to different situations of loading.
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2 GENERAL DESCRIPTION OF THE PROBLEMATIC

2.1 lllustration of the problematic

The FMA performed at design level relies on posedadefects and the assessment of their stability f
every possible loading situation encountered dutirgcomplete life of the components. Those defects
are postulated in locations where the manufactysiogess could create defects (e.g. in welds acdsts
components) and the assessment is performed camgphe critical defect size (in terms of fracture)

the performance of Non-Destructive Examination (NDE

For piping systems, the definition of loading sitaas is complex since it is a mix of normal loaglif.g.
pressure, thermal expansion) and abnormal/accideiftations (e.g. seismic load, thermal stratifima,

pipe break), some of them being statics, othensgbdynamics, some of them corresponding to imposed
load, others to imposed displacements.

For simplification purpose, the stresses and sraissociated to all those loading are determined
independently through an elastic modelling. An agglation rule is then necessary in order to combine
all those loading components.

Following this loading accumulation, the FMA is geally performed through simplified analytical
schemes such as the one provided by the R6 ruler[fje appendix 5.4 of the RSE-M [2]. In a first
simple approach, the load set provided by the aatation rule is directly imposed to the crackedtiseg
that is to say the complete loading set is coneitlas a primary loading. But in practice, such aagh is
over conservative since the contribution in J afoselary loading may be drastically over-estimated.
that case, the consequence is that FMA provideg siiall critical defect sizes (not in adequacy with
expected NDE performance).

The fact that the evaluation of secondary loadingpugh conventional analytical schemes is over-
conservative is well known for a long time and disx in [3]. For a piping system, a simple way to
illustrate the problematic is to consider the cafsa pipe submitted to a combined Pressure anditgnd
Moment loading. Internal pressure is a primary loady nature, but the bending moment can be either
an imposed load or an imposed rotation (e.g. theexpansion). Assuming an elastic-perfectly plastic
behaviour, the limit load curve of the pipe cardeéined by the plastic potenti@ in which (see fig. 1):

- If the bending moment is an imposed load, the iglastllapse of the pipe is reached when the
elastically determined loading path crosses thé load curve.

- If the bending moment is an imposed rotation, thsti-plastic loading path follows the elastic one
up to the limit curve, then follow this limit curwehile both pressure and imposed rotations continue
to increase.

A relaxation of the bending moment (ratio betweles ¢lastically determined bending moment and
the elastic-plastic one) is then observed.

2 2
oeM)=| 2| +[ M| -1=0
I:)O I\/IO
On fig. 1, one can see that the reduction of tleregary bending moment can be consequent. As a

consequence, it appears evident that an elasstigpladetermined from the elastic load path istitrally
higher than the one determined from the elastistigl@ne.

So finally there are strong potential benefits walaating the relaxation of secondary bending mdmen
But in practice, the problem is not as simple &ahe presented here since the encountered mategial
hardening ones (in particular the stainless stges) and in general cases, a spring effect magapp
between the most loaded sections and the elastie plathe piping systems. In the present papeange
focussing on the problematic of hardening materthks spring effect is not investigated. This metias,




24" Conference on Structural Mechanics in Reactor fielcyy
BEXCO, Busan, Korea - August 20-25, 2017
Division 1l

the methodology described here applies only to sinmiping systems in which no spring effect is
expected.

Elastic load path

Elastic-plastic
load path

H > P
Po
Fig. 1. lllustration of the secondary bending moment rateon

2.2 Thetheoretical background
The theoretical background of the approach deatribere relies on limit load analysis, and more
generally the Hencky-Mises theory [4] completedhwy following Illyushin theorem [5]:
For structures made from a material following apamential hardening lage, 0 04’ and submitted to a
radial loading path (which can be described byiguenparametef\ increasing monotonically):
- Stress, strain and displacement fields are inangasionotonically following an exponential relation,
e.g. for a stress proportionalAowe have:
o, OA 2¢, OA" and u, OA"
- Since each point of the structure is following tretation, the fully plastic solution of the noréir
elastic theory is the exact solution of the problarthe plastic flaw theory.

Following this theorem and assuming a partitiomgetn elastic and plastic displacements,
qtot =qe + qp
and for a material behaviour described by the falhg exponential law,

n
e’ o
— = _
€ Oy

elastic and plastic displacements become:

qd= som.g and of = a@om(g]

Qo Qo

where Q is the limit load of the structure and C the etasbmpliance. From those relations, the ratio
between elastic and plastic displacements becomes:

P ni p
q—e: a[ﬁgJ , or %: Se(GR) with 0 = cro.g
q Qo q e (GR) Qo
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Or represents here a stress representative of thrallbkehaviour of the structure (commonly called th
reference stress). From that definition, it finalypears that this ratio can be expressed asoabetiveen
an elastic-plastic strain and an elastic one. Tél&tion can be generalized to every hardeninguétiv
the relation:

tot
qtot =P+ = qe.ie((g-R)) or gtOt(o'R):o-?R‘*'g(o-R ),
R

where gfr) represents the stress-plastic strain law of thteral.

2.3 The A16 appendix of RCC-MRx formulation

The formulation provided in Al16 appendix of the R®Rx [6] is directly following this analytical
scheme, but adapted for the consideration of l#ngeugh-wall defects in pipes (the A16 appendix is
dedicated to FMA and LBB). For that purpose, trevjmus relation becomes:

tot tot
tot — C . € (ano-R ) C . € (Jdef-R) 0,
5 ) T o) |

whereno anddef are respectively describing the nominal part ef pipe (part of the pipe without crack)
and the cracked section. For a small surface defecsimply have:

tot tot
h : ot — C . € (Uno-R ) O= e. € (Jno-R )
e o) 7 e on)

no-R

Cdef << C:no and 0-def—R =0

no-R

which exactly corresponds to the previous formalati

In pipe sections, the global behaviour is commaldgcribed through a quadratic functiog describing
the global plasticity of the section and expresagdrms of global loads. The reference stressan:t

— _Jeq_
Ogr =Lz0, andLy = =0,
Jy

Following the RSE-M/5.4 appendix [2] notations gsimon-dimensional loadings:

pe B P By M My g My
2 to, 2 nl; 000, A2 1[0, 4 0[O,

it becomes, for a pipe without crack, the followingfunction:

Le =42 +m’+m,+m,” = [p’ +m,}

2.4  Application for the determination of therelaxation ratio

For a fully secondary loading, the displacementf@™ is imposed. The associated elastic and elastic-
plastic loadings are thus defined by:

tot
tot _ | ot _ ~& (JR)
th = C.Qe and qo = CTQ
e°0g
| we define the relaxation ratdas the ratio between elastic-plastic and elas#idihg, since the loading
Q is proportional to thed function:
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Thus,A simply becomes the solution of the following edrat
LR _ SE(LR)

L R(s)—el - 8tot(L . )

where li is here a function of.

Lr
A
250 ’4| SS1 - Isothermal behaviol’i
P+S)el |
LR( ) peeeee e 200 / ///.u/‘
g 150
R = /'//
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50 E =176 GPa
o, = 160 MP;
0 . . .
0.000 0.005 0.010 0.015 0.020
Eps
prp (P :t t - &
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Fig 2: On left: Representation of the scheme in a stretsd-strain diagram
On right: Stainless-steel material behaviour at 300

For a more complex situation including primary asgtondary loadings, a strong assumption has to be
made on the relaxation ratio which has to be cemsitl as the same for all the secondary loading
components. For a pipe formulation, the decompwsitf the primary and secondary bending and

torsional bending moments becomes:

. (P+9)

=m® +am_® (=1, 20u3)

whereel defined the elastically determined loadi(ig) its primary part(S) the secondary one af@+S)
the combination of both. Theglfunction becomes:

L = \/p2 + Z (mi(P) + }"mi-eI(S) )2

and the relaxation ratio becomes the solution efttuation:

L _ Se(LR), .
LR(P+S)—eI Stot(LR)_gp(LR(P))

where " corresponds to the contribution of primary loadiry = 0 in the Iz definition), Lg"**®
corresponds to the complete load without any reiemaA = 1 in the l; definition) and Iz corresponds to
the parameter taking into account the relaxatiogprBsented in atress-total strairgraph (fig. 2), one
should note that this equation is equivalent tofttlewing relation:
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Stot(LR)ZSe(LR(MS)—e|)+8p(LR(P))

In a general case (for realistic materials), thastitutive law of the material is not simple andigha
numerical scheme is needed to solve this equation.

As a complement, this graph illustrates that inhsapproach the secondary loading is systematically
added to the primary loading, which constitutes@&e of conservatism since the secondary loadimg m
be discharged totally or partially if the both lgags are acting along the same axis.

3 MODELS FOR THE DEVELOPMENT OF REFERENCE SOLUTIONS

3.1 Materialsunder consideration

Two different material behaviours are used for dginalytical developments and FEM presented in this
report. Those are described by a Ramberg-Osgood {et@ulation (plate test-case) or given point by
point (see fig. 2). Both of those two types of fotation is corresponding a stainless steel matatial
warm temperature. The RO material is defined by:

n
o
izi+ 9 , with: sy:—y,ayzloo MPa, E=176.5GPa,n=6
£ o y E

3.2 Plate submitted to combined tension and bending

A simple plate model was firstly used with the alijee to validate the protocol for loading applioatin
the following modelling. A 2D plane stress assumptdopted here.

In this configuration, one side of the plate is ehted whether the other side is submitted to a meameb
stress (noted,,) combined with an imposed rotation. This rotati®imposed considering that the straight
loaded section remains straight during the loagihgse. This rotation is quantified by the assodiate
elastic stress (noteml,..; and corresponding to the bending stress assodiatde imposed rotation for a
linear elastic behaviour).

The main advantage of this problem is that a qaaalytical solution can be provided. This allows
validating the FEM protocol used further for mooenplex cases.

3.3  Straight pipe submitted to combined pressure and bending moment

The straight pipe model is defined by its intemaalius r = 368 mm and its thickness t = 70 mm. The pipe
length represented by the model is L = 3364 mm.

In the FEM, this pipe is represented by 20 nodéskhbelement, in 3D, with 4 elements through the
thickness. Only a % of the structure is represetitadks to the symmetrical loading configurations.

The straight pipe boundary conditions are simitathiose imposed to the plate: one end is embeadded i
axial and circumferential directions (radial diggenents are free) whether the other is submittetido
imposed rotation (bending rotation). Again, thatation is imposed assuming that the plane section
submitted to the loading remains plane. This rotais quantified by its associated elastic bendihg
corresponding to an elastic behaviour.

Additionally to that imposed rotation, the pipesisomitted to an internal pressure and the assdogate-
effect. And in some loading cases, the bending nmbrsediscomposed in a primary part and a secondary
part. In that case, the primary part is quantifigdts ratio with the total elastic bending moment.

3.4 Loading sequence

For combined loading configurations (i.e. primargecondary loadings), two different loading seqesnc
are investigated (see fig. 3)
- Proportional loading where both the primary andsbeondary loadings remain proportional;
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- Non proportional loading sequence where the primaading is imposed in a first phase then
maintained constant while the secondary loadirigmsed.

- When the moment is discomposed in two parts (pgmasecondary contributions), only non-radial
configurations are considered. In that case, thregsy moment is imposed at the same time than the
internal pressure (see fig. 3) then the expectéation is added to the rotation resultant from the
imposed primary moment.

Me| Or Te|
Radial |oadin( Non-radial
loading
Primary part of the
bending moment
P
Fig. 3: Proportional and non-proportional bending

moment

Fig. 4: Kinematic relation in the loaded section

Next table 1 gives the details of loading condii@uopted for the FEM results provided in this palre
this table, the loading is normalized following fREE-M notations [2] (see §2.3).

# | mg p | Radial (Y/N) | %Mp
P1|137| O 0
P2|1.37|0.75 N 0
P3| 1.37| 0.75 Y 0
P5|1.37| 0.75 N 50

3.5 Loading protocol

The difficulty of the FEM presented here is dughe fact that a load (e.g. end-effects) and aiostatre

to be imposed on the same section. Additionallikinematic relation (the plane section remains plane

has to be imposed. For that purpose the followioggdure is applied:

- Theload is imposed through a pressure on theose@td section on fig. 4). For an effort equaNto
this pressure is simply:

- The kinematic relation is imposed through a geoime#lation between each node of the section and
the two extreme nodes (P1 and P2 in fig. 4). Fgivan bending load and for each pointoP the
section, the axial displacement is then defined by:
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r,.—Z r.+z
i)= e i 'Ul +_¢ i U
2r, 2r,

- The rotation is then imposed through the differebetwveen the displacements of the two extreme
points:

Uz B Ul
2r,

R =

This procedure allows the pipe to extend with tmpdsed end effect and with a superposed rotation.
When the pipe is submitted to a primary bending emtnthis loading is applied through a variable

pressure on the loaded section. In that framegdoh point Pof the section, the imposed stress is defined
by:

z,.04 Tir ..M

P)= v ith: =
0'( |) y , with Ogb Z(m

This variable pressure is added to the end-effébhke resultant rotation is determined through the
calculation during the first loading phase when yomirimary loading is applied. The rotation
corresponding to the secondary loading is thenlsiangided in the second phase.

Next fig. 5 validates this numerical protocol byrgmaring the quasi-analytical solution of the platehe
same calculation obtained by FEM. As it can be showthis figure, the accordance between the F.E.
modeling and the analytical solution is good. Tlghs difference between the two solutions for tase
‘om = 75’ is due to the discretization of the sectidrich is different for the two approaches.

180
! 3
160 + pa— o P
/ P
140 y —&-
*
120 - -
= / » | o
2 100 —
= e [ ]
S /¥ ]
& 80 =
1/
60 A~ -
¢ . |
40— .
/ * Analy. (Sm=0) ] Analy. (Sm=75)
ol /
20 17— FEM (Sm=0) FEM (Sm=75)
o T ! ] T
0 100 200 300 400 500
Ol (MPa)

Fig. 5. Validation of the FEM protocol through comparisimnan analytical solution

3.6 Mode for J calculation

For the straight pipe configuration, a cracked nhedies developed in order to validate the complete G
calculation through the analytical scheme. The stigated configurations are different combinatidn o
internal pressure and bending. Next fig. 6 givesmesentation of the mesh (pipe configuration \aith
internal circumferential semi-elliptical surfaceack — TUB-CDSI in RSE-M notation [2]). The objediv
of this FEM is to validate that the secondary logdiletermined through the relaxation modules resnain
pertinent for the J calculation (in particular ionAproportional configurations).
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Fig. 6: Mesh of the cracked pipe with an internal senipttlal surface defect (CDSI)
4  VALIDATION OF THE ANALYTICAL SCHEMES

4.1 Confrontation of the RCC-MRx formulation to reference solutions

The fig. 7 compares an application of the RCC-MRb8A6] solution (as described in §2.4) to reference

FEM solutions obtained on pipes. In this graph, teofigurations are compared:

- #P1 configuration corresponding to a secondary ingnioment without pressure;

- #P2 configuration corresponding to a non-propogioeombination of internal pressure and
secondary bending moment.

In #P1 configuration, the analytical model giveseay good evaluation of the elastic-plastic bending
moment. This configuration is exactly within thesamptions of the analytical model and thus an
excellent agreement is obtained.

In #P2 configuration, the RCC-MRx/A16 applicationder-estimates the FEM solution. In that case, the
proportionality assumption is not respected, exytg this difference. In a general case, the semgnd
loading corresponding to thermal expansion is iredcat the same time than internal pressure. This th
does not constitute a difficulty. It is more prahbigtic when additional loading are superposed iecarsd
step (e.g. secondary part of the seismic loading).

4.2 Introduction of an history effect within the analytical scheme

The RCC-MRx/A16 formulation relies explicitly thes lfunction to the imposed loading. By the way, it
could not take into account any load history eff8dte only way to represent such history effediis
define a plastic potentid@ relying on imposed loading and associated duahblkes. For a pipe section, if
the model is limited to the internal pressure dmeléquivalent bending moment4pas defined in §2.3),
the loading vector becomes:

Dual variables can be defined throughande, strains as follows:

Pr 30 o Y € E |v3 0]|&,
8m=—m=£—y.p, €, = — M, and: :[D]. :—.J_ :
2Eh 3 E E M, &) 0, 0 1|8

From that definition, the plastic potential canrtie defined as follows:
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where Lr is no more an explicit function of the loading lautunction of the cumulated plastic strajn
When plastic flaw appears, it has to follow themality law. The plastic flaw is thus normaldand we

haVe:
{ } =dl.——— = 2d( { }
d“':b pl . a{ I } o €q ,

Mg,

where d is a scalar. In addition, the plastic work isedlio the cumulated plastic strappand we have:

T T
Y de p D 2
. =L,. UG . = 2dC. = | —
{meq} {dab}pl <> 2 {meq} {meq} 200Le" =Lpdey > dey = 201,

Finally, after the increment the potential mustéspected and thus:

(D:(p+dp)2+(meq+dmeq)z_LRZ(epI+d£pl):0With:{ } [o] {de } {de }

With such formulation, the resolution becomes inmatal which means that the loadin has to be
discretized in a sufficient number of steps. Theliaption of this model is represented on fig. &d(r
points denotedon-prop. As it is shown this simple modification allowstdrmining an accurate value of
the bending moment, demonstrating again the pexdmeof the proposed model relaying on global
loadings.

4.3 Validations of the J calculation

Next fig. 8 gives the evolution of the J paramdtera secondary bending moment without pressure. Th
first result illustrated by this figure is the lardifference in terms of J between a primary asda@ndary
loading, one inducing a sharp amplification of éhastic J when approaching to the limit load, theosid

a slight reduction: at the end of the secondargtitag for m, larger than 1, the elastic plastic J is about 15
kJ/mz2, showing the strong interest to accountdtaxation of secondary bending moment.

In this fig. 8 and the following figures, the Jduimn corresponds to the RSE-M [2] analytical soke
(CLC option) applied with the relaxed bending motgetermined by FEM without crack): the objective
is here to show the pertinence of this bending nmime

The same comparison is provided on fig. 9 for aosdary bending moment combined with internal
pressure (with a max pressure of 24 MPa). On fpatd, red curves are corresponding to the norafadi
configuration (pressure is imposed at first thea tbtation) whether the blue curve corresponds¢o t
radial configuration (imposed pressure and rotaticnease simultaneously).

For the proportional configuration (#P3), the RSEaNBlytical scheme [2] provides again a very good
evaluation of the J parameter. For that configargtit can also be noticed that for the final loagithe J
value is around 25 kJ/m2 when the bending momertrisidered as secondary loading (#P3) whether it i
larger than 1200 kJ/m2 when the bending momentnsidered as primary loading! This again illustsate
the strong benefit obtained when considering sesmgridading.
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For the non-radial configuration, this figure ilitates that the RSE-M/5.4 analytical scheme [2]rove
estimates the J parameter determined through thé FEis can be relied to the fact that, for a coempl
load history and for an elastic-plastic behavidle, link between the local stresses imposed taléfiect
and the global loading is lost due to plastic fiovthe structure.

When comparing the radial and non-radial configare, this figure illustrates that the load histtigs
also a significant effect on the J parameter (imecence with the effect observed on the loading).

25 [
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Fig. 8: J calculation for the secondary bending

Fig. 7: Elastic-plastic bending moment calculation .
moment without pressure
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Fig. 9: J calculation for the secondary bending Fig. 10: J calculation for 50% primary bending
moment cumulated with pressure (radial and non- moment cumulated with pressure (non-radial
radial configurations) configurations)

5 SYNTHESIS AND CONCLUSIONS

This paper presents the developments performed ARIEVA for the development and the validation of

an analytical scheme for the evaluation of thexalan of secondary bending moments due to pl&gtici

After a presentation of the problematic and thekeaund of the approach, the paper shows that:

- This kind of approach is able to provide an aceusalution for simple lines where no spring effiect
expected. This means that its application has tovbd to simple piping systems;

- For non-proportional loading, an improvement to R&C-MRx/A16 methodology [6] is proposed in
order to take into account the load-history effd@dtis improvement provides very good results in
terms of relaxation;
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An illustration of the pertinence of this relaxeehlding moment is provided through a comparison of
the J parameter determined directly from FEM areddhe determined from the RSE-M analytical
scheme.

In addition to the pertinence, this last comparisbow the large benefit on the J parameter when
considering the relaxation in comparison to a fpliynary classification.
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