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Abstract. Pipes used in nuclear facilities or for oil transportation can eventually experience serious problems after
some years of operation. The evaluation of the defects caused by corrosion in these pipes is important when deciding
for the repair of the line or continuity in operation. Under normal operational conditions, these pipes are subject to
constant internal pressure and cyclic load due to bending and/or tension. Under such loading conditions, the pointsin
the pipes with thickness reduction due to corrosion are subject to the phenomenon known as ratcheting. The objective
of this paper is to present a revision of the available numerical models to treat the ratcheting phenomenon and to
develop experimental tests to determine the occurrence of ratcheting in corroded pipes under typical operational load
conditions.
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1. INTRODUCTION

Pipes used in the production and export of petroleway eventually present problems after some yefause due
to the presence of corrosion damages under thetaffecyclic loads such as the action of waves audents or
variations of fluid temperature. Evaluation of thefects caused by corrosion is important to helpddefor the repair
of the line or continuity in operation.

The effect of corrosion damages in the rupturegumesof pipes has been widely studied in recentsyd¢towever,
under conditions of cyclic loading, the points le fpipes with thickness reduction can suffer thenpimenon known as
ratcheting, which is not taken into account in entmorms for evaluation of integrity of corrodeggs.

The objective of this paper is to present some migalemodels that approach the phenomenon of rttache
(Armstrong and Frederick, 1966, and Chaboche, 19881, 1994) and to develop experimental testeduced scale
reproducing the operational conditions of thesee@ifo study the possibility of occurrence of ratoig (Silveira,
2005).

2. PLASTICITY MODELS FOR RATCHETING

Nowadays we have a growing number of constituentletsodeveloped to study the ratcheting responseli¢cy
accumulation of plastic strains). In many of theszdels the plastic modulus calculation is coupléith s kinematic
hardening rule through the yield surface consistezandition. These models are called coupled mo{#ési and
Hassan, 2000). The models proposed by Armstrond-aederick (1966) and Chaboche (1986, 1991, 138dJlied in
this paper, belong to this class.

The plasticity models assuming a loading rate iedelent material behavior have the following comrfeatures:

1%) von Mises yield criterion:

%
f(c—a):B(s—a)-(s—a)} =0, (1);
29) flow rule:
de? :1<af- dc>af );
H \do Jo

where, 6 is the stress tensog, is the plastic strain tensag, is the deviatoric stress tensar, is the current center
of the yield surfacea is the current center of the yield surface in deiatoric spaceg, is the size of the yield
surface (constant for a cyclically stable materiafjdH is the plastic module.

39 the third and most important feature for ratagsimulation, the kinematic hardening rule is gitgy:



da=g(e,¢",a,do,de", etc) (3).

The kinematic hardening rule dictates the evolutbthe yield surface during a plastic loading ement only by
translation in the stress space.

In coupled models, the plastic modideis evaluated using the consistency condit'fDOﬂ,o, kinematic hardening
rule, Eq. (3), flow rule, Eq. (2), and yield critam, Eq. (1).

2.1. Non-linear kinematic hardening model

The best known non-linear kinematic hardening matda$ proposed by Armstrong and Frederick (1966¢yTh
introduced a kinematic hardening rule that contaifisecall term”, which incorporates the fading noeyneffect of the
strain path and essentially makes the rule nonliimeaature:

da= %Cdsp —yadp (5).
where

5 %
dp =|de”| =[3dsp- dap} (6).

For uniaxial loading, this rule basically providas exponentiaky, trace [see Fig. 1(a)], which always starts with a
modulus given by:

H=C*va, (@)

and stabilizes to a value @ /vy after going through some amount of plastic streim&Equation (7), the negative sign

is used for a forward loading curve and the pasitign for a reverse loading curve. Figure 1(ashthis model
simulation of a stable hysteresis loop. It is appaifrom the figure that the experimental stressitstcurve is not
necessarily exponential in nature and the attempsimulate it by a single exponential equation & adequate.
Increasing the value @ the simulation during the initial non-linear phageuld be improved, but the simulation for
the rest of the curve would suffer. Another limiat of this model is its inability to produce coaust plastic modulus
exhibited on experiments with a high strain rafigags model stabilizes with plastic modulus equatéoo.

For an uniaxial stress cycle with average strdss, “tecall” term in the Armstrong and Frederick ddnmatic
hardening rule produces changes in shape betwewmrfb and reverse loading paths. Therefore, the mes not
close and results in ratcheting [see Fig. 1(b)} tBe stress — strain loop produced by this modelades significantly
from the experiment and the ratcheting strainse alver predicted, as demonstrated in Fig. 1(b).
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Figure 1. Predictions from Armstrong and Frederiabdel (AF) for (a) strain-controlled stable hyssisdoop, (b)
stress-controlled hysteresis loop (Bari and Has2@00).
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2.2. Chaboche model with three decomposed rules

Chaboche in Chabochet al. (1979) and Chaboche (1986) proposed a non-linganiatic hardening rule
“decomposed” in the form;

M
da=>da Oda, :§stp—yiqdp (8)
i=1
and
%
dp=dsp={§ds"°d£"} ’ 9).

As can be observed in Eq. (8), the Chaboche kirierhatdening rule is a superposition of several grong and
Frederick hardening rules. Each of these decompuases! has its specific purpose.
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Figure 2. Predictions from Chaboche model with Godeposed rules (C-H3) for (a) strain-controlledktenysteresis
loop, (b) stress-controlled hysteresis loop (Bad &lassan, 2000).

A stable hysteresis curve can be divided into thutical segments where the Armstrong and Frekemodel
fails: the initial high modulus at the onset oflgliag, the constant modulus segment at a highainstange and the
short non-linear segment [knee of the hysteregigegisee Fig. 1(a)]. Chaboche (1986) proposed ¢oinisally three
decomposed hardening rulell [= 3 in Eq. (8)] to improve the simulation of thegsteresis loops in these three

segments. He suggested that the first fidg) should start hardening with a very large modulog atabilize very
quickly. The second ruléd,) should simulate the short non-linear portion & table hysteresis curve. Finally, the

third rule (@) should be a linear hardening ru{g; =0) to represent the subsequent linear part of theetgsis
curve at a high strain range. If this scheme i®¥etd, the simulation for a stable hysteresis looproves as shown in
Fig. 2(a) [compared to Fig. 1(a)]. Figure 2(a) prés the traces of the three decomposed (algs; (@) and (a3)

and the resulting yield surface cer@ig(= a, + @, + @) . The hysteresis curve simulation still deviatéghsly from

the experimental curve. This can be improved furtlyeadding more kinematic rules as it is discudaest.

Figure 2(b) shows the simulation for a stress-adlel hysteresis loop by the Chaboche model ushrget
decomposed rules. This simulated hysteresis loowsla significant improvement from that presentgdhe original
Armstrong and Frederick model and it is very cltsehe experimental loop. But this model still oy@edicts the
ratcheting strain at the end of the first cycle.

2.3. Chaboche model - fourth rule with a threshold
Realizing the previous deficiencies of the modélABOCHE [3] added to it a fourth hardening rule i concept

of “threshold”. This kinematic hardening rule grolisearly to a certain “threshold” stress level asubsequently
hardens according to the Armstrong and Frederilek as follows:



da, :écldgp_yia<1_ f(aé)>dp fori =4 (10).

This fourth rule simulates a constant linear haignvith a slope ofC, within the thresholdt a, and becomes
non-linear outside the threshold [sag trace in Fig. 3(a)].

When this fourth rule is added to the previous ehdecomposed rules, the model predicts a redudedofa
ratcheting for initial cycles without committingelsimulation of the stable hysteresis loop. Therawpment becomes
evident if simulations in Fig. 2, letters (a) arg) @re compared to Fig. 3, letters (a) and (b)peesvely. The
simulation in Fig. 3(b) conforms better with thgpeximental uniaxial ratcheting hysteresis loop whempared to that
in Fig. 2(b).
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Figure 3. Predictions from Chaboche model withégirold” (C-H4T) for (a) strain-controlled stablestsresis loop,
(b) stress-controlled hysteresis loop (Bari andddas2000).

The reason for the improvement in uniaxial ratefgesimulation, when the fourth rule with a “threkfias used, is
because within the threshold level, this rule donet use its recall term and assumes linear harderiihe linear
hardening acts as instrument in stiffening the ilogturves and relaxing the unloading curves taicedcompletely
ratcheting with cycles. When the threshold leveleiached, the hardening becomes non-linear agaithenreduction
of ratcheting is attenuated to avoid potential slakvn. The threshold leve§, can also be considered a ratcheting

parameter which will be determined from uniaxiatheeting experiments.
3. EXPERIMENTS

The experiments were developed with two purposesefiroduce in reduced scale the operational dondiof the
pipes used in petroleum exploration to determire dbcurrence of ratcheting and to make a companigtn the
numeric model used.
3.1. Material properties

The material properties were established througimatmmic uniaxial tensile tests, showed in Fig 4plagl to
specimens removed in the longitudinal directiothef pipe used to make the models.

The material yield and rupture strength, as wethaselasticity modulus and the Poisson’s coefficere presented

in the Tab. 1.

Table 1. Material Properties.

279 MPa

Yield Limit at 0,2%: 0,

Rupture strength: 0, 490 MPa

Elasticity modulus: E = 195 GPa

Poisson’s Coefficient: V= 0,3
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Figure 4. Stress-strain curve obtained from moriotaniaxial tensile tests.

3.2. Cyclic tests models

For the cyclic bending tests at constant intermabgure specimens were manufactured with threerdift defect
sizes, as shown in Tab. 2 and Fig. 5.

Table 2. Dimensions of the defects manufacturegtierspecimens tested

Model 1| Model 2| Model 3
Nominal external diameter of the pipe (D) 42,0 2,0 mm 42,0 mm
Nominal thickness of the wall of the pipe (t) 2,/m 2,7 mm| 2,7 mm
Length of the defect (LD) 1xD 1xD 1xD
Depth of the defect (h) 0,6xt 0,7xjt 0,8xt
500
i . 420
S /% \ =
48 HE o, ]
Detail B Detail A G.DFA
| “ | |
15 2xD |15xD|15xD[15xD|15xD| 2xD 15
GxD
OBS.. dimensions in milimeters 10xD

Figure 5. Specimen for cyclic test.

As can be seen in Fig. 5 each model presents tmgitlalinal defects, equal and diametrically opposamiulating
corrosion defects. Two specimens of each model wearufactured, totaling, therefore, six specimétech model
was divided along its length in nine sections (A, 2B, 3A, 3B, 4A, 4B, 5A, 5B), and each sectiorided in 18°
segments along the perimeter. Before machiningl#éiects, the dimensions (diameter with micrometet thickness
with ultrasound) of the points marked in sectiongA, 2B, 3A, 3B, were measured. The points ofisast5A and 5B
were used for ultrasound calibration. This calilmratvas made comparing the value of the pipe vaidkness obtained
by ultrasound with the value measured with a mi@t@mnof spherical tips in each point of the section



The defects were machined by electro-erosion (tadastress concentration) in section 1 positiomethe center of
the model, in the diametrically opposite pointst theesented the smallest thickness difference.rAgtectro-erosion,
the depth of the defects was measured with thefadclock gauge.

3.3. Cyclic Test

The equipments and materials used in the cyclis ta® presented in Fig. 6 and listed below.

(1) INSTRON Fatigue Testing Machine, model 8802;

(2) Device for application of the cyclic bendingtb(four-point bending);

(3) Device for application of the internal press(set up inside of the specimen);

(4) Device for operator protection in the caseupfture of the pressurized specimen;
(5) INSTRON Load Cell (capacity up to 25 kN);

(6) Pressure Transducer (capacity up to 5000 psi);

(7) LVDT Displacement Transducer (capacity up tarif);

(8) Specimen;
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Figure 7. Device for application of internal pregsu
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Figure 8. Biaxial Strain Gages.

The device for internal pressure application wagelitged in such a way as to allow that the presappied to
accomplish the test cause only circumferentialsstrit® the specimen without increasing its rigiditylongitudinal
bending. As can be seen in Fig. 7 the extremitigh@device (1) are not fixed to the specimendretunited through
an axis (2) with two bipartite coupling (3) and teeecaps (4).

In each specimen four biaxial strain gages (eaelinstjage has 2 mm of length for 1 mm of width) evplaced as
shown in Fig. 8, one in each defect and two inisec2A or 2B (see Fig. 5), aligned with the defe(@ame angle of
circumferential positioning), in order to measune tircumferential and longitudinal strain in thenter of the defects
and in an area submitted to the same loading, lhout defect (section 2A or 2B). Strain gages waeeed out of the
area of the defect, to allow a comparison withdah&ined results of the numerical analysis (wittadz the elements
that are positioned at the same place of the sgages), and with the result of the analysis of-supported beam
(presented in Fig. 9) with internal pressure. Tésults are presented in Tab. 3.

Table 3. Deformation in the area without defectrfeadium load test (9,02 kN).

TEST | ABAQUS| BEAM
1 ¥
Circumferential Strair€, (%) Compression Stress 0,073 0,073 0,072
Tensile Stress 0,03p 0,033 0,084
i - 4 - -
Longitudinal Straing, (%) Compression Stress 0,077 0,077 0,079
Tensile Stress 0,051 0,049 0,047

In the analysis of the bi-supported beam the falhgwequations were used:

- %
&g 2?09_E(0z+09) (20),

1-v v
g§,=——0,-—lo,+0, (21),

z E z E( z 5)
Ue:%ﬂ (22),
o =MD (23),
o2
M =Fa [seeFig. 9] (24)
and

= (p*—g* 25
| 64(D d*) (25)



wherev andE are the material Poisson Coefficient and Elasti®ibdulus, respectively, presented in Tab. 1. Other
parameters are: the pipe wall nominal thicknedhgetexternal diameter of the pipe, D, the intediaimeter of the pipe,
d, the internal pressurp, the bending momenk), and the moment of inertia, I, of the pipe.

After the strain gage gluing and instrumentatidg tevice of internal sealing is assembled indiespecimen
which is then positioned in the apparatus of apgilim of the bending load so that the defects bgeed vertically. In
this way, the defect positioned above the horidgpitn that passes by the axis of the specimenbeilsubmitted to
compression stress and the defect positioned biHevinorizontal plan that passes by the axis osgiecimen will be
submitted to tensile stress (during the cyclic legdoading, see Fig. 7). It should be emphasibed because of the
internal pressure and the cyclic bending loadihg,defect submitted to the compression stresshig&uof a negative

longitudinal stresfg ), resulting in a circumferential strai(‘gg) larger than for the defect submitted to the tensil

stress. This observation can be verified in thetelaegime, for instance, analyzing the seconeh ten the right side of
Eq. (20).

@ x

(b) } x

Figure 9. Bi-supported beam with two same loadseandilly spaced: (a) “Cutting Effort” diagram and
(b) Bending moment diagram.

During the essays the specimens were submitted &maivalent stresg,, between 30% and 90% of the material

yield limit, g, (presented in Tab. 1), represented by the follgwéiquation:
0.,=4/33,0J —1[(0 —0')2+0'2+0'2] (26).
eq 2 2= 6 z 8 [ z

The result of the cyclic test is presented in E@. circumferential strain vs. number of cycles,ddoad of 9,02 kN.
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Figure 10. Circumferential Strain x Number of cycldefect in compression stress.
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Figure 11. Load x Strain curve of the specimen T&Lwith 110 cycles.

Figure 11 presents the Load x Strain curve obtaimigld the specimen TPC167D that possesses thesladgéect
depth, where the occurrence of ratcheting can Iserobd and Fig. 12 presents the Load x Strain coiptained with
the specimen TPC167F that possesses the smalfest depth, where the occurrence of shakedown easbberved.
14 -
12 1
10 -

Bending Load (kN)

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
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Figure 12. Load x Strain curve of the specimen T&1lwith 110 cycles.

4. NUMERICAL ANALYSIS

As presented in item 3 cyclic bending tests weneedio four points, at constant internal pressurpijie samples
with elliptic defects produced by electro-erosidn. simulate those tests, three numerical modele foneach defect
depth, according to Tab. 2) were made, based onfitlite elements method through the commercial veaife
ABAQUS version 6.3.5 installed in Workstation Sulad® 1000 of the Laboratory of Underwater Technpldgr's) —
COPPE / UFRJ.

Analyzing the diagrams of “Cutting Effort” and “Beéimg Moment” of a bi-supported beam model with tegual
loads and equally spaced (the configuration ofrdadized tests ) presented in Fig. 9, we can coecthat between
points B and C there is a null cutting effort armhstant bending moment. This fact allowed creatingimpler
numerical model. Fig 9 points B and C corresponHitp5 points (3A) and (3B). The distance betwdengoints (3A)
and (3B) is six times the specimen diameter anthessample possesses longitudinal and transveysahstry, the
numerical models could be reduced to 1/4 the sadipiension between the points (3A) and (3B) of Big.

As can be seen in Fig. 13, the model presents sympimerelation to the transversal plan that pasgethe center of
the model (and of the defect), parallel to the plaR of the system of global coordinates and to \tbdical plan
coincident with the plan 2-3 of the global coordesasystem.

In the numerical analysis, the loading was appletivo steps: in the first step pressure was agpliethe internal
face of the model, as can be seen in Fig. 14(a)irmtide second step, the pressure applied in theiqus step was
maintained constant and a cyclic moment was apjtieal knot positioned in the reference point (RR)is knot is
connected to all the existent knots in the trarsaleface of the model equivalent to section (3BFiof 5, as can be
seen in Fig. 14(b).

The mesh of finite elements was generated staftimg the three-dimensional solid element C3D20 @natic
element) that possesses twenty knots and twengndategration points.
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Figure 13. Symmetry of the numerical model.

The active degrees of freedom were the three &dosl components in each knot (Ux, Uy, Uz) and ttnee
rotation components in each knot (URx, URy, URz).

In the resolution, full integration and the ABAQU®n-linear isotropic / kinematic hardening modetdzhon the
work of Lemetre and Chaboche (1990) were used.

Section of the Figure 5 Section of the Figure 5

The internal pressure is maintained constant
during the application of the cyclical loading.

/l@
zZ X

Section of the Figure 5
Pressure application in the /K

internal face of the pipe.

Section @ of the Figure 5

Section of the Figure 5|

Section @ of the Figure 5

The cyclical loading is transmitted applying moment around
the axis X in the located Knot in the Point of Reference (RP).

(@) (b)

Figure 14. Applied loading: (a) 1st load step dnd2nd load step.

This model was calibrated with the results of tkpegimental monotonic uniaxial tensile tests présain Tab. 1.
In these conditions, the model is recommended fowlations that involve few loading cycles, what tnthe
computational capacity available (processing sgewtistorage capacity). For this reason, only tewling cycles were
applied. The model used by ABAQUS presents bettsults if gauged by the cyclic stress — strain eun¥ the
material; however the obtainment of this curveguige complex and slow, and that kind of calibnatieas not used in
this paper.

The only mesh difference between the three numemcalels is the depth of the defect. The thickredfsthe pipe
wall used in the three numerical models was 2.7 milong the thickness the mesh was divided in fdaments. The
total length of the numerical model was of 126 n8D)[space between the points (1) and (3B) of BjgAlong the
length the mesh was divided in three sections,dothe first equal to the length of half of the dgf&21 mm), it was
divided in twelve 1.75 mm elements. The secondi@gctvith length equal to the size of the defe@ @m), was
divided in twelve 3.5 mm elements and the lastisecbeing equal to the points (2B) and (3B), af.B (63 mm =
1.5D), was divided in nine 7 mm elements. Circuridially the mesh was divided in five sectionsnigewo with 18°
corresponding to half of each defect; they weredeit in eight elements of 2.25°. The two sectiodge@ent to the
defects with 36° were divided in eight 4.5° elenserind the fifth section, with 72°, was dividedeight elements of
9°. A typical mesh is shown in Fig. 15.
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Element 2067

Section of the Figure 5.

3 x D (external diameter)

Section @ of the Figure 5.
Figure 15. Finite element mesh of Model 1.

5. NUMERICAL / EXPERIMENTAL CORRELATION

The numerical results were obtained from an avedddbe integration points of the element at theteeof each
defect. Figure 16 presents the numbering of thetskmd the element 2067 and Tab. 4 presents theesabi
circumferential strain obtained in the integratipaints close to the knots that correspond to thsitipo of the
transversal strain gage used in the tests.

Figure 16. Numbering of the knots of the elemer@206f Model 3.

Table 4. Circumferential and Longitudinal Strains the medium load of bending: 9,02 kN.

MODEL 3 — ELEMENT 2067
KNOT OF THE | POINT OF INTEGRATION | CIRCUNFERENTIAL | LONGITUDINAL
ELEMENT 2067 CLOSE TO THE KNOT STRAIN &g (%) STRAIN &,; (%)

507 19 2,646

15120 20 3,871

15121 24 - 0,248
43 21 5,105 - 0,250

MEDIUM 3,874 - 0,249




The values presented in Tab. 4 show the greatgmtadi deformation that exists in the center ofdleéect for the
case of circumferential strain. In the defect, thipe wall thickness varies in a more accentuateg wathe
circumferential direction than in the longitudirditection. Therefore, in the circumferential diieota great variation
of the deformation values exists among the intémnatoints, that does not happen in the longitudiiir@ction.

Table 5 presents the deformations after the faatling cycle (load of 9,02 kN) of the defect in gression of the
specimens TPC167D and F (numeric and experimesgalts).

Table 5. Numeric / experimental correlation: valaéthe deformations in the defect in compressiogss after the 1st
loading cycle (load of 9,02 kN).

Specimen | Model (Table 2) Circumferential Stra&lp (%) Longitudinal straing,; (%)
1 0,845 - 0,155
ABAQUS 3 3,874 20,249
TPC167D 3 3,138 - 0,350
TPC167F 1 0,658 - 0,256

The differences between the values of the defoomatiobtained by the numerical model and measurdkein
specimens can be attributed to the range of vallesse these deformations occurred. Observing theecaf the
material presented in item 3.1, Fig. 4, the existeof a platform can be verified, where a greatstvariation (0.2% to
3.0%) occurs for a small stress variation (27590 RIPa).

The circumferential strains measured in the spetaraae between 0.2% and 3.0%, therefore insidaisfrange.
The only exception was observed for the deepesctiefubmitted to the compression stress (specii@&il67D),
where ratcheting occurred with a maximum defornmatiteasured of approximately 7.75% (see Fig. 1Q)captured
by the numerical model (see Fig. 17).

=D
=)
X
1,0 - TPC167D
0,5 —— ARAGQUS
0,0 = =

1 2 3 4 5 & 7 8 9 10
Figure 17. Circumferential Strain x Number of cyctd the Model 3: defect in compression stresgi(fe9,02 kN).

6. CONCLUSIONS

The present paper concentrates in the study oéffieet of the loss of pipe thickness due to theasion process
and on its resistance in relation to the cyclicdlaf operation of the line originated from thermatiations, seismic
loads or waves and marine currents.

The analysis of the experimental results showetidhly in the deepest defect (80% of the thickrafsthe wall of
the pipe) and with a loading varying between 30% @@% of the yield limit of the material ratchetings observed. It
was not possible to verify its stabilization soaredo the rupture of the strain gage in the begumif the test (with
110 cycles). For the other specimens, the shakedawpened almost immediately.

Therefore, the possibility of occurrence of ratahgtn corroded pipes under cyclic loading shoudddonsidered
when of the analysis of the structural integrityidg its useful life, depending on the loading ardthe size of the
defect.

In parallel to the experimental tests, a three-disienal finite element model was developed with ¢bmmercial
software ABAQUS (version 6.3.5) with the purposeswhulating the occurrence or not of the phenomdawwn as
ratcheting. The constitutive model used by ABAQUSained good correlation for the deformations pméese in the
first cycle of the cyclic bending loading (equal @omonotonic uniaxial tensile tests), it foresaw ghakedown
presented in the specimens with depth of defe6086 and 70% of the thickness of the wall of theepiput it did not
get to foresee the ratcheting that occurred inddepest defect. The fact that the numerical modsl gauged starting
from monotonic uniaxial tensile tests to countenpdhe triaxiality of the state of tensions in timedels in the defect
area can partially explain these results.
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