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Abstract. The objective of this work is to present a simplified approach to solve corroded pipelines
using 1-D finite elements. The local effects are evaluated a-priori by 2 or 3D computational models
with axi symmetric, shell or brick finite elements. These effects are considered by the stress
concentration factors (SCF) which depend on damage types. The stress magnification is introduced in
the 1D finite element modd artificially. One is possible to show that the equilibrium equation is no
more attempted and the interactive process is no more convergent unless a compensative procedure is
adopted. This methodology and many applications are presented here to show that the procedure is
efficient and has practical applications, especially for long structural systems.
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1 INTRODUCTION

Pipes are used for oil and gas transportationdog Idistances, crossing areas and fields
with difficult access. When corrosion damage isedid, it is important to consider the
changing of affected member. The substitution istrigial since the fluid transportation is
stopped and, in general, it is not easy to actesktal affected by corrosion.

Sometimes, it is preferable to analyze the resiguagrity of the pipe using experimental
methods, semi-analytical methods or simulating strecture and the surrounding soil by
computational methods like the finite element mdtho

Most of the computational models are developedgusio (axi-symmetric elements) or
three dimensional elements (shells or brick eles)efithe last ones are preferable since they
can better represent the thickness variation opipe due to the corrosion. Many articles can
be found in the literature using this approach, smhthem are calibrated by experimental
values and showed good approximation with the nredswalues of deformation, stress field
and, specially, the ultimate pressure (Gétaal, 200; Chiodcet al, 2008; Ohet al,2007).

Although three dimensional models can representcapture better the local effects due
to stress concentration, however, in a long piggnsat, with many corroded regions, the
computational effort can be very high. In theseatibns, it would be advantageous the use of
beam elements or line elements, based on beamedabedhe question is how to introduce
local effects in the line (beam) elements, if theg not able to consider depth variation in the
original formulation? An interesting way could e tenhancement of the displacement fields
by high order polynomial functions or trigonometfimctions, as in the generalized finite
element methods. The other way is to evaluatedbal leffects in simple three dimensional
models and introduce the result in a one-dimensiommalel as stress concentrations (Shang,
2009; Shanget al, 2009). This is the approach of the present wadithke objective is to
introduce the local effects in beam elements bgssticoncentration factors (SCF). The SCF
are determined previously in three-dimensional ywmsland introduced into one dimensional
model, which are analyzed until the rupture pressitihis approach is simpler than three
dimensional models and, as will be shown, preseetg satisfactory results. The proposed
technique may be applied for any types of damageais, but it is easier to be applied for
pipes elements due to their simple geometrical@esteven when a defect is presented.

Pipes are systems of cylindrical tubes, which aedufor fluid transportation for long
distances. Due to their geometrical dimensions,camgidering the case of landing pipes (not
sub sea pipes), they may treated as a rigid stejciithout oval deformation of transversal
section, when small deformations are presentedhigbrpressures, the tube walls can be flow
and residual deformations may appear. Criticabsibms are observed in the case of damaged
tubes, especially when the corrosion appears.dméighborhood of damaged regions, plastic
strains are present and, probably, the collapskl amcur there. Corroded pipes are subjected
to stress concentration which produces high le¥estresses in local regions. Plasticity may
initiate in these regions and, in the sequenceé afféct regions nearby to these ones.

Some hypotheses are considered here: the tuberfecipeylindrical, with semi-thick
walls. The most important effects are the longiatliand circumferential ones. There is not
oval deformation. The non linear effects are dugh® plastic deformations (non linear
physical analysis) and due to high deformation (hioear geometrical analysis) in the
corroded region, before the plastic collapse.

The type of the corroded region has any geomeinyeisions and depth. In this work, it
will be presented some particular cases (rectanguniad spherical defects), which are the most
considered in the literature (Chetial, 2003).
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The damaged region is defined by polar coordinates may be found in any position.
More than one corroded regions can be treateceisdme section.

Since the present approach is based on the stveesrtration factors which are included
a-priori in the finite element model, it is clear that sgrevalues will be evaluated with good
precision, but deformation will incorporate somestakes. By the way, these mistakes are not
relevant since the focus is the collapse presasssssment.

The SCF are determined by previous three-dimensmmalyses, using quadratic brick
elements. The SCF curves are plotted for many pomthe damage region, to permit the
evaluation of the stresses. These curves are dedesa in the elastic phase than in plastic
phase, allowing the application of progressive suess (Kim and Son, 2004).

The SCF curves are determined for many load cordtguns, for example, internal
pressure, external pressure, axial tensions, bgndind so on. Some cases of tubes, with
different thickness, diameter, radius, and damagehdg length, are presented in this work.

%
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i

Figure 1 — Forces trajectory in a damage plate.
2 STRESS CONCENTRATION FACTORS

Geometrical imperfections, such as corrosion, naase stress concentration on pipes. In
the neighborhood of corroded regions, the streasesamplified depending on the loading
type. The ratio of amplified stress for damagecetahd the normal stress for non damaged
tube is known as stress concentration factor (ST#.SCF relates the maximum stresses for
the both cases (damaged and non damaged) at tliegpsamh (Kim and Son, 2004).

To understand this concept, consider the forcgschiay as illustrated in Figure 1. When
a body is loaded, internal forces appear to gueeatite equilibrium condition in all parts. If
there is not any damage, the internal forces haso#mrajectory and theirs values can be
determined by analytical or approximated methodd, &hen there is a local effect such as
corrosion, the trajectory lines are perturbed gopi@ximate one to the other, amplifying the
stress magnitudes. If the load increases, it caadse material plasticity or even the
premature rupture than the non damaged tube case.

Stress concentration may be found in some of th@Wong situations:

a) Thickness abrupt reduction, due to original desigdue to corrosion;

b) The local point of applying forces, due Saint-Vdnamenomenon;

c) Discontinuity of different materials;

d) Residual stresses as a result of thermal processgyduanufacturing;
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e) Cracks due to the process of manufacturing or duaifoading.

The “V-shape” defect shown in Figure 1 producesgadr stresses when the corner ratios
become smaller. Sometimes, with the objective tluce the stress intensity, it is common to
increase the corner ratio or even to remove pdti@materials of the body.

One of the pioneer work in the stress concentratias published by Neuber (ap ud
Villar, 2002). Neuber analyzed a prismatic bar witotched defect subjected to torsion.
The non linear stress strain relations was utiliaed, based on experimental results, Neuber
wrote:

K K, =K} (1)
where

: . : £ . : .
K, is the strain concentration factdf, = —=; K, is the elastic stress concentration factor;

nom

and K_ is the plastic stress concentration factor. Nbgg,tduring elastic phase, we have
K,=K, . By this way

Ktz - amax X gmax (2)
g £

nom nom

Only in the linear case the three factors are émees that isK, =K_= K,. The Figure 2

shows the variation of the stress and strain cdragon factors. Neuber had also proposed
that this condition could be generalized with gapgroximation for two or three stress states
using any fault theory.

4 KK
K /K¢
K /K,
1,0
|
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|
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Figure 2 — Neuber rulexp udVillar, 2002) applied in the root of notch.

Figure 3 shows two tubes with and without defectd the stress distribution along the
wall. It is possible to see that, at the same pBjrithe stress in the damaged case is greater
than the undamaged. While the stress concentréditior is uniform and constant near the
point P for the first case, the same not occurs for secaisé, because the variationkotvith
the positiorx and the loadingr.
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Figure 3 — Stress distribution along the tube théds for normal (without defect) and damaged pipes.

3 THE COMPENSATION METHOD FOR SCF

With the intention to enhance beam model with stregncentration effect, the
purpose of this work is to incorporate the SCFHha virtual work equation, and solve the
nonlinear equation using Newton-Raphson methodoréter to fulfill this purpose, it was
necessary some algebra arrange.

Consider the virtual work equation for beam model:

t+At +At t+At +At — Nt+Al
_[ov 05,9’ ngldo\/"'jo\, 0Sy0" oAV =W, (3)
Where 7S, "¢, ."5S,, €, are the stresses and strains in the longitudinal an

transversal directions.

In order to incorporate SCF in this equation, dds initially the stress increment
equation below. Observe that, when there is notstrgss concentration effect, the SCF is
equal to 1. If it happens, then the stress incrémguation returns to its original form.

“4S, =S, +k, .S, > "4S, =S, +,S, +(k, -1),S, (4)

T 0 %

t+A0th:0th +Ky oS, > t+AotSt9:otSt9+OSH + (ke _1) 0y (5)

One is possible to conclude that SCF is a funatigpoint position, stress ratio and stress
increment ratio, just as showed by equation (6usTlit is possible to obtain the function of
SCF by interpolation from results evaluated frornmaeercial software, such as ANSYS. This
methodology was employed considering that SCF offi @@int would not affect the results in
the SCF assessment of other point. Obviously,ishisst a simplified method.
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k = f (X (X! r, 6)!A0-/A0-nom ! améx/aesc) (6)

In the assumption of thin wall pipe, the stressonsidered as constant in radialirection,
which yields tok = f (X (x,8),A0/AT, .0 u/Tu)-

Introducing the equations (4) and (5) in the equmeB), which results in:
[, (5, %08, *(k, -1),S, )5, dV +
[, (15405, +(k ~1) 8, ) e, 0%V =0,

ext

(7)

However, to implement this methodology of multiphe stress increment by SCF,
the global equilibrium condition will be disturbead the solution process will not converge.
Consider the condition as show in figure 4. Theildgium condition is attained when the
sum of force and momentum is zero. For the conveseriteria used in this work, the
internal energy of body is equal to external engmgpguced by external force.

-l
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Figure - 4 Equilibrium condition of the beam withi@orrosion.

Once introduce artificially SCF in the solution pess to multiply the stress increment,
and then the equilibrium condition is not more fad. The reason is that the SCF introduce
a extra positive quantity during solution procelsis quantity is evaluated by multiplication
of stress increment with the factdk —1), just as shown in Figure 5. In order to attain

equilibrium of Virtual Work Equation, and at thamsatime, attain to the convergence criteria,
the intention is to eliminate this extra quantitjhus, the internal force is evaluate by the
equation (8), furthermore, the virtual work equati) can’t be assessed only introducing
equations (4) and (5), but it is necessary to adtie external work side, the extra quantity of
energy created artificially by SCF, as showed byatiqn (9). It is just like to sum a energy

quantity in the left hand side, and sum the sanaatjly at the right hand side of equation (3).
In other words, from mathematic point of view, #hevere nothing modified in equation (3).

In this way, the equilibrium criteria will be attead.
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Figure 5 - Equilibrium condition unattained wittetbeam with defect.
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4 DETERMINATION OF STRESS CONCENTRATION FACTORS ( SCF)

Models 3D are used to generate SCF. For each tasedifferent analysis must be
developed, the first one with the undamaged pijgkthe second one with the corroded pipe.
Both meshes must be the same, excepted in the édmagion, where there are finite
elements only in the perfect model. A set of pomts picked from the damaged boundary.
These points will be used to calculate the SCF.

In this section, three examples will be presenfBuoe defects are semi-circular, and
rectangular. Although the constitutive relation nieyanyone, here one is supposed that the
materials are bi-modular, that is, they have tweedr phases, the first one with Young
modulus k = 205 MPa (for stresses less or equal to 420 MRd)the second one with; E
75 MPa (for stresses bigger than 420 MPa). ThesBoigatio is 0,25.

4.1 Pipe with uniforme semi-circular defect.

To determine the local stress distribution, it basn carried out a numerical model based
on the finite element method. The first applicati®nelated to a uniform semi-circular defect.
The pipe geometrical and mechanical propertiesarer diameter - 762 mm; wall thickness
— 17,5 mm; defect depth: 75% of thickness. The alefe supposed to be along a
circunferencial line.

Two different loads are applied: uniform interna¢gsure and longitudinal traction. The
pipe is submitted to internal pressure with 30 MPhe longitudinal traction is applied
uniformly at the end of tube with magnitude of ®)Pa, while the opposite end is fixed. The
non linear computational analysis is made with 8@ps for the first case and 100 steps for
the second. Figure 6 shows the finite element mislorder to reduce the solution time,
symmetry boundary conditions are considered. Figtmeand 7b show the meshes for
damaged and the perfect cases and a sequencerobpdimus is indicated to measure the
stresses. One is observed that de points P1 toeRekactly the same for both meshes.
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Figure 6 — Finite element mesh for uniform seméuliar defect.

The stress distribution from points P1 to P4 iswalman Figure 8a. The corresponding
stress concentration factors for each point arevshin Figure 8b for the last step of analysis.
It is interesting to see the similarities of stemsand SCF from points P1 to P4. The distance
between each point is measured along the samdipath~or the end traction load case, the
results are plotted in Figure 9a and 9b. One igdthat, changing the load case, the stress
distribution is modified, as well as the SCF, toe same type of defect.

() (b)

Figure 7 — Finite element meshes for (a) damagse; ¢a) normal case.
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Figure 8 — Damaged pipe subjected to internal pres¢a) Stress magnitude; (b) Stress concentréditiors.
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It is important to note the difference between &@m@l (circumferential) and longitudinal
stresses. Figure 10 shows the curves of distansiwetress concentration factor for both
cases. For the tangential stresses, it is obseswembth variation between P1 to P4 in the
stress concentration factor magnitude. For theilodopal stresses, the variation is bigger
than the other case and the maximum value is detedrat point P3 with SCF near 1,8. A
simple approach is to adopt the SCF as is equaimdsdamum value found. To refine the
model, it would be better to adopt two differentFSfor each point, one for tangential and
other for longitudinal stresses. However, if then\Mises criterion is used, then both effects
are considered.
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Figure 9 — Damaged pipe subjected to end tensf{ahStress magnitude; (b) Stress concentrationifact
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Figure 10 — Difference between longitudinal andyeantial stress concentration factors for end toadibad.

4.2 Pipe with rectangular defect

The next case to analyze is pipe with rectangutéea. In this example, the same pipe
analyzed by Chaet al (2003) is considered. The geometrical data ape [@ngth — 2300 mm;
outer radius — 381 mm; wall thickness — 17.5 mefedt width — 50 mm; defect length — 300
mm; defect depth — 75% of thickness.

In this case, eight points are selected to detexritie stresses, as can be seen in Figures
1l1a and 11b for both situations, damaged and pqufpe. Again, the points are exactly the
same for both cases. Figures 12a and 12b showQhk&s &om points P1 to P5 and from P5 to
P8. One is observed two orthogonal directions betwe1-P5 and P5-P8. These SCF were
calculated using Von Mises stresses. The maximumiS@ point P3.

(a) (b)
Figure 11 — Sequence of points P1-P2-P3-P4-P5 &#MHP6-P7-P8 for (a) damaged rectangular pipgland
normal pipe.
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Figure 12 — SCF for (a) points P1-P5, (b) P5-P&ofangular damaged pipe.

5. ANALYSIS OF APPLICATION OF STRESS COMPENSATION METHOD WITH
SOFTWARE APC3D

The purpose of this section is to study stress extnation factor in a specific point and
discuss how the factor behaves during materialdyigl A FORTRAN software was
developed named APC3D, the “Corroded Frame AnaBBisoftware”. Beam elements with
three nodes and a total of eight degree of freetton3D analysis were de included in the
package. The software solve linear and non linealyais, using Newton Raphson procedure.

5.1 Pipe with uniform semicircular defect subjectedo traction

Consider a hypothetic pipe subjected to tractiod has a semicircular uniform defect.
The pipe has 200 mm of external diameter; 190 mmmnfernal diameter; 100 mm for length.
The defect is located in the middle of pipe anddeetio 2,5 mm.

One of the ends is supposed totally restricted amthe other end, a force of 500 kN is
applied. For non linear analysis, the Newton-Raphsethod is employed and 50 increments
were used to divide the load. In order to constthet model, axi symmetric elements have
been used to create the mesh to reduce computaefioat and time for iterative and
incremental solution. Bi modular material, as désat in section 4, is adopted here. The
stress configuration in the 50 steps is showedgarg 13.
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Figure 13 (a) - Mesh of model Figure 13 (b) - Stress distribuition.

According to Figure 13, the maximum stress is ledatt the root of defect. The stress
field at the vicinity of this point suffers an imase caused by stress concentration effect. In
order to study furthermore the stress concentradftect, a curve of stress at the defect root is
obtained in function of load increment. After thahother pipe case was modeled with the
same configuration in the software APC3D. At thied, the beam element is used and the
corroded part is model as an element with thinnall thickness, considering the internal
diameter as the same as the other element. Tdws ®valuated at this element was plotted as
function of load increments. Then, dividing the nmaxm stress of ANSYS by stress assessed
by APC3D, it is possible to obtain the SCF functi®io visualize the effect of this factor at
the moment of plastic state, a graphic is plotedting the maximum stress and the yield
stress, which is constant and equal to 420 MPa.i©pessible to observe that in linear state,
the stress concentration factor (SCF) is almoststemt, however, when the ratio
O ax/ Oese >1, the SCF begins to decrease.

Introducing the SCF in the software APC3D and arelthe case of pipe subjected to
traction, the stress at the root of defect (P3gufreé 14) is assessed and compared to a same
stress curve obtained by ANSYS. This comparisoliyito Figure 15.

pd

Figure 14 - Finite element mesh compost by axi sgirimelements and principal points position
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One observes that, in the linear behavior, thessttempensation method is capable to
solve the problem caused by extra stress introdbgestress concentration factor. For this
reason, the stress assessed by APC3D is similajarst equal to the stress calculated by
ANSYS. Nevertheless, after the yield stress, theaton is different. The first reason is due
the lack of knowledge on how the stress conceptratictor participates in the Von Mises
surface expansion, which characterizes the inelgshilinear material behavior.

WOMN MISES STRESS
700 : : : : : : : : :

: : : : : ——APCID :
B0 e[ aNSYS [ A

WON MISES STRESS

1] =3 10 15 20 25 30 35 40 45 a0
LOAD INCREMENTS

Figure 15 - Comparison of stress curve obtainedPg€3D and ANSYS at the defect root.

w10° WON MISES DEFORMATION

I I
: : : : : || — APC3D
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WO MISES DEFORMATION

1] =3 10 15 20 25 30 35 40 45 a0
LOAD INCREMENTS

Figure 16 - Comparison of deformation curves olgtdiby ANSYS and APC3D.

Similarly, the deformation calculated by APC3D ddesing deformation concentration
factor was compared with that obtained by ANSYScas be shown in Figure 16. In this
case, the relative difference is higher then ssesse. The numerical error could be generated
during the interpolation of stress concentratiaridafunction.

Other parameter, such as displacement, is impotianbe evaluated. Nevertheless,
different from stress and deformation, the displaeet wasn’t be multiplied by concentration
factor. In the analysis down by APC3D, a point oklgsis was considered at the root of
defect. The displacement measured at this pointoeagared with the same point located at
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the same position in the ANSYS model. The resuthf comparison is presented by Figure
17.

DISPLACEMEMNT AT THE ROOT OF DEFECT
a0 T T T T T T T T T

: : : : [— arcaD
45 ' ' : : | — Ansys

LOAD INCREMENTS

0
0 0oos 001 0015 002 0025 003 0035 004 0045 005
DISPLACEMENT [rmm]

Figure — 17. Comparison of displacement curve abthby APC3D and ANSYS.

5.2 Pipe with semicircular uniform defect subjectd to internal pressure

For the effect of analysis, consider a pipe witmagproperty and same dimension as
showed before in pipe with uniform semicircular et#f and the mesh similar to the one
shown in Figure 4. The pipe is subjected to anrmatiepressure with magnitude of 25 MPa
and in numerical model; the load was divided imbaritrements. The same methodology was
employed for analysis of pipeline subjected to rimé pressure. Two different evaluation
methods are compared in the APC3D, the first waihgential SCF and the other without
tangential SCF. Observe that the result withougeatial SCF is totally different from that
encountered by ANSYS. However, the proposed assggsmethod in the present work,
which incorporates tangential SCF function, hasaioletd the result approximately to the
ANSYS model. The SCF is evaluated at each increnserd the curve for this factor was
obtained by using stress increments ratio. Thishoukilogy is particularly interesting when
the behavior of stress — deformation curve is meali, just as the case in that the pipe is
subjected to internal pressure. The comparisoe®ilt of stress obtained by APC3D and by
ANSYS is showed in the Figure 18.
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5.3 Pipe with rectangular defect subjected to interal pressure

In this model, Point 4, as indicated in Figure i$lconsidered as the point of interest. The
Von Mises stress curve as the function of increnstgp at point 4 is assessed by ANSYS.
Based on stress curve, an interpolation procesbdw®s carried out in order to evaluate stress
concentration curve and incorporate in software BPCThe numerical model is composed
by 23 elements in the APC3D application. And therasion is modeled by an element with
the length equal to the corrosion length. The tesudnalysis in Von Mises stress at the point
4 is presented by Figure 19 in function of interpedssure. It is possible to observe that the
stress concentration factor is an important paranmwtich affects the stress assessment when
the pipe has corrosion. There is a significantedéhce in the result when incorporate SCF in

the methodology or not.

700

G600
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WON MISES STRESS ¥ INTERNAL PRESSURE
T T T T T T
— ANSYS
— APC3D without SCF
— APC3D with SCF

1] 10 20 30 40 a0 &0 70
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Figure 19 - Von Mises stressinternal pressure
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6. CONCLUSIONS

The proposed method is able to represent streggivarin a corroded pipe. Good results
are expected for stresses and the compensationothéthfundamental to guarantee the
convergence of numerical solution. However, disptaents and strains incorporate mistakes,
since the SCF change artificially only the stres§&sce the focus is to evaluate the stress
field and to determine the residual stresses, th@stakes are not essential. The non linear
behavior is captured appropriately by the propasethod. So, for long systems of pipelines,
the local effects can be introduced into 1-D nuoanmodels as the methodology proposed in
the present paper. For future works, one is suggesiaring a menu of different SCF curves,
whose may be used as alternative for differentoctad types.

Based on the analysis down with the methodologeldged by this work, it is possible
to observe the possibility to carry out local asayin a global analysis model by
incorporating SCF function in the software APC3Dc application could reduce the model
constituted with three dimensional element in a ehagsing only one dimensional model.
Consequently, reduce the model solution time.

However, the proposed methodology presents selmrigd. Implicitly, numerical errors
were incorporated due the fact that the SCF wasdaoted artificially in the Virtual Work
Equation. Such error is accumulated during theuatadn of Von Mises surface expansion.
Additionally, other numerical error is produced imaccuracy of SCF function during the
interpolation process.

The solution for Virtual Work Equation is down bysassment a priori of nodal
displacement. Once the displacement is evaluatesl,sequence step is to evaluate the
deformation, then the stress increment. The metbgggresent in the present work can be
calculated with acceptable accuracy the stress &ff@ication of stress concentration factor in
the beam model. However, the deformation and digpf@nt are not assessed with same
accuracy level. Such inaccuracy is generated biycudliies in determine deformation and
nodal displacement based on final stress. Thistdiion is inherent in the finite element
formulation adopted in the present work.
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