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Abstract

In this paper we discuss the finite element models that we developed for simulating the service
performance of the tubular steel products used in the oil industry. These tubular products include the oil
country tubular goods (OCTG), that is to say the tubular products used in the oil wells, and the pipes used
in pipeline applications.

1. Introduction

The failure of pipes used in the oil industry either for well applications, as in the case of
the oil country tubular goods (OCTG) shown in Fig. 1, or for transporting oil and gas, as
in the case of pipelines, usually involve ecological hazards and important revenue loses.

Pipes may fail either due to corrosion or to thermo-mechanical loads outside the
allowable loads envelope. Considering the social and economical impacts of the pipes
mechanical failure, it is fundamental to have reliable evaluations of their strain / stress
state under different service conditions and of their allowable loads envelope.

In this paper we discuss the finite element models that we developed for simulating the
service performance of the tubular steel products used in the oil industry. In particular we
will concentrate on the analysis of threaded connections for OCTG and on the analysis of
the collapse pressure of pipe bodies (OCTG and pipelines).

Failure of threaded connections

The threaded connections used to join the pipes belonging to the casing or to the tubing

(Fig. 1) can be classified in two groups:

» Connections covered by the API standards, such as the API 8-Round connection or
the Buttress connection [1] (see Figs. 2.a and b). The main function of these
connections is structural, even tough they provide some liquid or gas sealing-barrier
between the pipe internal and external volumes [2].

* Premium connections (see Fig. 2.c), in addition to their structural function they
provide a gas sealing-barrier between the pipe internal and external volumes.
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When dealing with premium connections we recognize two different failure modes: the
structural failure and the functional failure.

We can recognize the following failure modes for threaded connections:

a. Jump-out: in Fig. 3 [2] we indicate in an APl 8-Round connection the levels of
equivalent plastic strain for different tensile loads and we show the development of
the jJump-out phenomenon.

b. Localized plastic deformation: in Fig. 4 we present a finite element simulation of a
casing premium connection necking, notice that the failure is localized out of the
threaded area. In the same figure we also indicate the load-displacement path, for two
different thread shapes that have an identical performance.

c. Rupture of the pipe material without the development of large plastic strains: in Fig.5
we present a photograph of a tubing premium connection that failed in the threaded
area.

The metal-to-metal seal indicated in the premium connection in Fig. 2.c may also fail in
preventing a gas or liquid from leaking; this is a connection functional failure.

Usually finite element analyses are very successful in providing a detailed picture of the
stresses / strains in a connection under a specific loading, including the contact stresses in
the metal-to metal seal [3-5]. However, there is still not enough available knowledge to
theoretically predict, from the seal contact stresses, the sealing capability of a connection.

Collapse failure

Steel deep-water pipelines under external pressure plus bending may reach their load

carrying capacity due to two failure modes:

» Global buckling [6,7]: in this case the pipeline buckles in a ““column mode”.

» Localized collapse [8,9]: in this case the pipe structure collapses with its sections
loosing their round shape (see Fig. 6)

In the design of marine pipelines it is very important to determine the collapse pressure of

steel pipes subjected to external hydrostatic pressure and bending. It is fundamental to be

able to quantify the effect of manufacturing imperfections such as ovality, eccentricity

and residual stresses on the collapse pressure [9].

The tracking of the post-collapse equilibrium path is also necessary to be able to assess
on the stability of the post-collapse regime; that is to say, in order to assess if a collapse
will be localized in a section or will propagate along the pipeline [10]. Hence, it is also
fundamental to analyze the effect of the geometrical imperfections and of the residual
stresses on the collapse propagation pressure, which is the lowest external pressure that
will propagate the collapse along the pipeline, for a constant applied curvature [11].

In the second section of this paper we discuss on the modeling of OCTG threaded
connections and in the third section we discuss on the modeling of the collapse and post-
collapse behavior of pipes.



2. Modeling of OCTG Threaded Connections

The performance analysis of OCTG premium connections using finite element models is
nowadays progressively replacing the use of full-scale tests in the design phase of new
connections and has been incorporated, in proper combination with full-scale tests, in the
qualification procedure of existing connections.

In full-scale tests it is usually difficult to identify the causes behind structural or
functional failures, even if extensive strain-gauging instrumentation is used; many times
unidentified connection manufacturing errors mask the test results. Finite element models
on their side are very suitable for making parametric analyses in which the influence of
different design parameters on the connection performance can be identified. On the
other hand, while finite element models can accurately predict the structural failure loads
and failure modes of connections (e.g. jump-out, necking, etc.) they can only provide
qualitative indications about the functional failure of connections.

Since finite element models are increasingly being used as engineering tools in the
evaluation process of premium connections performance, it is important that their results
are reliable. The main features that a finite element formulation used for the analysis of
threaded connections has to include are [3]:

* Material and geometrical nonlinear analysis capabilities [12]. The finite element
result displayed in Fig. 4 was obtained with an analysis that incorporated contact
conditions and finite strains elasto-plasticity.

* Realistic elasto-plastic material models; e.g. a von Mises material model with either
isotropic or kinematic hardening [12].

» A contact algorithm able to represent large sliding situations between the surfaces in
contact [12]. Node-to-node contact algorithms are not good enough, as can be seen in
the example presented in Fig. 3.

» Efficient iteration techniques [12,13].

* Reliable axisymmetric element formulations (normally OCTG connections are
analyzed using axisymmetric models)

The main requirements for a reliable 2D finite element formulation are [5,14,15]:

* Non-locking behavior (the commonly used standard 4-node isoparametric element
locks).

* No inclusion of spurious zero energy modes (the under integrated 4-node
isoparametric element includes zero energy modes).

» Satisfaction of Irons Patch Test (guarantees convergence even tough this convergence
may be slow) [12,16,17].

* Low sensitivity to element distortions. In a standard mesh, such as the one shown in
Fig. 7, quite distorted elements need to be used. Quadrilateral elements having only
“exterior degrees of freedom” cannot be strictly insensitive to distortions if the Patch
Test is to be satisfied [18]; hence, we have to require in the element formulation the
strict satisfaction of the Patch Test and as less sensitivity to elements distortions as
possible.

» Ability to capture shear bands without unrealistic diffusion of the plastic deformation
zone [5]. This is an important requirement since the failure modes during overtorque,



compression or external pressure develop shear bands in the connection coupling (see
Fig. 8).

Our QMITC quadrilateral element [5,14,15] satisfies the above requirements and
therefore it is our standard element for analyzing OCTG threaded connections.

Once a finite element formulation has been selected and connection models have been
developed, it is important to compare the model predictions with strain-gauge
measurements performed in full-scale tests. In previous references [4,5] the results
obtained using the QMITC element, implemented in the general-purpose finite element
code ADINA [19], were compared with the results obtained during full-scale tests,
getting an excellent matching.

2.1. Sealability analysis

As we discussed above it is yet not possible to produce a quantitative assessment on the
sealability of a connection from the contact stresses in the metal-to-metal seal. However,
in order to be able to compare the potential for sealability of different seal designs we
have defined three ““sealability indicators™:

Seal length (LS)
It is the length of the metal-to-metal seal on which the contact pressures are larger than
the pipe internal pressure.

LP2 indicator
Using the results of the finite element models we calculate:

1 .
LP2 =— (Lo, —iplds
2 nI e~ 1P
where o are the seal contact stresses and ip is the internal pressure.

The Macauley bracket [X[Jis defined as:
XC={x for x=0 or 0 for x<@

LP o« (peak contact stress) indicator
Is the maximum value of the contact stress along the seal area.

In Fig. 9, as an example, we plot the contact pressures developed in two different metal-
to-metal seals: a cone-to-cone seal and a cone-to-sphere seal; for both cases we indicate
the above defined sealability indicators. The cone-to-cone design presents a larger value

of pr, while the sphere-to-cone presents a larger value of LS; it is not obvious which
one of the two designs offers a better sealability for gas; only full-scale sealability tests
with gas pressurization can answer the above question.

In order to illustrate on the prediction capabilities of different element formulations in
Fig. 10 we present for a cone-to-cone seal the contact pressure distributions predicted by
the QMITC and Q1-PO elements; the QMITC formulation can capture larger stress
gradients.



2.2. Validation of finite element results using full-scale tests

In previous publications [3,4] we compared the finite element predictions for strains
(axial and hoop strains) in pin and box of different premium connections with strain-
gauge measurements performed, under different loading conditions, during full-scale
tests. In those publications we showed that the agreement between the numerically
determined and experimentally determined strains was excellent.

It is well known that if during the connection make-up, too much dope is used either in
the seal area or in the thread area, the extra dope gets trapped and develops a high
pressure that can damage the connection. Of course, different connection designs have
more or less capability for avoiding the dope trapping.

A connection similar to the one shown in Fig. 7 was made-up with extra dope and the
dope pressure values shown in Fig. 11 were measured during the make-up. In Fig. 12 we
compare the strains determined via a standard finite element analysis with the strains
measured in the full-scale test; it can be seen that the agreement between numerical and
experimental values is not as good as in the cases reported in our previous publications.
Then we re-run the analysis adding among the loads the dope pressure distribution
determined in the full-scale test, in Fig. 13 we compare the experimental results with the
numerical results with and without the inclusion of the dope pressure; it is obvious that
the inclusion of the dope pressure improves the matching between the experimental and
numerical results.

2.3. Results obtained for a steam injection string

The behavior of a connection in a steam injection string is simulated in this subsection. In
Fig. 14 we present the thermal and mechanical loads considered for the analysis and the
results are shown in Figs. 15 and 16.

From the equivalent plastic strain and contact pressure plots it is evident that successive
cycles do not produce ratcheting in the connection.

3. Modeling of tubular products collapse

In a previous publication [9] we presented finite element models that we developed for
studying the collapse behavior of steel pipes under external pressure; in that publication
we also presented the validation of our numerical models by comparing their predictions
with the results of laboratory collapse experiments.

Our purpose in the present section is to extend the study to the post-collapse regime and
to loading cases that combine external pressure and bending [11].

3.1. The finite element models

In this sub-section we discuss the numerical models we implemented to simulate the
behavior of a very long pipes (infinite tube model) and short pipe samples (finite tube
model). Using these models we investigate the pre and post-collapse equilibrium paths
and we perform parametric studies in order to investigate the significance of the different
geometrical imperfections and of the residual stresses on the collapse and collapse
propagation pressures.



The finite element models were developed using the nonlinear shell elements in the
general-purpose finite element code ADINA [19]. The main features of the finite element
models are:

* MITC4 shell element (4-node element that includes shear deformations) [20-22].
Automatic solution of the incremental nonlinear finite element equations [13].
Material nonlinearity: elasto-plastic material model [12],

v"Von Mises associated plasticity.

v" Isotropic hardening.
Geometrical nonlinearity: large displacements / rotations [12, 23].
For the cases with external pressure plus bending we first impose the bending and
then the external pressure keeping constant the imposed curvature.

In order to validate the infinite tube finite element model, we consider a pipe under
external pressure and in Fig. 17 we compare our results with the results published by
Kyriakides in Ref. [10].

3.2. Infinite tube: finite element results

We investigate, using the finite element models we described above, the behavior of a
typical steel seamless pipe (D=8 5/8”, t=12.7mm; o, =60 kpsi) under external pressure

and bending.

Once the equilibrium path that describes the pre and post-collapse regimes has been
determined, the collapse propagation pressure can be calculated using Maxwell’s
construction [10].

3.2.1. Effect of the pipes ovality

Even tough the pipes initial ovality has a strong influence on the pipes critical collapse
pressure when no bending is applied [9], the effect of the initial ovality on the pipes
critical collapse pressure diminishes when the imposed curvature is increased (see Fig.
18). When a perfectly round tube is bended the cross section is ovalized (“Brazier
effect””), when the bending increases, the Brazier-ovality grows and therefore the pipes
initial ovality becomes less important as compared with this bending-induced ovality.

In Fig. 18 we measure the applied curvature with the radius ““‘R” and with the maximum
bending strain (as a reference we have indicated the radius of a typical reel used to lay
marine pipelines).

The effect of the pipe initial ovalities on their collapse propagation pressure is negligible
for any bending situation, as shown in Fig. 19.

It is important to remark that in our analyses when we refer to initial ovality we refer to
the value of the second mode in a Fourier series analysis of the OD shape, which is
measured with our “shape-meter”, as shown in Fig. 20. A detailed description of our
“shape-meter” is presented in Ref. [9].



The value of that second mode is quite different (lower) from the ovality measured with a
standard API ovalimeter, which is an electronic caliper that it is used at any section to
measure the maximum and minimum diameters, so as to calculate the ovality as,
Dmax B Dmin

D

average

In Fig. 21 we show a typical example [24].

Ov= 2)

3.2.2. Effect of the pipes eccentricity

For low values of applied bending the eccentricity effect on the pipes collapse pressure is
much lower than the ovality effect, and it is almost independent of the applied bending
(Fig. 22).

The eccentricity effect on the pipes collapse propagation pressure is not very relevant
(Fig. 23).

3.2.3. Effect of the residual stresses

In Figs. 24 and 25 we present the effect of the residual stresses on the pipes collapse
pressure and collapse propagation pressure, for various values of imposed bending (the
bending is measured, in these figures, with the relation between the imposed curvature

and the curvature that yields the most strained fiber of the pipe section: k/ky ).

The effect of the residual stresses on the pipes external collapse pressure depends on the
applied bending. For the lower values of curvature, the external collapse pressure
decreases when the residual stresses absolute value increases, but for higher bending the
collapse pressure increases when the residual stresses change from negative to positive
values. The effect of the residual stresses on the pipes critical collapse pressure is quite
low when a strong bending is applied.

The effect of the residual stresses on the pipes collapse propagation pressures is not very
important, with or without bending.

3.2.4. Effect of the imposed bending

As it can be seen in the above figures bending diminishes the external collapse pressure
of the pipes, due to the fact that it increases its ovality.

It is also interesting to observe that bending increases the pipes collapse propagation
pressure.

3.3. Finite tube: finite element results

In Ref. [9] we analyzed the collapse of short (finite) samples under external pressure only
and we compared the finite element solutions with experimental results, obtaining a very
good validation for the collapse pressure numerical predictions.

In the previous sub-section we determined the collapse and collapse propagation
pressures of long (infinite) samples under external pressure plus bending. In this sub-
section we investigate, using also shell finite element models, the pre and post-collapse



regimes of short (finite) sample under external pressure. We analyze the same seamless
steel pipe that we investigated previously (D=8 5/8”, t=12.7mm; o, =60 kpsi), but we

consider a finite sample with a length of 6 meters and its ends prevented from in-plane
deformation. We added contact surfaces [12] on the pipe intrados to avoid the
interpenetration of the pipe walls.

In Fig. 26 we display the pre and post-collapse equilibrium path of a pipe with an initial
ovality of 0.3% and the finite element meshes corresponding to various stages along the
equilibrium path. In Fig. 27 we present the sequential deformation of a pipe generator
indicating the collapse propagation. Finally in Fig. 28 we compare the finite element and
experimentally determined buckled shapes close to one of the pipe ends.

4. Conclusions

In this paper we discussed the finite element models that we developed for simulating the
service performance of the tubular steel products used in the oil industry. These tubular
products include the oil country tubular goods (OCTG), that is to say the tubular products
used in the oil wells, and the pipes used in pipeline applications.

In the case of the analysis of OCTG threaded connections, the finite element models are
used to analyze alternative designs and rank them regarding their structural and sealing
performances.

The analysis of the effect of pipes imperfections on the collapse behavior of tubes enables
the definition of geometrical and mechanical manufacturing tolerances.

Since important technological decisions are reached based on the results provided by
finite element models, it is of utmost importance the reliability of these results. In this
paper we also discussed the reliability requirements that we impose on finite element
formulations.
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Figure 1. Steel tubes (casing and tubing) in an oil well
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Figure 6. Localized collapse
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Figure 17. Infinite tube: qualification of the finite element model for the pre and
post-collapse equilibrium path
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Figure 18. Infinite tube: ovality effect on the collapse pressure
(The values calculated with the DNV standard are presented here as a reference)
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Figure 19. Infinite tube: ovality effect on the collapse propagation pressure
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Figure 20. Fourier decomposition of the OD shape
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Figure 21. Comparison between ""mode 2" and an API ovalimeter measurement
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Figure 22. Infinite tube: eccentricity effect on the external collapse pressure
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Figure 23. Infinite tube: eccentricity effect on the collapse propagation pressure
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Figure 24. Infinite tube: residual stresses effect on the external collapse pressure
(RS>0 indicates compression at the inner radius)
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Figure 25. Infinite tube: residual stresses effect on the collapse propagation pressure
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Figure 26. Collapse of a finite tube
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Figure 27. Finite tube: sequential deformation of a pipe generator

(b) Experimental buckled shape

shapes.
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Figure 28. Comparison between finite element analysis and experimentally determined buckled




