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Casing bi-axial / tri-axial design method
Dear All,
Good morning.
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Can you advise me when I need to apply bi-axial or tri-axial casing design method instead of simply applying API published
rating ?
Thanks in advance.
Edited: 12/6/2012 7:46 AM by Dr. Jose C S Cunha
Biaxial vs
Triaxial
Stess
Equations
in Casing
Design

Let's first make one thing perfectly clear and then move on to clearing up a distinction about "Biaxial" and its use to describe
the "API Published Rating" (API method) and the fact that it is one in the same as Barlow's equation. First all of this
discussion about uniaxial, biaxial, triaxial, API method, and Barlow's equation is concerned with material strength of casing in
regards to load resistance and in a sense really is only one half of casing design. The reason to mention this is that this helps
to clarify this in advance because it can get confusing if not done in advance. Of course casing design involves many aspects
including selecting casing setting depth, then hydrostatic and other geomechanical loads, working loads during
casing emplacement and then the internal, lifecycle of the well, loads. Once these loads have been modelled the strength of
the casing must be matched to these design loads and that is what we are discussing here today: load resistance of casing
and the different methods to arrive at these strengths to use in our overall casing design.
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Now, Barlow's equation is what you are refering to as "Biaxial" and it isn't "Biaxial" in the sense of using two of three Von
Mises axis. This confusion began with SPE 14727 that used "Barlow" and "Biaxial" as interchangeable. API TR 5C3 6.6.2.1
states: "The Barlow Equation for pipe yield, which is the historical API equation, is based on a one-dimensional (not triaxial)
approximate equation of the von Mises yield condition, combined with an approximate expression for the hoop stress in the
pipe. In essence, the Barlow Equation approximates the hoop stress and then equates this approximation to the yield
strength. This approximation is less accurate than the Lamé Equation of yield used in Von Mises Equivalent (VME) Stress
(Triaxial Stress). Because the Barlow Equation neglects axial stress, there is no distinction between pipe with capped ends,
pipe with open ends or pipe with tension end load." Those are not my words, because my opinion of the scientific basis of
the Barlow equation is that it works perfectly only if there is no casing since it deteriorates in accuracy with wall thickness
which implies that the more casing there is the less accurate the prediction of strength is with maximum accuracy at precisely
no casing wall thickness at all. Zero; nada. No casing.
My opinion is that triaxial loading (Von Mises Ellipse of Plasticity) should be used all of the time yet keep in mind there are
times when actual casing material limits (from testing) will fall within the VME ellipse of plasticity and in those
cases one might take special care to design to the material limits of the casing and not the VME ellipse, although the triaxial
theory is arguably more accurate than the API burst formula, so the casing should not fail in this area of the ellipse between
the VME limit and the casing material limit. However, it may still mean operating at a higher pressure than the casing has
been tested at in the mill. Another argument for avoiding this area is that burst/collapse disks and completion equipment
(for example a side pocket mandrel for production tubing) will not be subjected to the same triaxial loads as the casing, but
may have the same burst rating.
Now with that said, let's keep in mind that some don't have access to the computer programs that make Triaxial
design possible and so if that was the case I would definitely use combined loads if the design was sufficiently close to the
safety factor and anytime there is a detrimental effect not considered with uniaxial loading. These combined load corrections
are fairly simple and straightforward and easily done on a spreadsheet.
Okay now when to use triaxial over biaxial according to an actual study, in SPE 14727-MS, it is concluded the Triaxial Design
procedure should be used when surface pressures exceed +/-12,000 psi. This is based on comparing a series of designs for
surface pressures ranging from 3,300 to 21,000 psi. By first designing these strings using the Biaxial/Barlow approximation
and then checking them with the Triaxial/Lame' procedure, it is noted that the Biaxial/Barlow design is in considerable error
above +/-12,000 psi and may be unsafe above +/-15,000 psi.
Hope this helps!
Edited: 11/27/2012 8:23 AM by Mr. Phillip C Geaslen Sr.
Combined
Load

Dear Mr.Mike,
Thanks for valuable advice.
Does "Combined load" you mentioned above mean "Bi-axial" load ?

Edited: 11/27/2012 8:23 AM by Mr. Phillip C Geaslen Sr.
Casing biaxial / tri-

As Michael Davis says, if the tools are available, conbined load analysis would be appropriate for any well.
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My advice on when it becomes critical to consider these loads is when the pipe and/or connection design limit is lower under
combined load than the simple uniaxial rating would suggest; conventionally the combination of net internal pressure and
axial compression, and net external pressure and tension.
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Whether biaxial or triaxial depends on what one means by the terms. Conventionally, 'triaxial' analysis is most often applied
to a yield-stress limit, which as Michael points out will not be representative of the pipe design limit under some load
conditions. In my experience 'biaxial' is most often associated with collapse-load design, and taken to mean the reduction of
pipe collapse resistance as tension increases; it is under collapse loads that the pipe design limit will often also be less than a
theoretical yield limit
Edited: 12/7/2012 9:27 AM by Mr. Michael Don Davis
Answer to
Mr. Kyung
Nam Han's
follow up
question.

Mr. Kyung Nam Han
Yes and no, combined load was indeed in reference to how “Bi-axial” load has been used in the past by others and yet "Tri-axial"
loading is the penultimate combined load and is in reference to Von Mises use of the Lame Equation to predict casing strength under
every concievable load simultaneously or separately. Would "Biaxial" better describe using Von Mises Criterion and assuming one
axis is zero? Perhaps, and if so then using "Biaxial" to describe Barlow's equation is still wrong and results will be different from
using Von Mises Criterion with the appropriate third axis zero as will be described in detail below. The Von Mises "Triaxial" Criterion
is "triaxial" because all three axis, radial, hoop, and axial are used to derive the equation used to model the effects of axial load on
burst and collapse and vice versa the radial pressure (burst and collapse) effects on axial load resistance.
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There is even more confusion over the use of “Biaxial” as it is misused to point to the use of the Barlow equation in a uniaxial
material load resistance calculation for burst resistance and also to describe the use of the triaxial Von Mises Criterion with axial load
and internal pressure set at zero for yield-strength failure mode by the API in API TR 5C3 for collapse resistance of casing. There is
uniaxial, and triaxial and yet "biaxial" is not actually proper use of a term with scientific meaning in a colloquial sense to describe two
main directions of force when in fact there are three axis involved in combined stress equations in use: radial, hoop and axial; and
thus this is "triaxial" design. Simon had a very coherent answer to this worth repeating, “In my experience 'biaxial' is most often
associated with collapse-load design, and taken to mean the reduction of pipe collapse resistance as tension increases; it is under
collapse loads that the pipe design limit will often also be less than a theoretical yield limit.” That use is indeed often referred to as
"Biaxial" and yet the equation used by the API for collapse is indeed the Von Mises Triaxial Criterion for "yield-strength" collapse and
therefore is in no way "Biaxial" and therefore the term is used in error. This is different from the API use of Barlow's equation for
burst yield. Of course collapse loading is simply the external pressure minus the internal pressure or the one axis of triaxial design
referred to as “radial stress” and then sets the internal pressure and axial load to zero and yet the "hoop stress" axis is comprised of
the same internal and external pressures as the "radial stress" term and therefore this distinction is often missed by professionals
using the term "biaxial". Of course tension adds to burst resistance and detracts from collapse resistance of pipe and yet although
this seems to be "biaxial" it is indeed using the Von Mises Triaxial Criterion in the case of the API yield-strength failure mode. These
three axis radial, hoop, and axial consist of terms for radial pressure and axial stress and therefore the term “Biaxial” is often used
and yet the hoop stress axis uses the same internal and external pressure terms that the radial stress axis uses and so is derived as
triaxial. The API method in regards to collapse (the load resistance we are discussing since it detracts whereas the burst load
resistance is enhance with tension) utilizes Von Mises Triaxial Criterion for the "yield-strength" mode of failure and empirical relations
for two of the other three modes of failure; plastic, transition, and elastic, with internal pressure set to zero. Plastic and transition
failure modes are empirically derived and the minimum elastic collapse pressure equation was derived from the theoretical elastic
collapse pressure equation developed by Clinedinst. In a sense the "yield strength" mode of failure for collapse might be considered
to be "biaxial" since one of the three Von Mises axis is zero and yet don't be confused this is different from the API Burst criterion
which uses Barlow's and is in no way triaxial, or biaxial and yet is a uniaxial model. The use of terms in the past has been a source
of confusion we can get past with a clear review of the facts.
Clearly my opinion is that SPE 14727 is in error in proclaiming the Barlow equation or better known as the API method of calculating
the strength of casing as Biaxial. It is not using two axis of the Triaxial, radial, hoop and axial stresses and yet it is simply using one
dimension of the two radial forces and the materials resistance to this more as a pulling of two thin walls than as a hoop stress.
Barlow’s derivation uses:

Considering the one-half section of the casing and balancing the forces acting on the two rectangular areas L x t, against the internal
pressure on the projected area D x L which is therefore,
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Whether one wants to argue that this is hoop stress and radial stress it is clearly not considering the balance of Von Mises radial
forces and therefore is not “Biaxial”. If it was to consider the balance of radial forces the external pressure would be acting on the
outside diameter of the casing and the internal pressure would be acting on the inside diameter of the casing and this is resolved by
Barlow by assuming the internal pressure is negative on the outside. Why do I say this? Because the Barlow equation in essence is
using the outside diameter and this surface in reality only pertains to external pressure. There is no inside diameter in the equation
and the only way this can be is to assume internal pressure is zero. So Barlow’s equation is essential pulling the casing in half using
a negative external pressure. The only time this represents physical reality is when the thickness is essential zero meaning when
there is no casing (ha ha!). As a result of this Barlow’s equation works best when there is no casing at all and as you might expect
as the thickness increases the equation loses validity and this is indeed expressed in API 5C3 by the following:

So when is it most important to use triaxial because of errors creeping in? It was mentioned in SPE 14727 that at high pressures (>
12,000 psi) errors increase, is this right and why? Yes, and because most often high pressures are encountered in the deepest
portions of wellbores with the smaller ID casings. Is there another factor? Yes, at higher pressures the wall thickness, t, will be
higher because of the need for greater burst resistance and therefore with an increase in, t, the ratio, D/t, decreases and adds error
to the Barlow equation. Let's see a comparison of the D/t ratios of the smaller ID casing strings.

These D/t ratios are in the "10" range and therefore indicating an approximate error in the range of "2%". While this is within the
range of most safety factors this result does support the general conclusion of SPE 14727 that the use of triaxial Von Mises Criterion
becomes more critical at higher pressures. Let's add to that and suggest that it becomes more critical at higher pressures and
smaller OD casing of higher weights. Of course the graph used by API above is empirical.
It is hoped that this clears up the confusing use of “Biaxial” (its not!) to describe Barlow’s Equation, and also shows us clearly the API
method is most accurate when there is no casing at all and all other times we should use Triaxial Von Mises Criterion for precision.
The Von Mises Criterion, is triaxial. The three principal stress of the Von Mises stress tensor is: axial (tension and compression),
radial (internal and external pressures from hydrostatics), and circumferential (hoop stress related to internal and external pressures
from hydrostatics).
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The collapse (a radial load of internal minus external) in one axis and the axial load (tension in the string) is the other axis is
misleading many to think of this as "biaxial", as discussed above since "hoop stress" is the third axis and uses the same internal
minus external pressure term. Considering this as a “biaxial” design would be using the fact that increasing tension decreases the
collapse resistance of the pipe or in other words the axial load affects the radial resistance and yet the hoop resistance is involved as
well. It is triaxial. Collapse via yield or “yield-strength” collapse is determined by using triaxial Von Mises Criterion with the internal
pressure set to zero and the axial load zero as well and it can easily be shown that Von Mises Triaxial equation for collapse reduces
to the “yield-strength” collapse equation used by the API in API TR 5C3.
Interestingly, torsion and bending also play a part in loading casing and yet are absent from the simplest design cases. Bending is
generally acknowledged and brought in as an additional compressive axial load on the concave side of the bend and an additional
tensile load on the convex side of the bend. Torsion, on the other hand is rarely considered in casing design yet lets consider it for a
moment. With the common practice of rotating liners while cementing it is possible to “trap torque” into a liner and cement it in place
with this torsional load. Torsional loads are seen as a “shear stress” and must be added into the Von Mises Criterion as such. An
easy entry point would be to convert this “combined load” using equations such as that found in API RP 7G for combined loads of
drill pipe thus reducing the tensile strength of casing by adding torsion.

This reduction is more significant for smaller tubes than larger ones. For example with 9-7/8” 62.8# Q-125 liner rotated to 60,000 ftlbs (highly unlikely) of torque and trapped the resultant reduction of tensile strength would be only 1%. With N-80 the torque needed
for 1% reduction is only 42,000 ft-lbs. This effect will be larger, of course, for smaller casing such as 5” 18# J55 where 15,000 ft-lbs
has a 1% reduction of tensile strength and even more for 3-1/2” 7.7# J-55 where 1,570 ft-lbs of torsion reduces the tensile strength
1% and since the uniaxial torsional strength of that tube is ~11,100 ft-lbs. and the connection is likely to be higher than than and so
torquing this tube many times past 1,570 ft-lbs would be operationally probable resulting in a significant reduction in the overall axial
strength of this pipe in the casing design if this torque is trapped and so keep this in mind on critical applications where torsional
loading is added to pipe especially in the case of small diameter casing and tubing of softer grades. Is Torsion a completely different
axis from radial, axial, and circumferential? Is this Quadraxial design? No, it is pure shear stress, and so perhaps we might call it
Shear Inclusive Triaxial Casing Design and yet how significant it is in any particular scenario is left up to you to discover, and where
you add this torsional shear stress, as a component to the axial stress or elsewhere in the Von Mises equation, is left up to you to
decide. Yet consider this:
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And assuming the torsion is pure shear added to the general equation the new triaxial design with pure shear becomes:

With Torque and Bending added this becomes:

This is a long and drawn out post and yet one that has been a long time coming since this topic has been confusing to some of us far
too long. Many thanks to Simon for adding to the coherence of my understanding on this topic and complementing my answers to
this excellent question as well as adding new insights of his own.
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