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ABSTRACT

Design criteria and equations for determining the line pipe wall
thickness has been, in the past several years, onc of the most
important issues with oil and gas transportation companies. Published
results of the experimental and analytical studies and safety records
of the pipeline operating companics indicate that the present
traditional design formulation is conservative and may be revised to
reduce pipeline wall thickness safely.

The SUPERB Project was initiated in 1991 and supported by ten
major oil and gas companics. A recently published guideline
contains, in particular, some recommended design equations for wall
thickness determination with a new value of safety (usage) factor
using structural reliability and based on calibration methodology.

The goal of Gulf Interstate Engineering’s (GIE) study is to develop
an accurate, sound analytical solution for determination of the hoop
stress due to internal pressure, considering distribution of the radial
stresses across the wall and nonlincar property of pipe matenal. For
design purposes we uscd an elastic, linearly hardening stress-strain
diagram, which for this case, was more conservative than an actual

comparison shows that results obtained with two different methods

are in good coincidence.

Therefore, traditional stress analyscs based on performing more
accurate calculation considering stress distribution across the wall,
nonlincar property of stecl, principal, methodology and existing
codes design factors may safely reduce the required pipe wall

thickness and may be used in the engineering design.

NOMENCLATURE

D = nominal outside diameter

E = longitudinal joint factor according to B31.8
E, = modulus of clasticity

E, = hardening modulus

F = design factor according to B31.8
F, =guaranteed design factor

p = internal pressure

r, = pipe inside radius

r, = pipe outside radius

r = radius to any point of wall

Stress-strain diagram. The application of 2 bilincar diagram allows to S, = hoop stress
obtain analytical solution of hoop stress distribution relationship S, = allowable hoop stress
between pressure and strain in the diapason of strains up to the strain S = yield stress

EabL

that produces yicld strength.

More precise cquations for determining hoop stress show that
maximurn hoop stress due to internal pressure is on the pipe external
surface, opposite the Lame (finear) solution which gives maximum
hoop stress on an internal surface. As well known, the bursting of
pipe caused by the internal pressurc begins from an external wall
Surface.

This paper compares reduction of nominal wall thickness using GIE
and SUPERB methods to ASME codes for the pipe with the various
diameter-to-wall thickness ratios and underthickness tolerances. The
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S, = ultimate tensile stress

S, = combined stress

T = temperature derating factor according to B31.8
1= nominal wall thickness

tol, = guaranteed underthickness tolerance, %

fol, = code specified underthickness tolerance, %
€. = combined strain

&, = strain corresponding 1o yicld stress

€, 4= allowable combined stress



ASME B31.8/831.4 FORMULATION

Existing method of wall thickness or pressure calculation presented
in Codes B31.8 and B31.4 arc based on criteria of allowablc hoop
stress. The B31.8 Code states that “the maximum allowable hoop
stress is the maximum hoop stress permitted by this Code for design
of piping system.”

The criteria for determining wall thickness/design pressure and
equations for calculating hoop and allowable hoop stresses according
to (1,2} are

D
ShSSal' SA=£i—t-, Sd=S”FET (l)

The formula for hoop stress, known as the Barlow formula, is based
on an assumption that radial and hoop stresses across the pipe wall
are constant and on an assumption that section of the pipe is 2 ring
with diameter equal to the nominal outside diameter instead of an
annulus. The hoop foree in a ring is defined from static condition of
cquilibrium and hoop stress is calculated for nominal pipe thickness:
The underthickness tolerance is taken into account through a design
factor. ASME B31.4 as well as B31.8 note that “in sctting the values
of a design factor, due considcration has been given and aliowance
has been made for various underthickness tolerances provided for in
pipe specification listed and approved for usage in code.”

SUPERB PROJECT

The SUPERB Project was initiated in 1991 and is supported by ten
major oil and gas companics. An overview of the rescarch
programme SUPERB is presented in [3). A recently published
guideline [4] contains, in particular, recommended design cquations
for the wall thickness determination with a ncw value of safety
(usage) factor, using structural reliability and based on calibration
methodology.

The Barlow equation with a mean diameter in the numerator and
minimum wall thickness in the denominator was selected to calculate
the hoop stress in the design guideline [4].

The maximum permissible hoop stress depends on specific minimum

yield stress and specific minimum ultimate tensile strength

- p(D 'rm)
2t

S S, smn[n,S_.nS,] @

The valucs for usage (safety) design factors for operating pipelines in
midline zones arc 1, = 0.83 and g = 0.75. The pipeline in the
middle zones can be compared with the pipeline with a hoop stress
design factor of 0.72 according to B31.8.

From equation (2) and values for usage (safety) design factors
follows that if the yield to the ultimate stress ratio is not higher than
0.9 the design wall thickness depends on specific minimum yicld
stress.

It should be noted that SUPERB Project guideline also proposed
other criterions, which are not a subject of this paper.
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GIE STUDY

As distinguished from the above studies, which used Barlow’s
formuia for hoop stress determination, the Lame’s solution {5] is
based on lincar property of pipc material (linear relation between
stress and strain) and considers the distribution of hoop and radial
stresses across the wall. According to this solution the maximum
hoop and combined stresses take place on the inner surface. It is wel}
known that burst of the pipe caused by the internal pressure begins
on the external surface of the pipe wall.

Therefore, the goal of GIE study is to develop an accurate analytical
solution for determining the hoop stress considering distribution of
the radial stresses across the wall and nonlinear property of pipe
matenial.

An elastic, lincarly hardening stress-strain diagram is being used in
this study for design purposes. This diagram is simpler and more
conservative than actual stress-strain, and may be described by
following cquations

S‘_ = E‘,E, [f S‘ < SP 3)

S =(1 -Eh/Eo)Sp +E,€, if S,?SCZS,, %))

The proposed equation for calculating hardening modulus is based on
the assumptions that stress limit proportionality S, is equal to 70% of
yield strength and finear hardening lasts up to yield stress

E,=03S,/(e,-0S,/E,) )

In elastic range of stresses, the maximum hoop and combined stresses
due to internal pressure take place in the intemal surface [5]. With
internal pressure being increased above the value, which produces
combined stress on the inner surface of pipe equal to the proportional
limit, the arca of the wall nearest the inner surface is in plastic
condition. We designate this arca as 7,

The following equations, based on the above-described model of
steet and on method described in [6], allow determination of:

- internal pressure that produces plastic arca between r; and 1,

S S r? r?
R ANt 2V 2t P _1Ve]1-2
p=0-DZnLe2kG-D1-2] @

i i ro

- hoop stress distribution across the wall when plastic zone radius
reaches outside radius

S r
= g + r whP(] +-2
5,=(1-K)S,(1 m.r:) = rz) U]



Where k =E, / E, = ratio of hardening to elastic moduti.

Figure 1 shows the value of pressure versus plastic zone radius
sccording to the equation (6). Figure 2 represents hoop stress
distribution duc to internal pressure, which is function of a plastic
sone radius. The lower line represents the solution for case, when
plastic zone radius is equal to an inside radius, i.c., an clastic, a lincar
solution. The upper line represents the solution for casc, when the
plastic zone radius is equal to an outside radius, i.c., plastic solution.
For the linear moddl of steel the maximum hoop stress is on an inner
surface of pipe. For the plastic model of stecl the maximum hoop
stress is on an external surface. The latter solution is in qualitative
agrecment with the experiments, which show that bursting of pipe
from the internal pressure starts on the external surface of the pipe

wall.

According to [1] the maximum allowable hoop stress is the
maximum hoop stress permitted by the Code for design of piping
system. To comply with the Code requirements, the allowable design
pressure versus allowable hoop stress may be calculated as

D? D?

+k -1
D217 ((D—2t)2 No®

S
Piw = 511 -)ln

The equation (8) takes into account the distribution of stress across
the pipe wall, nonlinear property of pipe steel, and main principal and
methodology of the codes. This method, which considers nonfinear
property of pipe material, is closer to the limit state design concepts
than the traditional method.

Assume that the hardening modulus is equal to zero, 1.c., nonlinear
property of steel is described by elastic, idealized plastic stress-strain
diagram, known as Prandtl diagram. Then, the cquation (8) for the
casc k=0 is in qualitative agreement with equation (352) paragraph
K304.1.2 of ASME B31.3 [7], which is used for designing wall
thickness of straight pipe under high internal pressure, and second
equation paragraph AD-201 of ASME Section VIII, Division 2 [8],
which is used for designing wall thickness of cylindrical shells.

Some remarks to the hoop stress design factor F, established by
ASME Codes. This factor is a complicated parameter that considers
dimensional tolerance, variables of properties, failure stalistic of
pipelines, probability, reliability, cost of rehabilitation, and public
safety. Therefore, our next study relates to the hoop stress design
{actor considering only underthickness tolerance. This tolerance may
be less than Code specified. If guaranteed underthickness tolerance
is less than the codes specify, the design factor may be increased and
the guaranteed design factor can be calculated by equation

. 1+10l 1100

=
™ 171001100 ©)

Equation (9) is represented by Figure 3.

By using the value of F, calculated in equation (9), to determine the
allowable stress by last formula in cquation (1), the equation (8)
allows determining design pressure or design wall thickness based on
Chiteria of allowable hoop stress.

The method to use ailowable strains criteria is_being

proposed.
When plastic zone radius reaches outside radius, the maximum
combined strain is on an internal surface and the value of combined

strain for this pressure is equal to

S’ rf
Cmx "7 (10
- Eo 7,1

fallowable combined strain is less or equal to maximum combined
strain, calculated by cquation (10), then the plastic zone radius is
determined by equation

r an

Substituting this value in cquation (6) the allowable design pressure
versus allowable combined strain may be found.

If allowable combined strain is more than maximum combined strain
calculated by equation (10), then it is possible to increase the pipeline
intcrnal pressurc above the value, caleulated by equation (8), to the
value that produce combined strain on the inner surface cqual to
aliowable. Then combined strain distribution will be

(12)

Considering equation (12), equation (4) may be rewnftten as

2
S,=(1-k)S, “Eye (13)
r

Substituting equation (13), as Tresca combined stress, in static
condition of equilibium [6] the differential equation is obtained. The
solution of this equation, considering boundary condition, is
distribution across the wall of radial and hoop stresses. Then, the
allowable pressure corresponding to allowable strain is

S, r,,2 E, r}
Pf“"‘)?‘“—z*";‘w“‘-;) (14)

rl ro

It should be noted that according to our definition of hardening
modulis (equation 5), this solution is correct only for allowable strain
up to the strain required to produce yield strength (0.5% for API 5L)

Figure 4 presents allowable pressure versus allowable combined
strain (total and plastic) according to cquations (11), (6) and (14).
Last point on these curves is pressure that produces plastic combined
strain equal to 0.1%.



The prescnted example assumes 28" diameter, 0.375" wall thickness,
and steel grade X-70 pipe. The calculations show that the allowable
plastic combined strain cqual to 0.1% allows to increase allowable
pressure by 11% compared with the pressure, that produce hoop
stress equal to allowable hoop stress established by Codes [1,2] for
the pipeline with design factor equal to 0.72.

Establishing the value of allowable strain due to pressurc is a very
complicated task. The additional criteria of allowable strain will be
important and imely when steel grade X-80 and higher strength pipe
is used.

COMPARISON
The results of calculations according to the GIE study and the
SUPERB Project (4 ] were compared with equations in B31.8 and

B31.4 codes.

A design factor of 0.72 was assumed for calculations using ASME
codes and GIE proposed cquations. The usage (safety) design factor
of 0.83 for yield critenia, which corresponds to ASME Code
conditions, was used in SUPERB Project equations. Both GIE ang
SUPERB studics proposc to use the underthickness tolerance
guaranteed by manufacturers, instead of Codes specified tolerance,
for wall thickness calculations.

The following tables present a comparison of the SUPERB and GIE
methods with pressurc and wall thickness calculated by B31.3.
Tolerance of -§% means the guaranteed tolerance for a pipe diameter
not larger than 20" (Codes specified tolerance is -12.5%). Tolerance
-12.5% means that guaranteed and specified tolerances are cqual.

Table 1. The percent increase of the design pressure using SUPERB and GIE equations compared with B31.8

Tolerance D/t=20 DAt=30 Dit=40 D/=50 Drt=60
o 1 sup GIE SupP GIE SUP GIE SUP GIE SUP GIE
-8% 11.2 13.7 94 10.6 8.6 9.2 3.0 83 1.7 7.8
-12.5% 5.5 8.1 39 52 3.1 3.9 27 3.0 24 25

Table 2. The percent reduction of the nominal wall thickness using SUPERB and GIE equations compared with B31.8

Tolerance D/t=20 D/t=30 D/t=40 D/it=50 D/t=60
(1.-'.' ’)/ !
SuUP GIE Sup GIEE SUP GIE SUP GIE SUP GIE
-8% 9.6 -11.2 -84 9.1 -1 -8.1 -1.3 -1.5 -7.1 -1.1
-12.5% 50 -7.0 -3 47 -3.0 3.6 26 29 23 -24
1t should be noted that the reduction in wail thickness is calculated CONCLUSION

relatively to nominal wall thickness, instead of minimum wall
thickness, as in Table 6 [4].

Figures 5 and 6 present graphic results of Tables 1 and 2. The
comparison shows that results obtained with two different methods
are in good coincidence.

The SUPERB Project guideline also includes the hoop stress criteria
for ultimate cheek. The allowable hoop stress for midline zones is
equal to 75% of ultimate tensile strength. The allowable pressure for
SUPERB Project ultimate strength requirements will be 1693 psig,
when calculated for pipe 28" diameter, 0.375" wall thickness and
steel grade X-70.

According to GIE model of stee, stress-strain diagram, described by
cquations (3) and (4), for stress equal to 75% of ultimatc tensile
strength the combined strain will be 0.369%. Then, for this valuc of
strain the allowable pressure according cquation (14) will be 1652
psig for the same pipe. The difference is only approximately 2.5%.
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The GIE study for determining the hoop stress considers not only
distribution of hoop and radial stresses across the wall, but also
considers nonlinear property of pipe steel. The method allows more
accurate, than existing code cquation,.dctcnnination of maximum
hoop stress due internal pressure. This may resuit in an increase of
design pressure or reduction of the wall thickness up to 9%.
depending on stecl grade and intemal pressure.

The GIE study also includes possible reduction of wall thickness
when manufacturer’s underthickness tolerance is guaranteed Iess
than Codes specified.

The subject GIE method applies basic principal and methodology of
ASME B31.4 and B31.8 codes for allowable hoop stress and.
therefore afler industry approval, may be used in design practics.
Comparison of the GIE and SUPERB methods shows that results
are in good coincidence, and therefore the traditional method ma¥
scive as 8 basis o modify Codes B318 and B314 vl
thickness/pressurc formulation.
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