Part 1—Basic calculations

Stress analysis methods
for underground pipe lines

Elements include pipe movement,
anchorage force, lateral soii force,
soil friction, soil-pipe inleraction

Liang-Chuan Peng, Mechanical Engincer,
\AA Technology and Specialties Co.; Inc., Houston

ANaLYZING an underground pipe line is quite different
from analyzing plant piping. Special problems are involved
because of the unigue characweristics of a pipe ling, code
requiremnents and techniques required in analysis. Elements
of analysis include pipe movement, anchorage force, soil
[riction, lateral soil foree and soil-pipe interaction,

Unique charucteristics. To appreciate pipe cade require-
ments and visualize problems involved in pipe line stress
analysis, it is necessary to first distinguish a pipe line from
plant piping. Unigque characteristics of a pipe line include:

* High allowable stress. A pipe line has a rather simple
shape, Tt is circular and very olten runs several miles
before making a turn. Thercfore, the stresses caleulated
are all based on simple static equilibrium [ormulas which
are very reliable. Since stresses produced are predictably,
altlowable stress used is considerably higher than that used
in plant piping,

¢ High yield strength pipe. To raise the allowable, the
first obstacle is yield strength, Although a pipe line oper-
ating beyond yicld steength may not create structural
inteprity problems, it may cause undesirable excessive
deformation and possibility of strain follow up. Therefore,
high test line pipe with a very high yield to ultimate
strength ratio is nonmally wsed in pipe line construction.
Yield strenpgth in some pipe can be as high as 80 percent
of ultimate strength. All allowable stresses are based only
on yield strength,
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¢ High pressure clongation. Movement of a pipe line
is normally due to expansion of a very long line at low
temperature difference. Pressure elongation, negligible in
plant piping, contributes mauch of the total movement and
must be included in the analysis,

» Soil-pipe interaction. The main portion of a pipe
line is buried underground. Any pipe movement has to
overcomme soil force, which can be divided into two cate-
gories: Friction [orce created from sliding and pressure
force resulting from pushing. The major task of pipe line
analysis s to investigate soil-pipe interaction—which has
never been a subject in plant piping analysis,

Code roguirements. Pipe lines normally are designed,
constructed, inspected and operated according to mini-
mum federal safety standards stipulated in Tide 49 of
Code of Federal Regulations.™* The standards base for
the analysis are ANST B31.4, “Liguid Petroleum Trans-
portation Piping Systems,”* and ANSE B31.8, ¥Gas Trans-
mission and Distribution Piping Systems.™

Because it is more economical to ship gas ar the lowest
temperature possible, the stress problem involved in a gas
line is less severe than that in an oil line. The following
discussion will be based mainly on ANSL B31.4 which is
made a part of 49-CFR Part 195, but the philosephy
presented should be applicable to gas pipe lines as well
This section covers only the rules that are pertinent to
stress analysis, however, and requirements are revised
frequently to reflect results of new developments,

Waull thickness. The first step in stress analysis is to caleu-
Iate wall thickness required. {The diameter of the pipe is
gencrally determined by a different discipline of engi-
neering, )

According to the code, nominal wall thickness of
straight sections of steel pipe shall be equal to or greater
than ¢ determined in accordance with the following
equation:
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¢ = Nominal wall thickness; inch

P = Internal desfgn pressure, psig

D == Nominal outside diameter of pipe, inch

E = Weld joint factor {efficiency)}

§ = 7129% of specified minimum yield strength {SMYS}
for new pipe of known specification, psi

4= Sum of allowance for threading, grooving, corrosion
and others as required, inch. Corrosion allowance is
not required i pipe and components are protected
against corresion in accordance with code require-
ments.

Equation 1 is well known, What makes it unusual is the
definition of ¢. The thickness determined is nominal thick.
ness, which is quite different {rom minimum thickness
calculated by other piping codes. Subtracting undérthicke
ness allowed in the approved specification, remaining
minimum thickness can be as low ag 8759 of nominal
thickness, True allowable stress is then equal to

0.72 SMYS/0.875 = 0.823 SMYS§

Adding the 10 percent surge allowance, final allowable
stress is 90 percent of SMYS,

This allowable stress is considerably higher than allow-
able stress for plant piping in view of the high yield-
ultimate sirength ratio of the steel normally used in pipe
line construction, AP] Grade X52 pipe, for cxample, has
an SMYS of 359 MPa (52,000 psi) and a minimum
ultimate strength of 455 MPa ({66,000 psi). The true
allowable stress is 0.823 SMYS = 295 MPa {42,796 psi),
which has a safety factor of 1.5 based on the ultimate
strength. While this factor is much lower than 3.0 or 4.0
used in plant piping, the high level of safety is well main-
tained. Because of simplicity of the pipe line configuration,
the 1.5 factor Is a true {actor including little uncertainty.
Remaoteness of pipe line location is also a consideration,

Expansion and flexibility. Flexibility analysis is the
stress analyst’s main task. The code classifies a pipe line
inte two categories—restrained lines and unrestrained
lines-avhich conflicts with a widespread misconception
that a whole pipe line project is a line and the pipe s
always more or less restrained.

A pipe line, buried or above ground, has both fully
restrained portions and moving portions, The moving
portions, which are equivaleni to the code’s unrestrained
lines, will generally create significant bending stresses.

Ay shown in Fig. 1, in an above ground line restrained
portions are always prevented {rom moving by installing
anchots and guides, but in a buried line a large portion
is fully restrained by soil friction only.

When a line is pressurized and heated, comers G, D
and G will start moving. The movement creates a soil
friction force prnportmnal to the length of the moving
portion of the pipe. If total friction force developed along
the pipe is sufficient to suppress expansion, the movement
will stop.

Points B, E and F where the movernent stops are callec
virtyal anchor points. Non-moving portions AB and El
are called fully restrained lines.

Rastrained portions. To prevent movement, a force s
required to bring the pipe froms its Free expanded or
contracted position to the original position. As shown in
Fig. 2(a), in a fully restrained line longitudinal pressure
siress is zbsorbed by the anchor er soil {riction and does
not comne into the picture.

The figure uses the following symbols:

L = Length of a pipe section, inch
T, = Temperature at time of installation, °F
T’ = Maximum or minimum operating temperature, °F
a == Linear coefficient of thermal expansion, inch/inch/
°F
v = Poisson’s ratio {0.3 for steel}
S = Hoop stress due to fluid pressure, psi
E = Modulus of elasticity of pipe, psi
& = Net free expansion, inch
$1 = Lengitudinal stress in the pipe, psi
t = Nominal wall thickness of the pipe, inch.

When temperature reaches T, the pipe section will
expand «{T;~ T\}L, but the hoop tensile stress will
make it to shrink +8,L/E. This shrinkage due to hoop
tension is similar to the common phenomena seen in
stretching a rubber band: when stretched in the longi-
tudinal direction, the sidewise dimension wiil shrink. I
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steel is stretched one inch in one direction, it 'will shrink
(1.3 inch each in both perpendicular divections, This 0.3 is
called Poissen's ratio and the shrinkage is commonly
referred 1o as Poisson shrinkage. After subtracting the
Poisson shrinkage from the expansion, net expansion
hecomes,

A=al{T; ~T,)L — v$iL/E (2:)

Longitudinal stress produced is equivalent to the stress
required to squeeze & back io the original position, Since
§,= - FEA/L, then

L?{_,:“"

EalT.—T,) + v$ (3)

Equation 3 is the same formula as shown in the code,
except the sign has been reversed so that a minus {~)
will mean a compressive stress. Note that the longitudinal
pressure stress is not acting on a fully restrained section.
The net longitudinal stress becomes compressive for a
moderate increase of T,

The code does not have a special allowable for longi-
tudinal stress. It requires, however, that combined equiva-
lent stress shall not exceed B0 percent of pipe SMYS.
Fig. 3 shows stresses acting on the pipe wall For the
biaxial stresses shown, the code uses maximum shear
theory of failure which says that pipe yields when maxi-
mum shear reaches shear yield stress. Mawimum shear
SLIEsS Ty 1N this case can be easily shown® as

Trmax = \/ = :}SL) : + r* (4}

where 7 s shear stress in the principle axes of the pipe.
Since shear yield stress equals one half of iensile yield
stress, an equivalent tersile stress defined ag twice maxi-
mum shear stress is used to compare with iensile yield
stress. The equivalent tensile stress is thercfore equal to

Sg =20 Trnax ™ \/ (S;, — S{,}z + 41’2 (5)

5. B to be limited to 0.9 SMYS. The correct sign should
be used fo Sy, in substituting Equation 5. In cases where
direct shear stress is negligible, the absolute sum of hoop
stress and compressive longitudinal stress should not exceed
the 0.9 SMYY limit.

In 2 restrained pipe line, anchors are frequently needed
to reduce end movement. Because longitudinal stress has
been calculated as shown in Equation 3, designers are
often tempted to caleulate anchor load by multiplying
8, with the pipe cross sectional area. This is incorrect
because pressure end force has been ignored.

As shown in Fig. 4, an anchor i3 installed to lirit end
movement of the pipe. The anchor, therefore, separates
the restrained portion from the moving portion of the
line. Anchor force comes from both sides, longitudinal
stress from the restrained side and pressure force from the
moving side, Since longitudinal pressure stress equals to
0.5 S, the anchor force can be expressed as

F= 4 (058 ~8)
or
F=A[{05— )+ Ea(T;~Ty)] {6}

where 4 = =Dt is the eross sectional area of the pipe.
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Moving portions {Unrastrained lines}. For the mov-
ing portion of the line, the code groups stresses into two
categories: self-limiting stress and sustained stress.

Self-Himiting stress resulting from thermal expansion
and other strains shail be combined in accordance with
the following equation::

Sp= VW (7

where  §y = \j{“M‘)z; UoMo)® = Bending stress, psi
S~ M;/(2Z) = Torsional shear stress, psi
M = Bending moment in plane of member, in.-lb.
My = Bending moment out of plane of member, in.-lb,
: = Torsional moment, in~lb.
iy = In plane stress intensification factor
io = Out of plane stress intensification factor
Z == Section modulus of pipe, in®

Both ; and i, are to be taken from Fig. 419.6.4(c) of the
code. The maximum computed expansion stress range Sy,
without regard for fluid pressure stress, based on cold
modulus of elasticity, shall not exceed the allowable stress
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range, 8, where 8§, = 0.72 SMYS of the pipe.

Rquatien 7 in fact is a modified form of Rquation 5 by
setting §, = 0.0 and ignoring all direct shear stresses.
Expansion stress, Sz, generally is ralculated by using a
computer program. Approximate formulas, tables and
charts are also {requently used in estimation of the stress
in simple configurations, but they are becoming more and
more obsolete.

Because temperature change in a pipe line is generally
not very high, expansion dut to pressure {not to be con-
fused with pressure stress which is net regarded in expan-
sion stress calculation} effect is significant and should not
be ignored. Fig, 2{b} shows the pipe expansion including
iongitudin'ﬁl pressure effect, When the pipe is heated up
to operating temperature, T, it expands in every direction.

In the longitudinal direction, thermal expansaon is
wi Ty — T,] L. Applying longitudinal pressure, the pipe will
expand 0.38,L/E in longitudinal direction but shrink
somewhat in diametrical direetion. Finally, adding radial
pressure {hoop stress}, the pipe expands fully in diametn-
cal direction but shrinks 0.35,L/E in longitudinal direction
due to Poisson effect. Net longitudinal expansion, A, is
therefore equal to:

o=l T — Th) + 028, /E (8)

The calculated expansion rate, «, is in inch per inch unit,
and a proper conversion may be required before being
input to a computer program. [t should be noted however
that sorme computer programs calculate expansion rate in
accordance with Equation 8§ zutomatically, and care
should be exercised to prevent a double penalty.

By comparing Equation 8 with Equation 6 it Is clear
that net exps fon rate is equivalent {o strain resulting
from: a pull by a {orce having the same magnitade as the
anchor force. Anchor force is therefore referred two as
potential expansion force in many discussions.

For sustained stress, the code requires that the sum of
longitudinal stresses due to pressure, weight and other
sustained external loadings shall not execeed 0.5 SMYS.
This s undoubtedly very low in view of the high longi-
tudinal pressure stress already used. However, this tight
restriction on other Ioadings is also one of the justifications
for allowing high hoap stress.

The entire code requimments follow well planned logic.
Some of the logle is apparent and some is not tao appar-
ent, Therefore a code should be d.d()pted in its entirety,
Cross use of different codes generally is not ace Lptabla
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Sample calculations. Suppose a crude line of 20-in.
diameter is to be designed with an operating pressure of
1,200 psi and an operating temperature of 180°F., It is
decided that API 3LX Grade X052 clectric resistance
welded pipe will be used for the main portion of the
construction. Construction temperature s expected to be
50°F.

Table 402.3.1{a} ol the code shows the pipe has an
SMYS of 52,000 psi and a weld jomt factor of 1.0.

Therelore:

1. Wall thickness required

PD 1200 % 20.0
P T AT T T 093 X 52000

= ;3205 in., use 0.544 in,

+ 0.0

The main portion of the pipe requires a nominal wall
thickness of 0344 in, However, a thicker wall pipe is
generally required at station piping and river or road
Crossings.

- 2. Hoop stress check -

_PD 1200 X 200 _, ,
S0 = SrAY T (054007 o083 pl

2. Compressive longitudinal stress at the {ully restrained
portion

Sp=— Ea{Ty;~ T 4+ 038

I

= 27.9 % 10° > 6.5 > 10-* {180-5) + 0.3
34883

— 13,110 psi

4. Equivalent tensile stress at the fully restrained portion

Se= V(S 8,12+ 48

= V/ (34883 + 13110} % 4 0.0 = 47993 psi > 0.9
SMYS, no good.

Since the equivalent tensile siress exceeds the allowable o
0.9 SMYS, the design needs to be revised, There are
several ways to make the design work: a} use semn-
restrained construction such as placing offsets at regulu
intervals; b} increase installation temperature by burying
pipe at midday or running hot air through it before back.
filling; ¢) increase wall thickness. In this particular cas
because it is only slightly overstress, either b or ¢ can be
used. However, assume that in order to simplify construc-
tion scheduling, it is decided to increase wall thickness t¢
$.375 inch. After recaleulating for 0.375 inch wall, we
have:

Sy = 32,000 ps:
S, = — 13,973 psi

3 Anchor force w fully restrain the line s

F=aDt [0.28, + Ea(T:— T
= 3.1416 X 200 X 0.375
[0.2 X 32000+ 27.9 X 6.5
= 706,280 lbs.

(180-50) ]



6. Thermal expansion rate is

e = a{T2— T,) = 6.5 X 10~° (180-50
845 ¥ 10-tin./in. = L8141in. /100 {t. pipe
7. Pressure expansion rate will be

er = 0.2 8/E = 0.2 » 320007279 ¢ 10%

i

8. Total expansion rate is therelore

=gy + g = 1014+ 0,275 = 1.289 in. /100 ft. pipe

Port 1 comclusion, From the above presentation the
following conclusions can be made:

& The wall of a pipe line is very thin compared with
plant piping for the same internal pressure, Wall thick-
ness caleulated by code formula is sufficient to ensure
structural integrity of the main line. However, the code
formula includes little uncertainty factor, therefore at
complicated places such as station piping and river or
read crossings, thicker pipe is generally required. _

® At lines fully restrained either by soil friction or
mechanical anchors, longitudinal stress will become com-
pressive for a moderate temperature change of about
65° F for 52,000 SMYS pipe. If longitudinal stress is
compressive, it thould be added absolutely to houp pres-
sure stress to ebtain equivalent tensile stress. This equiva-
lent tensile stress, rather than longitudinal stress, should
be limited to 0.9 SMYS.

* Yor a temperature rise of about 1307 F, equivalent
tensile stress will start to govern pipe wall thickness. Pipe
thickness determined by pressure alone may not be suffi-
clent.

* Although internal pressure will reduce longitudinal
compressive stress at the fully restrained section of the
line, #t also increases expansion rate at the unrestrained
portion. This pressure elongation is significant, especially
in lines with lower temperature raise such as in gas trans-
mission lines.

® The anchor force required to anchor the fully
restrained pipe should be equal to the sum of the force
required to resist longitudinal stress at the restrained side
plus pressurg end force at the unrestrained side. The
ancher force can also be called potential expansion force.
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Coming in May: Fart 2—Soil-pipe interaction analysis,
says the author, is the most important part of pipe Hna
strass analysis. Part 2 includes discussion of soit forces
and longitudinal and lateral pipe movement, plus further
calculations on the same hypothetical pipe Hhe covered
in Part 1.
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