Part 2—Soil-pipe interaction

Stress analysis methods
for underground pipe lines

Analysis of soil-pipe inferaction
involves investigation of soji forces,
longitudinal/iateral pipe movement
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Because the major portion of a pipe line is normally
buried, soil-pipe interaction analysis is the most important
part of pipe live siress analyss. First, however, soil forces
that are acting on the pipe must be investigated.

These forces differ somewhat from those encountered
in foundation engineering problems. For instance, the
often-referenced lateral pile loading data are hardly ap-
plicable to a pipe line problem since a pile is driven into
the soil vertically rather than buried horizentally and
lateral pile movement is much smaller than pipe line
movemnent.

Fig. 5{a) shows a pipe line buried in a ditch. Because
of the soil backfill and the pipe’s own weight, the pipe
receives a spil pressure acting at its yurface as shown in
Fig. 5{b}. This pressure creates a bending stress on the
pipe wall and at the same time produces a soil friction
force against any axial pipe movement,

Except in highway or railroad crossmgs, the bending
steess created by uneven soil pressure is negligible. If no
casing Is used at road crossings, bending stress due to scil
pressure can be significant and shmzld be evaluated using
methods described by Spangler,® The code requires that
this hending stress be combined with pressure hoop stress,
and the cembmed stress should be limited to no more
than the specified minimum yield strength (SMYS}.

Axial friction force. Friction force is the first soil force
that affects pipe movement, This section covers friction
force that is created against the axial pipe movement.
Theoretically, [riction force is equal to the product of
the [riction coefficient and the total normal force acting
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all around the pipe, Since actual distribution of normal
force, Fig. 5(b), 15 hard to determine for the purpose of
friction force calculation, a simplified model as shown
in Fig. 5{c] can be used,

The normal force acting on the pipe surface can be
divided into top force, W, and bottom force, W+ W,
where W, Is the weight of the pipe and its content. For
a pipe buried in a ditch, the top soil force can be cal-
culated by Marston’s formula,” but in cases where the
soil cover depth ranges from one to three times the pipe
diameter, the force can be taken as the weight of the snil
surcharge over the pipe. Hence, axial friction foree can
be written as:

F= w{W W W) /12

or f=pl2yDH W, /12 )]
in which, = Axial friction force, [bs./in.
p = Coefficient of friction hetween pipe and soil

v = Density of backfill soil, Ibs. /1.2
D = Qutside diameter of pipe, ft.
H = Depth of soil cover {0 top of pipe, ft,
Wy == Weight of pipe and content, Ibs. /it
The scil density and friction ceefficlent are obtained
from soil tests performed along the plpe line route. In
cases when test data are not available, the following
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{riction coefficient can be used:®

Siy 0.3 Sand 0.4 Gravel 0.3,

The ahove coefficients are the lower bond values equiva-
lent to the sliding friction. The static coefficient of fric-
tion can be as much as 70 percent higher.?

For pipe lines buded helow the water table, buayant
force should Ge subtracted {rom soil and pipe weight
before entering Equation 9 for caleulation.

Lateral soil force. Fig. 6 shows three diflerent Jateral
soil forces normally encountered in pipe line analysis.
Each lateral force can be idealized, as in Fig. 6(d}, into
twg stages: Elastic stage, where resistance force is pro-
portional to pipe displacement, and plastic stage, where
resistance remains constant regardless of displacement,

Though e¢lastic constant can be evaluated directly by
test or published methods,* they are generally very sensi-
tive to the data gathered. An aliernate method I3 {0
caleulate from the more reliable ultimate resistance,
Several authors have reported that displacement required
to reach ullimate resistance iy shout 1.5 to 2 percent of
the pipe bottorn depth.1?

Frem this important finding, elastic constani can be
caleulated from ultimate resistunce by taking 1.5 percent
of the total depth as yield displacement. Using 1.5 per-
cent instead of 2 percent gives a more realistic secant
modulus which will underestimate the modulus for initial
displacement but somewhat overestimate the modulus at
higher displacement. For a pipe ling, underestimation of
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imitial modulas i greatly compensated by the fact that
less than perfect backfill compaction does provide initiaj
softness,

When a pipe moves horizontally as m Fig. 6{c}, it
creates a passive soil pressure at the front surface, and
at the same time receives an active soil force at the back,
Because of the arch action, a void will be created behind
the pipe as soon as it moves a small distance and the
active soil force can therefore be disregarded.®® The only
lateral force iy the passive soll force which can be written
as:

7= »é»;;{ﬁ*’r D2 gan® (45 %} (10}

Where £/ is the ultimate soil resistance, Ths./fi., and the
other symbols are az previcusly defined. Sirictly speaking,
Equation 10 is valid only when the soll cover, H, is less
than the pipe diameter, D). It will overestimate the re-
gistance for deeper sail covers. However, for a three-
diameter deep cover with dense granular seil, the over-
estznation is only about 10 percent. This is within the
variation of other parameters invaolved 1n seil mechanics.
Taking 1.5 percent of the fotal depth as the yield dis-
placement, the ¢lagtic constant can be writien as:

K w U
T 0015 {H 4 DY X 144
= 0.2315 5 (H + D) tan® (45 42 (1)

Where the elastic constant, K, in pounds per inch of pipe
per inch displacernent, 15 the product of modulus of pas-
stve resistance and pipe diamerer, It should he noted that
instead of determining soll modulus ¢, the constant el
15 determined. This is stmilar to the eR constant used in
the famous Iowa fiexible pipe deflection formula.®

Longitudinal pipe movement, The flexibility problem
originates [rom the expansion of the pipe. Therefore, the
first step of Hexibility analysis 15 to determine longitudinal
mavement.

Fig. 7 shows a pipe line leaving a pump station. Point
A is a scraper launching barrel and BCD represents a
very long line. When the line is heated up, the end of
pipe B will start te move. The movement produces frie-
tion force, f, while at the same time an end resistance, (4,



develops because of soil passive {orce and pipe stiffness.
The moving portion of the pipe will extend gradually
downstreamn to a peint G where the movement stops.

As the moving portion extends, friction force ake in-
creases, and when the moving boundary reaches point
friction force plus end force developed is enough to sup-
press the expansion completely, Polnt C s sometimes
called virtual anchor point and the moving length, L,
the active length.

Because of the unequal amount of friction force re-
ceived, longitudinal stress along the active Jength varies
feom point te point. Distribution of longitudinal stress is
shown in Fig. 7{b}. At the scraper barrel end, the stress
is tensile and equal to the pressure stress. The tensile
stress 15 reduced gradually due to end force and friction
force, then sventually becomes compressive i the line is
het enough. Finally, at point €, the compressive stress
reaches maximum and stays the same for the entire folly
restrained portion,

The active length of the line can be c'Ef.,u.rmmcr.f by
eqz..atmg friction force plus end force with the required
anchor force obtained from Equation 6, that is:

L+Q=F
or
L= F 0 12)
f .
where L= Active length, in

F = Anchor force or expansion force, lhs,
2 == End resistance force, bs,
§ = Soil friction foree, lbs, /in,

Alter the active length iz determined, the end movement,
y. can be calculated by multiplying the average expan-
sion. rate with the length, The expansion rate at C is
zero, amdd the rate at end B is eqmv’ilent to the puii of
the potential expansion force {or anchor force) munus
end force, hence:

substinuting Equation 12 we have:

— 1 FIF
Y=g

where y Is the end deflection in inches.

(13}

The end deflection is proportional to the square of the
net expansion force. The underground piping is therefore
nonlinear and cannot be solved by direct linear simula-
tion.

taterul pipe movement, The lateral pipe movement
is caused by longitudinal movement of a pipe connected
in the perpendicular direction.

Fig. 8{a} shows a long main line pipe making a $0-
degree turn to enter a purmp station. Expansion of the
long pipe AB has caused the station pipe BC to move in
the lateral direction. The lateral movement at corner B
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is y inch and decreases gradually toward point O where
displacement is virtually zero.

Because of the large movement, the soil in region -2
is in plastzc stage oﬁermg constant passive force. The soil
in reglon 2-3 i still in the static range that offers a re-
sisting force proportional to local displacement. The ex-
tent of region 1-2 depends on the magnitude of end
movement, and is nonexistent for some low temporature
lines.

The analysis involving elastic-plastic soil force generally
requires step-wise Hnear computer simulations, The pip-
ing, however, can be conservatively treated as a guided
cantifever elastic systern which can be easily analyzed.

As shown In Fig, 8{h), the long pipe AT 15 considered
to be guided, allowing no rotation at the corner B. The
soil force is considered to he perfect elastic, offering re-
sistance proportional to the loeal displacement, Thiz ap-
proach tends io underestimate the deflection because of
the large seil force and stiff boundary assumed.

On the contrary, the method will tend to oversstimate
the moment because of the siff nonrotational corner B
assummed. Since stress 15 determined by the moment, 1t
is apparent that the aproach is conservative.

Te start the analysis, the gystem is cut into two {ree
bodies as shown in the figure. The long pipe AB
exactly the same as shown in Fig. 7{a) except the end
moment, . Since the end moment does not affect the
longitudinal movernent, we still can say:

g (F—Q)*

Here we have one f:quation but two uaknowns, ¥ and (.
Therefore, ancther equation is needed from leg BC he-
fore the problem can be solved.

The situation in leg BE is a heam on elastic foundation
problem. The case is not quite the same as an ordinary
pile problem where elastic modulus changes with depth
and the end, in mosgt cases, is free o rotate. The pile
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formula, especially those that do not produce any end
moment, ¢annot be used.

Leg BC actually represents one-half of an infinite beam
on elastic foundation that is loaded with a concentrated
force. From literature citation 14, we can write:

88
o 2T (14)
=L
= (15)

in which, ¥ = End displacement, in.

{2 = Fnd lorce, lbs.

K = Soll elastic constant, 1bs, in.”

E = Modulus of elasticity of plpe psl

I =Moment of inertia of ;upe, ins

M = End d bending moment, in.-lbs.
K

B =257

Substituting Equation 13 in Equation 14 and rearrang-
ing the form, we have:

Q=C—+ A ~F% {16
where
C:F+§%‘z

After the end force is determined, the end displacement
and moment can be calculated from Equations 14 and
15, respectively.

Sample calcutations. Assume the same 20-inch diameter
pipe, described in Part 1, is buried with 4 feet of soil
cover and the soil Js silty sand with a deosity of 125
Ibs./ft.® and an internal friction sngle of 30 degrees. The
displacement and stress of the pipe shown in Fig. 7 and
Fig. 8 can then be calculated as follows:

1. Soil friction force. As discussed earlier, a sliding
friction factor of 04 can be used for the silty sand
against the pipe. Assuming the specific welght of the
crude is 0.85, the friction force from Egquation 9 is:

f=04 X (2X 120 X % X 4+ 185.7) f12 =
61.74 1bs. /in,
2. Soil end force Q acting on the vertical entry leg of
Fig. 7 can be calculated by adding side shears to Equa.
fion 10.%% ‘Fhat is,

=L (H + D)* tan (45 +-§i)f} +

H+ D)3y K, tan ¢
San (45 -+ ¢/2)

123 20
3 (‘“‘ Tz)

(4 +39~)8
127> 125 ® 0.5 tan {30}

3 tan (60)
= 11,296 lbs.

an? (60) x%g—+

in which K, =03 is the coeflicient of later scil pressure.
3. Active length is calculated by Equation 12 as:

1= F—Q _ 706280~ 11296
f 61,94

Expansion force F = 706280 iz calculated in Part 1.

= 11,256 in, = 538 ft.

4. Longitudinal movement at the scraper barrel of
Fig. 7 can be found from Equation 13;

1
2 3¢ 231 X 27.9 X 10% x 61.74

(706280 — 11296)* = 6.07 in.

yn

_which is only slightly smaller than the free end (Q =4)

expansion of 6.27 inches. In reality the movement will
be consideraby smaller due to the lateral soll Torce acting
on the station pipe as will be shown in the following.
The slacks in the main line will also absorb part of the
MOVerneant.

5. Lateral soil force and elastic constant are calculated
by Equations 10 and 11, respectively,

#
= -12~« % 125 (4 + ";—02) tan? (45 + 156020 1bs./ft.

K= 0.2315 % 125 (4+—“]3~g»)tan=(«;5 +15)
= 491.4 lbs/in?

5. Then for the Fig. 8 pipe we have:

B=\/ m\/ 491.4

TET N E % 895 % 10° % 1110
== 00,0079 1n,

C=F+ ﬁ’ifpm?oszaw
0.0079 X 93.1 X 27.9 X 10° X 61.74

491.4
= 1346499 lbs.

End force ()= € — /(% F? = 346489 —
V 1346499*% — 706280% = 200101 Ibs.

_ QB _ 200101 X 0.0079
End displacement, y= % 1514
This displacement greatly exceeds the yield displacement
of 0015 (H D)y =0083 £1.=1.02 in., therefore the
caleulation is only a rough estimation. A more accurate
analysis will require the consideration of the plastie soil
force. The end moment is calcuated by Eguaton 13:

_Q _ 200101
28 2 X 0.0079

The bending stress without considering stress intensifi-
cation is:

=322in

= 12664620 in.-]bs,

M 12664620 .
TZ— :M‘“‘fi—i‘-—m 11‘1’,093 P8l

which 18 about three times the allowable of 37440 p.si.
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Although a step-wise computer simulation might reduce
the stress somewhat, some remedies are still required.

Part 2 conclusion. From the above discussion, it can
be concluded that:

® For a buried pipe line, the pipe will expand toward
the end or a bend, but the central portion of the line
will be Iully restrained by the soil friction force. Total
movernent at the free end 15 inversely proportional to
soll friction force but is directly proportional te the
square of the temperature difference between operating
and installation conditions.

# Because of the lateral soil force, movement at a
bend iz about cne-half of movement at the free end.

* For 20-inch standard pipe at 130°F temperature
difference, stress developed at the bend connecting to
a long run iz about three times the allowable stress.
Therefore proper care should be taken to reduce the
stress. The most often uzed methods are:

{a) Install an anchor at about 20-diameter length
away from the bend to reduce the movement.

{b) Install soft material behind the pipe of the lateral
leg.

{¢) Leocally use thicker wall pipe near the bend area.
{d) Adopt special backfilling procedure.

* A buried pipe bend without any particular attention
will take only about 60% F temperature raise if it is con-
nected to a long run of pipe.

The technigues developed in this article are generally
sufficient 1o handle the routine analyses. However, there
are configurations that would require computerized step-
wise linear simulation.

In summary, the most difficult part of the soil pipe
mnteraction analysis is to determine the soil characteris-
tics. Once the soil data are available, the analysis can be
performed rowtinely. Unfortunately, we still lack reliable
soil correlation formulas that can be used confidently
by the analysts. Although the two soil formulas presented
in this article are simplified, they do give reasonable
numbers. The most important thing they provide is clear
physical pictures of the moving processes. By relating
ane’s thinking to a physical picture, it is less likely that
an extreme value will be used.
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