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1.0 Introduction

The American Lifelines Alliance (ALA) was formed in 1998 under a cooperative agreement
between the American Society of Civil Engineers (ASCE) and the Federal Emergency
Management Agency (FEMA). In 1999, ALA requested a group of civil and mechanical
engineers, listed in the Acknowledgements, to prepare a guide for the design of buried steel pipe.
The group prepared the guidelines presented in this report, with an emphasis on the fundamental
design equations suitable for hand calculations, and where necessary, guidance for finite element
anaysis.

1.1 Project Objective

The purpose of this guide is to develop design provisions to evaluate the integrity of buried pipe
for arange of applied loads. The provisions contained in this guide apply to the following kinds
of buried pipe:

e New or existing buried pipe, made of carbon or aloy steel, fabricated to ASTM or AP
material specifications.

e Welded pipe, joined by welding techniques permitted by the ASME code or the API
standards.

e Piping designed, fabricated, inspected and tested in accordance with an ASME B31
pressure piping code. These codes are: B31.1 power piping, B31.3 process piping, B31.4
liquid hydrocarbon pipelines, B31.5 refrigeration piping, B31.8 gas transmission and
distribution piping, B31.9 building services piping, B31.11 slurry piping, and ASME
Boiler and Pressure Vessel Code, Section |11, Division 1 nuclear power plant piping.

e Buried pipe and itsinterface with buildings and equipment.
Each section in the guide addresses a different form of applied load:
2.0 Interna Pressure
3.0 Vertical Earth Loads
4.0 SurfaceLive Loads
5.0 Surface Impact Loads
6.0 Buoyancy
7.0 Thermal Expansion
8.0 Relative Pipe-Soil Displacement
9.0 Movement at Pipe Bends
10.0 Mine Subsidence
11.0 Earthquake
12.0 Effectsof Nearby Blasting
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13.0 Fluid Transients
14.0 In-Service Relocation

A dimensionally consistent set of unitsis used throughout, unless units are specifically called
out. For typical pressure piping applications, the pipe demand calculations for some of these load
conditions can lead to inconsequential stress levels. Nevertheless, the procedures for estimating
pipe stress demands due to these |oads are presented for completeness. As designers gain
experience using these calculations, they will more efficiently identify which load conditions are
relevant to their particular application. Examples of calculations for computing various measures
of demand on buried pipes are presented at the end of each section, whenever possible.

The designer should appropriately combine the effects of concurrent loads when evaluating the
adequacy of the buried pipe. Appendix A: Suggested Acceptance Criteria contains guidance for
the evaluation of the buried pipe capacity. The equations used to calculate soil resistance are
common to several loading conditions and are provided in Appendix B: Soil Spring
Representation.

The provisions of this document have been written in permissive language and offer the user a
series of options or instructions but do not prescribe a specific course of action. Significant
judgment must be applied by the user.

1.2 Cautions

The guide does not address the effects of material degradation, such as corrosion and cracks, or
damage incurred during transport and installation or by third parties, such as dents or gouges.
The guide does not address regulatory compliance, which may impose additional requirements or
restrictions on the design. The guide does not address company-specific practices such as right-
of-way or minimum spacing for limiting collateral damage.
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1.3 Notations

(Eleq

DMF
dP

D

E/

Ec
EL

Fo
FS

equivalent pipe wall stiffness per inch of pipe length
metal cross-section area of pipe

distance to nearest explosive charge

pipe flow area

empirical coefficient of elastic support

soil cohesion

depth of soil cover above pipe

sonic velocity in liquid

seismic compression wave velocity in soil
apparent propagation velocity of seismic waves
outside diameter

offset distance between a concentrated surface load and the
centerline of the pipe

dynamic magnification factor of impulsive load from water
hammer

pressure rise due to rapid valve closure in a pipeline carrying
fluid

deflection-lag factor for computing pipe ovality
modulus of elasticity of pipe

modulus of soil reaction

modulus of pipeline coating elasticity

modulus of pipelinelining elasticity

urlbal anced impulsive load along each straight section of
pipe

upward force due to buoyancy per unit length of pipe
factor of safety

gravitational constant

soil shear modulus

depth of cover to pipe centerline

July 2001

Page 3



Guidelines for the Design of Buried Steel Pipe

Nch

drop height

distance between the top of the pipe and the ground water
table (zero if the water table is below the top of the pipe)

moment of inertia of pipe wall
moment of inertia of pipe coating
moment of inertia of pipe lining
bedding constant

coefficient for achieving specific level of conservatismin
estimating pipe stresses from blasting

empirical coefficients for estimating blast loads (i = 1 to 6)
coefficient of earth pressure at rest

coefficient of penetration

length of pipe span

transition length for in-service pipeline relocation

length of pipe span in the buoyancy zone

support span for in-service pipeline relocation

total length of trench for in-service pipeline relocation
distance from avalve to an upstream pressure source
factor to normalize explosivesto ANFO (94/6) explosive
number of explosive chargesin arow

number of rows of explosive charges

vertical downward soil bearing capacity factor

horizontal soil bearing capacity factor for clay

vertical upward soil bearing capacity factor for clay
vertical downward soil bearing capacity factor

horizontal soil bearing capacity factor for sand

vertical upward soil bearing capacity factor for sand
vertical downward soil bearing capacity factor

total vertical pressure load on pipe

internal pipe pressure

July 2001
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Pa

PGA
PGV
Prax

Po

PPV

Roeg
Rgt:l
o

Rs

pressure from weight of afalling object distributed over the
impact area

peak ground acceleration
peak ground velocity
maximum impact load at the ground surface

atmospheric pressure

vertical pressure transmitted to pipe from a concentrated |oad

peak particle velocity from surface impact

concentrated load at the ground surface

maximum horizontal soil bearing capacity

vertical soil trench pressure acting on the top of the pipe

vertical earth load pressure for undisturbed placement
conditions

maximum vertical upward soil bearing capacity
pipe radius
charge standoff distance

radius of curvature associated with pipeline deformation
imposed by in-service pipeline relocation

distance to geometric center of agrid of explosive charges
distance to geometric center of aline of explosive charges
equivalent radius of impact object

standoff distance

water buoyancy factor

in-line spacing of explosive charges

ASME allowable hoop stress

F(1.25% + 0.25S,)

allowable stress for in-service pipeline relocation

allowable stress at ambient temperature

allowable stress at operating temperature

specified minimum yield stress

July 2001
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Ty
T

Ty

pipe wall thickness

installation temperature

maximum operating temperature

valve closing time

peak friction force at pipe-soil interface

peak radial ground velocity produced by blasting
impact velocity

peak ground velocity

shear wave velocity of near-surface soils

total unit weight of pipe with contents, force/length
weight of falling object

actual explosive weight

weight of pipe contents per unit length

effective explosive weight

weight of pipe per unit length

scaled explosive weight

weight of water displaced by pipe

elevation difference between origina pipeline and lowered
pipeline

penetration depth of falling object

deflection at midpoint of pipe due to buoyancy
ASME B31.1 time-dependent factor

elastic modulus of pipe cross-section

horizontal displacement to develop P,

vertical displacement to develop Qq

vertical displacement to develop Q,

axial displacement to develop T,

changein liquid velocity from initial flow rate to zero

vertical deflection of pipe from vertical |oads

July 2001
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€15

&a

Ob

Obe

Obf

Obs

Obt

Obw

coefficient of thermal expansion
adhesion factor for clay

factor applied to C, in estimating ground strain from wave
propagation

angle between the pipeline and arow of explosive charges
interface friction angle for cohesionless soils

allowable longitudinal compressive strain associated with
15% ovalization of pipe cross section

pipeline axial strain

pipeline bending strain

allowable longitudinal (axial or bending) compression strain
total dry unit weight of fill

effective unit weight of soil

dry unit weight of soil

unit weight of water

wavelength

soil mass density

density of fluid carried by the pipe

pipeline stress from blasting

pipeline axial stress

through-wall bending stress

pipeline bending stress

factored pipeline bending stress from blasting
stress caused by buoyancy

pipeline bending stress associated with the pipeline spanning
between lift or support points

maximum bending stress due to thermal expansion
through-wall bending stress

longitudinal compressive stress

July 2001
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Oh

oiLc

Ou

Owb

hoop stress from internal pressure

longitudinal compressive stress caused by a temperature
differential

longitudinal stress due to internal pressure
ultimate strength of pipe steel
longitudinal stress from water hammer

yield stress for the pipe steel

July 2001
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2.0 Internal Pressure

2.1 Sources of Internal Pressure

The internal pressure to be used in designing a piping system for liquid, gas, or two-phase
(liquid-gas or liquid-vapor) shall be the larger of the following:

e The maximum operating pressure, or design pressure of the system. Design pressureis
the largest pressure achievable in the system during operation, including the pressure
reached from credible faulted conditions such as accidental temperature rise, failure of
control devices, operator error, and anticipated over-pressure transients such as
waterhammer in liquid lines.

e The system hydrostatic or pneumatic test pressure.
e Anyin-service pressure leak test.

The internal pressure design of a buried pipe and its corresponding above-ground pipe derive
from the same equation.

2.2 Example

A 6-inch seamless carbon steel pipe, ASTM A106 Grade B material, is buried at a chemical
process plant. The pipeis designed to the ASME B31.3 Code, with a design pressure of 500 psi
and a maximum design temperature of 100°F. The ASME B31.3 alowable stress for the ASTM
A106 Grade B at 100°F is S = 20,000 psi. The minimum wall thickness of the buried pipeis:

(2-1)
t= pD
2(SE +pY)
where:
t = minimum wall thickness required by ASME B31.3, in
D = pipe outside diameter = 6.625in
S = ASME B31.3 dlowable stress at the design temperature = 20,000 psi
E = quality factor = 1.0 for seamless pipe
p = design pressure, ps
Y = ASME B31.3 temperature dependent factor = 0.4

The calculated thicknesst is 0.08 inches. Then add a corrosion alowance and afabrication
tolerance allowance (12.5% for ASTM A106 material) to obtain the minimum required pipe wall
thickness. Note that this process for calculating the pipe wall thickness is identical to the design
of a corresponding above-ground piping.
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3.0 Vertical Earth Load

3.1 Applied Load

Vertical earth load is primarily a consideration for non-operating conditions of buried steel pipe
when the pipeline is under no internal pressure. Under most operating conditions, the external
earth pressure can be neglected sinceit isinsignificant in comparison to the internal pipe
pressure. Vertical earth load is an important consideration when designing piping casings used
for rail and road crossings.

For the purpose of calculating earth loads on a buried pipe, asteel pipeis considered flexible and
design procedures for flexible pipes apply. For flexible pipes placed in atrench and covered with
backfill, the earth dead load applied to the pipe is the weight of a prism of soil with awidth equal
to that of the pipe and a height equal to the depth of fill over the pipe, as shown in Figure 3.1-1.
This approach is followed for both trench and embankment conditions.

For conditions where the pipeline is above the water table, an upper-bound estimate of the pipe
pressure resulting from earth dead load can be obtained using Equation 3-1.

R=rC (3-1)
where:
P, = earth dead load pressure on the conduit
y = total dry unit weight of fill
C = height of fill above top of pipe

For conditions where the pipe is located below the water table, the effect of soil grain buoyancy
can be included in the earth load pressure using Equation 3-2.

R =7why + Ry74C (3-2)
where:
P, = earth dead load pressure on the conduit
7 = dry unit weight of backfill
C = height of fill above top of pipe
hy = height of water above pipe
% = unitweight of water

Ry = water buoyancy factor = 1- 0.33(h,/C)

If the pipeisjacked into undisturbed and unsaturated soil instead of being placed in atrench and
covered with backfill, then soil friction and cohesion combine to greatly reduce the earth load on
the pipe when compared to the prism load. A conservative estimate of the earth load on pipe
jacked in undisturbed soil is given as follows [Moser]:
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C
P, =P -2c= 33
vu \ c D ( )
where:
Pw = vertical earth load pressure for undisturbed placement conditions
c = soil cohesion (ranges from O psf for loose, dry sand to 1,500 psf for hard clay)
D = pipe outer diameter

3.2 Deflection and Stress Under Soil Load

The effects of soil loads on pipe stresses and pipe ovality in cross-sections are evaluated in
conjunction with surface loads in Section 4.2.

3.3 Examplel

Thesearth load pressure on a pipeline buried 10 feet underground, with atotal unit weight of 120
Ib/ft®is:

P = (1zof't—gj (10ft) = 1, 200psf

3.4 Example 2

For a pipe buried 10 feet underground with a dry unit weight of 100 Ib/ft®, the earth load pressure
is:

P = (100%)(10 ft) = 1,000 psf
If the soil is saturated with the water table reaching the surface, the water pressure aloneis:
P = (62.4%)(10 ft) = 624 psf

If soil and water were to act together, the sum of pressure loads would be 1624 1b/ft%; however,
because of the buoyancy of the soil in water, the actual total pressure load is:

P = (62.4%)(10 ft) + (1- 0.33)- (100%) -(10ft) = 1294 psf

3.5 Example 3

A 30-inch diameter pipe isjacked 10 feet underground into undisturbed medium clay with atotal
unit weight of 120 pounds per cubic foot. The cohesion coefficient c is estimated to be 500 psf.
Check the vertical earth load pressure using Equations 3-1 and 3.3:

P = (1zof't—gj (10ft) = 1, 200psf
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R, =1200.2 ~ 2(500.2 (&_ﬁj(lz '”j - 28002 <0
ft 2’ (30in )| 1ft ft

Since the vertical earth load pressure must be greater than or equal to zero, there is no vertical
earth load on the pipe.

3.6 Figure

Figure 3.1-1 Soil Prism Above Pipe
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4.0 Surface Live Loads

4.1

In addition to supporting dead loads imposed by earth cover, buried pipes can also be exposed to
superimposed concentrated or distributed live loads. Large concentrated loads, such as those
caused by truck-wheel loads, railway car, locomotive loads, and aircraft loads at airports are of
most practical interest.

Applied Loads

Depending on the requirements of the design specification, the live-load effect may be based on
AASHTO HS-20 truck loads, Cooper E-80 railroad loads or a 180 kip airplane gear assembly
load, asindicated in Table 4.1-1. The values of the live load pressure Pr are given in psi and
include an impact factor F = 1.5 to account for bumps and irregularities in the travel surface.
Other impact factors are listed in Table 4.1-2.

Note: Live-load depends on the depth of cover over the pipe and becomes negligible for HS-20
loads when the earth cover exceeds 8 feet; for E-80 |oads when the earth cover exceeds 30 feet;
and for airport loads when the earth cover exceeds 24 feet.

Live load transferred to pipe, Ib/in? Live load transferred to pipe, Ib/in?
Height of | Highway | Railway Height of | Highway | Railway
cover, ft H20~* E80t | Airportt | cover, ft H20* E80t | Airportf
1 12.50 - - 14 8§ 4.17 3.06
2 5.56 26.39 13.14 16 8 3.47 2.29
3 4.17 23.61 12.28 18 8§ 2.78 1.91
4 2.78 18.40 11.27 20 8§ 2.08 1.53
5 1.74 16.67 10.09 22 8 1.91 1.14
6 1.39 15.63 8.79 24 ] 1.74 1.05
7 1.22 12.15 7.85 26 8§ 1.39 8§
8 0.69 11.11 6.93 28 8§ 1.04 8§
10 § 7.64 6.09 30 8§ 0.69 8§
12 § 5.56 4.76 35 8§ 8 8§
40 § 8 8§
Notes:

*  Simulates a 20-ton truck traffic load, with impact

Tt Simulates an 80,000 Ib/ft railway load, with impact

¥ 180,000-pound dual-tandem gear assembly, 26-inch spacing between tires and 66-inch center-to center
spacing between fore and aft tires under a rigid pavement 12 inches thick, with impact

§ Negligible influence of live load on buried pipe

Table 4.1-1 Live Loads
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Installation Surface Condition
Taxiways,
Height of | | nardstands,
cover, ft Highways | Railways [Runways
run-up pads
Otol 1.50 1.75 1.00 1.50
lto2 1.35 1.50 1.00 1.35
2t03 1.15 1.50 1.00 1.35
Over 3' 1.00 1.35* 1.00 1.15t
Notes:

* Refer to data available from American Railway Engineering Association (AREA)
t Refer to data available from Federal Aviation Administration (FAA)

Table 4.1-2. Impact Factor (F') versus Height of Cover

For live-loads other than the AASHTO truck, the Cooper rail and the 180 kips aircraft gear
assembly loads, the pressure P, applied to the buried pipe by a concentrated surface [oad Ps,
without impact, as shown in Figure 4.1-1, can be calculated using Boussinesq' s equation:

P = (4‘ 1)

where:
P, = pressuretransmitted to the pipe
Ps = concentrated load at the surface, above pipe
C = depth of soil cover above pipe
d = offset distance from pipe to line of application of surface load

The pressure P, must be increased for the fluctuating nature of surface line loads by multiplying
by the impact factor F’givenin Table 4.1-2.

When a surcharge load is distributed over the ground surface area near a pipeling, it is possible
that the external surcharge may cause lateral or vertical displacement of the soil surrounding the
buried pipeline. In this case, additional information, such as a specialized geotechnical
investigation, may be needed to determine if the pipeline could be subjected to soil displacement.
A detailed investigation may be in order if the distributed surcharge load over an arealarger than
10 square feet exceeds the values tabul ated below for the weight of material placed or height of
soil fill added over the pipeline.

500 psf or 5 feet of fill —for pre-1941 pipelines
1,000 psf or 10 feet of fill —for pipelines with 12-inch diameters or larger
1,500 psf or 15 feet of fill —for pipelines smaller than 12 inchesin diameter
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4.2  Ovality and Stress
4.2.1 Ovality

A buried pipe tends to ovalize under the effects of earth and live loads, asillustrated in Figure
4.2-1. The modified lowa deflection formula may be used to calcul ate the pipe ovality under
earth and live loads:

Ay D,KP

== 4-2
° [ o] -
where:

D = pipe outside diameter, inches

Ay = vertical deflection of pipe, inches

D, = deflection lag factor (~1.0-1.5)

K = bedding constant (~0.1)

P = pressure on pipe dueto soil load Py plusliveload Pp, psi

R = piperadius, inches

(ENeq = equivalent pipe wall stiffness per inch of pipe length, in./Ib.

E = modulus of soil reaction, psi

The pipe wall stiffness, (El)eq, iSthe sum of the stiffness of the bare pipe, lining (subscript L) and
coating (subscript C).
(El),, =El +E/l +Eclc (4-3)
where:
t3
| =
12

t

wall thickness of pipe, lining, or coating

The modulus of soil reaction E' is a measure of the stiffness of the embedment material
surrounding the pipe. E' is actually a hybrid modulus, being the product of the modulus of the
passive resistance of the soil and the radius of the pipe. Vaues of E’ vary from close to zero for
dumped, loose, fine-grained soil to 3000 psi for highly compacted, coarse-grained soil. Recent
studies show that the confined compression modulus can be used in place of E'.

4.2.2 Through-Wall Bending

Under the effect of earth and surface loads, the through-wall bending stressin the buried pipe,
distributed as shown in Figure 4.2-2, is estimated according to (4-4):
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Oy = 4E(%j (%j (4-4)
where:

obw = through-wall bending stress

Ay/ID = pipeovality

D = outside diameter of pipe

t = pipewall thickness

E = modulus of elasticity of pipe

4.2.3 Crushing of Side Wallls

The burial depth should be sufficient that the pressure P on the pipe due to the earth and surface
load is less than that causing the crushing of the side wall (see Figure 4.2-3) .

For buried pressure-steel piping and pipelines, with D/t typically smaller than 100, and ayield
stress larger than 30,000 psi, crushing of the sidewall is quite unlikely.

4.2.4 Ring Buckling

If the soil and surface loads are excessive, the pipe cross-section could buckle as shown in Figure
4.2-4,

Appendix A evaluates ring buckling, which depends on limiting the total vertical pressure load
on pipeto:

1 L (BDg
F—S\/32RNB E —

where:
FS = factor of safety
= 25for (C/ID)>2
= 3.0for (C/D) <2

C = depth of soil cover above pipe

D = diameter of pipe

Rw = water buoyancy factor = 1- 0.33(hw/C), O<hw<C

hw = height of water surface above top of pipe

B' = empirical coefficient of elastic support (dimensionless)

B' asgiven AWWA Manua 11, Seel Pipe—A Guide for Design and Installation:
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Bt (4-6)

(~0.065%)
1+4e D

In steel pipelines, buckling typically occurs when the ovality reaches about 20%. Other
construction and code requirements typically limit the amount of permissible cross section
ovality for new steel pipelines to much smaller values (e.g., 3% in APl RP-1102).

4.2.5 Fatigue

Where buried pipe is subject to large cyclic surface loads, as in the case of pipe crossing under
railroad tracks or highways, Federal, state or local regulations usually specify a minimum burial
depth. These typically vary from 1 to 6 feet, depending on the type of crossing, the type of
excavation (rock or normal excavation), the pipe diameter, and the consequence of failure
[ASME B31.4, ASME B31.8, 49 CFR Part 192 and Part 195, APl RP-1102]. For example, API
RP-1102 Steel Pipeline Crossing Railroads and Highways, Sixth edition, April 1993, specifies a
minimum depth of cover of 6 feet under railroad tracks and 4 feet under highway surfaces.

If the pipe is buried with less than two feet of cover, the continual flexing of the pipe may cause
a breakup of the road surface. If the pipe is mortar line or coated, the deflection limit due to the
cyclic live load should be limited to an amplitude of 1%.

4.3 Example

A standard, 24-inch diameter carbon steel pipe with flexible lining and coating and wall
thickness t = 0.375-inch (moment of inertia | = 1943 in*), crosses beneath a road. The maximum
design surface load is Ps = 10,000 pounds. The pipe is buried 3 feet (36 inches) underground,
above the water table, in soil with a total unit weight of 100 Ib/ft* with a modulus of soil reaction
E“of 500 psi. Determine the stresses in the pipe for the case of zero internal pressure.

The soil pressure on the pipe is:

Ib

P, =100>3 ft( 1 psi

144 psf

pe J =2.1psi

The pressure on the pipe due to a 10,000 pound surface load directly over the pipe (d = 0) is:

o _ 3(10000 Ib) _37ps

p 0 2
i 32
27(36 in) |:1+(36 inj }

With an impact factor of 1.15, the total live load is 1.15(3.7) = 4.3 psi.

Therefore, the total applied pressure on the pipe is:

P =2.1psi + 4.3 psi = 6.4 psi

The moment of inertia of the pipe wall per inch of circumference is the moment of inertia of a
strip 3/8-inch wide and 1 inch long.
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| = (1/12) (1) (3/8)% = 0.00439 in*/in

The pipe ovality is:

Ay 1.5(0.1)6.4
D (29(10)°0.00439
12°

=0.009

+ 0.061(500)j

The through-wall bending stress due to ovalization is:

0.375

o, =4(29)10° (0.009) (7

J =16,313

The critical ring buckling pressure is calculated as follows:

=0.216

29(10)°0.00439
3

P.= \/ 32(1)0.216(500)

=178 ps
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4.4  Figures
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Figure 4.1-1 Surface Load and Transmitted Pressure

Figure 4.2-1 Ovality of Pipe Cross Section
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Ob

Figure 4.2-2 Through-Wall Bending Stress

Lh b d g by

Figure 4.2-3 Crushing of Sde Wall

Figure 4.2-4 Ring Buckling of Pipe Cross Section
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5.0 Surface Impact Loads

5.1 Maximum Impact Load

The impact loads described in this section are those resulting from large weights falling from
significant heights. In this case, the use of an impact factor F/, as applied in Section 4, is not
sufficient to estimate the effect of the impact load on the buried pipe. The surface impact load
due to the weight W of afallen object (as shown in Figure 5.1-1) is:

320WH, Gr,

P = m (5-1)

where:

Pmax = maximum load at the soil surface, pounds

W = weight of falling object, pounds

Hi = drop height, inches

ro = least horizontal radius of the falling body, inches

1% = Poisson'sratio for soil

G = soil shear modulus, psi

For large strains, near the region of impact, the shear modulus is one-tenth the low amplitude
shear modulus, or:

G P (5-2)
10
where:
Vs = shear wave velocity of near surface soils, inches/second
2, = mass density of near surface sail, Ib.sec’/ in®

5.2 Penetration and PPV

For impact near the pipe location, the increased pressure transmitted to the pipe can be evaluated
as described in Section 4 where P is the applied surface load. This evaluation considers the
ovality, through-wall bending, side wall crushing, and ring buckling. In addition, the burial depth
should be sufficient to guard against ground penetration by falling objects. The penetration depth
can be estimated by:

V2
— kP, log| 1 54
%= g(+215,oooj &4

where:
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Xo = penetration depth, feet

P. = weight per unit impact area, psf

\% = impact velocity (equal to [2gH, ), feet per second

k = coefficient of penetration whose empirical values are 0.0367 for sandy soil,

0.0482 for soil with vegetation and 0.0732 for soft soil

For impacts at larger distances from the pipe location, wave propagation is the primary cause of
deformation in the buried pipe. For such situations, the peak particle velocity can be calculated

[Mayne] asfollows:
PPV:S[V . f] (5-4)

where:
PPV = peak particle velocity, inches per second
W = weight of falling object, tons
H¢ = drop height, feet
d = shortest distance from point of impact to centerline of pipe, feet

The calculated value of peak particle velocity can then be used for evaluation, using, for
example, the procedures given in the section on blast loads.

5.3 Example

Consider the ground impact due to a 15-foot fall of alarge heat exchanger being lifted during
construction. The heat exchanger weighs 420 tons (840,000 Ib). The impact area has a 6 foot
diameter. The soil density is 110 Ib/ft?, its Poisson ratio is 0.37, and the shear wave velocity is
833 ft/sec = 10,000 in/sec.

The weight of the falling object is W= 840,000 pounds, the drop height is H= 180 inches, the
equivalent radius of theimpact areaisr, = 36 inches, the soil unit weight is = 110 Ib/ft>, the
mass density is p = y/ g, the soil’s Poisson ratio is v = 0.37, the shear wave velocity of near
surface soilsis Vs = 10,000 inches per second, which leads to:

0.0001647 Ib-sec?/in’

Yo =
G = pVs?/10=1647ps
Prex = 6,793,000 Ib

To calculate the penetration depth, we first determine the velocity at impact:
V = (2gH)°° = [2(32.2)(15)]*° = 31 ft/sec
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The impact pressureis:
P = P /(716%) = 6,793,000 / (n 36%) = 1668 psi
The weight per unit impact areais:
P = WI(7r,%) = 840,000/ ( 36%) = 206 psi

For sandy soil the coefficient of penetration is k ~ 0.0367. Consequently, the penetration depth is
calculated as:

%, = (0.0367)(29,709) log(1 + 31%/ 215,000) = 2.1 ft

5.4  Figure

iPmax

Y N\ZRYNZAYN
O

Figure 5.1-1 Fall of a Heavy Object on Ground Surface
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6.0 Buoyancy

6.1 Applied Load

Net upward force occurs on buried pipe when the buoyancy force created by the pipe below the
water table (the level of standing water in the soil) exceeds the combined downward weight of
the pipe and soil column above the pipe. Figure 6.1-1 illustrates the forces on a buried pipe
installed below the water table.

In order to calculate the largest upward force, the designer should consider the buried pipe to be
empty—filled with air or gas—during installation and testing periods. The weight of the
surrounding fluid depends upon the soil density and the level of the water table relative to the
buried pipe.

The upward force imposed on a straight, buried, welded carbon-steel pipe from the water table
being above the pipe is:

F, =W, —[W, +W, + (R, -7,h,)D] (6-1)
where:
D = outside pipe diameter
Fr, = upward force due to buoyancy per unit length of pipe
P, = earth pressure, defined in Section 3

W,, = weight of water displaced by pipe per unit length of pipe
W, = weight of pipe per unit length of pipe
W, = weight of pipe contents per unit length of pipe

Note: To simplify calculations, the adherence of the soil to the pipe walls is neglected.

6.2 Pipe Stress

For relatively short sections of buried pipe, the longitudinal (beam bending) stress induced in the
pipe by buoyancy forces can be approximated by oy

_RL 6-2
7 "0z (6-2)
where:
ont = stress caused by buoyancy forces
VA = section modulus of the pipe cross section
L = length of pipe span in the buoyancy zone

For longer sections of pipe, the pipe can exhibit cable action as well as the beam action described
above in resistance to the upward buoyancy force.
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To provide additional resistance against buoyancy, ballasts such as concrete coating, concrete
weights, or gravel filled blankets can be utilized, or the pipe may be anchored using screw
anchors, for example.

6.3 Example

A gas pipe is buried 2 feet (24 inches) underground. The pipe has a 48-inch diameter and a 0.5-
inch pipe wall thickness. The dry soil density is 80 Ib/ft>. As a result of flooding, the water table
has risen to the ground surface over a well defined span length of 25 feet along a pipeline route
(similar to Figure 6.1-2). Check for pipe buoyancy. If it exists, estimate the pipe stress due to the
buoyancy loading.

The weight of water displaced by the pipe is:

Wy, =624 m- 4%/ 4=784.1Ib/ft
The weight of pipe and contents is:

Wp + W =253.9 + 0 =253.9 Ib/ft
The effective weight of soil above the pipe (see Section 2.0) is:

Ws =D(Py — ywhw)=4[62.4 -2+ (1-0.33) (2/2) (80) (2) — 62.4-2] = 428.8 Ib/ft
The net upward force exerted on the pipe (per Equation 6.1) is:
Fp=784.1 - 253.9 —428.8 = 101.4 Ib/ft

A net upward buoyancy force of 101.4 Ib/ft exists in this case. An estimate of the bending stress
due to a buoyant length of 25 feet is obtained using Equation 6-2 with 1=21,045 in* or Z = 877
in®, as follows:

2 -
oy = 58; = 101.4 (25-12)%(10-876.9) = 1041 psi
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6.4  Figures

Figure 6.1-1 Resultant Buoyancy Load on Pipe
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Figure 6.1-2 Distributed Buoyancy Load on Pipe
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7.0 Thermal Expansion

7.1 Expansion Loads and Stresses

The axial stress and anchor reactions in buried pipe subject to temperature differential may be
conservatively estimated by assuming that the pipe is sufficiently long for the pipe/soil friction to
fully restrain the pipe. In this case, the buried pipe is described as “fully restrained.” The
maximum compressive thermal stress in a fully restrained pipe is calculated by:

o.=Ea(T,-T))-vo, (7-1)

where:

ot = compressive longitudinal stress due to temperature differential, psi

E = modulus of elasticity of steel, psi

a = coefficient of thermal expansion, in/in/°F

T, = maximum operating temperature, °F

T, = installation temperature, °F

% = Poisson’s ratio for steel

on = hoop stress due to internal pressure, psi

The axial load F, in the pipe or the axial load at an anchor due to this temperature differential is:
F,=0A (7-2)
where:

A = metal cross section of pipe

Because soil is not infinitely stiff, a hot pipe will tend to expand at pipe bends, as shown in
Figure 7.1-1, causing stresses at the bend. This effect can be analyzed with a finite element
model of pipe and soil springs. For pipe behavior that is nearly elastic, such as pipe stresses
below yield and soil loads less than the maximum values defined in Appendix B, manual
calculations of the type suggested in ASME B31.1 Non-mandatory Appendix VII can be used in
place of a finite element analysis. The soil properties used may be calculated following the
guidelines in Appendix B of the document.

7.2 Example
Consider a buried pipe with the following parameters:

Outside diameter D = 12.75inches
Wall thickness t = 0.375inch
Cross sectional area A = 1457in’
Moment of inertia Ip = 279.3in*

oy = 35,000 psi
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S = 35,000 psi

E = 295x10°psi

a = 6.345x 10°in/in °F

1% = 0.3

Material = seamless carbon steel SA-106, Grade B

The pipeisinstalled in atrench about 3 pipe diameters in depth, covered with compacted
backfill, and subjected to the following conditions:

Operating temperature T, = 140°F
Ambient temperature T, = 70°F
Internal pressure P = 100 psig

The hoop stressis:
Sy =PD/ (2t) = (100)(12.75)/[2(0.375)] = 1,700 psi

The maximum, fully restrained longitudinal compressive stressis:

S, = Eo(T2—T1) - vSy = (29.5 x 10°)(6.345 x 10°°)(140 — 70) — 0.3(1,700) = 12,592

The corresponding axial load is:
F=S A =(12,592)(14.57) = 183,465 |b

7.3  Figure
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Figure 7.1-1 Bending Moment at Buried Pipe Bend Due to Constrained Pipe Expansion
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8.0 Relative Pipe-Soil Displacement

8.1 Applied Load

Under the effects of ground movements or large pipeline loads like those from a large thermal
differential, buried pipes may be subject to large bending and tensile loads. Sources of ground
movement can include differential soil settlement, fault displacement or lateral spread
displacement in earthquakes, landslide displacement, frost heave or thaw settlement, etc. The
following sections of this document discuss several of these sources of ground displacement in
more detail. The measurement or prediction of ground displacement requires special expertise
and is beyond the scope of these guidelines. The approach to evaluating pipeline response
typically requires finite element analyses that account for non-linear soil and pipeline behavior.
This approach is addressed in this section and is similar for all cases of imposed ground
displacement.

8.2 Evaluation

As noted above, differential movement of the soil in which a pipelineis buried can result in
significant pipe deformations due to pipe curvature and axial force effects. Soil movement can be
taken as the upper bound of pipe displacement. Displacements due to earth settlement are typically
monotonic and do not influence the fatigue life. For such cases, the ASME B31 code indicates that a
large displacement stress may be acceptable provided that “excessive localized strain” is avoided.
However, the ASME B31 codes provide no further recommendations. Thisimpliesthat astrain or
deformation criteria should be considered, accounting for inelastic pipe behavior.

Strain limits are typically used to guard against localized wrinkling or tensile fracture at girth
welds while alowing for some controlled level of pipe steel yield. Appropriate deformation
limits such as strain or curvature limits can be established based on testing and detailed analysis
(e.g., fitness for purpose evaluation). In light of these observations, it is not possible to develop
simple design formulas for differential soil movements based on elastic stress analysis
procedures.

For discussion purposes, Figure 8.2-1 shows an idealization of a pipeline exposed to thaw
settlement. Thaw settlement occurs when awarm pipeline thaws unstable frozen soil below the
pipe. Downward settlement of the pipe is produced by thawing and consolidating thaw-unstable
soil (see Figure 8.2-1). The pipeline spans over afinite length section of settling soil between
two adjacent thaw-stable soil sections. In the settling (thaw-unstable) soil section, the soil above
the pipe produces downward acting forces on the pipe. In the thaw-stable soil (*“shoulder”)
sections on either side of the settling section, the soil below the pipe provides upward acting
bearing resistance to the downward motion of the pipe.

Figure 8.2-2 shows a representative buried pipe deformation analysis model corresponding to the
thaw settlement configuration shown in Figure 8.2-1.

A rigorous analysis and design approach involves a nonlinear pipe-soil interaction analysis. The
nonlinear stress-strain relationship of the pipe steel is considered. The model must account for
the pipe axial and bending resistance, the longitudinal resistance of the soil caused by adhesion
and friction, and the transverse soil resistance. The soil resistance istypically idealized as an
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elastic-perfectly-plastic spring, as described in Appendix B. The distributed soil resistance is
modeled as a Winkler foundation, i.e., the soil support is modeled as a series of discrete springs
which provide a specified resistance per unit length of pipe. Large displacement (geometric
stiffness, or cable action) effects can also be significant. General purpose 3D finite element
programs (e.g., ANSYS or ABAQUS) and special purpose 2D pipeline deformation analysis
programs (e.g., PIPLIN) can be used to analyze this scenario.

If the pipe and burial conditions are symmetric about the thaw region, symmetric boundary
condition (i.e., zero rotation and zero longitudinal translation) can be imposed at the end of the
model corresponding to the center of the settling section, in order to reduce the required size of
the model. The model length should be long enough that the boundary condition specified at the
remote end of the model has no influence on the analysis results, with zero axial strains at the
ends of the model. For simplicity, the pipe is assumed to be initially straight with a uniform
depth of soil cover. The pipe element lengths are varied to insure adequate mesh refinement in
regions of high transverse soil forces and significant bending. Progressively longer element
lengths can be used in sections of the model where there is no significant pipe or soil
deformation. The soil springs are modeled as described in Appendix B.

For a typical ground displacement configuration, a range of analyses can be performed to
investigate various model parameters, such as pipe thickness, pipe steel grade, span length, cover
depth, soil strength, etc. For each analysis, a ground displacement profile is imposed at the base
of the pipe-soil springs. The displacement profile is increased in small increments and the
resulting pipe and soil deformation state is established at each increment. There are three main
events that can occur as the ground displacement profile is progressively increased: (1) the pipe
may reach a specified compressive strain limit, (2) the pipe may reach a specified tensile strain
limit, and (3) the pipe-soil springs may yield over the entire length of the pipe section
experiencing the ground displacements and the soil will continue to move past the pipe with no
increased pipe deformations. The sequence of these events depends on numerous parameters
including the length of the imposed displacement profile, depth of cover and soil strength, pipe
temperature differential, pressure, etc.

It is only possible to develop simple design formulas for large differential ground displacements
based on elastic stress analysis procedures for highly idealized conditions, such as uniform
ground displacement along the axis of the pipe or arbitrarily-assumed deformation pattern of
pipe in the soil.

8.3 Example: Pipeline Fault Crossing

A buried steel pipeline with a 48-inch diameter and a 0.469-inch wall operates at an internal
pressure of 1000 psi and 135° F. The pipeline material is AP1 5L Grade X65. The pipe weighs
238 pounds per foot and contains oil at a specific gravity of 0.9, with a content weight of 678
pounds per foot. The pipe is buried at a depth of 3 feet, in soil with a density of 100 pounds per
cubic foot and a friction angle of 35°. As shown in Figure 8.3-1, the middle of a long, straight
section of the pipeline is subjected to a “guillotine” type vertical fault offset of 30 inches.
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Table 8.3-1 shows the elasto-plastic soil resistance properties, computed using the procedures in
Appendix B.

Resistance Elastic Slip

(Kips/ft) Stiffness Displacement
(Kips/ft/in) (in)
Longitudinal 3.63 36.3 0.1
Uplift 1.99 2.21 0.9
Bearing 102.4 17.1 6.0

Table 8.3-1 Soil Resistance Properties for Example Problem

A 900-foot section of the pipeline is modeled using PIPLIN. The base of the pipe-soil springs are
subjected to a 30-inch “guillotine” fault displacement profile, as shown in Figure

8.3-1. An inelastic model of the pipeline material and a non-linear model of the springs are used
to calculate the pipeline response to fault displacement from the initial condition of zero fault
movement, increasing in 1-inch increments up to the total fault movement of 30 inches.

The PIPLIN analysis results can be presented in many different ways. For this example, the
along-the-pipe distribution of the pipe state at 15 inches and 30 inches of fault offset are
compared using the spatial plots shown in Figures 8.3-2 through 8.3-4.

Figures 8.3-2(a) and 8.3-2(b) present the transverse and longitudinal (axial) pipe displacement
profiles, with the axial displacement positive to the right in Figure 8.3-1.

Figures 8.3-2(c) and 8.3-2(d) present the pipe axial force and moment diagrams.

Figures 8.3-3(a) and 8.3-3(b) present the top (12 o’clock) and bottom (6 o’clock) fiber axial
strain diagrams.

Figures 8.3-3(c) and 8.3-3(d) present the pipe curvature and rotation diagrams.

Figures 8.3-4(a) and 8.3-4(b) present the force (L-force) and displacement (L-displacement) in
the longitudinal pipe-soil springs.

Figures 8.3-4(c) and 8.3-4(d) present the force (T-force) and displacement (T-displacement) in
the transverse pipe-soil springs.

As shown in Figure 8.3-3(a) and (b), the maximum tension and minimum compression strains at
30 inches of fault offset are 0.28% and —1.26%, respectively. As shown in Figure 8.3-3(c), the
maximum pipe curvature is 0.0039 ft™ at 30 inches of fault offset. As shown in Figure 8.3-2(c),
the at-rest compressive force in the pipe is =774 kips, due primarily to the line temperature of
135 F°. As the fault offset is increased, the axial force in the pipe becomes progressively less
compressive and eventually becomes tensile with a force of about +66 Kips at 30 inches of fault
offset, due to “cable action.” Figure 8.3-4(a) illustrates how the force in the longitudinal pipe-soil
springs “blows out” (i.e., the longitudinal slip force is fully mobilized) over progressively longer
lengths with increasing fault offset. (See the flat portions of the L-force diagrams).
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8.4 Figures
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Figure 8.2-1 Pipeline Thaw Settlement Scenario
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Pipeline Modeled Using
Inelastic Pipe Elements
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Figure 8.2-2 Finite Element Model of Pipeline Settlement
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Original Ground Surface Elevation
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Figure 8.3-1 Buried Pipeline Subject to Vertical Fault Movement
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Figure 8.3-4(a) Forcein Longitudinal Soil Springs Along the Pipeline
| Fault Offset = 15" === Fault Offset = 30"
— 0.5
3
ey
(8]
E
% __/
—
[]
E /
Qo
(2]
z
- -05
-300 -200 -100 0 100 200 300
Distance From Fault (feet)
Figure 8.3-4(b) Displacement in Longitudinal Soil Springs Along the Pipeline
July 2001

Page 39



Guidelines for the Design of Buried Steel Pipe

Fault Offset = 15" === Fault Offset = 30"
40
2 20
3
()
o
s © —t A
LL
o
-20
-300 -200 -100 0 100 200 300
Distance From Fault (feet)
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9.0 Movement at Pipe Bends

9.1 Pipe Movement

Movement of a buried pipeline can occur at the apex of sidebends, sagbends and overbends. This
movement can be caused by either a net outward force generated by internal pressure, or
expansion caused by temperature increases. The resulting forces are resisted by the pipe bending
and axial stiffness and by the soil bearing and shear resistance, asillustrated in Figure 9.1-1. Sail
resistanceis afunction of burial depth, backfill material type and level of compaction. This
effect becomes an important consideration when transporting fluids at high temperatures, when
the soil resistance is relatively weak, such asisin offshore buried pipelines [Kim], or with
shallow covers. For instance, if the soil cover isinsufficient at an overbend, the pipe can fail the
overlying soil and deform past specified performance limits, or possibly rupture. Furthermore,
the soil resistance can be degraded under large numbers of thermal cycles.

The amount of deformation in supporting soils at pipe bends and their resulting stresses and
strains are a function of the soil-pipe interaction; and a non-linear analysisis required for proper
assessment of these conditions. A rigorous analysis and design approach involves a nonlinear
pipe-soil interaction analysis of representative buried field bend configurations, similar to the
general procedures described in Section 8.0. The pipe-soil springs are modeled as described in
Appendix B. Note that the most critical bend design case istypically at over bends, since the
uplift resistance of the soil is typically substantially less than the horizontal and bearing
resistance.

Given estimates of the pipe-soil springs, a series of parametric analyses can be carried out for a
range of bend angles, soil types likely to be encountered along the alignment, and cover depths.
A typical bend analysis consists of applying the design pressure together with the incremental
application of the design temperature differential. The movement of the pipe at the apex of the
bend and the maximum pipe stresses, strains and curvatures are monitored at each increment of
the analysis.

Using the above parametric analyses, sets of bend design charts can be generated. A bend design
chart isaplot of the bend angle on the horizontal axis and the cover depth on the vertical axis.
This curve assumes that the bend uses the code minimum bend radius. For each of the different
soil types considered along the pipeline alignment, a curve is devel oped that defines the cover
depth required to limit the apex movement or pipe strain to the allowable value.

9.2 Evaluation

The goal of pipeline bend analysisisto insure that the pipeline does not experience either
excessive apex movement or excessive pipe strains under design load conditions. To insure the
safe and continuous operation of the pipeline, a set of limiting design criteria must be devel oped.
These criteria are typically based on limiting the bend apex movement and pipe strain. Appendix
A provides the suggested acceptance criteria
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9.3 Figure

Figure 9.1-1 Model of Overbend
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10.0 Mine Subsidence

Longwall mining is a unique process for extracting coal wherein virtually the entire seam is
removed. A seam mined by this process may be between 5-feet and 15-feet thick, and typically
lies 300 to 1,200 feet below ground. A rotary mill (the miner) traverses the mine face from floor
to ceiling across the width of a*panel,” which may be between 500 and 1,500 feet in width and
5,000 to 15,000 feet in length. Coal is sent by conveyor to continuously mined tunnels adjacent
to the panel and then out of the mine. Hydraulically actuated shields that advance the miner
support the mine roof immediately behind him. When the excavated area or “gob” becomes large
enough, the mine roof and strata fracture and cave in to fill the void of the gob behind the
shields. Higher strata subsequently bend and sag. This bending and sagging propagates upward
to form a subsidence basin at the ground surface. The subsidence basin covers alarger areathan
the gob, but is not as deep as the original mined height of the seam due to rubblization in the gob.

While vertical subsidenceis most dramatic at the center of the subsidence basin, tilting and shear
at the sides of the basin are of greatest concern for surface structures. For buried linear structures
such as pipelines, the concern is more subtle. Horizontal movement directed toward the center of
subsidence occurs as a result of the bending rotation of overburdened strata. This givesriseto
tensile soil strains in the outer portions of the subsidence basin and compressive strainsin the
inner portions of the basin. A buried pipeline will thus be exposed to tensile or compressive
strains to the extent that it is aligned with horizontal deformation and strain components. These
strains may exceed 1.5% strain, which, if compressive, is enough to buckle high-D/t pipe or, if
tensile, is enough to separate a girth weld of substandard quality. Soil stresses also damage some
types of corrosion coating.

When evaluating a mine subsidence problem as an in-service lowering, it can be concluded that
the stresses due to vertical soil movement are very low and are of little concern. Such an
approach overlooks the more serious threat to pipelines from horizontal soil strains. Analytical
computer programs based on the influence coefficient method [Peng] are available for accurately
predicting the dynamic and final subsidence characteristics, including the horizontal soil strain.
Applying these methods is beyond the scope of this document. These methods can be used to
determine what portions of a pipeline may experience excessive strain levels. Analysis of
pipeline response to ground displacements from mine subsidence can be performed using finite
element techniques as described in Section 9.0. Mitigation usually involves excavating portions
of the pipeline to uncouple them from the soil, then monitoring strain levels in the exposed
pipeline, restoring the line to a state of low residual strain, and backfilling it. This can often be
accomplished while maintaining continuous service in the line.

The effect of mine subsidence can be evaluated using estimates of the ground displacement
profiles (e.g., Peng) together with the pipe-soil interaction models discussed in Section 8.0,
considering both buried and temporarily exposed sections of the pipeline.
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11.0 Earthquake

Potential earthquake hazards to buried pipelinesinclude transitory strains caused by differential
ground displacement arising from ground shaking and permanent ground displacement (PGD)
from surface faulting, lateral spread displacement, triggered landslide displacement, and
settlement from compaction or liquefaction. Wave propagation strains for the pipelines covered
by these guidelines can be calculated as covered in this section. The effects of permanent ground
displacement produced by an earthquake are best evaluated using finite element analysis
techniques described in Section 9.0. Hand calculation of the response of buried pipelinesto PGD
is applicable for smple, idealized conditions—one of which is covered in this section. Hand
calculations are also useful in familiarizing one with the general characteristics of buried pipeline
response to PGD.

11.1 Seismic Wave Propagation

Wave propagation provisions are presented in terms of longitudinal axial strain, that is, strain
parallel to the pipe axis induced by ground strain. Flexural strains due to ground curvature are
neglected since they are small for typical pipeline diameters.

The axial strain, &, induced in a buried pipe by wave propagation can be approximated using the
following equation:

g, =—2 (11-1)

where:
Vg = peak ground velocity generated by ground shaking

Cs = apparent propagation velocity for seismic waves (conservatively assumed to be
2 kilometers per second)

a = 2.0 for Cs associated with shear waves, 1.0 otherwise

The axial strains produced by Equation (11-1) can be assumed to be transferred to the pipeline
but need not be taken as larger than the axial strain induced by friction at the soil pipe interface:

g, <t (11-2)
4AE
where:

T, = pesk friction force per unit length at soil-pipe interface (see Appendix A)

A = apparent wavelength of seismic waves at ground surface, sometimes assumed to
be 1.0 kilometers without further information

= pipe cross-sectional area
E = steel modulus of elasticity
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If only peak ground acceleration values for the site are available, Table 11.1-1 may be used to
determine peak ground velocity.

Ratio of Peak Ground Velocity (cm/sec) to Peak Ground
Moment Acceleration (g)
Source-to-Site Distance (km)
Magnitude, My 0-20 20-50 50-100
Rock*

6.5 66 76 86

7.5 97 109 97

8.5 127 140 152
Stiff Soil*

6.5 94 102 109

7.5 140 127 155

8.5 180 188 193
Soft Soil*

6.5 140 132 142

7.5 208 165 201

8.5 269 244 251

* The sediment types represent the following shear wave velocity ranges within the sediment
layer: rock > 750 meters per second, stiff soil is 200 meters per second — 750 meters per
second, and soft soil < 200 meters per second. The relationship between the peak ground
velocity and peak ground acceleration is less certain in soft soils.

Table 11.1-1 Peak Ground Vel ocity

Determination of the types of seismic waves to associate with estimates of peak ground velocity
requires a site-specific assessment by a seismologist. The peak ground velocity, Vg in Equation
(11-1), isusually associated with shear waves, particularly for locations close to the earthquake
source. Several studies of basin response effects and well-instrumented earthquakes conclude a
dominance of surface waves at some locations in past earthquakes, mostly at locations greater
than 20 km from the earthquake source. These past investigations highlight the need to consider
surface waves, especially for sites within sedimentary basins. Given that the potential for
dominant participation by surface waves can not always be discounted, a reasonable approach to
assessing the importance of wave propagation effects on aburied pipeline is to assume that
ground strains will be generated by surface waves. This assumption will always lead to alarger
ground strain than might be expected from shear waves.

11.2 Permanent Ground Displacement

By its nature, liquefaction induced permanent ground displacement (PGD) often causes flexural
strains in buried pipe, and amost always induces axia strains. Both effects—axial and
bending—need to be considered in the structural analysis of the buried pipeline model.

The amount of strain in aburied pipe caused by liquefaction induced PGD is a function of the
amount of ground movement, the spatial distribution of the ground movement, the spatial extent
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of the PGD zone, and the orientation of the pipe axis with respect to the direction of PGD
movement. For example, if the direction of ground movement is nominally parallel to the pipe
axis, or longitudinal PGD, then pipe axial stresses predominate. If the length of the PGD zone is
small to moderate, then the induced axial strains are solely a function of the length of the PGD
zone parallel to the pipe axis (parallel to the direction of PGD ground movement) as illustrated in
Figure 11.2-1.

In contrast, if the length of the PGD zone is quite large, then the induced axial strains are solely a
function of the amount of ground movement A that involves stretching the pipe within L on each
side of the PGD zone head, which accommaodates the ground movement A as illustrated in Figure
11.2-2. Similarly, compression within a distance L. at the toe of the zone accommodates the zone
movement A. Note that in both examples of pure longitudinal PGD, using upper-bound values
for L or A is conservative.

If the direction of ground movement is nominally perpendicular to the pipe axis (transverse
PGD), then both axial and flexural strains are induced as illustrated in Figure 11.2-3. In part, the
pipe acts as a fixed-fixed beam spacing between the margins of the PGD zone (inducing flexural
stresses and strains). The pipe also acts in part like a flexible cable, accommodating the imposed
ground displacement by stretching. In relation to cable-like behavior, axial tension in the “cable”
at the margin of the zone is resisted by friction forces at the soil-pipe interface well beyond the
PGD itself.

For transverse PGD, the spatial distribution of ground movement is significant. For example, if
the amount of PGD movement is uniform across the width W of the zone, then strains induced at
the margins (fault-crossing like behavior) tend to be larger than in the case where ground
movements are small at the margin and increase gradually towards the center (distribution).

Unlike longitudinal PGD, using an upper-bound value for the spatial extent of the zone W for
distributed transverse PGD is not necessarily conservative.

11.3 Example

Evaluate a rough-surfaced steel pipe with a 24-inch diameter and a 0.5-inch wall, buried in stiff
soil with 3 feet of cover. The backfill consists of sand with ¢ = 33° and effective unit weight of
115 pounds per cubic foot. The estimated peak ground acceleration at the site is 0.74g due to a
large magnitude earthquake (Mw = 7 to ~8") and a relatively short source to site distance (R < 20
km). To obtain an upper estimate of the potential strains that might be induced in the pipe from
wave propagation, the motions at the site are assumed to be attributed to Rayleigh waves with Cs
=500 m/s. From Table 11.1-1 for our stiff soil site:

PGV /PGA ~ 180
or:

Vs=PGV = 180 cm/sec.g (0.74g) = 133 cm/sec

The induced axial strain then becomes:

e, =233 _0.00067
2000
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but £, need not be taken larger than:
ea<Tul/(4AE)

For our case, with cohesionless backfill, the peak force per unit length of the soil-pipe interface
(from Appendix B) is:

T, :%DH7(1+ K, )tans

where:
D = 24-inch = 2 feet
H = cover + D/2 = 4 feet
12 = 115 pounds per cubic foot
Ke =10
o = 0.8(33°) =26.4°
tan o = 0.496

T, :%2(4)(115) (1+1)tan(26.4) =1435 %
With Ty = 1435 Ib/ft, & = 1.0 km = 3278 ft, E = 29 10° psi, and A = 1t (24”)(0.5”) = 37.6 in?, the
calculated axial strain (0.00267) need not be larger than:

€a=0.001

The PGV used in this exampleis an upperbound value for past earthquakes. As such, this
example demonstrates that wave propagation ground strains will rarely exceed 0.3%. However,
the actua strain that can be induced in the pipeline through soil friction is typically much smaller
(0.1% in this example).

A rigorous analysis and design approach for eval uating permanent ground displacement (PGD)
for al but the simplest cases involves a nonlinear pipe-soil interaction analysis using the
procedures described in Section 8.0.
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11.4 Figures

RN U E— T R TN — A —

Figure 11.2-1 Direction of Ground Movement 4 and Zones of Pipe Axial Tension
and Compression for Longitudinal PGD where L is Small to Moderate

WY AN A

Figure 11.2-2 Direction of Ground Movement 4 and Zones of Pipe Axial Tension and
Compression for Longitudinal PGD where the Length of the PGD Zone is Large

July 2001 Page 48



Guidelines for the Design of Buried Steel Pipe

(a) Pipe
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(b) Abrupt PGD
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Figure 11.2-3 Transverse PGD With Spatial Extend W and Amount of Movement A
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12.0 Effects of Nearby Blasting

12.1 Applied Stress

Blasting in the vicinity of a pipeline typically occurs as a result of mining or nearby construction
activities. While normally an issue for existing pipelines, blasting effects may be considered for
new designs if future land use plans are known to include the construction of adjacent pipeline or
development of mined areas. Pipeline stresses generated by nearby blasting can vary greatly
based on local variation in site conditions, the degree to which the blast is confined, delays
between multi-shot blasts, and the type of explosive used. Expressions for peak radial ground
velocity and peak pipe stress are based on characterizing the blasting configuration as either
point or parallel line sources. The following expressions have been validated through controlled
blasting experiments in soil [Esparza, 1981]. It is important to note that while Equation (12-1) is
non-dimensional, i.e., any consistent set of units can be used, Equation (12-2) must be used with
the units indicated.

Peak Radial Ground Velocity:

W, )
U =K,C? /pﬁ[ ;;K j (12-1)
o \LPCRs”?

Peak Pipe Stress (Longitudinal or Circumferential):

Ke
o =4.44E (%J (12-2)
where:
E = pipe modulus of elasticity, psi
t = pipe wall thickness, inches
U = peak radial ground velocity, feet per second
Yol = mass density of soil, Ib-sec?/ft*
Po = atmospheric pressure, psf
Cp, = seismic P-wave velocity in soil, feet per second
Ki = empirical coefficients, see Table 12.1
Rs = standoff distance, ft (must be greater than two pipe diameters; see Figure 12.1-1)
Wer = effective explosive energy release = 1.52(10)° W,
W; = scaled explosive weight (pounds) = n Wiy

Wyt = actual weight of explosive charge, pounds
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n = factor to normalize explosive to ANFO (94/6); energy released per unit weight of
explosive/ 1.52 10° ft-Ib/lb (see Table 12.2 for common explosives)

The standard error on peak ground velocity and peak pipe stressis estimated to be 34%.
Conservative estimations of the pipe stress or a ground velocity necessary in producing certain
levels of pipe stress can be introduced by assuming anormal distribution and applying the
estimate of standard error. The amount of conservatism to be incorporated should be determined
by the pipeline owner, based on factors including the consequences of exceeding specified
allowable stresses, the condition of the pipeline, monitoring activities during blasting, and
control over blasting operations.

Ground velocity and pipe stress relationships for rock blasting are not supported as well by
experimental data as are similar relationships for soil blasting. For free-ace blasting that might
exist in an open quarry, evidence suggests that stress from Equation (12-2) islikely to represent a
95% bound on the peak pipeline stress (i.e., 95% of the data points are below this stress). For
confined rock blasting that might occur when blasting an adjacent trench, doubling the stress
computed using Equation (12-2) has been shown to provide the same 95% bound for datafrom a
very limited number of field tests [Esparza, 1991].

Point Source Parallel Line

Ki Figure 11-1(a) Source
Figure 11-1(b)

K 0.00489 0.00465
K 3.0 2.0
Ks 0.790 0.734
K4 1.0 14
Ks 2.5 15
Ks 0.77 0.77

Table 12.1 Empirical Coefficients for Estimating Vel ocity and Stress

Explosive Average Energy Normalizing
Density (ft-Ib/Ib) Factor n

ANFO (94/6) 1.52 x 10° 1.0
AN Low Density Dynamite 1.50 x 10° 0.99
Comp B (60/40) 1.70 x 10° 1.12
Comp C-4 1.70 x 10° 1.12
HBX-1 1.30 x 10° 0.86
NG Dynamite (40%) 1.70 x 10° 1.12
Pentolite (50/50) 1.68 x 10° 1.11
RDX 1.76 x 10° 1.16
TNT 1.49 x 10° 0.98

Table 12.2 Normalization Factors for Common Types of Explosives
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12.2 Evaluation

Peak pipe stress from Equation 911-2) should be combined with the longitudinal and
circumferential stresses from other applicable load conditions. The values using Equation (12-2)
are mean values. If more conservative estimates of blasting stresses are desired, the values using
Equation (12-2) should be increased by the following factor:

oy =0 (k+0.34D(x) 1) (12-3)
where:
k = mean correction factor, 1 for soil, -1.65 for rock
o = stress due to blast (See Section 12.2)
ope = corrected stress due to blasting accounting for additional conservatism over mean
®(x)™* = inverse of the standard normal probability function

12.3 Example

A natural gas pipeline operator discovers an abandoned explosives magazine 150 yards from his
30-inch pipeline. The X52 pipeline operates at 900 psi and has a wall thickness of 0.406 inches.
Inspections of the magazine indicate 500 pounds of TNT. It is recommended that the explosive
be detonated in place because of its deteriorated condition. Estimate the stresses in the pipeline
and determine what, if any, measures are necessary to maintain the pipeline in a safe state during
the detonation. For assessing pipeline response, it is desired to have less than a 2% chance that
the pipe will experience damage from the blasting.

The explosives can be considered a point charge with an effective weight of 0.98(500) = 490
pounds (0.98 factor from Table 12.2).

pD _ 900(30)

The hoop stress in the pipe from operating pressure is taken as: —
P PP P gp 2t 2(0.406)

=33,251 psi

The average peak stress in the pipe due to blasting is estimated using Equation 12-2:

Kq 0.77
a=4.44E[ K“WSKJ =4.44(29(10)° ) 6490 —~
JEtRK \/29(10)°0.406 (450)*
o = 225psi

From a table of standard normal probability, it is determined that the inverse of the standard
normal probability function corresponding to 98% is 2.06. This value, representing the number
of standard deviations above the mean, corresponds to a 2% probability of exceedance.

oy = 225[1+0.34(2.06)] = 382 psi
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The signs of the blast-induced stress can be positive or negative. The maximum stress in the
pipeline can be estimated as the algebraic sum of the blast-related stress, o, and the hoop stress
from internal pressure, op.

o, + 0y, = 33,125+ 382 = 33,507 psi
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r< 1.5 (N1)(s): Case (c)
r<15(N1)s): Case(b) r> 1.5 (N1)(s): Case (a) with r = Rgcg
r>1.5 (N1)(s): Case (a) with r = Rgeg and Weg = (N1)(N2)(W)
and Wert = (N1)(N2)(W)

a = distance to nearest charge (ft) Rga = distance to geometric center of line

N1 = number of charges in a row nearest the pipe (ft)

N2 = number of rows of charges Rgeg = distance to geometric center of grid (ft)
S = in-line spacing of charges (ft) B = angle between pipeline and row of

charges

Figure 12.1-1 Determination of Charge Weight and Distance for Common Patterns
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13.0 Fluid Transients

13.1 Applied Loads

Rapid changesin the flow rates of liquid or two-phase piping systems (liquid-gas or liquid-
vapor) can cause pressure transients, which in turn generate pressure pulses and transient forces
in the piping system. The magnitude of these pressure pulses and force transients is often
difficult to predict and quantify. Only the simplest cases can be calculated by hand, asisthe case
for arapid valve closurein aliquid system. A valve closure is considered rapid if its closing time
is:

Y (13-1)
C
where:
te = valve closing time, sec
L, = distance from the valve to an upstream pressure source such as atank, inches
CL = sonic velocity in the liquid, inches per second
K
A
1+(8p-©)

K = bulk modulus of fluid
P = fluid density
E = pipe modulus of elasticity
D = pipe mean diameter
t = pipewall thickness

The pressureriseis:

gp = £13A) (13-2)
where: ’
dP = pressureriseinaliquid pipeline due to rapid valve closure, ps
O = liquid density, pounds per cubic inch
Av = change in liquid velocity from initial flow rate to zero (closed valve), inches per
second
g = gravitationa coefficient (386 in/sec?)

This pressure rise first occurs at the closed valve, propagates upstream and reflects at the
pressure source. For flow transients more complex than arapid valve closure and for two-phase
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flow conditions, a detailed computational fluid dynamics analysis may be required to predict the
pressure and force transient time history in the piping system.

13.2 Evaluation
13.2.1 Pressure Transient

The pressure rise due to a flow transient and its affects are the same in pipes above and below
ground. The pressure rise could be large enough to burst the pipe.

13.2.2 Thrust Loads

As aresult of waterhammer, an unbalanced impulsive force, called a*“thrust” load, is applied
successively along each straight segment of buried pipe. This causes a pressure imbalance of dP
between consecutive bends. The unbalanced impulsive load is:

F =dP(DMF) A (13-4
where:
DMF = dynamic magnification factor of impulsive load, maximum 2.0
dP = pressure rise from waterhammer, psi
A = pipeflow cross sectional area, square inches

The thrust loads from pressure transients can cause large displacements in above-ground piping
systems, which can bend or rupture the pipe, or fail pipe supports at welds or concrete anchor
bolts. In contrast, buried welded steel pipes are continuously supported and therefore will not
typically undergo large movements and bending loads due to waterhammer.

Note: Thrust forces from flow transients can open up joints in pipes connected by mechanical
joints or bell-and-spigots. In this case, thrust blocks or thrust restraints are used to avoid
opening the joints.

Two methods are used to analyze the effects of thrust loads: the static method and the dynamic
method. With the static method, the thrust loads are calculated for each pipe segment, multiplied
by the dynamic magnification factor and applied simultaneously to all pipe segments. In contrast,
the dynamic analysis recognizes that the pressure wave travelsin the pipeline at the speed of
sound; therefore, the thrust force temporarily is applied to each segment by means of atime-
history analysis. The time-history analysis requires a soil-pipe model and a series of thrust-force
time tables—one for each straight pipe segment.

13.3 Example

An 18-inch standard size (0.375-inch wall, flow area233.7 in?) ASTM A 106 Grade B carbon
steel water pipeis buried 7-feet underground. The pipeis 1000 feet long with severa bends. The
water pressure is 150 psi and flows at 4 feet per second. The line should be designed for an
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accidental closure of an isolation valve, in 50 milliseconds. The velocity of sound is 4500 feet
per second.

The critical closing timeistc = 2(1000)/4500 = 0.44 sec. Since 50 msec = 0.05 sec < 0.44 sec,
the accidental valve closure can be considered instantaneous, and the upstream pressure rise
during the ensuing waterhammer event is:

dP = (62.3)(4500)(4)/[(32.2)(144)] = 242 psi
The hoop stress due to the waterhammer is:

o (150 +242)(18) _ o, 0 os
2(0.375)
Thethrust load F is an impulse force axial to the pipe, applied successively along each straight
segment, caused by the pressure imbalance of 242 psi between consecutive bends. Without more
detailed analysis, the maximum value 2.0 of the dynamic magnification factor is applied to the
thrust force to obtain the impulsive force. Therefore, the unbalanced impulsive forceis:

F=2dP A =2(242)(233.7) = 113,110 1b
The thrust force can then be applied to a pipe-soil model to obtain displacement and bending

stresses, using either a conservative static approach or atime-history analysis as described in
Section 13.2.
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14.0 In-Service Relocation

14.1 Applied Load

In-service pipeline relocation is practiced routinely in the industry in order to perform certain
operations without taking the line out of service. Some typical reasons for relocating an in-
service pipeline include: accommodating a new highway or rail crossing, performing over-the-
ditch coating renovation, inspecting or repairing pipe submerged in shallow water, or avoiding
encroachment. Such operations increase the longitudinal stressesin the relocated section of
pipeline. The pipeline may be lowered, raised, or moved laterally, and the imposed deflection
and resulting stresses may be temporary or permanent, depending on the circumstances.

Consider an initially straight, level pipeline displaced laterally in any plane vertically or
horizontally, with an amount H, as shown in the pipeline lowering scenario in Figures 14.1-1 and
14.1-2. The displaced alignment is assumed to be distributed as a series of constant-radius arcs
within atransition length, L; which may or may not be separated by an obstruction length, L.
Thetotal length of pipe to be excavated is then:

Lr=2L,+ Ly (14-1)

L+ is assumed to be long enough that the pipeline has the flexibility to conform to the imposed
displacement. If total stresses are held to reasonable levels, thiswill generally be the case.

Two new longitudinal stresses associated with the displaced pipe alignment will develop and
remain present as long as the pipe remains in the displaced configuration. One stressis a bending
stress calcul ated as:

. 2EDX
=
Ls

(14-2)

where E is the elastic modulus for steel, and D is the pipe diameter. This stress occurs only in the
transition sections. The other added stressis an axia tension stress from extending the pipe over
alonger path, calculated as:

2 2
aa:§[ijE:§[ X jE (14-3)
3\ Lt 3\ 2L+ Lo

In addition to the two stresses described above, bending stresses associated with spanning effects
between lift or support points along the pipeline may also develop. These spanning stresses can
be estimated as:

_wLiD

= 14-4
Obs 20| ( )
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where w is the net unit weight of the pipe, coating, and contents; L is the span or spacing
between temporary lift or support points; and | is the pipe moment of inertia. If the pipe is being
lowered to a new trench profile, these spanning stresses disappear once the pipe is resting on the
new trench bottom. If the pipeis being raised, the spanning stresses remain in place along with
the bending and extensional stresses until the pipe islowered back into its original configuration.

Longitudinal stresses due to internal pressure (oip) and thermal expansion (o) are likely to be
present as well if the pipeline remains in operation during the relocation process. Calculation of
these stress components are addressed elsewhere in this document. Where the thermal expansion
stress is compressive, it should be considered to be substantially relieved by the lateral
displacement. Where the thermal expansion stressistensile, it should be considered to remainin
effect.

14.2 Evaluation

The concurrent stresses from operation and displacement of the pipeline should be summed
algebraically as:

Ootal = O + 0, +Ops + 01y +0; <Syiy (14-5)

All of the final stresses (with the possible exception of the term oys) are displacement-controlled,
sometimes referred to as “ secondary” stresses.

New pipelines are rarely relocated because they can usually be designed and built to avoid a
planned encroachment, and typically do not need extensive coating renovation for many years.
Relocation is most often performed on aline that already has along service history.
Conseguently, the allowable limit of total stress, Syiow, depends on a number of factors pertinent
to older pipelines, including, but not limited to, the condition and operating history of the
pipeline, the quality and inspection history of girth welds, the presence of repair appurtenances
welded onto the pipe within the affected length, fracture toughness properties of the pipe and
welds, actual strength properties of the pipein the longitudinal axis, and risk factors associated
with the location of the pipeline.

For a pipeline in sound overall condition and constructed from pipe and girth welds that exhibit
good ductility at the minimum operating temperature, Syjon May approach or exceed the
specified minimum yield strength (SMY' S) of the pipe metal without adverse consequences. A
limit state or strain-based design criterion may be useful for establishing Syow in those cases.
Where considerations of the pipeline’ s age, condition, or ductile properties warrant, Syjow should
be limited to levels below SMY S. A fitness-for-service or critical engineering assessment may be
useful in establishing a safe level of Sy 0w N those cases. Other factors to consider when
establishing Syow iNclude permanent or temporary added stresses, pressure levels during the
relocation process, and the consequences of afailure.

The applied stresses should be maintained at levels less than the available stress margin, so:

o, +0, SSa“cW—(O'bS+O'|p +0't) (14-6)

This can be rewritten as:
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2EDX 8[ X

+_
2 3l2L+L,

2
j ESSaHOW—(O'bS+O'|p +0't) (24-7)
The difference between Sy and operating stresses will effectively establish the maximum X
achievable within a given length of pipeline L, or the minimum Ly required in order to achieve a
desired displacement X.

If L, = 0, the minimum trench length L+ required to achieve alateral displacement X within the
allowable stress can be solved for exactly as:

L, =21, > (14-8)

(8EX)(D + X /3) v
)

Sauow_(o'bs +Ojp + 0y

If L, isnonzero, Lt can be conservatively estimated by adding the estimate for 2L, given above
to L,. Alternatively, an optimum L; could be solved by trial and error. In general, L, must be
specified from the layout of the problem before determining L.

The radius of curvature of the transition arcsis:
1 (L) (XY
_tllha kA 14-9
* X[[2j+(2” (149

14.3 Example

A 12-inch standard carbon steel pipeislowered 2 feet over a 400-foot span (L1 = 200 ft), with no
obstruction length (L, = 0). The bending stressis:

o = 2(29E6)(12.75)2(2x12)  3081ps
(200x12)
The axial stress due to pipe extension is:

s( 2 Y
~5[_—=_| (29E6) =1933ps
7a 3{2x200j( ) P

July 2001 Page 60



Guidelines for the Design of Buried Steel Pipe

14.4 Figures

¢
© original
. Selevation &
X
relocated
elevation
L .U
transition  transition
length length
Lt

trench length

Figure 14.1-1 Pipeline Lowering with Transition Lengths L,

___________________ original
: __3¢ elevation
T 5 / X
L relocated
elevation
Ly Lo L1
transition obstruction transition
length length length
Ly

trench length

Figure 14.1-2 Pipeline Lowering with Transition Lengths L1 and Obstruction Length L2
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Appendix A: Suggested Acceptance Criteria

Acceptance criteria, whether defined by allowable loads, stresses, deformations or strains, should
be consistent with the desired level of pipeline performance. The following acceptance criteria
are suggested for most applications. The criteria for a particular buried pipe should be

established on a case-by-case basis.

Loading Condition

Allowable Load or

Allowable Deformation or

Stress Strain
Hoop stress from internal pressure Code allowable for N/A
and fluid transients internal pressure
Through-wall bending from earth loads | Bending stress < 0.5 N/A
(static, live, surface impact) oy
Hoop compression from earth loads Compressive stress < N/A
(static, live, surface impact) 0.5 gy

Strain limits:

Ring buckling from earth loads (static,
live, surface impact)

Compressive load <

= 32Ry B'E' B
FS D?

Mortar-lined and coated = 2% D
Mortar-lined & flexible coated = 3% D

Flexible lining & coated = 5% D

Bending stress from buoyancy

Bending stress < ¢;,°

Strain limits:
Tension: 0.5%

Compression: 0.5%

Thermal expansion Code allowable for N/A
secondary loading®
Movement at bends Code allowable for N/A

primary loading®

Longitudinal strain from ground
movement due to earthquake,
landslide, or mine subsidence,
combined with thermal strain

N/AZ

Operable limits*®
Tension strain limit 2%

Compression strain limit

t pD :
0.50| — |-0.0025+ 3000 —
D’ 2Et

D

3

D=
1-—(D-D,
D( mln)

Pressure integrity limits*®

Tension strain limit 4%

Compression strain limit 1_76i
D

Wave propagation” ®

Bending stress < o,

Tension strain limit 0.5%
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Allowable Load or Allowable Deformation or

Loading Condition Stress Strain

Compression strain limit

2
0.75 0.50(tj 0.0025+ 3000(”]
D 2Et

D,:1—?’(DD—D o)

D min

Longitudinal and hoop stresses from Longitudinal + Hoop N/A

blasting stress < 0.9 g

Overpressure from fluid transients Code allowable for N/A
overpressure

Unbalanced loads from fluid transients Code allowable N/A

Bending from in-service relocation (see note 3) (see note 3)

Notes:

1. Code allowables apply, as these loading conditions are assumed to be repetitive operational loads requiring
the pipe to maintain sufficient margins against fatigue damage.

2. The permissible ground deformations that might be estimated using allowable stress criteria are typically too
small to be of practical importance. The strain criteria for operating conditions assumes a single event and
provides a criteria related to the maximum moment capacity of the pipe. The strain criteria for pressure
integrity assumes ovalization of the pipe cross-section with a possibility of local wrinkling of the pipe wall.
Pipe repair would be required to return the pipe to normal service.

3. Allowable stresses or strains associated with in-service relocation are based on a case-specific assessment
of an existing pipeline. This includes evaluation of potential weld and corrosion defects and generally
requires special expertise to determine appropriate stress or strain criteria.

4. Suggested strain limits greater than the nominal yield strain assume butt-welded construction with weld
consumables, welding procedures, and inspection criteria sufficient to assure development of gross section
yielding of the pipe cross section. This may require more stringent welding procedures, special inspection,
or, in special cases, confirmation through laboratory testing.

5. Pressure integrity strain limits assume that significant pipeline distortion is possible and pipeline repair or
replacement may be necessary.

6. A larger allowable for buoyancy is necessary to assure stability and assumes the pipeline will be relocated
to original condition once buoyant displacements are identified.
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Appendix B: Soil Spring Representation

Soil loading on the pipeline is represented by discrete nonlinear springs (e.g., elastic-plastic,
multi-linear) asillustrated in Figure B.1. The maximum soil spring forces and associated relative
displacements necessary to develop these forces are computed using the equations given in the
following sections.

Soil properties representative of the backfill should be used to compute axial soil spring forces.
Other soil spring forces should generally be based on the native soil properties. Backfill soil
properties are appropriate for computing horizontal and upward vertical soil spring forces only
when it can be demonstrated that the extent of pipeline movement relative to the surrounding
backfill soil is not influenced by the soils outside the pipe trench.

Although tests have indicated that the maximum soil force on the pipeline decreases at large
relative displacements, these guidelines are based on the assumption that the soil forceis
constant once it reaches the maximum value. The dimension for the maximum soil spring force
isforce per unit length of pipeline. The equationsin this Appendix are based on buried pipelines
in uniform soil conditions.

For deeply buried pipelines with variable soil properties between the ground surface and the
pipeline depth, the equations in this Appendix may not be representative of true soil loading
conditions. Guidance on how to proceed with variable soil conditionsis provided in the
Commentary section.

Horizontal soil loads of offshore pipelines resting on the sea floor increase more gradually with
displacement due to the formation of a soil mound in front of the pipeline. Determination of the
soil spring characteristics for this condition requires special treatment by experienced
practitioners and is not covered in these guidelines.

The expressions for maximum soil spring force are based on laboratory and field experimental
investigations on pipeline response, as well as general geotechnical approaches for related
structures such as piles, embedded anchor plates, and strip footings. Several of the equations
have been derived to fit published curves to facilitate their use in spreadsheets or other computer-
based applications.

B.1 Axial Soil Springs
The maximum axial soil force per unit length of pipe that can be transmitted to the pipeis:

T, = Dac+DH7 K0 tan s (B-1)
where:
D = pipe outside diameter
c = soil cohesion representative of the soil backfill
H = depth to pipe centerline
2 = effective unit weight of soil
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Ko = coefficient of pressure at rest
a = adhesion factor (curve fit to plots of recommended valuesin Figure B.2)
a = 0.608-0.123c - 0'2274 + 0'3695 where cisin ksf or kPa/100
c+l c+1
0 = interface angle of friction for pipe and soil = f¢
o = internal friction angle of the soil
f = coating dependent factor relating the interna friction angle of the soil to the

friction angle at the soil-pipe interface

Representative values of f for various types of external pipe coatings are provided in the
following table:

Pipe Coating f
Concrete 1.0
Coal Tar 0.9
Rough Steel 0.8
Smooth Steel 0.7
Fusion Bonded Epoxy 0.6
Polyethylene 0.6

Table B.1 Friction factor f for Various External Coatings
A = displacement at T,
= 0.1 inches (3 mm) for dense sand
= 0.2inches (5 mm) for loose sand
= 0.3 inches (8 mm) for stiff clay
= 0.4 inches (10 mm) for soft clay

B.2 Lateral Soil Springs
The maximum lateral soil force per unit length of pipe that can be transmitted to the pipeis:

P, = Ng,cD + Ny jHD (B-2)
where:
Nen = horizontal bearing capacity factor for clay (0 for c = 0)
Ng» = horizontal bearing capacity factor (0 for ¢ = 0°)

The expressions below for Ne, and Ng» are closed form fits to published empirical (plotted)
results (see Figure B.3).
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Nch

= a+bx+

c

d

+ <
(x+D?  (x+1)°

horizontal bearing capacity factor for clay (0 for c = 0)

Ng» = horizontal bearing capacity factors for sand (O for ¢ = 0°)

= a+b(x)+c(x*)+d(x*) +e(x")

Factor ¢ X a b c d e

Nen 0° H/D 6.752 0.065 | -11.063 7.119

Ngn 20° H/D 2.399 0.439 -0.03 1.059(10)° | -1.754(10)°
Ngh 250 H/D 3.332 0.839 -0.090 5.606(10)% | -1.319(10)"
Ngn 30° H/D 4.565 1.234 -0.089 4.275(10)° | -9.159(10)°
Ngn 35° H/D 6.816 2.019 -0.146 7.651(10)° | -1.683(10)*
Ngh 40° H/D 10.959 | 1.783 0.045 -5.425(10)° | -1.153(10)"
Ngh 45° H/D 17.658 | 3.309 0.048 -6.443(10)° | -1.299(10)*

Ngn can be interpolated for intermediate values of ¢ between 20° and 45°.

Ay = displacement at P,

= 0.04[ H+ %) <0.10D to 0.15D

B.3 Vertical Uplift Soil Springs

The equations for determining upward vertical soil spring forces are based on small-scale
laboratory tests and theoretical models. For this reason, the applicability of the equationsis
limited to relatively shallow burial depths, as expressed as the ratio of the depth to pipe
centerline to the pipe diameter (H/D). Conditions in which the H/D ratio is greater than the limit

provided below require case-specific geotechnical guidance on the magnitude of soil spring force

and the relative displacement necessary to devel op this force.

Q, = N,cD+ N, /HD (B-3)
where:
Neow = vertica uplift factor for clay (0 for c=0)
Ngw = vertical uplift factor for sand (O for ¢ = 0°)
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New = Z(EJSN applicable for (ﬂjslo
D D
_( ¢H , -
Ny = 2D <Ny (See Section B.4 for definition of Ng)

The above equations represent an approximation to published results such as those illustrated in
Figure B.4.

Aqu displacement at Qy
0.01H to 0.02H for dense to loose sands < 0.1D

0.1H to 0.2H for stiff to soft clays< 0.2D

B.4 Vertical Bearing Soil Springs

2

Q; = N.D+ N HD+ Nﬂ/% (B-4)
where:
Ne, Ng, N, = bearing capacity factors
N = [cot(¢ + 0.001)]{ explz tan( + 0.001)] tan2(45 A 2‘001j _p
Nq = exp(z tan @) tan2(45+ %j
N, = e®%-29 (thisisacurvefit to plotted values of N, in Figure B.5)
I3 = total unit weight of soil
Aga = displacement at Qq

= 0.1D for granular soils
= 0.2D for cohesive soils

B.5 References

Hansen, J.B., “The Ultimate Resistance of Rigid Piles Against Transversal Forces,”
Bulletin 12, Danish Geotechnical Institute, Copenhagen, Denmark, 1961.

Trautmann, C.H. and T.D. O'Rourke, “Behavior of Pipe in Dry Sand Under Lateral and
Uplift Loading,” Geotechnical Engineering Report 83-6, Cornell University, Ithaca, New
York, 1983.
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B.6 Figures

TRANSVERSE ~ AXIAL TRANSVERSE
HORIZONTAL VERTICAL

¢) Bi-linear Soil Springs Used to Represent Soil Force on Pipe

Figure B.1 Pipeline Modeling Approach
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Figure B.2 Plotted Values for the Adhesion Factor, «
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(A) GRANULAR SOIL |B) COHESIVE SOIL

Figure B.3 Values of Ngh and Nch of Hansen 1961
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Figure B.5 Plotted Values of Bearing Capacity Factors (Ng, Nc, and Ny)

July 2001 Page 76



