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DISCLAIMER

This document presents findings and/or recommendations based on engineering services
performed by employees of Kiefner and Associates, Inc. The work addressed herein has been
performed according to the authors' knowledge, information, and belief in accordance with
commonly accepted procedures consistent with applicable standards of practice, and is not a
guaranty or warranty, either expressed or implied.

The analysis and conclusions provided in this report are for the sole use and benefit of the
Client. No information or representations contained herein are for the use or benefit of any
party other than the party contracting with KAI. The scope of use of the information presented

herein is limited to the facts as presented and examined, as outlined within the body of this
document. No additional representations are made as to matters not specifically addressed
within this report. Any additional facts or circumstances in existence but not described or
considered within this report may change the analysis, outcomes and representations made in
this report.
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Development of a Pipeline Surface Loading Screening
Process and Assessment of Surface Load Dispersing
Methods
D. J. Warman, J. D. Hart & Robert B. Francini

1.0 INTRooUCTION

The Canadian Energy Pipeline Association (CEPA) represents Canada's oil and gas transmission

pipeline operators who are world leaders in providing safe, reliable long-distance energy

transportation. CEPA member companies receive numerous requests annually from all over

Canada to cross their pipelines. In some cases, these crossing applications are for the

establishment of permanent roads over the existing pipelines but in many others they are for

temporary crossing by vehicles and equipment in locations without established roads.

Regulations compel member companies to determine the potential loading effects of the crossing

application and where determined to be excessive, take mitigative measures to reduce the applied

stresses to acceptable levels.

A survey by CEPA of member companies indicates that they employ a variefy of techniques to

evaluate and mitigate surface loading effects on their buried pipelines. One widely used practice,

embodied in API ll02 (1993, reaffirmed 2002), is limited to cover depths greater than or equal

to 3 feet and has been specifically developed based on AASHTO H20 truck loads with small

footprints associated with tire pressures typically in-excess of 550 kPa (80 psig). Several

important limitations are inherent to this method. The method cannot be effectively extrapolated

to shallow cover situations. It also may not scale correctly to different types of equipment that

ride on floatation tires or caterpillar tracks where ground surface pressures are less than 350 kPa

(50 psig). Further, it determines pipeline stresses in a non-traditional manner. These conditions

create a barrier to uniform adoption of the method.

The National Energy Board (NEB) has requested that CEPA study the issues and determine the

feasibility of a standard approach. CEPA wants to examine the above stated limitations as well

as to determine the feasibility of a phased approach to crossing assessments that would eliminate

the need to perform detailed calculations in most, if not all, cases. At the same time CEPA has

identified the need to examine the various temporary load-spreading measures or other

mitigation techniques to identif, which are the most effective. Kiefner and Associates, Inc.

(KAI) jointly with SSD, Inc. conducted this work for CEPA. The following report represents the

results of this study.

I
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1.1 Summary
Presented herein is a report detailing the development and implernentation of a simplified

screening process to assess the effects ofsurface loads on buried pipelines. The first section

provides an overview of the results of a literature survey to identify theoretical models,

standards, codes, and recommended practices that are currently used to assess the surface loading

effects on buried pipelines.

The second section provides the methodology utilized to develop the screening tool which

provides a simple "pass/no pass" determination and is based on attributes which are generally

easy to obtain (e.g., wheel or axle load, ground surface contact area and/or surface loading

pressure, depth of cover, maximum allowable operating pressure and design factor). Situations

that pass this initial screening would require no additional analysis while situations that do not

pass the initial screening may need to be evaluated on a more detailed basis. Additional

simplified graphs have been included to assist in additional screening prior to performing a more

detailed evaluation.

The third section identifies various temporary or perrnanent surface load-dispersal techniques

and other mitigation approaches that are often used as a means to lessen the effects of surface

loading. The effectiveness of various methods is also discussed.

In the Appendices are general guidelines and charts that can be adopted by pipeline operators to

address infrequent crossings of existing pipelines.

2.0 LTTNRITURE SEARCH Suvrvr¡.Ry

2.1 Introduction
A limited literature survey has been performed to identi$ theoretical models, standards, codes,

and recommended practices that are currently used to assess the surface loading effects on buried

pipelines. Included in this review is the position paper put out by the Canadian Standards

Association (CSA) task force at railway crossings on this topic. The goal of this review is to

highlight the following items:

. When the techniques were developed and by whom;

. Where they are used;

¡ The technical nature of the calculations performed;

o A comparative assessment of each method, identifuing their strengths and limitations;

¡ Recommendations as to which method(s) may be suitable for adoption as standard

practice;

2
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. Knowledge gaps and areas that might require further study;

o Description of significant pipeline incidents caused by surface vehicle loadings.

2.2 Description of Significant Pipeline Incidents Caused by Surface
Vehicle Loadings
Reference GRI-88/0287 provides a section that reviews the performance record of buried pipe

crossings based on National Transportation Safety Board (NTSB) pipeline accident reports. At
the time of this report publication, a total of four pipeline failures at railway or highway

crossings were reported. All of these failures involved cased carrier pipes. The first failure

occurred at a substandard girth weld located within the casing that experienced flexure due to

soil movements beneath the carrier pipe outside of the casing. The second failure involved a

pressure surge which caused failure of a carrier pipe inside of a casing at an area thinned by

corrosion. The third failure involved tensile failure due to thermal contraction in a plastic carrier

pipe at a coupling located outside the limits of the casing. The fourth failure occurred in a carrier

pipe inside of a casing at a location where the wall thickness was reduced fo 35%o of its initial

value due to corrosion. Cased pipeline crossings account for about 20% (a disproportionately

high fraction) of corrosion-related reportable incidents, because it is difficult to protect the pipe

from corrosion inside the casing and also difficult to monitor corrosion activity therein.

It is our observation and experience that the vast majority of pipeline crossing scenarios require

little in the way of spccial mcasurcs to protcct thc pipclinc providcd thc pipclinc is in sound

condition and has sufficient amounts of competent soil protection. Exceptions exist such as

where muskeg soils or exceptionally heavy equipment or very shallow cover might he involved.

We are aware of only one pipeline incident associated with a ground surface vehicle. The line

was either a cast iron or old steel gas main with very shallow one-foot cover that ruptured under

a cement mixer on a carlboat dealer's parking lot. The resulting fìre burned up the truck and the

dealer's inventory. We are not aware if it was ever established whether the main collapsed under

the vehicle load or merely failed due to corrosion coincidentally when a vehicle was parked

there. Overall, our familiarity with causes of pipeline failures informs us that the effects of
surface vehicle loadings, even in fairly exceptional circumstances, has not historically been

implicated as an important or frequent cause of pipeline incidents. This understanding suggests

that the practice of carrying out elaborate analyses for every routine situation may be

unwarranted. However, we fully recognize the regulatory, social, and business need to assess,

and where necessary, mitigate threats.

J

00396



2.3 Methods Used to Assess Fill and Surface Loading Effects on
Buried Pipelines

2.3.1 Review of Spangler's Work
The pipeline industry has a longstanding interest in the problem of evaluating the effects of fill
and surface loads on buried pipelines. Virtually all of the pipeline industry research on this topic

refers back to the collective works of M. G. Spangler (and his graduate students) at lowa State

University during the 1940s through 1960s time frame, and no review on this subject would be

complete without a discussion of Spangler's work. Spangler's most important publications

include the following:

Spangler, 1941. Spangler, M. G.,o'The Structural Design of Flexible Pipe Culverts",

Bulletin 153, Iowa Engineering Experiment Station, Ames, Iow4 l94l .

Spangler, 1946. Spangler, M.G. and Hennessy, R.L., "A Method of Computing Live

Loads Transmitted to Underground Conduils", Proceedings Highway Research Board,

26:179,1946.

Spangler, 1954. Spangler, M.G., "Secondary Stresses in Buried High Pressure Pipe

Lines",The Petroleum Engineer, November, 1954.

Spangler, 1964. Spangler, M.G., "Pipeline Crossings Under Railroads and Highways",

Journal of the AWWA, August, 1964.

Watkins and Spangler, 1968. Watkins, R.K., and Spangler, M.G.,'oSome Characteristics

of the Modulns of Passit e Resistance of Soil - A Sndy in Similinde", Highway Research

Board Proceedings,Yol. 37, 1968 pp. 567-583.

The main developments from Spangler's work include the so-called "Spangler stress formula"
(used to compute stresses in buried pressurized pipe) and the "Iowa formula" (used to compute

ovality in buried culverts). A brief overview of these formulas is provided in the following

sections.

2.3.1.1 The Spangler Stress Formula

The Spangler stress formula computes an estimate of the additive circumferential bending stress

(o) at the bottom of the pipe cross section (in psi) due to veftical load as follows:

a

a

a

- _ 6. K h.W,rn,rnt. E. t. r
- ---------;------

E.t' +24.K-.P.r' (2.1)

where L/',,",¡¡,o¡is the vertical load due to fill and surface loads including an impact factor (lb/in),

E is the pipe modulus of elasticity (psi), t is the pipe wallthickness (inches), r is the mean pipe

4
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radius (inches) and P is the internal pressure (psi). The terms K¡ and K, are bending moment and

deflection parameters respectively (based on theory of elasticity solutions for elastic ring

bending) which depend on the bedding angle as shown in Table 2-1.

Table 2-1. Spangler Stress Formula Parameters Kr and lÇ

180
150

120
90

60
30

0
Bedding Angle (deg)

0.125
0.128

0.1 38
0.157
0.1 89

0.235

0.294
Moment Parameter Kn

0.083
0.085
0.089
0.096
0.1 03

0.1 08

0.1 l0
Deflection Parameter K,

Note that the denominator of this expression includes a pipe stiffness term (ð'l) and a pressure

terrn (24'K.'P'rr¡ which is sometimes referred to as a "pressure stiffening" term since the pipe

intemal pressure will provide resistance to ovalling. Bedding angles of 0, 30 and 90 degrees are

taken as corresponding to consolidated rock, open trench and bored trench conditions,

respectively. Numerous references in the literature are "hardwired" based on a bedding angle of
30o 1i.e., K¡:0.235 and K-:0. 108). The Spangler stress equation is used to compute

circumferential stresses due to vertical loads in several pipeline industry guideline documents

including:

API RP 1102. American Petroleum Institute,"Steel Pipelines Crossing Railroads and

Highways", API Recommentled Practice 1 102, Sixth Edition, April 1993 (reaflirmetl July 2002).

GPTC, 199812000. GPTC Guide for Gas Transmission and Distribution Systems - 1995-1998

and 1998-2000, Guide Material Appendix G-192-15,'oDesign of Uncased Pipeline Crossings of
Highways and Railroads", American Gas Associations, Arlington, VA.

CSAZ662, While not specifically referenced in CSA 2662the equation was utilized in the

development of the section on uncased railway crossings.

According to Spangler, 1964:
"...this expression (the Spangler stress equation) is limited to pipes laid in open ditches that are

bacffilled without any particular.effort to compact the soil at the sides and to bored in place pipe

at an early stage beþre soil has moved into ffictive contact with the sides of the pipe. This

expression probably gives stresses that are too high in installations where the soil at the sides of
the pipe is well compacted in tight contact with the pipe... " This limitation statement clearly

implies that stresses predicted using Spangler stress formula are conservative for buried pipe that

is in intimate contact with the soil at the side walls.

5
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2,3.1.2 The Iowa Formula

The Iowa Formula computes an estimate of the pipe ovality due to vertical load as follows:

^ v K. .\D,. .Wr"rur,,f .ft
'' - EJ+on6l.E\r3 e.2)

where the terms that have not been previously defined in Section 2.3.1 .l are; lX the maximum

deflection of the pipe (inches), D¡. is the "deflection lag factor", 1 is the moment of inertia of the

cross section of the pipe wall per unit length (I:f /12, in3) and E'is the modulus of soil reaction

(psi). Note that the denominator of this expression iniludes a pipe stiffness ferm (E'I) and a soil

resistance term (0.061 'E ''r3¡ but does not include a pressure stiffening term since it was

developed for un-pressurized, flexible casing pipes. The deflection parameter (K,) is normally

"hardwired" based on a bedding angle of 30o(i.e., K=:0.108).

Spangler recognized that the soil consolidation at the sides of the pipe under fill loads continued

with time after installation of the pipe, and he accounted for this condition using the "deflection

lag factor" term D¡,. His experience had shown that ovalling deflections could increase by as

much as 30Yo over 40 years. For this reason, he recommended the use of a deflection lag factor

of 1.5 as a conservative design procedure for fill loads. Other references (e.g., AWWA Manual

M1 1) refer to D¡- values in the range from 1.0 to L5. We believe that it would be reasonable and

appropriate to consider the use of a different deflection lag factor for fill loads which act on the

pipe for long time periods rather than for traffic loads which act on the pipe for short periods of
time (i.e., during the vehicle passage).

The modulus of soilreaction, ð'which defines the soil's resistance to ovalling is an extremely

important parameter in the Iowa formula. Useful background and discussion on the selection of
E'values are presented in the following references:

Moser, 1990. Moser, A.P., "Buried Pipe Design", McGraw Hill, 1990.

Hartley and Duncan, 1987. Hartley, J.D. and Duncan, J.M., *E' and its Variation with
Depth", ASCE Journalof Transportation Engineering, Vol. I13, No. 5, September,7987.

Masada, 2000. Masada, T., *Modified lowa Formula þr Vertical Deflection of Bttried
Flexible Pipe", ASCE Journal of Transportation Engineering, September/October, 2000.

Table2-2 (after Moser, 1990) provides published average values of the modulus of soilreaction

E'for a range of soil types under different levels of bedding compaction.

Table 2.3 (after Hartley and Duncan, 1987) provides a range of values of E' for a range of soil

types, compaction levels, and cover depths. Hartley and Duncan, 1987 also provide very clear

guidance on the selection of E'. This paper indicates that E'can be taken as equalto the

6
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constrained modulus of the soil, M, which can be established based on relatively simple

laboratory tests.

The lowa formula is used as a basis for estimating ovalling deflections due to vertical loads in

several pipeline industry guideline documents including:

AWrWA M I l, 1999. American Water Works Association , "Steel Pipe - A Guide for
Design and Installation", AWWA Manual Ml1,3'd Edition, 1999.

ALA, 2001. American Lifelines Alliance, "Guidelines þr the Design of Buried Steel

Pipe", Published by the ASCE American Lifelines Alliance,

www.americanl ifelinesalliance.ors, July 200 I .

a

a

7
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1000

200

100

60

Dumped

r2
8000

1æ0

400

200

Stight,
< 86%

pructor,
<lW

relative
den6ity

s0(x)

È1

2000

r000

400

Moderat¡,
8%46%
proctor,

&%-70%
¡elativp
denrity

Table 2-2. Design Values of E', psi (From Moser, 1990)

raELE 3.¿l Avotrgc Velu.r ol todulur ot Soll Ræ{on, t (For ln¡üal Fl.¡dblo Plp.

E' for degree of conpaction of bedding, lb/id
Hisb,
>96%

proctor,
>7W

relative
denaity

Fine'grained soils (LL > õ0)t
Soils with medium to higb plastie

ity CH, MH, CH-MH
No rl¡ta available; co¡sult a competent soilg
engineer; Otherwige us€ E' = 0

Flnegra.ined eoils (LL < 60)
Soil¡ with medÍum to no plastisity

CL, ML, ML-CL, with less tùar 2õ%
coatte.grained particlea

Fine-grained eoila (I,L < õ0)
Soils with mediun to no plasticity

CL, ML, ML-CL, with more than
26% coarse-grained pardcle¡

Coareegrained soil¡ with frnes
GM, e'C, SM, SC contain¡ mo¡e

than 12% ñnes

Soil type-pipe bedding material
(Uniñed Cla¡sifi cation System')

1(X)0

2m0

Coaroegrained eoils with liùtle or no
fine
GïV, GP, SlV, SFt contain¡ lers

tha¡ 129t 6ne¡ 80(X)

Cru¡hed ro<!k 3000

Accüary in têrms of percentage
defleçtion$

i 0.6

tASTIll Dcignadon Ds48?, U8BR Dorignotion E{
ìLL = liquid Limit
tOr my bo¡derline æil begimiag with one of theae eymbola (i.e,, GMGC, CIC€C)
$For t 1% accumry md prdieted deflætion of 3%, dstual def,ection sould be beùwæn 2%

a¡d 49b,
xon: Yalues appltcable only fo¡ ñll¡ leoq than 60 ft (lõ m). Tablc ilu not includc ary

safety factor. For uæ io pr€dicti¡g initid delletlon¡ onty, appropriatê deúlætion lag factor
must be applied for long-tem def,ections. Ifbeddbgfalls on the borderline betçee¡ two com-
paction câtogþdos, leloct loçsr t' value or slr€rage thç tço valueç, Percentago prroç'tor baeed
on labontory na-inrn dry deosity fron tst *aàrtardr udry about f 2,600 ft'lb/ftr (698,m0
J/nr) (ASI'I\{ D898, âASHO T-90, USIBR Deoignation E-ll). I luin¡ - 6.9 k}'I/n'.

sourcç Amãts lL Howard,'ßoil Reaction fc Buried Flexible Pipe," U.S. Burou of Ræla-
nation, Dmvo, Colo. Repríntnd witå Pomi¡¡ion from Amuim Socieþz of Civtl Engi¡€€rs
J. Gdæh. Eng. Diu., Jnuæy 19?7, pp. 88-d3.
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Coarse-grained soils with little or no
fines (SP, SW, GP, GW)

Coarse-grained soils with fines (SM,
SC)

Fine-grained soils with less than 25
percent sand content (CL, ML, CL-ML)

Type of Soil

0-5
5-l 0
l0- 15

t5-20

0-5
5-t0
10-15
15-20

0-5
5-10
l0-15
t5-20

Depth of
Cover (ft)

700
1,000
1,050
I,100

600
900

1,000
1,100

500
600
700
800

85 "/"

Standard AASHTO Relative
Compaction

1,000
1,500
1,600
l,700

1,000
1,400
1,500
1.600

700
1,000
1,200
1,300

9O o/"

1,600
2,200
2,400
2,500

1,200
1,800
2,100
2.400

,000
,400
,600
.800

95 0^

2,500
3,300
3,600
3.800

1,900
2,700
3,200
3,700

I,500
2,000
2,300
2,600

100 o/o

Table 2-3. Design Values of E', psi (from Hartley and Duncan, 1987)

*Note: AASHTO is the American Association of State Highway Transportation Officials.
Table reproduced from Hartley and Duncan, 1987

2.3.1.3 Discussion of Load Terms in Spangler Stress Formula and Iowa
Formula

As described above, the Spangler stress formula and the lowa Formula both operate on a load per

unit length of pipe, V[/vart¡cut resulting from either fill and/or surface loads. Hence, a key aspect of
these formulas is the estimation of the effective fill and surface loads at the top of the pipe.

These loads are discussed in this section.

Pipe Load Due to Fill

Spangler computed the pressure transmitted to the pipe due to earth (fill) load based on

Marston's load theory (Marston, l9l3) as follows:

7l ¡rt = Cu .T - Btu (2.3)

where C¿is a fill coefficient, y is the soil density and B,¡ is the effective trench width. Values of
the fill coefficient C¿ for different soils are tabulated as a function of the trench geometry

(defined based on the ratio of the depth of soil cover Ë1to the effective trench width B¿) and soil

type in several references (e.g., the GPTC Guide, Spangler and Hennessy, 1946, etc.).
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Pipe Load Due to Surface Wheel Load

Spangler computed the load transmitted to the pipe due to surface wheel load using Boussinesq

theory for a surface point load based on numerical integration performed by Hall (see Spangler

and Hennessy, 1946) as follows:

W,,h""t = 4.C , .+ e.4),L

where C¡ is a wheel load coefficient, l4t is the wheel load (including an impact factor) and Z is the

effective length of pipe (most references to this equation use an effective length Z:3 feet).

Values of the wheel load coefficient Ç are tabulated for different trench geometries (i.e., based

on the ntios of D/2H and L/2Il) in several references (e.g., Spangler and Hennessy, 1946,

Spangler, 1954, etc.).

Pipe Load Due to Surface Rectansular Footprint Load

Spangler computed the load transmitted to the pipe due to surface load with a rectangular

footprint using Boussinesq theory based on numerical integration performed by Newmark (see

Newmark, 1935) as follows:

Wrrruurg,lo, - 4'C, Y+ Q'5)
A

where Ç is a rectangular load coefficient, W the total load on a rectangular footprint (including

an impact factor), D is the pipe diameter, and I is the area of the rectangular footprint. Values of
the rectangular load coefficient Ç are tabulated for different trench geometries and rectangular

footprints in several references (e.g., AWWA M I 1, Spangler 1964, etc.).

Given the computed loading on the buried pipe from either fill or traffic loads (i.e., ll¡itb Wwhcet,

or Wtacr(msrt(,/or ¿ìs a more general vertical load term Vl,,"rt¡rut), the Spangler stress and lowa

formulas can be used directly.

2.3.2 A Proposed Modification to the Spangler Stress Equation

Based on our experience with the available methods to evaluate fill and surface loading effects

on buried pipelines, we favor the use of industry accepted Boussinesq-type expressions that

relate the fraction of surface load transferred to the pipe at the depth of soil cover combined with

"Spangler type" calculations to compute pipe stresses due to fill and/or surface loads (as

discussed in Sections 2.3.1 and2.3.2) over the step-by-step evaluation procedure provided in the

1993 version of API RP I 102, especially for the purposes of initial screening evaluations.
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The Spangler stress formula can be extended to include the beneficial effects of lateral soil

restraint based on Watkins work (see Watkins and Spangler, 1968). This first-principles

approach can be applied to a variety of equipment loads and are not limited to particular ranges

of physical variables. It also provides a means of removing some of the conservatism inherent in

the original Spangler stress equation by including lateral soil restraint even if only for the

purpose of performing "what iÎ'analyses. In order to modifu the Spangler circumferential stress

formula to include a soil resistance term that is consistent with the one used in the Iowa Formula,

it is necessary to manipulate the stress and ovality Equations (2. I ) and (2.2). This is

accomplished using a relationship between ovality and circumferential stress. Based on

information provided in Spangler, 1964, it can be shown that the maximum through-wall

circumferential bending stress due to ovality AX is:

Kh

2.K,
LX .E.t

)r-
(2.6)

where all of the variables are as previously defined. Solving Equation (2.6) for AX and

substituting the circumferential stress o from Equation (2.1) leads to the following expression of
the Spangler stress formula in terms of ovality:

* _ 12._K,.ï1 ,.",.,,,.o, 
.13 

_

E.t3 +24.K,.P'r3 Q'7)

Recall that the 0.108 (K,) coefficient in the Iowa formula corresponds to a 30o bedding angle.

Setting K,:0.108 in Equation (2.7), then aligning the resulting expression next to the lowa

formula yields the following:

Spangler Stress Expression Iowa Formula

*_ 1.2?6.1í/,",,,,., .rt _ *_0.108.L1/,1",,*, 
.r3_ 

(2.S)
E.t'+2.592.P.r3 E.I+0.061.8'.rl

Recognizing thal. E'f is equal fo I2'E'I,the numerator and denominator of the Spangler stress

expression for ÂX (on the left) can be multipliedby ll12 in order to cast the denominator of both

expressions in terms of the pipe wall bending stiffness (E'l):

*_ 0.l0g.Il*r,",,.r3_ *_ 0.l0g.vl/,i",,no, .rt- 
Q.g\E.l +0.216.P.r' E.I +0.061.8'.r'

Note that the only difference between the numerators of these two expressions is that the one

based on the lowa formula (on the right) includes a load teÍm 7[/,1",.,,,o, which is equal to W,",t¡,nt

multiplied by the deflection lag factor. By scaling the deflection lag factor as a ratio of the two

denominators (discussed later), the soil term from the lowa formula can be added directly to the

1l
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denominator of the Spangler stress expression for ovality to obtain a combined ovality

expression (dropping the 
* 

on the vertical load term):

^ 
v 0. 1 08 . 1/' ,,,,,,u, . rt

E. I +0.216. P' r' +0.061. E'.r3

0.135' v[/,",,,,n, .13
^v -

E' I +0.216. P' 13 +0.061. E.r3

(2.10)

It is worth noting here that Rodabaugh (Rodabaugh, 1968) suggested a very similar expression to

qualitatively combine pressure stiffening and soil restraint effects:

(2.r r)

where the coefficient of 0. 13 5 in the numerator corresponds to a bedding angle of 30o with an

effective deflection lag factor of I .25 (i.e., 0.135=0.108'l .25).

Multiplying both the numerator and denominator of the combined ovality expression (2.10) by

l2 gives:

AX
E' t' + 2.592. P . 13 +0.732. E'.r3 (2.13)

Then converting back to stress using Equation (2.6) results in the following combined expression

for circumferential pipe stress:

(2.14)

NOTE: The above equation has both (K"& K¡) "hardwired" based on a bedding angle of 30o (i.e.,
K¡0.108, K¡=0.235) which is consideæd conservative. The equation in ifs full form ¡s as
follows:

6.K,.W,"n¡,ot .E.t-r
o = (2.15)

Notice that if the term E'in the denominator is set equal to zero, Equation (2.14) reduces to the

original Spangler stress formula. If the P term in the denominator is set equal to zero, this

expression reduces to a stress that is consistent with the lowa formula (when the load term

Wvertical includes the deflection lag factor).

As previously noted, we believe that it would be reasonable and appropriate to consider the use

of a different deflection lag factor for fill loads which act on the pipe for long time periods

instead of traffic loads which act on the pipe for short periods of time (i.e., during the vehicle

passage). Recall that the lag factor is used to account for Spangler's observations that ovality

due to earth fill can increase by up to 30olo over long time periods. Spangler recommended a

l2

I .41 'lrV,"r,,,.ot ' E .t 'r
-.- 

E .t3 + 2.592. P .13 + 0.732. E'.r3
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value of 1.5 as a conservative design procedure. Moser, 1990 and AWWA M I l, 1999 refer to a

rangefrom 1.0to l.5,andRodabaugh(Rodabaugh, 1968)suggestedavalueof 1.25. Ifthe
modified Spangler stress formula is used, we recommend a deflection lag factor for fill loads

equal to the lesser of 1.30 or the ratio of the denominator in the modifìed Spangler stress formula

to the denominator in the original Spangler stress formula. Since surface traffic loads act on the

pipe for short time periods (i.e., during the vehicle passage) a deflection lag factor of 1.0 is

recommended for short-term vehicle loading.

2.3.3 Review of Recent Pipeline Industry Research

Pipeline industry research on the subject ofloads on buried pipes has continued from the

Spangler era to the present day. Without undertaking a totally comprehensive review of this

work, we have elected to highlight some of the more important modern references on this

subject, some of which contain their own literature reviews.

In a multi-year project sponsored by the Gas Research Institute, researchers at Cornell

University:

r performed a review of current practices for pipeline crossings at highways and railways,

. reviewed existing analytical models to estimate buried pipe stresses,

o undertook detailed finite element analysis (FEA) of buried pipe configurations subject to

fill and surface loads, and

. performed experimental evaluations of augerbored pipelines at rail road crossings.

Thc primary rcports from this research are:

GRI, 1987. Gas Research Institute, "Analytical Sndy of Stresses in Transmission and

Distribtúion Pipelines Beneath Railroads", Topical Report of Task 2, June 1985-

February 1987, Deparlment of Structural Engineering, Cornell University, September 15,

1987.

GRI, 1988. Gas Research Institute, "State-of-the-Art Review: Practicesþr Pipelines

Crossings at Highways", Topical Report, June 1987-June 1988, School of Civil and

Environmental Engineering, Cornell University, September, 1988.

. GRI, 1991. Ingraffea, A. R., O'Rourke, T. D., and Stewart, H.E., "Technical Summary

and Databose for Guidelines for Pipelines Crossing Railroads and Highways", Cornell

University School of Civil and Environmental Engineering Final Report to Gas Research

Institute, GRI-91/0285, Dec. 1991.

Each of these references is focused on pipes installed via bored-in-place construction which is

common for highway and railway crossings. This research provides a very useful summary of

l3
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the important factors affecting buried pipe response to fill and surface loads as well as a review

of the existing analysis methods (i.e., the Spangler stress formula and the Iowa formula) for

evaluating the pipe response to fill and surface loads. The main findings from the review of the

existing methods were:

o The Boussinesq theory used to estimate the surface load experienced by the pipe assumes

that the loaded soil mass is homogeneous and neglects the presence of the pipe within the

soil.

. The Spangler stress formula and the Iowa formulas have an inconsistent treatment for

pressure stiffening and soil resistance effects.

Reference (GRI, 1987) provides modified expressions for the loads due to fill (analogous to

Equation 2.3) and the loads due to surface loads (analogous to Equations 2.4 and 2.5) foi pipe

installed via bored-in-place construction. This reference also proposes a modified version of the

Spangler stress formula (analogous to Equation 2.14) for pipe installed via bored-in-place

construction with three resistance terms in the denominator (one for pipe stiffness, one for

pressure stiffening, and one for soil resistance). A significant contribution of the Cornell/GRl

research is that in addition to providing equations to compute pipe circumferential stresses on

buried pipes due to fill and surface loads, it also highlights:

o the possible development of longitudinal stresses due to bending of the pipe under

surface loads,

o the evaluation of combined or bi-axial (e.g., von Mises) stress conditions with respect to

appmpriate stress limits, antl

o the evaluation of cyclic stresses with respect to a fatigue endurance stress limit.

The Cornell/GRl work led to the development of guidelines for the design and evaluation of
uncased pipelines that cross railroads and highways, which have been implemented into a

personal computer program called PC-PISCES. The results of the Cornell/GRl work are also

embodied in the following pipeline industry recommended practice document:

¡ API RP I102, 1993. American Petroleum Institute,"Steel Pipelines Crossing Railroads

and Highways", API Recommended Practice I102, Sixth Edition, April 1993 (reaffirmed

2003).

The CornelI/GRI/API guidelines consist of a set of equations for the circumferential and

longitudinal pipe stresses that are created by surface live load, earth dead load, and internal

pressure. The equations for the live load stresses are nonlinear, with functions/curves that were

fit to the results of a series of FEA simulations. The FEA results were validated through

comparisons with experimental data from tests on two full-scale auger bored pipeline crossings.

t4
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Various combinations of the computed pipe stresses are checked to guard against fatigue damage

of longitudinal and girth welds and to guard against excessive yielding.

While these guidelines were developed from tests and analyses of uncased pipelines that are

installed with auger boring beneath railroads and highways, they are often employed by pipeline

engineers for the more common case of pipelines installed via trenched construction. The

procedure is also restricted to cover depths greater than or equal to 3 feet and has been

specifically developed based on AASHTO H20 truck loads with small footprints associated with

tire pressures typically in excess of 550 kPa (80 psig). Several important limitations are inherent

to these guidelines, namely that the approach cannot be extrapolated to shallow cover situations.

It also may not scale correctly to different types of equipment that ride on floatation tires or

caterpillar tracks where ground surface pressures are less than 50 psig. Further, it determines

pipeline stresses in a non-traditional manner. These issues may create a barrier to uniform

adoption by pipeline companies.

Several ongoing research programs have been undertaken by the Pipeline Research Council

International, Inc. (PRCI) and SoCalGas with an emphasis on the determination of stresses

developed in pipes with shallow cover and subject to extreme loading situations. The first

project is Project Number PR- I 5-9521 (Phase 1) and PRCI- I 5-991 I (Phase 2): Effects of Non-

Typical Loading Conditions on Buried Pipelines being performed by Southwest Research

Institute (SwRI). This work includes full-scale tests of shallow covered pipes buried in sand and

clay with diameters ranging from 16 to 36 inches and subjected to fill, concentrated, and

distributed surface loads. A related follow-on project, Project Number GRI-8442: "Centrifuge

and Full-Scale Modeling Comparisonfor Pipeline S/ress Due To Heavy Equipment

Encroachment," is currently being undertaken by C-CORE. This project includes full-scale tests

of l6-inch diameter, shallow pipe subject to concentrated surface loads and complementary

centrifuge modeling. Results of this study will be used to determine if small-scale testing

performed in a centrifuge is a reliable means for expanding the data set developed by SwRI for

surface model/guidelines development. Another approach to database development is being

studied in a project titled"Buried Pipelines Subjected to Surcharge Loads: Finite-Element

Simulations." This study is being undertaken by the University of Texas-Austin, and invotves

the development and validation of a finite element analysis procedure for simulating shallow

covered pipelines subjected to rectangular footprint surface loadings based on the SwRI

distributed load tests. The most recent follow-on project, led by C-FER Technologies, is Project

Number PR-244-03158: "Effects of Static and Cyclic Surface Loadings on the Performance of
Welds in Pre-1970 Pipelines." It is intended to apply the SwRI shallow cover test database and

all other related databases in the development of analysis tools with special emphasis on the

evatuation of welds in pre-1970's pipelines. Unfortunately, none of these ongoing projects have

l5
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been completed or documented at the time of this study. We recommend that this work be

reviewed as the reports become available.

2.3.4 Review of CSA Standard 2183 Working Group on Crossings Position Paper

The paper CSA Standard 2183 Working Group on Crossings, " Position Paper on Recommended

Technical Specifications þr Pipeline Crossings of Railways, " provides a useful overview of
issues surrounding oil and gas pipeline crossings at railroads as well as other crossings in

Canada. This document provides a review of applicable standards and regulations in other

countries, compiles a list of references that an engineer could use for a site-specific crossing

analysis, and develops a summary recommendation for a conservative design for common

crossings that could be incorporated into a standard or regulation. It also provides useful

commentary and background on the procedures for the analysis of buried pipe loads and stresses,

design approaches (including the Spangler stress and lowa formulas), and the selection of design

variables. Several key points from this reference are summarized as follows:

For computing pipe stresses, the CSA 2183 Working Group advocated the use of both

the Spangler stress formula and the lowa formula to superimpose the results such that the

Iowa formula would be used to establish the maximum bending stress of the pipe. The

Spangler pressured formula would be utilized if the resultant stress was less than the

result of the lowa formula. Recommended values of various design parameters (e.g., soil

density, soil type, impact factor, load coefficient, etc.) are providcd.

The Working Group points out that the computed pipe stress should be compared to

allowable pipe stresses, including an appropriate safety factor, and the potential for
fatigue damage due to the cyclic loading on the longitudinal or spiral pipe seam should be

addressed.

The Working Group paper also provided discussion on the fatigue capacity of pipes. The

fatigue endurance limit ultimately adopted in CSA 2662 was 69 MPa (10 ksi).

The Working Group provides a recommended limit on the D/t ratio for railroad crossings

to a maximum of 85.

The Working Group recommended the following stress limits with respect to railroad

crossings: a maximum hoop stress due to internal pressure of 50Vo specifìed minimum

yield stress (SMYS), a maximum combined circumferential stress (due to pressure, fill
and traffic) of 72%o SMYS, and a maximum combined equivalent stress of 900% SMYS.

a

a

a

a
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2.4 Summary of Principle Methods for Evaluating Vertical Loading
Effects on Buried Pipelines
Section 2.3 of this report provided a review of what we believe are the principle methods for

evaluating the effects of fill and surface loads on buried pipes. Any method for evaluating these

loading effects must consider the following:

o The pipe properties including diameter D, wall thickness /, and modulus of elasticity E
o The internal pressure P

. The depth of soil cover H,the effective trench width.B¿ and the soil type

o The effective length of the pipe Z

o The construction method and the pipe bedding angle

o The modulus of soil resistance.E'

o The magnitude of the surface load W

. The footprint of the load (e.g., point load or rectangular load)

¡ The impact factor corresponding to a given surface load

o The effective number of cycles corresponding to a given surface load

Given these parameters, it is possible to develop estimates of the pipe stresses and ovalling
deflections that result from fill and surface loads. With the stress and deflection estimates, the

engineer must make decisions regarding the safety of the buried pipe which requires additional

infornration including:

o The specified minimum yield stress (SMYS) of the pipe

o The type of longitudinal weld

o The quality of the girth welds

. The possible presence of corrosion or other anomalies

o Stresses due to other loads including:

o internal pressure

o temperaturedifferential

o longitudinal bending or roping of the pipe

The results of the evaluation should be checked for various pipe stress demand-capacity

measures, including the total circumferential stress due to internal pressure, fill and surface

loads. The results should also be checked for biaxial stress combinations of the circumferential

and the longitudinal stress due to temperature differential and Poisson's effect and bending.

There should also be cyclic stress range demand-capacity checks to guard against fatigue

damage. The following process flow diagram entitled "Pipeline Surface Loading Acceptability"
(Figure 2-1) has been developed to illustrate the recommended process to be followed in

determining the acceptability of surface loading. The following sections address the

t7
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development of a simplified screening process that embodies the process identified in the

diagram.

Pioeline Surface Loadinq Acceptability
Process Flow Diagram

No

Yes

No

Yes

No

Rev¡s¡on Date:
June 17 2005

SME = Subject Matter Experl
TP = Test Pressure
LF ERW = Low Frequency ERW
lLl = lnline lnspecl¡on
TPD = Third Party Damage

Figure 2-1. Pipeline Surface Loading Acceptability Process Flow Diagram

lmplement Surface
Loading M¡tigation

lmplemenl Surface
Load¡ng Mit¡gation

Env¡ronmental Atlr¡butes
Cover, Soil Dens¡ty, Soil
Modulus (E')

Pioe Attributes
WT, OD, Grade, MOP
Weld type, E, Poss¡on

Start

Criteria Satisfied
Fatigue

Long Term
or I ligh Cyclc

lmplementâl¡on

Static Stress
Criteria Satasf¡ed?

Cvclic Stress Demand -
Caoac¡tv Check

oFaligue = 12 ksi Girth Weld
6 ksi LF ERW

Calculate Stress Demand Measures

oL = Longitudinal Stress

oH = Hoop Stress

Ocso¡l = Static Load Circumferenlial Stress

oClive = Live Load Circumferent¡al Stress

octolal = Total C¡rumferential Stress

oE = Equivalent Hoop Stress Secondary Loads
Overburden
Veh¡clê l¡ve loads

Functional Loads
MOP, 

^ 
Temp,

Operating Pressure

Stat¡c Stress Demand - Caoacity Check

oC = SMYS x 1.00 x CF x JF

CF = 0.95
- TP > 1.1 MOP
- metal loss condition unknown, CP

records OK
- No known other threats

CF = 1.00
- TP > 1.25 MOP
- No sign¡ficant metâl loss (i.e. < 10 yrs,

lLl, Visual, or other conf¡rmation)
- No LF ERW Flash Butt, Joint Factor =1
- No sign¡f¡cant other threats (¡.e., SCC

TPD, deformat¡ons, etc.)

Condition Factor

CF = 0.75 - 0.90 SME to determine
. TP < 1.I MOP
- LF ERW Flash Butt, or Joint Faclor <1

- Potent¡al for otherthreats
- Acetylene girth welds
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2.5 Proposed Development of Screening Process

Once all of the information described in this section is gathered, an engineer can perform the

necessary calculations required to make an evaluation of the buried pipe situation at hand. In

addition, by having an understanding of the theory behind and the limitations of the calculations

used to develop the estimated stresses, the engineer must utilize judgment and experience to

make decisions regarding the pipeline integrity and safety.

Despite all of the information required to make an assessment of a buried pipe subject to fill and

surface loads, it is feasible to develop a relatively simple buried pipe screening procedure based

on parametric analyses of various combinations of the input information. The idea is to use the

developed theory to develop a series ofcharts that can evaluate a range ofpractical buried pipe

and loading configurations on a simple "pass/no pass" basis. Situations which pass this initial

screening would require no additional analysis, while situations that do not pass the initial

screening may need to be evaluated on a more detailed basis. The development of this screening

procedure will obviously have to rely on the existing methods for evaluating vertical load effects

on buried pipe. Ideally the calculations will be reasonably conservative. Table 2-4, which was

developed as a starting point to selecting the appropriate calculation method, provides a

comparative assessment of the principle methods.

The second task of the proposed work for this project (see Section 3) is the development of a

simple screening method which will allow a pipeline operator to determine whether or not a

given crossing application requires added protection or whether a more detailed calculation is

appropriate. The goal of the screening method is to implement a relatively simple procedure

based on easily obtainable attributes such as wheel or axle load, ground surface contact area

and/or surface loading pressure, depth of cover, maximum allowable operating pressure and

design factor.
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Modified Spangler
Stress Equation with
Soil Restraint

API RP 1102,1993

lowa Formula

Spangler Stress
Formula

Method

o Easy to program
o Includes pressure

stiffening
o Includes lateral soil

restraint

. Provides detailed flow
chart

o Computes multiple
stress components

o Performs stress
demand-capacity
checks

. Includes check for
fatigue

o Easy to program
¡ Includes lateral soil

restraint

o Easy to program
¡ Includes pressure

stiffening
. Applies for full range

of bedding angles

Strensth

o Need to select soil
parameter E'

¡ Need to select lag
factor

. Limited to auger bore
construction

o Limited to cover
depths > 3 feet

o Hardwired to
AASHTO H20 truck
loads with tire
pressures typically in-
excess of 550 kPa (80
psie).

o Computes deflection,
not stress

rNeglects pressure
stiffening

e Need to select soil
parameter E'

. Need to select lag
factor

o Hardwired to 30
degree bedding angle

e Neglects soil restraint

Limitation

o Requires
coefficients from
Boussinesq theory to
estimate load at top
of pipe.

. Inclusion of soil
restraint term
removes some
conservatism

¡ Difficult to manually
perform calculations

. Requires PC-
PISCES or technical
toolbox

o Requires coefficients
from Boussinesq
theory to estimate
load at top of pipe

o Requires
coefficients from
Boussinesq theory to
estimate load at top
of pipe

. Considered to be
conservative

Comments

Table 2-4. Comparison of Principle Methods for Evaluating Vertical Loading Effects on
Buried Pipelines
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3.0 Pnoposnn AppRoACH ron ScnEENING BuRtrn Ptpnr,rNns
Sus¡ncrnD To Sunr'¡,cn TRapprc

3.1 Introduction
Section 2 provided a Literature Search Summary which documented the available methods for

evaluating the effects of fill and surface loads on buried pipelines. Using this information as a

starting point, the second work task was to develop a simple screening method. This method will
allow a pipeline operator to determine whether or not a given crossing application requires added

protection or if a more detailed calculation is appropriate. The goal of the screening method is to

use relatively simple and easily obtainable attributes (e.g., wheel or axle load, ground surface

contact area and/or surface loading pressure, depth of cover, maximum allowable operating

pressure and design factor). The screening calculations are summarized in the next section.

3.2 Overview of Screening Approach
A modified version of the Spangler stress formula was presented in Section 2. The modified

formula is:

6. Ko.W,"n¡,.,r . E.t.r6= 
E.t\24.K-.Pr\0.732.8\r3 (i'l)

where V[/vcrt¡cutis the vertical load due to fill and surface loads including an impact factor (lb/in),

E is the pipe rnodulus of elasticity (psi), r is the pipe wall thickness (inches), r is the mearr pipe

radius (inches), P is the internal pressure (psi), and ð' is the modulus of soil reaction (psi). The

terms K¿ and K= are bending moment and deflection parameters respectively (based on theory of
elasticity solutions for elastic ring bending) which depend on the bedding angle. The right hand

side of Equation (3.1) has been manipulated into the following form by dividing both the

numerator and the denominatorby E't3 and substituTingD/2 for r, where D equals the outside

diameter of the pipe.

J

(3.2)

Wr"rt¡"nl
Kb

D
t )'Dõ

t+3 K" i (?' + 0.091s .4
E t

3

D

The stress relationship from Equation (3 .2) is plotted at different levels of internal pressure as a

function of D/t ratio in Figure 3-1 below. The fixed parameters are shown in the figure box.
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Figure 3-1. PIot of Circumferentiâl Bending Stress vs. D/t Ratio

3.3 Review of Loading Terms

The stress formula described above (Equation 3.2) requires a load per unit length of pipe, tV,",ti,nt

resulting from either fill and/or surface loads. Section 2.3.1.3 provides an overview of how

Spangler computed these load terms.

The load transmitted to the pipe in a ditch due to earth (fill) load can be computed based on

Marston's load theory as follows:

v[l¡rt = Ca 'r' B; (3.3)

cd = 
F;::t"'1ei) 

(3'4)
2K tt'

where C¿ is a fill coefficient, I is the soil density, B.¡ is the effective trench width, K is the ratio of
active lateral unit pressure to vertical unit pressure, p' is the coefficient of friction between the

fill material and sides of the ditch and H is the height of fill over the pipe. Kp' can vary between

0.1I I and 0.165 depending on the soil conditions. Equation 3.4 is for ditch loading on the pipe.

It is recommended that the reader refer to Spangler and Handy's book Soil Engineering to ensure

that they fully understand how to use Equations 3.3 and 3.4. An alternative method for
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determining the fill load is to use the prism equation recommended by Moser in Buried Pipe

Design. The prism formula is:

W¡n=Y'H'D (3.s)

No deflection lag factor is required if the prism formula is used.

Note that in Equation (3.2), the pipe diameter (to the extent possible) has been rearranged into

the non-dimensional form D/t. The only place that the pipe diameter appears in Equation (3.2) is

as a normalizingfactor for the load term llvcrticar (i.e., V[/urrt¡"o/D). Hence, other than in the

W,s,¡¡ça¡/D term, Equation (3.2) is independent of the pipe diameter.

The fill loads from Equation (3.3) have been plotted in Figure 3-2 for llll¡/O as a function of
diameter so that a representative value of l\¡íD can be selected that is independent of diameter.

A B¿ value ofD + l0 cm (4 inches) has been selected to represent the long term consolidation of
soil around the pipe. The dashed lines represent the value W¡n/D selected to be constant for all

pipe diameters.

4.5 ps¡

w/D versus Diameter for So¡l Load¡nqs

Bd = OD + 4" to represent long term consol¡dalion

4.0 psi = 120 lbs/fl^3, Ku = 0 130

H=3

3.5 ps¡

3.0 ps¡

2.5 psi

o
È

2.0 ps¡

1.5 ps¡

'1.0 psi

0.5 ps¡

0.0 psi

0in 10 in 20 in 30 ¡n 40 in 50 ¡n 60 ¡n 70 ¡n

D¡ameter

Figure 3-2. W/D versus Diameter for Soil Loadings
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The load transmitted to the pipe due to surface wheel load is developed using a numerical

integration of the Boussinesq theory for a surface point load:

(3.6)

where C¡ is a wheel load coefficient, W is the wheel load (including an impact factor) and Z is the

effective length of pipe (most references to this equation use an effective length I:3 feet).

Values of the wheel load coefficient Cr are tabulated for different trench geometries (i.e., based

on the ratios of D/2H and L/2II) in several references. A formula to compute the coefficient C,

as a function of D/2H and L/2H has been developed as follows:

=O.r,TW,h""t

sin-r H )'.(t)'.o'
Dt L

2

(L
I

Iz

D
2

Dt
c:o.zr--L'2n m )'*

g.*.9.''+H'

(3.7)

As stated previously, the D/t value as defined by Equation (3.2) has been made non-dimensional

with respect to pipe diameter. Therefore, if a representative value of the lil *n""/D term can b-e

selected to cover a full range of diameters, then Equation (3.2) would be fully independent of the

pipe diameter.

The wheel loads from Equation (3.6) have been plotted in Figure 3-3 for 7ï/nn""t/D as a function

of diometer so that a representative value of lï,,nr"t/D can be selected that represents a full range

of diameters independent of pipe diameter. The dashed lines represent the value Wnn""t/D

selected to be constant for all pipe diameters.
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Figure 3-3. W/D versus Diameter for Wheel Traffic Loads

The load transmitted to the pipe due to surface load with a rectangular footprint based on

numerical integration of the Boussinesq theory is:

(3.8)

where Ç is a rectangular load coefficient, W the total load on a rectangular footprint (including

an impact factor), D is the pipe diameter and A is the area of the rectangular footprint. Ç is a

function of the length and width of the rectangular footprint (L,".1 and 8.""¡) and the depth of
cover H. Although equations 3.8 and 3.6 are the solutions for different loading scenarios,

Spangler points out (Spangler and Handy,1973) that C, in Equation 3.8 can be determined from

Equation 3.7 by replacing L/2withL,eü/2andDl2 with 8,..,/2.

Note that because Equation (3.8) for V[/rccttmgukr has a pipe diameter D term in the numerator,

normalizing by D directly removes the diameter dependence in the normalized load expression.

-4'C, yf
Wo",orgrlo,

W

A
(3.e)

The computed normalized loading on the buried pipe from either fill or traffic loads (i.e., W.t¡t/D,

W.n""t/D, oÍ l[/rrr¡r,nr,,¡r,r/D) can be expressed as a more general vertical load term V[/r",.¡¡rr,¡/D for
use in Equation (3.2).
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Note: A point load can be conservatively estimated by utilizing a rectangular footprint with a
surface contact pressure of 550 kPa (80 psi).

3.4 Sensitivity of Surface Contact Pressure

Fixed loads spread over larger rectangular areas generally have significantly less impact on a

buried pipeline. The magnitude of change is related to depth of cover with shallow cover

exhibiting the larger effects. Figure 3-4 shows the effects of varying surface contact pressures.

Surface Load Multiplier VeEus Allowable Po¡nt Load for Var¡ous Contact Pressures

Soil height = 0.60 m, Vehicle impaclfactor = 1.5
6.0

z
/
/

fâ

/
I

l
-70kPe-

t1

I

I

Footprint Aspect Rat¡o (y/x) = 1.00

140 kPa

2lOkPe-

/
/

I

-2

0 kg 2,000 kg 4,000 kg 6,000 kg 8,000 kg 10,000 kg 12.000 kg 14,000 kg

Allowable Po¡nt Load

5.0

. 4.0
e
4

E
E
I a.o
oJ
o

tØ 2.o

1.0

0.0

Figure 3-4. Surface Load Multiplier versus Allowable Point Load for Various Contact
Pressures

Appendix C contains a full series of plots addressing contact pressures.

3.5 Multiple Wheel Factor
A key consideration in determining live load pressure on the pipe is the location of vehicle

wheels relative to the pipe. A higher pressure may occur below a point between the axles or

between two adjacent axles rather than directly under a single vehicle wheel. This depends on

the depth of cover and the spacing of the wheels.

28

o0421



When depths are not greater than one meter (3 feet), a single wheel directly over the pipe

generally produces the largest load. At depths greater than one meter the maximum load may

shift.

The multiple wheel factor is utilized in the screening tool to account for this shift and varies with

depth. The wheel factor uses the worst case scenario of a load applied by two axles of 6-foot

width and a4-foot space between the axles. The stress at pipeline depth at different locations is

calculated using Boussinesq's equation. Figure 3-5 illustrates the analysis locations. The

calculation considers the load at pipe level from these axles at the point directly under each

wheel (l), at the center of the axle (2), between the front and rear wheels (3), and at the centroid

of the four wheels (4).

6.0 ft

Centroid O

Figure 3-5. Four Locations Analyzed to Determine Worst-Case Loading for Various
Depths

Note: thls
axle

conflguratlon ls conservâtlve ln cases where the actuel axle length is greater and the
spacinq ¡s lonqer.

3.6 Application of the Proposed Approach
The stress calculation approach explained above is described in the following steps

1. Determine the pipe steel grade, the design factor (0.72,0.80), the maximum allowable
circumferential stress (the authors recommend that a value of L00 SMYS is a reasonable
maximum combined circumferential stress at pipeline vehicular crossings, see Appendix
C "Design Loading Criteria"), D/tru*: 125, and the other pertinent analysis parameters
(E', cover depth, etc.).

2. For a selected internal pressure, compute the D/t ratio corresponding to D/t : 2'or'DF/P.
Then compute the circumferential stress due to combined internal pressure using
Barlow's formula and fill load. The fill load is calculated from Equation (3.2) with
Wycrticutset equal to lfi¡u in Equation (3.3).

3. Compute the difference between the circumferential stress due to combined internal
pressure and fill loads and the allowable circumferential stress. This is the "available
circumferential stress capacity" for surface load.

4. Check to see if the available circumferential stress capacity is greater than the established
fatigue limits. If so, determine if the loads are frequent and adjust appropriately.
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5. Set the right hand side (the stress) of Equation (3.2) equalto the "available
circumferential stress capacity" for surface load computed in Step 3 above and solve for
the correspo nding Vl," r¡ ¡ rn¡

6. If the surface loading is a point (wheel) load, set Wu,nceteeuàlTo V[/y¿¡¡¡ça¡and use Equation
(3.6) to solve for the allowable point load ll. If the surface loading is a rectangular
footprint load, set LVr"rtnnsuk,r€gualto Wu",.,¡r.¿/ and use Equation (3.8) to solve for the
allowable load on the rectangular footprint ll.

7. Repeat steps 2 through 6 for a range ofpressures.

Application of this approach for a wheel loading example was used to develop the plot shown in

Figure 3-6. The figure shows allowable wheel load versus internal pressure for cover of 0.9

meters (3 ft) and for Grades of pipe ranging from207 MPa to 483 MPa (Grade A to X70).

Plot of Allowable Wheel Load versus lntemal Pressure
Grcund Surface Load 552 kPa w¡th Rat¡o ='1.00
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Figure 3-6. Plot of Allowable Wheel Load versus Internal Pressure

This same approach has been utilized for 1.2 meters (4 ft) of cover as shown in Figure 3-7.
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Figure 3-7. Plot of Allowable Wheel Load versus Internal Pressure

The graphs shown in Figures 3-6 and 3-7 represent an initial screening tool that can be utilized

by a pipeline operator to determine whether or not a given crossing application requires added

protection, or whether a more detailed calculation is appropriate. Appendix C contains a series

of plots addressing a full range of conditions.

3.7 Sample Calculation
The following is a sample of how the screening tool can be utilized.

A Pipeline Company operates a pipeline in northern Canada. A gravel haul contractor has

requested a temporary road crossing over the pipeline to transport bank run gravel over the

pipeline. They report that the truck will have an effective wheel load of 7 ,250 kg ( 16,000 lbs).

Pipe Attributes:

. OD:610 mm (24-inch)

. WT: 8.14 mm (0.321-inch)

o Grade:359 MPa, (X-52)
¡ DF :0.72

¡ MOP : 6,895 kPa (ga) (l,000 psig)

0
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o Depth of cover 0.9 meters (2.95 ft)

The initial screening requires the following minimum information

Grade, MOP, DF < 0.72, deptlr of cover, competent soil (i.e., non-saturated clay), and knowledge

of pipeline condition (i.e., should not utilize screen tool for pipelines with other known threats

such as may be associated with LF ERW or poor corrosion condition, etc.)

Note: The pipeline OD and WT are not required. This
approach can be used as a quick screening tool for
nontechnical persons but it is very conservative.
The user should refer to the procedure outlined
above to develop a less conservative approach.

From Figure 3-6 it has been determined that the stress imposed on the pipeline as a result of this

wheel loading is acceptable for grades equal to or greater than290 MPa (42,000 psi). Therefore,

the crossing is acceptable. For grades below 290 MPa (42,000 psi), the initial screening tool

identified that this loading condition has the potential to exceed the allowable limits. If the grade

is lower Than290 the following options are available:

o Perform a more detailed calculation;

. Find a location with additional cover and/or place additional cover over the pipeline.

Figure 3-7 indicates that 4 feet of cover will be adequate for pipeline grades equalto or

greater than24l MPa (35,000 psi);

o Provide supplemental protection (concrete slab, etc.).

4.0 AssnssvrrNT oF Mrrrc¡.uoN OprroNS FoR BuRrnn
Prpnr,ruEs SUBJECTED To SURFACE TRAFFIC

4.1 Introduction
The first task of th¡s project for CEPA was a"Literature Search Summary" which documented

the available methods for evaluating the effects of fill and surface loads on buried pipelines as

summarized in Section 2. Using Section 2 as a starting point, the second work task developed a

simple screening method which allows a pipeline operator to determine if a given crossing

application requires added protection or if a more detailed calculation is appropriate. The goal of
the screening method is to use relatively simple and easily obtainable attributes (e.g., wheel or

axle load, ground surface contact areaandlor surface loading pressure, depth of cover, maximum

allowable operating pressure and design factor). The screening calculations are summarized in

the Section 3.
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Building on these two previous work tasks, the third work task is to evaluate various ternporary

surface load-dispersal techniques and other mitigation approaches that are often used as a means

to lessen the effects of surface loading. The effectiveness of various methods will be

investigated with the goal of ranking the methods based on their capabilities for reducing adverse

effects on the pipeline and ease of installation. This task will also define minimum requirements

such as slab or mat stiffness, thickness, and length necessary in order to provide the desired

protection and identify situations where a given technique may be ineffective.

4.2 Overview of Mitigation Measures

Pipeline engineers have a number of options available to reduce the stresses on buried pipelines

subjected to fill and surface traffic loading. Table 4-l provides a listing of different mitigation

measures that we have seen utilized along with their relative advantages and disadvantages. The

following sections provide a more detailed discussion of these mitigation methods.

4.3 Reduction of Pipe Internal Pressure during Vehicle Passage

Mitigation scenarios which reduce the pipe internal pressure to reduce hoop stress due to

pressure are worthy ofconsideration even though reducing the internal pressure tends to increase

the circumferential stresses due to fill and traffic loads. Fill and surface traffic stress analyses of
the total circumferential stress (i.e., hoop stress plus fill and traffic stress) over a range of pipe

intemal pressures will show an optimum pressure that results in the minimum total

circumferential stress. At the "trough point" of a plot of the total circumferential stress versus

internal pressure, the increases in fill and traffic load induced stresses due to reduced internal

pressure are offset by the reduction in hoop stress. hr addition to the total circumferential stress,

this approach should also be evaluated by comparing the traffic component of the circumferential

stress to a fatigue endurance limit. Reducing the pipe internal pressure is attractive as a short-

term solution (e.g., for mitigating a limited number passages of a crane over a buried line near a

construction site). However, because a reduction of line pressure can have a direct impact on

pipeline throughput, it is not attractive as a long-term or permanent solution.

4.4 Surface Protection via Limiting Surface Vehicle Footprint
Pressure

Several of the mitigation methods listed in Table 4-l (i.e., steel plates, timber mats, concrete

slab) can be classified as "Surface Protection" methods. These methods deploy a flat surface

structure (e.g., plate, mat or slab) on the ground surface as a means of dispersing the surface

vehicle load over a wider area. The idea behind these methods is that they distribute the surface

loads over a larger "footprint" area than that provided by the surface vehicle alone. The effective

footprint area of the vehicle load would be distributed uniformly over the entire footprint of the

surface structure for a rigid flat surface structure centered under a vehicle load. In cases where
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the vehicle load is applied eccentrically on the flat surface structure, for very large surface

vehicle loads and/or relatively flexible flat surface structures, the actualdistribution of pressure

on the ground surface may be far from uniform. In fact, portions of the flat surface structure can

actually lift offof the ground surface. The behavior of flat surface structure mitigation methods

can be investigated using beam on elastic foundation analysis methods. The analysis considers

the distribution of the vehicle load on top of the flat surface structure, the bending flexibility of
the flat surface structure, and the stiffness of the soil below the flat surface structure. Given this

information, it is possible to estimate an effective footprint for the loading situation, which may

be significantly less than the full footprint of the pad, mat, or plate.

Under ideal circumstances, a heavy vehicle crossing a buried pipeline would be arranged such

that the heavy vehicle's path of travel crosses the pipeline at a90o angle. For a beam on elastic

foundation analysis, the essential structural characteristic ofthe flat surface structure (i.e., the
oobeam") are the modulus of elasticity and the moment of inertia (E and I). The moment of
inertia is usually based on a unit width of the flat surface structure in the direction perpendicular

to the pipeline. The foundation component of the model can be developed based on the soil

spring computation procedures used for strip foundation analysis and design. For previous

applications, we have modeled the "bearing" spring stiffness values using the procedures

described in [ALA]. The required input properties include the soil density, soil friction angle,

and soil cohesion. The resulting "spring" properties include the ultimate resistance of the "strip"
foundation (in force per unit length, e.g., klf), the "yield" displacement (usually taken as some

fraction of the strip foundation width, e.g., inches), and the corresponding elastic stiffness (in

force per rrnit length per unil clisplacement, €.9., klf per inch). The loacling on the moclel inclucles

a uniform self-weight of the surface structure plus the vehicle load (e.g., a point load or short

uniform load) that acts on top of the unit width of the surface structure.

The results of this type of analysis include the deflection profile of the flat surface structure and

the distribution of bearing force along the length of the flat surface structure and along the

pipeline. In general, the results show a distribution of bearing force and downward deflection of
the surface structure that is largest directly under the center of the vehicle load and diminishes

with distance away from the center of the vehicle load. Depending on the relative stiffnesses of
the flat surface structure and the soil foundation, it is possible for portions (e.g., the ends) of the

flat surface structure to deflect upward, creating a gap between the bottom of the flat surface

structure and the top of the soil surface which reduces the length that is in contact with the

ground surface. Based on this information, the engineer can perform additional surface traffic
stress calculations using a range of rectangulai load footprint assumptions to approximate the

bearing pressure distribution. The bounding assumptions are to apply the entire vehicle load

over the portion of the surface structure that remains in contact with the ground surface (e.g., use
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an effective along-the pipe length) or apply a load that generates an equivalent maximum bearing

pressure over a shorter along-the pipe length (e.g., use an effective bearing pressure).

We have adopted the following formula to determine the revised footprint of the dispersed load

This formula is referred to as the radius of stiffness and is commonly utilized to determine the

pressure intensity on rigid pavements.

E.h3---------------=-
12.(1-v.)..8s'

(4.1)

where:
L: radius of stiffness of slab/plate
E: modulus of elasticity of slab/plate
h : thickness of slab/plate
v: Poisson's ratio of slab/plate
E.' : Elastic modulus of soil in contact with the slab

A review of the formula shows that the thickness of the slab plays the most significant role in

spreading the surface load. Figures 4-l through 4-4 show the effects of placing slabs on the

ground surface as a means to spread the surface load over a larger area for steel and concrete

slabs. Based on a review of these figures, a7.6 cm (3-inch) thick steel slab provides the same

surface load spread as does a 15.2 cm (6-inch) thick concrete slab. Since steel is significantly

more costly to use than concrete this comparison suggests that concrete may be more cost

effective to utilize. We have also performed a similar review of timber mats. The results

indicate thaf a 20 cm (8-inch) thick timber mat results in a similar load spread to the 1 5 .2 (6-

inch) concrete slab. Based on this information, a timber mat may be more cost effective to use

than either steel or concrete. Figures 4.5 and 4.6 show the effects of placing timber mats on the

on the ground surface as a means of spreading the surface load over a larger area. It is important

to note that the individual timbers within the mat must be tied in a manner that provides for a

uniformly transfer of load between timbers making up the mat.

Equation 4.1 can be used to determine the minimum size of the surface protection mat. At a

minimum the protection must extend a distance of Ll2 beyond the wheel/track in all directions.

To ensure the proper load transfer we recommend 1.5 times this value.

L
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Lower pipeline

Relocate the pipeline

Construct a short bridge crossing
over the pipeline

Construct a concrete slab with steel

reinflorcement over the crossing area

Deploy timber mats over the
crossing area

Deploy steel plates over the crossing

Provide additional soil fill over the
pipeline in the vicinity of the
crossing

Consider the beneficial effect of
lateral soil restraint on
circumferential stress

Limit surface pressures under
vehicles (e.g.. using floatation tires
or catemillar tracks)

Reduce the operating pressure ofthe
pipeline.

Method

Reduces circumferential stresses

due to traffic loads.

Removes pipeline from loaded
area.

Completely uncouples the traffic
loading from the buried pipeline.

Provides large loading footprint.
Slab can provide high bending
stiffness

Provides large loading footprint.
Relatively easy to deploy.

Easy to install.

Reduces circumferential stresses

due to traffic loads.

Has effect similar to pressure
stiffening

Spreads the surface load over a

larger area and reduces the overall
load to the oioe.

Provides a direct reduction of the
hoop stress due to internal
pressure. This reduction allows
for additional circumferential
stress due to equipment loads

Advantases

Expensive to perform.
Usually considered only as a last
resort.

Expensive to construct.
Usually considered only as a last
resort.

Requires construction of foundation
structures.
Expensive to construct.
Usually reserved for permanent
crossings.
Bridge structure may limit access to
pipeline for inspections and repairs.

Relatively expensive.
Usually reserved for permanent
crossings.
Slab li¡rrits acccss [o pipelinc lur
inspections and repairs.

Flexibility of timber mats can result in
bending of the mats with a

corresponding reduction in loaded
footprint.

Flexibility of steel plates can result in
bending olthe plate with a

corresponding reduction in loaded
footprint. Need to consider required
thickness.

Increases circumferential stresses due
to fill loads.

Requires estimates of soil stiffness
parameter, E'

Depends on equipment. May not be

possible or too costly to implement

Reduces the beneficial effect of
internal pressure on the pipe
circumferential bending stresses due to
fill and traffic loads.
Could reduce the overall capacity of
the pipeline and therefore should not
be considered as a long term fix.

Disadvantases

Table 4-1. Surface Loading Mitigation Measures
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Comoarison of Radius of Stiffness Versus Slab Thickness for Various Soil Modulus
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4.5 Consideration of Ovalling Restraint Provided By Soil
Sections 2 and 3 give equations that show the effect of ovalling restraint resulting from the soil

around the pipe as a function of the modulus of soil restraint, E'. When E' is set equalto zero,

the equations decompose to those which neglect soil restraint while non-zero values of E' allow

the beneficial effect of soil restraint to be considered. Cases that barely exceed the allowable

stress check(s) when soil restraint is neglected or set as a lower bound may be able to pass the

allowable stress check(s) when modest levels of soil stiffness are considered. Therefore, the

ability to include or exclude the effects of soilrestraint in the screening calculations provides the

engineer with the ability to easily perform "what if'analyses of a given configuration as a basis

for assessing a given crossing scheme.

4.6 Provide Additional Fill over Pipeline at Crossing
A relatively popular procedure that has been utilized for mitigating pipe stresses due to surface

vehicle loading is to provide additional soil fill over the pipeline at the crossing. This mitigation

method increases the total depth of cover used in the pipe stress calculations for fill and traffic

loads. This has a direct positive effect of reducing the circumferential stresses due to vehicle

loads. It also has a direct negative effect of increasing the circumfereritial stresses due to fill
loads. For many applications (e.g., situations with high impact factors and/or high traffic stress

but with relative low stresses due to fill), the beneficial effect of the reduction in traffic stress can

far exceed the negative effect of increased fill stress. This tradeoff can easily be investigated by

performing pipe stress calculations for a range of cover depths. One can compare the effect of fill
and traffic load on the total circumfèrential stress against appropriate total stress limits and

compare the traffic stress range against appropriate fatigue stress limits.

4.7 Combination of Mitigation Methods
Additional mitigation can be provided by using combinations of the various measures described

above to reduce the overall stress level on the pipeline.

4.8 References

[ALA] ASCE American Lifelines Alliance "Guidelinesþr the Design of Buried Steel Pipe",
Published by the ASCE American Lifelines Alliance, www.americanlifelinesalliance.org, July
2001.
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AppnNorx A:

A-1 Design Loading Criteria
The governing code for Canadian pipelines is CSA 2662-03

1. Design Pressure to be Calculated using:

CSA 2662-03 Section 4.3.3.1 specifies:

P : (2(SMYSX/D) x F x J x L x T
where:

o F: Design Factor
o J:JointFactor
o L=LocationFactor
¡ T:TemperatureFactor
o t: pipe wall thickness
o D: Pipe diameter
o P: Pressure

The design factor is specified as 0.8

The joint factor is I .0 unless continuous welded pipe is used

The location factor is 1.0 for class I locations for both non-sour gas and HVP and LVP. The
temperature factor is I .0 unless design temperature exceeds 120 deg. C.

2. Combined Hoop and Longitudinal Stress

CSA 2662-03 Section 4.6.2.1

Unless special design measures are implemented to ensure the stability of the pipeline, the
hoop stress due to design pressure combined with the net longitudinal stress due to the pipe

temperature changes and internal fluid pressure shall be limited in accordance with the
following formula.

Sr'-Sr<0.90SxT
Note: This formula does not apply if S¡ is positive (i.e., tension)

where

S¡' : hoop stress due to design pressure, units

S¡ : longitudinal compression stress, MPa, as determine using the following formula:

S¡:vSn-E.4.(T2-T1)
Where

v : Poisson's ratio
E": modulus of elasticity of steel, MPa
c, : linear coefücient of thermal expansion, units
T2 : maximum operating temperature, oC

T1 : ambient temperature at time of restraint, oC

S: SMYS
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Poisson's Ratio (u):
Thermal Expansion Coef, (a):
Younps Moduhs (E) =

Pipe Attnbutes

x-207
x-241
x-290
x-317
x-359
x-386
x-414
x-448
x-483

Grade

x-30
x-35
x-42
x-46
x-52
x-56
x-60
x-65
x-70

28.3 C

33.1 C

39.7 C

43.4 C

49.1C
52.9 C

56.7 C

61.4 C

66.1C

Allowable T2-T1 o¡:0.80
SMYS

0.3

12.0 x l0ó rn/rnlc 6.67 x106 hr/hÆ

206.8 GPa 30,000 ksi

51. F

59.5 F

71.4 F

78.2 F

88.4 F

95.2 F

102. F

110.5 F

l19.F

33. C

38.5 C

46.2 C

s0.6 c
57.2 C

6r.6 C

66. C

71.5 C

77, C

Allowable T 2-T 1 o ¡=0.72
SMYS

59.4 F

69.3 F

83.2 F

9l.l F

103. F

I10.9 F

I 18.8 F

128.7 F

138.6 F

T: Temperature Factor

Allowable T _T

Note: The provisions of Clause 4.6.2.1 places restrictions on the combination of hoop stress based on

Barlow's equation and longitudinal stress based on the Poisson effect of Barlow's equation and

temperature differential. You will note that additional loads such as external circumferential stresses

have not specifically been included in this restriction. As a result, the provisions of Clause 4.6.2.1 are

independent ofthe additional circumferential stresses as a result ofoverburden loads and trafüc loads.

3. Other Loadings and Dynamic Effects
CSA 2662-03 Section 4.2.4.1 states:

The stress design reqttirements in this Standard are specifically limited to design

conditions for operating pressure, thermal expansion ranges, temperature dffirential,
and sustainedforce and wind loadings. Additional loadings other than the specified

operating loads are not specffically addressed in this Stctndard; however, the designer

shall determine whether supplemental design criteria are necessary for such loadings

and whether additional strength or protection against damage modes, or both, should be

provided. Examples of such loadings include:...

hl Excessive overburden loads and cyclical trffic loads

Circumferential stresses as a result of traffic loads are considered additional loads in CSA, and

therefore the designer shall determine whether additional design criteria are necessary. The

follow sections address the additional design criteria.
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4. Maximum Combined Effective Stress

CSA 2662-03 Section 4.2.4.1 specifies that all relevant loads need to be assessed using good

engineering practices. CSA does not directly provide a limit to the maximum combined

effective stress allowed for onshore pipelines however Section ll.2.4.2.2.5 allows for a

combined effective stress of up to the SMYS for offshore pipelines. Further guidance for the

allowable limit for the combined effective stress can be found in the ASME Boiler and Pressure

Vessel Code Sections VIII Division 2 (BPVC). The BPVC differentiates between membrane and

bending stresses. In the case of a pipeline, the membrane stress is the stress resulting from the

internal pressure in the pipe. This stress is limited in CSA 2662-03 to the design factor of 0.8

SMYS. The additional stress that results from overburden and surface loading are bending

stresses. An object can obtain yield at the outer surface in bending and still have a large amount

of residual load carrying capacity as a result of the bending stress distribution. For example, the

moment on a beam in bending at the outer fiber yield is 2/3 of the collapse moment. There is

also additional load carrying capacity resulting from the strain hardening of the steel. For this

reason, the BPVC allows the combination of membrane and bending stresses to go as high as the

yield strength of the material.

Based on the above argument the screening tool has adopted the following as the limit for the

combined effective stress:

S"o < l.00SxT
where

Seq : the combined effective stress.

5. Maximum Allowable Sum of Circumferential Stress
CSé.2662-03 does not specifically have a clause that places a limit on maximum allowable sum

of circumferential stresses. If the longitudinal stress is greater than zero the circumferential

stress can exceed the yield stress of the material and the combined effective stress still remain

below the yield stress of the material. If the longitudinalstress is reduced there could be yielding

beyond the surface of the pipe. In order to insure that there is no gross yielding in the pipe wall,

the sum of the circumferential stress should also be limited to the SMYS of the pipe.

Based on the above the screening tool has adopted the following:

S¡*5ç6<l.00SxT
where

S¡ : hoop stress due to design pressure,

5"6 : circumferential through-wall bending stress caused by surface vehicle loads or other

local loads.

6. Fatigue Strength of Line Pipe
The fatigue strength of line pipe depends on whether the pipe is seamless, has an electric-

resistance weld (ERW) seam, or has a double submerged arc weld (DSAW) seam in either the
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longitudinal or spiral direction. Data on line pipe from the German Standard DIN 2413 showed

that the limiting variable stress was about 138 MPa (20 ksi) for ERW or seamless line pipe and

83 MPa (12 ksi) for DSAW line pipe. This data compares favorably with information from the

International Institute of Welding, the American Institute of Steel Construction, and the AREA

Manual for Railway Engineering. The version of CSA 662-2003 Section 4.8.3.2 Uncased

Railway Crossings has established a fluctuating stress limitation of 69 MPa (10 ksi) based on 2

million cycles. This value is conservative as it applies to new facilities; however, it may be more

appropriate with regard to older facilities. Certain pipe seam types such as LF ERW and EFW

may be subject to seam susceptibility. The operator should consider these factors if heavy

equipment cross the pipeline at high frequencies.

44

00437



AppnNorx B:

Sensitivity Analysis of Factors Utilized in Screening Model with Regards
to Equipment with Low Surface Contact Pressures

This section provides for a sensitivity analysis of factors utilized in the Screening Model, which

when applied to equipment with low surface contact pressures, have the potential to provide for

additional conservatism.

B-1 Impact Factor \

We recommend using a reduced impact factor of 1.25 for slow moving equipment with low

pressure tires. This value meets the AASHTO specification for cover depths greater than 0.3 m.

An impact factor of 1.5 has been used in the model to address the dynamic nature of traffic loads

on flexible surfaces. This value is based on a recommendation by the ASME committee on

Pipeline Crossings of Railways and Highway. The specification called for an impact factor of
1.5 to be applied to traffic live loads for roads with flexible pavements. No impact factor is

required for roads with rigid pavements.

It is important to note that AASHTO recommends impact factors in its specifications. Impact

factorsof 1.3, l.2,l.1,and l.0areappliedatdepthsof 0,0.1 to I ft, 1.1to2.0 ftand2.l to3.0ft,
respectively. It is noted that the concrete design manual utilized by many in the industry also

uses the same factors.

The variables that govem the magnitude of impact factor ale as follows:

o Impact factors increase with increasing vehicle speed,

o Impact factors increase with increased tire pressure

. Impact factors increase with increased roughness of the ground.

With respect to the above factors, equipment with low surface contact pressures will produce less

of an impact than that of a truck for the following reasons:

The equipment are specifically design to have low ground surface pressure to reduce

compacting of the soil strata;

Equiprnent of this design normally utilize low pressure pneumatic tires with contact

pressure << 200 kPa(ga) (30 psig);

This type of equipment typically operates at lower velocities < l5 kph (10 mph).

Figures B-l through 8-6 show the effects of reducing the impact factor from 1.5 to I .25 for

equipment with low surface contact pressures. It is noted that the effects are constant based on

the ratio of 1.5/l .25 or 1.2 for the results shown.

a

a

a
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B-2 Bedding Angle of Support
The terms K6 and K- are bending moment and deflection parameters respectively based on theory

of elasticity solutions for elastic ring bending, which depend on the bedding angle as shown in

Table B-1.

Table B-1. Spangler Stress Formula Parameters IÇ and lÇ

180

150

120
90

60
30
0

Beddine Anele (des)

0.125
0.1 28
0.1 38
0.1 57

0.1 89
0.235
0.294

Moment Parameter K¡

0.083
0.085
0.089
0.096
0.1 03

0.1 08

0.1 10

Deflection Parameter K,

Bedding angles of0, 30 and 90 degrees are taken as corresponding to consolidated rock, open

trench, and bored trench conditions respectively. A 30 degree angle is typically utilized and is

representative of open trench construction with relatively unconsolidated backfill such that fully
bearing support of the pipe is not achieved. While this is an acceptable and generally

conservative value to utilize for a newly constructed pipeline, one could argue that as the soil re-

consolidates around the pipeline over time the actual bearing support will be much greater.

Figures B- 1 through 8-6 show the effects of increasing the bedding support angles from 30 to 60

degrees as well as from 30 to 90 degrees. The effects ofchanging the bedding support angle are

significant and range from 1 .28 to 1.75 for a change from 30 to 60 degrees and from I .47 to 2.37

for a change from 30 to 90 degrees.

B-3 Modulus of Soil Reaction E (or Z)
The modulus of soil reaction, E' (or Z) defines the soil's resistance to pipeline ovalling as a

result of dead and live loads acting on the pipeline. A value of 250 psi has been utilized as a

conservative number and represents fine grained soils of medium compaction. Values in the

range of 1,000 psi are not uncommon. A value of 500 psi would be acceptable in soil conditions

where additional soil consolidation around the pipe has occurred.

Figures B-l through 8-6 shows the effects of increasing the modulus of soil reaction from 250

psi to 500 psi. A multiplier of approximately I .l was observed as a result of doubling the

modulus of soil reaction from 250 to 500 psi. This multiplier decreases with increased pressure.
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Surface Load Multiolier Versus Various Variable Chanoes
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Figure B-1. Surface Load Multiplier versus Various Variable Changes
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Surface Load Multiolier Versus Various Variable Chanoes
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AppnNorx C:

Proposed Guideline - Infrequent Crossings of Existing Pipelines at Non-
Road Locations
Where practical, crossings of pipelines shall occur at designated locations along the right-of-way

preferably at purpose-built locations such as roads designed for such use. In situations where

existing pipelines are to be crossed at locations not specifically designed as a crossing location, it
shall be permissible to cross the pipeline by equipment imposing surface loads provided that the

following requirements are met:

a. The crossing of the pipeline is infrequent and temporary.

b. The pipeline is suitable for continued service at the established operating pressure.

The pipeline operator shall consider service history and anticipated service conditions

in this evaluation.

c. The piping is not subjected to significant secondary stresses, other than those directly

imposed by the crossing of the pipeline.

d. The anticipated surface loading given below are used in Figure C-l(a) through C-l(h)
and modified by Figures C-2,C-3, or C-4.

As an alternative to Clauses a thru d, an engineering assessment of site-specific conditions is

acceptable. This detailed engineering analysis shall consider the resulting combined stresses on

the pipeline as a result of all loads expected to be imposed during its usage as a crossing location.

Figures C-f (a) thru C-l(h)
Figure C- I (a) through C- I (h) present the maximum live surface "point" load in kilograms for

cover depths of 60 cm, 90 cm, 120 cm, and 1 50 cm and design operating pressures of 72Yo

SMYS and 80% SMYS.

Nnfes cnnlicqhle tn Fiorrrec C-l lq - h\'

(l) For intermediate operating pressure or grades, it shall be permissible to determine the
surface load by interpolation.

(2) Design conditions used to develop the table are as follows:
o Depth of cover, as indicated.

o Maximum hoop stress of 720% or 80% percent SMYS, as indicated.

o Maximum combined circumferential stress of 100 percent SMYS.

. Surface loading based on a contact pressure of550 kPa (80 psi) applied over a

rectangular area with aspect ratio (y/x) : l. This contact pressure is designated as the

'opoint" load case.

¡ Fluctuating stress limitation of 82.7 MPa (12 ksi) based upon 2,000,000 cycles.
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o Maximum D/t ratio of 125.

. Soil Modulus E : 7,724 kPa (250 psi) at pipe.

. Soil Density : 1,922 kd-'(120 lbs/ft3).

. Loading criteria includes an impact factor of 1.5.

r Maximum combined effective stress of up to 100 percent SMYS.

o A temperature differential of AT: 50'C or the maximum temperature limitation as per

CSA Clause 4.6.2.1(section 2 above) whichever is the lower is included in the calculated

the longitudinal stress.

o Multiple wheel influence factor (if applicable).
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Surface Load Multiplier for Rectangular Footprint and Various Contact
Pressure Figures C-z(a) through C-2(d)
Figures C-2(a) through C-z(d) present the Load Multiplier that can be applied to the previous

determined allowable live surface "point" load for surface loads applied over a square footprint

with contact pressures ranging from 35 kPa through 420 kPa (5 psi through 60 psi). The figures

apply for cover depths of 60 cm, 90 cm, 720 cm, and I 50 cm (zft,3ft,4ft, 5ft).
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Surface Load Multiplier for Track Loads Figures C-3(a) through C-3(d)
Figures C-3(a) through C-3(d) present the Load Multiplier that can be applied to the previously

determined allowable live surface oopoint" load for Track Loads. Track loads have been

represented as surface loads applied over a rectangular footprint with an aspect ratio

(Lengtlt/Width) of 4. The figures apply for cover depths of 60 cm,90 cm,l20 cm, and 150 cm

(zft,3ft,4ft,5ft).
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Surface Load Mult¡p¡¡er Ve6us Allowable Point Load for Various Corfact Pressures
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Surface Load Multiplier for Concrete Slab Figures C-4(a) through C-
4(d)
Figures C-a@) through C-4(d) present the effects of placing a concrete slab on the surface as a

mitigative measure to increase the allowable surface "point" load. The figures apply for cover

depths of 60 cm, 90 cm, 120 cm, and 150 cm (2ft,3ft,4ft, and 5ft).
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Surface Load Multiplier for Timber Mats Figures C-5(a) through C-s(d)
Figures C-5(a) through C-5(d) present the effects of placing a20 cm (8-inch) thick timber mat on

the surface as a mitigative measure to increase the allowable surface "point" load. The figures

apply for cover depths of 60 cm, 90 cm, 120 cm, and 150 cm (2 ft,3 ft, 4 ft, 5 ft).

Note: It is important to note that the individual timbers within the mat must be tied in a
manner that provides for a uniformly transfer of load between timbers making up the
mat.
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Appnurrx D:

Proposed Guideline - Equipment with Low Surface Contact Pressure
Crossing of Existing Pipelines

Where practical, crossings of pipelines shall occur at designated locations along the right-of-way

preferably at purpose-built locations such as roads designed for such use. In situations where

existing pipelines are to be crossed at locations not specifically designed as a crossing location, it
shall be permissible to cross the pipeline by equipment imposing low surface contact loads

provided that the following requirements are met:

a. The crossing of the pipeline is infrequent.

b. The pipeline is suitable for continued servièe at the established operating pressure.

The pipeline operator shall consider service history and anticipated service conditions

in this evaluation.

c. The piping is not subjected to significant secondary stresses, other than those directly

imposed by the crossing of the pipeline.

d. The anticipated surface loading is below that provided in Figure D-l(a) through D-

l(Ð.

As an alternative to the above requirements, an engineering assessment of site-specific

conditions is acceptable. This detailed engineering analysis shall consider the resulting

combined stresses on the pipeline as a result of all loads expected to be imposed during its usage

as a crossing location.

Note: Figures D-l(a) thru D-l(f) utilize a 60 degree bedding angle. A 30 degree angle is
typically utilized and is representative of open trench construction with relatively
unconsolidated backfill such that the full bearing support of the pipe is not achieved.
While this is an acceptable and generally conservative value to utilize for a newly
constructed pipeline, a 60 degree bedding angle has been utilized to reflect a mature
pipeline where soil has re-consolidated around the pipeline providing additional support.

Note: Figures D-l(a) thru D-l(Q utilize an Impact Factor of 1.25 versus 1.50 to take into
account that equipment with low surface contact pressures are:

Typically designed not to compact the soil strata.

Designed to utilize low pressure pneumatic tires with contact pressure < 200 kPa(ga) (30
psig

Designed to operate at lower velocities < l5 kph. ( l0 mph)
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Figures D-1(a) through D-1(Ð
Figure D-l(a) through D-l(Ð present the maximum live surface "point" load in kilograms for

cover depths of 60cm, 90 cm, 120 cm & I 50 cm and design operating pressures of 72%o SMYS

and 80% SMYS.

Notes aonlicable to Fisures D-l la) throush ffl:

I ) For intermediate operating pressure or grades, it shall be permissible to determine the surface
load by interpolation.

2) Design conditions used to develop the table are as follows:
o Depth of cover as indicated

o Maximum hoop stress of 72Vo or 80% percent SMYS as indicated

. Maximum combined circumferential stress of 100 percent SMYS

o Surface loading based on a contact pressure of207 kPa (30 psi) applied over a

rectangular area with aspect ratio (y/x) : I

o Fluctuating stress limitation of 82.7 MPa (12 ksi) based upon 2,000,000 cycles

. Maximum D/t ratio of 125.

. Soil Modulus E' : 1,724 kPa at pipe.

. Soil Density :1,922 kg/.'
o Loading criteria includes an impact factor of 1.25.

o Ma,rimum combined effective stress of up to 100 percent SMYS.

o A temperature differential of ÂT: 50'C or the maximum temperature limitation as per

CSA Clause 4.6.2.1(section 2 above) whichever is the lower is included in the calculated

the longitudinal stress.

o A 60 degree bedding angle has been utilized reflecting a mature pipeline where the soil

has re-consolidated around the pipeline providing additional support.

o Multiple wheel influence factor (if applicable)
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Plotof Allowable Wheel Load versus lnternal Pressure
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Surface Load Multiplier for Rectangular Footprint and Various Contact
Pressure Figures D-2(a) through D-2(d)
Figure D-2(a) through D-2(d) present the Load Multiplier that can be applied to the previous

determined allowable live surface load for surface loads applied over a square footprint with

contact pressures ranging from 35 kPathrough 420kPa (5 psi through 60 psi). The figures apply

for cover depths of 60 cm,90 cm, 120 cm, and 150 cm (2ft,3ft,4ft, 5ft).
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