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NOTICE OF COPYRIGHT 

Copyright © 2025 Energy Connections Canada (ECC). All rights reserved. Energy Connections Canada and 

the ECC logo are trademarks and/or registered trademarks of Energy Connections Canada. The trademarks 

or service marks of all other products or services mentioned in this document are identified respectively. 

 

DISCLAIMER OF LIABILITY 

In June 2023, the former Canadian Energy Pipeline AssociaƟon (CEPA) FoundaƟon rebranded to ECC. 
Among ECC members are previous CEPA pipeline operators who supported the creaƟon of the 
Development of a Pipeline Surface Loading Screening Process & Assessment of Surface Loading Dispersing 
Methods. 

The mission of ECC is to mobilize the Canadian energy pipeline industry to influence an evolving energy 

sector and to achieve excellence in all aspects of industry performance: safety, sustainability, integrity, 

efficiency, and learning. The publication of this document is ECC’s contribution to the safe pipeline 
delivery of energy products to benefit Canadians and the world. 

Use of this Guideline described herein is wholly voluntary.  The Guideline described is not to be considered 

an industry standard and no representation as such is made.  It is the responsibility of each operator, or 

other users of this Guideline, to implement practices that suit their specific pipelines, needs, operating 

conditions, and location. 

Knowledge and understanding of pipe and soil interaction and stress distribution continue to grow and 

develop and, as such, this Guideline is revised from time to time.  For that reason, users are cautioned to 

confer with ECC to determine that they have the most recent edition of this Guideline. 

While reasonable efforts have been made by ECC to assure the accuracy and reliability of the information 

contained in this Guideline, ECC makes no warranty, representation or guarantee, express or implied, in 

conjunction with the publication of this Guideline as to the accuracy or reliability of this Guideline.  ECC 

expressly disclaims any liability or responsibility, whether in contract, tort or otherwise and whether based 

on negligence or otherwise, for loss or damage of any kind, whether direct or consequential, resulting 

from the use of this Guideline.  This Guideline is set out for informational purposes only. 

References to trade names or specific commercial products, commodities, services, or equipment 

constitute neither endorsement nor censure by ECC of any specific product, commodity, service or 

equipment. 

The ECC Guideline is intended to be considered as a whole, and users are cautioned to avoid the use of 

individual sections without regard for the entire document.  
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Executive Summary 

The 2025 ediƟon of the Guideline for Surface Loading Assessment captures published studies completed 
by the Pipeline Research Council InternaƟonal to validate the original method developed for the former 
Canadian Energy Pipeline AssociaƟon. Except for a few cases, the Įeld results of those studies indicated 
that the model generally led to conservaƟve assessments for straight pipe without imperfecƟons. Since 
the validaƟon projects, there have been other published works by the industry to improve on diīerent 
aspects of surface loading assessment, including improved accuracy of assessment and understanding of 
induced stress distribuƟon acƟng on buried piping. 

This updated Guideline captures enhancements made to date and proposed enhancements to the original 
model that can further improve accuracy, but some validaƟon may be warranted. A knowledge gap sƟll 
exists for the surface loading assessment of pipe containing known imperfecƟons, so addiƟonal studies or 
Įeld validaƟon iniƟaƟves may be necessary to enhance understanding and to guide the assessment of 
such cases. 

While a “CEPA surface loading calculator” created by Kiefner and Associates to supplement the original 
model may be available online and can be used as a screening tool with its inherent assumpƟons and 
limitaƟons, it is not associated with this revised Guideline. Each pipeline operator can leverage referenced 
documents and relevant equaƟons provided to build a company-speciĮc tool to assess crossings that may 
impact its pipelines.  
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1. Introduction to the Updated Guideline 

1.1 Background 

In Canada, new pipelines are required to be installed with a minimum of cover as speciĮed in Clause 4 of 
CSA Z662:23 based on service Ňuid and class locaƟon designaƟon.1 While there have not been conĮrmed 
pipeline failures aƩributed solely to induced stress from vehicular crossings over a right-of-way (ROW),2 
frequent vehicular crossings of buried pipelines by agricultural and non-agricultural equipment, where 
exisƟng depth of cover may have changed over the years, present pipeline integrity concerns. Stresses 
from vehicular crossings may contribute to incremental damage that could, over Ɵme, lead to issues such 
as circumferenƟal or oī-axis cracking and pipe deformaƟon. 

Canadian pipeline operaƟng companies are obligated to ensure the movement of agricultural equipment 
is not impeded for deĮned agricultural acƟviƟes3, which necessitates the need to have adequate pipeline 
depth of cover in place to minimize unacceptable induced stresses. 

Consequently, in 2005, the Canadian Energy Pipeline AssociaƟon (CEPA)4 engaged Kiefner and Associates 
(Kiefner) to develop a screening process and method to support operaƟng companies in the assessment 
of surface loads acƟng on buried pipelines. The assessment method was further reĮned in 2009. 

 

 

 
1 Table 4.9 of Clause 4 in CSA Z662:23 speciĮes minimum cover for buried pipelines. Clause 3(2) of the Pipeline 
RegulaƟon in BriƟsh Columbia (eīecƟve October 4, 2010) requires a minimum of 0.8 m of cover under agricultural 
land. Meanwhile, Clause 29(2) of the Pipeline Rules in Alberta (in force November 15, 2023) requires an 
engineering assessment to demonstrate less cover than required by the Pipeline Rules or CSA Z662:23 would be 
acceptable. 
2 Based on available published invesƟgaƟon reports as of the date of this Guideline. 
3 SubsecƟon 49(1) of the Alberta Energy Regulator’s Pipeline Rules states the following: “Except where otherwise 
provided in this secƟon, no person shall operate a vehicle or equipment across a pipeline at a point that is not within 
the upgraded and traveled porƟon of a highway or public road without Įrst obtaining consent from the licensee of 
the pipeline.” SecƟon 49(4) then states that “the consent of the licensee under subsecƟon (1) is not required for a 
vehicular crossing by … (b) a vehicle used for agricultural operaƟons.” 

SecƟon 13(1)(b) of the Canadian Energy Regulator Pipeline Damage PrevenƟon RegulaƟons – AuthorizaƟons 
(eīecƟve June 19, 2016) states that “the operaƟon across the pipeline of a vehicle or mobile equipment that is used 
to perform an agricultural acƟvity is authorized if…the point of crossing (b) has not been the subject of a noƟĮcaƟon 
under secƟon 7 of the Canadian Energy Regulator Pipeline Damage PrevenƟon RegulaƟons – 

ObligaƟons of Pipeline Companies (also eīecƟve June 19, 2016). SecƟon 7 of that legislaƟon states the following: 
“Even if the condiƟon set out in paragraph 13(1)(a) of the Canadian Energy Regulator Pipeline Damage PrevenƟon 
RegulaƟons – AuthorizaƟons is met, when the operaƟon of vehicles or mobile equipment across a pipeline at speciĮc 
locaƟons for the purpose of performing an agricultural acƟvity could impair the pipeline’s safety or security, the 
pipeline company must idenƟfy those locaƟons and noƟfy [aīected] persons in wriƟng of those locaƟons.” 
4 CEPA ceased operaƟons as of December 31, 2021. 
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1.2 Scope 

The aim of this updated Guideline is to capture updated research and industry pracƟces relevant to the 
assessment of crossings of buried pipelines with the following goals: 

• ProtecƟng the safety of the public and pipeline company employees, 

• ProtecƟng the environment, private and company property, and 

• Maintaining the reliable and economical operaƟon of the Canadian pipeline system. 
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2. Glossary 

2.1 List of Symbols 

The following parameters are used in equaƟons referenced in Appendix A Technical Reference: 

Variable DescripƟon 𝐵ௗ Trench width in Marston trench load calculaƟons ܿ BackĮll compacƟon degree  ܥௗ Marston load coeĸcient 
D Outside pipe diameter, mm or inches ݁ Euler’s number (2.718281…) ݁(.)

 The exponenƟal funcƟon ݁ Soil void raƟo, dimensionless ܧ Pipe modulus of elasƟcity (Young’s modulus), MPa or psi ܧ௖௢௡௖௥௘௧௘ ElasƟc modulus of concrete, MPa or psi ܧ௦ Volumetric elasƟc modulus of soil elasƟc in contact with a slab 
or plate [EquaƟon 26], MPa/mm or psi/in ܧ′  Modulus of soil reacƟon, MPa/mm or pounds per cubic inch ܨ Point load at the ground surface, represenƟng part of whole of 
the surface loading, kN or lbf ܩ Soil speciĮc gravity ܪ Soil cover depth over pipeline, m or Ō ܫ Second moment of area of pipe secƟon (also known as 
moment of inerƟa), m⁴ ܫி  Impact factor, dimensionless ݇  Soil spring constant, kN/m³ or lbf/in³ 0ܭ Coeĸcient of lateral soil pressure ܭ Rankine acƟve soil pressure coeĸcient used in Marston trench 
load calculaƟons ܭ௕ Moment parameter (a funcƟon of pipe bedding angle), 
dimensionless ܭ௭  DeŇecƟon parameter (a funcƟon of pipe bedding angle), 
dimensionless 

L Metal loss anomaly length [EquaƟon 53], mm or inches ܮ Radius of sƟīness, m or Ō ܮ௥ Stress raƟo in the longitudinal direcƟon [EquaƟon 56], 
dimensionless ܮ௥௖௨௧௢௙௙ =  ௬ߪ௙ߪ
Threshold stress raƟo [EquaƟon 57], dimensionless (ݔ)ܯ Global bending moment in the pipe created by surface 
loading, kN-m or lbf-Ō [EquaƟon 9] ܯ௠௔௫  The maximum bending moment along the pipe (‖(ݔ)ܯ‖∞), 
kN-m or lbf-Ō 0ܲ Uniform external pressure from soil overburden, MPa or psi ܲ  Pipe internal pressure, MPa or psi 
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௘ܲ௤  Soil pressure acƟng on pipe due to an equivalent point load, 
MPa or psi ௟ܲ௜௩௘  Total verƟcal soil pressure from a crossing vehicle ( ௟ܲ௜௩௘ =∑  ௭), MPa or psi ௣ܲ௥௜௦௠ VerƟcal soil pressure calculated from Prism Load method, MPaߪ
or psi ௦ܲ௢௜௟   VerƟcal soil pressure on the pipe from overburden, MPa or psi ݎ  Horizontal oīset between a point load (ܨ) and measurement 
point, mm or inches ܵ௘ Degree of saturaƟon of soil ݐ Pipe wall thickness, mm or inches ௜ܶ௡௦௧௔௟௟௘ௗ Pipe installed temperature ௢ܶ௣௘௥௔௧௜௡௚ Pipe operaƟng temperature ݑ Beam deŇecƟon ௗܹ Marston trench load from soil overburden for a rigid pipe ௖ܹ Marston trench load from soil overburden for a Ňexible pipe (ݔ)ݓ Distributed load over pipe in beam-on-elasƟc-foundaƟon 
analysis ߙ Coeĸcient of thermal expansion of the pipe material ߚ Beam-on-elasƟc-foundaƟon sƟīness parameter, 1/m or 1/Ō ߚ RaƟo of metal loss anomaly width (in the circumferenƟal 
direcƟon) to pipe circumference [EquaƟon 58], dimensionless ߛ  Soil unit weight, kN/m³ or lbf/Ō³ ߛௗ  Dry soil unit weight, kN/m³ or lbf/Ō³ ߛ௧ Soil unit weight as a funcƟon of soil moisture content, kN/m³ 
or lbf/Ō³ ߛ௪  Unit weight of water, kN/m³ or lbf/Ō³ ߟ Anomaly depth to wall thickness raƟo, dimensionless 0ߠ  Beam slope of deformaƟon ߤ′  FricƟon coeĸcient between the trench and backĮll soil in 
Marston trench load calculaƟons ߥ Poisson’s raƟo (0.3 for carbon steel) ߪ௙ Pipe Ňow stress (average of SMYS and SMTS), MPa or psi ߪ௖ு PlasƟc collapse stress in the circumferenƟal direcƟon 
[EquaƟon 50], MPa or psi ߪ௖௅ PlasƟc collapse stress in the longitudinal direcƟon [EquaƟons 
54 and 55], MPa or psi ߪ௘௤௨ Equivalent stress from von Mises formula, MPa or psi ߪு0 CircumferenƟal stress in the pipe due to the soil pressure from 
overburden, MPa or psi ߪு_௟௜௩௘  CircumferenƟal stress in the pipe due to the soil pressure from 
live load, MPa or psi ߪு_௠௔௫ The maximum addiƟve circumferenƟal stress, MPa or psi ߪு_௠௜௡ The minimum addiƟve circumferenƟal stress, MPa or psi ߪு_௣௥௘௦௦௨௥௘ Hoop stress due to internal pipe pressure, MPa or psi ߪ௅௢  Longitudinal stress from soil overburden, MPa or psi 
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௅ீߪ  Longitudinal bending stress in the pipe from global surface 
loading induced bending moment, MPa or psi ߪ௅௟  Longitudinal bending stress in the pipe from through-wall 
surface loading induced bending moment, MPa or psi ߪ௅_௟௜௩௘ Total longitudinal surface loading induced bending stress with 
impact factor, MPa or psi ߪ௅_௠௔௫ The maximum addiƟve longitudinal stress, MPa or psi ߪ௅_௠௜௡ The minimum addiƟve circumferenƟal stress, MPa or psi ߪL_௣௥௘௦௦௨௥௘ Longitudinal stress due to internal pipe pressure, MPa or psi ߪ௅_௧ℎ௘௥௠௔௟ Longitudinal stress due to thermal expansion, MPa or psi ߪ௧௥௘௦௖௔ Tresca equivalent stress, MPa or psi ߪ௬ SpeciĮed minimum yield strength of pipe, MPa or psi ߪ௭  VerƟcal soil pressure at the top of the pipe from a point load 
on the ground surface, MPa or psi (. ) ∗ (. ) ConvoluƟon operator 

 

2.2 List of Abbreviations 

AASHTO American AssociaƟon of State Highway TransportaƟon Oĸcials 

ASCE  American Society of Civil Engineers 

ASME  American Society of Mechanical Engineers 

AWWA  American Water Work AssociaƟon 

CEPA  Canadian Energy Pipeline AssociaƟon 

CF  CondiƟon factor 

CL  Lean clay or low plasƟcity clay 

CL-ML  Low plasƟcity silty clay or clayey silt 

CP  Cathodic protecƟon 

DOC  Depth of cover 

FAD  Failure assessment diagram 

EFW  Electric Ňash weld 

ERW  Electric resistance welded 

FEA  Finite element analysis 

FFS  Fitness for service 

GP  Poorly graded gravel 

GW  Well graded gravel 
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HRB  Highway Research Board 

IPC  InternaƟonal Pipeline Conference 

LF ERW  Low-frequency electric resistance welded 

ML  Low plasƟcity silt 

MOP  Maximum operaƟng pressure 

OD  Pipe outer diameter 

PRCI  Pipeline Research Council InternaƟonal, Inc 

SAW  Submerged arc welded 

SC  Clayey sand 

SCC  Stress corrosion cracking 

SM  Silty sand 

SME  Subject mater expert 

SMTS  SpeciĮed minimum tensile strength 

SMYS  SpeciĮed minimum yield strength 

SP  Poorly graded sand 

SW  Well graded sand 

TPD  Third-party damage 

WT  Pipe wall thickness 

 

3. Legacy CEPA Model 
The legacy CEPA surface loading model was developed to support the assessment of induced stresses of 
vehicle and construcƟon equipment crossing buried pipelines outside permanent road and railway 
crossings, which can be addressed by API RP 1102. 

The CEPA model calculated circumferenƟal stress of the pipe caused by the pressure from the surface load 
using a modiĮed Spangler-Iowa equaƟon. The pressure from the surface load was determined using the 
Boussineq equaƟon. The longitudinal stress due to local and global bending was esƟmated using beam-
on-elasƟc-foundaƟon theory. These equaƟons are addressed in the Technical Reference (Appendix A). 
The resultant hoop stress, longitudinal stress, and combined biaxial stress are then compared to respecƟve 
limits from a perƟnent standard to determine if the induced stress is acceptable and, if not, temporary 
protecƟve measures would be required.  
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One acceptance criterion used in the legacy CEPA model was 90% of the pipe speciĮed minimum yield 
strength (SMYS) based on the Tresca failure stress criterion for design (Clause 4.7 of CSA Z662:23). 
However, for integrity assessment, this criterion is considered conservaƟve and ECC operaƟng companies 
have used a range from 90% SMYS to 100% SMYS for allowable stress limit based either on the Tresca or 
von Mises criterion. 

4. PRCI Validation Project 

The Pipeline Research Council InternaƟonal, Inc. (PRCI) iniƟated a project to validate the legacy CEPA 
model through full-scale Įeld experiments.5 The test specimens included a 609.6mm (24-inch) outside 
diameter (OD) pipe in sand, another 24-inch OD pipe in loosely placed (dumped) clay, and a 323.9mm (12-
inch) OD pipe in compacted clay. These pipes were subjected to surface loading from a dump truck, a 
bulldozer, a front-end loader, and a vibratory compactor, with 0.6 m and 0.9 m (2 and 3 feet) depths of 
cover. 

The study found that stress levels in shallow buried pipelines can approach or exceed the faƟgue 
endurance limit of a typical line pipe and that dynamic eīects dominated the results from the vibratory 
compactor tests. While the validaƟon project revealed some discrepancies between the model's 
assumpƟons and the experimental data, the legacy CEPA model generally provided a conservaƟve upper 
bound for hoop stress and for longitudinal stresses. RecommendaƟons from the PRCI project are 
summarized in Appendix A. 

 

5. Legacy CEPA Model and its Limitations 

As noted in published works by PRCI ([7] and [20]) and TC Energy ([21], [22], and [23]), the legacy CEPA 
model had several limitaƟons, as summarized below: 

• The pipeline was assumed to be free from anomalies such as metal loss, crack-like features, and 
dents. 

• The pipeline was assumed to be straight without bends. 
• The model had not been validated for pipeline cover depths less than 0.9 m (3 Ō). 
• The soil was assumed to be not very weak. 
• The associated CEPA Calculator [4] developed based on the model lacked an explicit opƟon to 

deĮne a crossing angle (though it could analyze crossing angles other than a 90-degree crossing 
by using the load matrix opƟon). 

 
5 Details of the study and results are found in the following PRCI reports: 

• Catalog No. PR-218-104509-03 “Field ValidaƟon of Surface Loading Stress CalculaƟons for Buried Pipelines 
Milestone 1 Report” (July 23, 2014) 

• Catalog No. PR-218-104509-R01 “Field ValidaƟon of Surface Loading Stress CalculaƟons for Buried Pipelines 
Milestone 2 Report” (April 10, 2018) 

• Catalog No. PR-218-174512-R01 “Full-Scale Surface Loading TesƟng of Buried Pipes” (June 21, 2021) 



9 

 

• The equaƟon for spring constant used for the beam-on-elasƟc-foundaƟon calculaƟons (discussed 
in Appendix A) appeared to have a unit inconsistency. 

• It had limited capabiliƟes for the analysis of crossings with Ɵmber-mat, slab, and road plate. 
• The prism load model, incorporated into the CEPA model, gave unrealisƟcally high stresses for a 

deeply buried pipeline. 
• The modulus of soil reacƟon relaƟonship with depth of cover was disconƟnuous. 

 

6. Enhancements to the Legacy CEPA Model 
SecƟon 3 of Appendix A summarizes published works that discussed enhancements made since the 
publicaƟon of the legacy CEPA model. NoƟceably, TC Energy published several InternaƟonal Pipeline 
Conference (IPC) papers6 to explain its approach and methodology in addressing gaps in the legacy CEPA 
model. 

 

7. Technical Basis for Proposed Enhancements 

SecƟon 3.1 of Annex A discusses the raƟonale for some implemented and proposed enhancements. 

 

8. Methodology for Evaluation of Surface Loads 

SecƟon 2 of Annex A provides the equaƟons necessary to determine if induced stress from a surface load 
is acceptable or not. If a proposed crossing over an exisƟng pipeline cannot avoid pipe without known 
imperfecƟons (e.g., corrosion, dents, or cracks), refer to SecƟon 3.10 for some guidance. ProtecƟve 
measures, discussed in SecƟon 3.9 of Appendix A and in other referenced source documents, may be 
needed to accommodate such cases. 

 

9. Practical Assessment Criteria 

The improvements proposed in SecƟon 3 of Appendix A address some of the limitaƟons with the legacy 
CEPA model and can be used when the following condiƟons are met:  

 
6 Paper No. IPC2018-78633 “PracƟcal Improvements to Surface Loading Assessment – Building Accuracy, Eĸciency 
and Transparency,” Paper No. IPC2020-9478 “Improved Surface Loading Stress Analysis Method Considering 
ProtecƟon Measures,” and Paper No. IPC2024-133500 “Advanced Surface Loading Stress Analysis Using CEPA Model” 
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• The pipeline is relaƟvely straight under the crossing. Field bends with angle changes less than 
about 10 degrees, when they are located outside of crossing footprint, can sƟll be assessed using 
this method. OperaƟng companies should address situaƟons where Įƫngs and hot bends are 
present near the crossing, or any bend is present under the crossing. PotenƟal soluƟons include 
the use of the model when it can be shown that the model produces acceptable results (for 
example by conducƟng numerical analysis on some case studies), or extending the beam-on-
elasƟc-foundaƟon soluƟon used in the model to include pipe bends. 

• The pipeline is free from anomalies such as metal loss, crack-like features, dents, mechanical 
damage, and other types of deformaƟons, unless dedicated FFS assessments are conducted to 
establish allowable stress limits. 

• The pipeline does not experience outside force from other sources unless the eīect of those 
addiƟonal forces is included in the analysis. 

• The pipeline cover depth is equal to or greater than 0.6 m (2 Ō). 
• The soil has suĸcient bearing capacity to tolerate the weight of the crossing vehicles without 

allowing the wheels or tracks of the vehicle to penetrate the ground surface. 
• The soil classiĮcaƟon and condiƟons are well understood, or very weak soil shear strength with a 

modulus of soil reacƟon (E’) value of 200 psi to 500 psi and a bedding angle of 0 to 30 degrees is 
assumed. 

 

10. Examples 

The IPC papers menƟoned in SecƟon 6 included examples and case studies that illustrated the applicaƟon 
of relevant calculaƟons associated with the current state of surface loading assessment. No speciĮc 
examples have been included to illustrate the applicaƟon of the proposed enhancements as they have not 
been fully tested and validated. 
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Appendix A Technical Reference 

1 Introduction 

The development of the CEPA surface loading model was driven by a need for a standardized and pracƟcal 
method to assess the eīects of vehicle and construcƟon equipment crossings on buried pipelines. Prior to 
the CEPA model, the primary methodologies consisted of those developed by Spangler et al. at Iowa State 
University between 1940 and 1970, as well as the work of Ingraīea et al. at Cornell University (sponsored 
by the Gas Research InsƟtute) in the late 1980s.  The laƩer work was adopted by the American Petroleum 
InsƟtute as API RP 1102 [1], Steel Pipelines Crossing Railroads and Highways. These methodologies have 
served the pipeline industry well for rouƟne crossing assessments, parƟcularly when adequate pipeline 
burial depths are present. However, they fall short in scenarios where the pipeline is buried at depths of 
less than 0.9 m (3 Ō), where very heavy equipment is expected to cross the pipeline at various angles, and 
where the pipeline contains stress raisers (such as dents, metal losses, or bends), or where soil properƟes 
are insuĸciently understood.  

API RP 1102 standard had other limitaƟons. It was primarily developed for permanent road and railroad 
crossings, oŌen with speciĮc requirements for minimum cover depth and truck or train loads (e.g., 
AASHTO H20) for bored pipelines. This made it diĸcult to apply to temporary crossings, shallow-cover 
situaƟons, or to a wider range of vehicles with diīerent Ɵre pressures and ground contact areas, such as 
those with ŇotaƟon Ɵres or caterpillar tracks. 

Recognizing these gaps and the lack of a simpliĮed, industry-wide approach, CEPA and its member 
companies iniƟated a joint industry project.  The exisƟng guideline for developing road crossing 
assessment procedures was created in 2009 for CEPA through a joint eīort by specialists at Kiefner and 
Associates, Inc. and SSD Inc. 

 

2 Legacy CEPA Model 
When a vehicle crosses a buried pipeline or operates in proximity to the pipe, it induces stress in the 
circumferenƟal and longitudinal direcƟons of the pipe7. CalculaƟon of these stresses, also known as the 
live load stresses, is the subject of a surface loading stress analysis. The live load stresses add to the normal 
operaƟng stresses, resulƟng in a momentary increase in total stresses. Furthermore, the live load stresses 
can cause faƟgue damage to the pipe with the presence of a girth weld and/or seam weld if they repeat 
frequently.   

 
7 The legacy CEPA surface loading models can also be used to analyze added static loads such as a stockpile 
of goods, parking lots, RV storage facilities, or a new embankment. When the nature of the added load is static, 
the live load stress could become a long-term loading. In this document the live load stress refers to the added 
stress from the surface loading, whether the load is moving or static.    
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The legacy CEPA surface loading model and calculator (referred to as the legacy CEPA Calculator hereaŌer) 
was developed between 2006 and 2014 by Kiefner and Associates, Inc. [2], [3], [4]. The CEPA model is 
based on a modiĮed Spangler-Iowa equaƟon [5] for circumferenƟal stress calculaƟons and beam-on-
elasƟc-foundaƟon theory [6] for longitudinal stress.   

The legacy CEPA model calculates circumferenƟal stress using a modiĮed Spangler-Iowa equaƟon and 
longitudinal stress using beam-on-elasƟc-foundaƟon theory. 

The CEPA model has been developed and veriĮed [7] for steel pipe. Although the legacy CEPA Calculator 
that was published in 2014 enables analysts to enter elasƟc properƟes for materials other than steel, it 
remains unclear whether the model can be applied to pipes made of materials other than steel. As such, 
for plasƟc and concrete pipes, it is recommended to use models speciĮcally designed and calibrated for 
these types of pipes, such as the PVC Pipe Design and InstallaƟon Manual [8], the PE pipeline handbook 
published by PPI [9], and the Concrete Pressure Pipe [10]. 

In the CEPA model, the longitudinal and circumferenƟal stresses are calculated by adding the surface 
loading-induced stresses and the pipeline operaƟng stresses. The pipeline operaƟng stresses comprise the 
stresses from internal pressure and those due to diīerenƟal temperature. The surface loading-induced 
stress in the circumferenƟal direcƟon of the pipe is characterized by local thorough wall bending. The 
surface loading-induced stress in the longitudinal direcƟon has two components. The global component 
is related to the beam bending caused by the vehicle's weight. The local component is induced because 
the circular cross-secƟon of the pipe becomes oval under the weight of the vehicle, resulƟng in a transiƟon 
segment between the circular and oval cross-secƟons, where through-wall bending is generated. 

Soil overburden pressure on the pipe causes the circular cross-secƟon of the pipeline to become ovalized, 
thereby generaƟng a through-wall bending stress in the circumferenƟal direcƟon. Due to the eīect of 
Poisson’s raƟo, the overburden soil pressure also creates a longitudinal stress component, which is 
approximately 30% (because Poisson’s raƟo in carbon steel is 0.3) of the overburden circumferenƟal stress. 
Overburden stress in a buried pipeline is typically ignored during pipeline design, as permiƩed by ASME 
B31 and similar industry standards. However, for surface loading stress analysis, it is recommended to 
account for the overburdened soil pressure. For example, API RP 1102 [1] includes the overburden 
stresses. 

2.1 Loads 

Surface loading forces on a buried pipeline fall under the general category known as outside force. A 
pipeline under surface loading experiences operaƟng loads consisƟng of internal pressure and diīerenƟal 
temperature, in addiƟon to the surface loading. Therefore, surface loading stress analysis should include 
all the eīects from the following forces: 

• Pipe internal pressure, 
• Temperature diīerenƟal, 
• Soil overburden pressure, and 

• Surface loading. 
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Surface loading stress analysis should account for all the operaƟng and surface loading induced stresses 
and their combinaƟons as shown in Figure 1. 

 

 

Figure 1. Surface Loading Analysis Stress Components 
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Analysis of a pipeline requires the following stress components to be calculated: 

1. Pipe operaƟng stresses 

a. Hoop stress from pipe internal pressure,  ߪு_௣௥௘௦௦௨௥௘ 

b. Longitudinal stress from pipe internal pressure, ߪ௅_௣௥௘௦௦௨௥௘  
c. Longitudinal stress due to temperature changes, ߪ௅_௧ℎ௘௥௠௔௟ 

 

2. Soil overburden stresses 

a. CircumferenƟal stress from soil overburden, ߪு௢ 

b. Longitudinal stress from soil overburden, ߪ௅௢ 

 

3. Live stresses induced by the crossing vehicles 

a. Live circumferenƟal stress, ߪு_௟௜௩௘  

b. Live longitudinal stress, ߪ௅_௟௜௩௘ 

 

4. AddiƟve and equivalent stresses 

a. Maximum and minimum circumferenƟal stresses which represent the algebraic sums of 
the above stress components in the circumferenƟal direcƟon 

b. Maximum and minimum longitudinal stresses which represent the algebraic sums of the 
above stress components in the circumferenƟal direcƟon 

c. Equivalent stresses resulƟng from the combinaƟon of the addiƟve circumferenƟal and 
longitudinal stresses. 

Among the above stresses, the operaƟng stresses are calculated directly based on the pipe internal 
pressure, diīerenƟal temperature, and mechanical properƟes of pipe material, including elasƟc modulus, 
Poisson’s raƟo and thermal expansion coeĸcient.  

On the other hand, soil overburden and live stress calculaƟons require verƟcal soil pressure at the top 
level of the pipe. Therefore, the calculaƟons of these stresses consist of two analysis stages: Įrst calculate 
the soil pressure from overburden and crossing vehicles and then calculate the respecƟve stress 
components. To account for dynamic eīects of vehicular forces, an impact factor is applied to the live soil 
pressure.      

The following sub-secƟon describes the analysis processes. 

 

2.2 Operating Stresses 

The hoop stress due to the pipe internal pressure is calculated using Barlow’s equaƟon: 

ு_௣௥௘௦௦௨௥௘ߪ  = ܲ ∙ ݐ2ܦ  Equation 1 

Longitudinal stress from internal pressure in a fully restrained pipeline is calculated as follows: 
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௅_௣௥௘௦௦௨௥௘ߪ  = ܲ ∙ ݐ2ܦ  Equation 2 ߥ

In Equation 1 and Equation 2:  ܲ is the pipe internal pressure ܦ is the pipe outer diameter (OD) ݐ is the wall thickness of the pipe ߥ is Poisson’s ratio (0.3 in carbon steel) 
 

Longitudinal stress due to thermal expansion in a restrained pipe is calculated as follows:  

௅_௧ℎ௘௥௠௔௟ߪ  = )ߙܧ− ௢ܶ௣௘௥௔௧௜௡௚ − ௜ܶ௡௦௧௔௟௟௘ௗ) EquaƟon 3 

where ܧ is the modulus of elasƟcity of the pipe ߙ is the coeĸcient of thermal expansion for the pipe 

௜ܶ௡௦௧௔௟௟௘ௗ is the temperature when the pipe was installed 

௢ܶ௣௘௥௔௧௜௡௚ is the operaƟng temperature of the pipe. 

The installaƟon temperature indicates the pipe steel temperature at the Ɵme the pipe was fully 
constrained by the consolidated backĮll soil and could be esƟmated or jusƟĮed by a subject maƩer expert 
(SME).  The diīerenƟal temperature ( ௢ܶ௣௘௥௔௧௜௡௚ − ௜ܶ௡௦௧௔௟௟௘ௗ) is posiƟve when the pipeline operates at a 
temperature higher than the installaƟon temperature. A posiƟve diīerenƟal temperature generates 
compressive stress in the pipe. Conversely, a negaƟve diīerenƟal temperature generates tensile stress. 

 

2.3 Soil Overburden 

A commonly used model to calculate soil overburden pressure is the Prism Load equaƟon: 

 ௣ܲ௥௜௦௠ = ߛ ∙  EquaƟon 4 ܪ

where ߛ is the soil unit weight ܪ is the soil cover above the pipe. 

Figure 2 shows the concept of soil prism load. The soil pressure in the above equaƟon is the pressure that 
acts on the outer surface of the pipe upper half. The soil pressure generates circumferenƟal and 



16 

 

longitudinal stress in the pipe. These stresses are calculated using the CEPA equaƟon, which will be 
discussed in the subsequent secƟons. The legacy CEPA Calculator has an opƟon for the Trap Door equaƟon 
[11], [4] in addiƟon to the Prism Load. The Trap Door equaƟon was originally developed by Karl Terzaghi 
for soil pressure calculaƟon on a tunnel liner therefore it is not deemed appropriate for trench installaƟon 
(although it can be used for a bored pipe segment) [12]. Other models are available at the Ɵme for trench 
installaƟon (e.g., see [13]), but they were not incorporated into the legacy CEPA Calculator. 

 

Figure 2. Soil Prism Load 

 

2.4 Surface Loading Soil Pressure 

Soil pressure on the upper half of the pipe due to the surface loading is calculated using the Boussinesq 
equaƟon. The Boussinesq equaƟon has an important role in geotechnical stress analysis. The theory was 
developed by the French mathemaƟcian and physicist Joseph ValenƟn Boussinesq in the late 19th century. 
His seminal work, ApplicaƟon des PotenƟels à l'Étude de l'Équilibre et du Mouvement des Solides 
ÉlasƟques (1885), provided a soluƟon to a fundamental problem in the theory of elasƟcity8. Boussinesq's 
soluƟon provided a mathemaƟcal formula to calculate the stress Įeld at any point beneath the surface 
due to a concentrated load. Although the Boussinesq equaƟon is based on simplifying assumpƟons (e.g., 
the soil is perfectly elasƟc and homogeneous), its elegance and pracƟcal uƟlity have made it a widely used 
equaƟon in geotechnical engineering for foundaƟon design and earth pressure analysis. One of the key 
features of this equaƟon is the principle of superposiƟon which allows the Boussinesq soluƟon to be 
integrated over a loaded area to determine the stress distribuƟon for more complex loads, such as those 
from a vehicle's Ɵres or a railway track. 

The Boussinesq equaƟon for the verƟcal soil pressure due to a point load acƟng on the ground surface is: 

 
8 https://gallica.bnf.fr/ark:/12148/bpt6k9651115r/f9.item.texteImage 
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௭ߪ = 2(ܪ)ߨ2ܨ3 (1 + (  EquaƟon 5 2.5(2(ܪݎ

where ߪ௭ is soil pressure on the pipe ܨ is point load on ground surface ܪ is depth to the top of pipe ݎ is horizontal oīset to where stress is measured 

 

The soil pressure (ߪ௭) calculated from EquaƟon 5 acts on the upper half of the pipe outer surface. This soil 
pressure represents the external live load on the pipe. EquaƟon 5 is a linear equaƟon based on the theory 
of elasƟcity. Since the equaƟon is linear, the superposiƟon principle can be used to integrate the equaƟon 
for a general surface loading footprint. In the legacy CEPA Calculator, each vehicle is entered as a matrix of 
point loads followed by x and y coordinates. The (x,y) coordinate represents the locaƟon of each point 
load on the ground surface. The legacy CEPA Calculator applies the Boussinesq equaƟon to each point 
load, calculaƟng the soil pressure resulƟng from the point load. These soil pressures are added up to 
calculate the total soil pressure acƟng on the upper half of the pipe. The soil pressure resulƟng from 
surface loading is referred to as live load soil pressure. This is referred to as “live” load soil pressure 
because it is typically associated with the weight of a moving vehicle. The CEPA model can be used for 
staƟc loads, such as staƟonary vehicles, the weight of an embankment, or a stockpile. However, when the 
model is used to analyze a staƟc load, the faƟgue check becomes immaterial. It is up to the analyst to 
decide under what condiƟons the faƟgue check is unnecessary.  

The live load soil pressure generates circumferenƟal and longitudinal stresses in the pipe. These stresses 
are discussed in the subsequent secƟons. No impact factor, discussed in SecƟons 2.6 and 3.6, is included 
in EquaƟon 5. 

The applicability of the Boussinesq equaƟon for surface loading analysis of buried pipelines have been 
experimentally validated by several researches (e.g. [7], [13], [14]). 

 

2.5 Hoop Stress – Legacy CEPA Equation 

The legacy CEPA model employs the modiĮed Spangler's equaƟon to calculate the circumferenƟal stress 
in the pipe under verƟcal soil pressure from soil overburden or surface loading [2], [3]: 

ு௢ߪ  = ௕ܭ3 ∙ ௦ܲ௢௜௟ ݐܦ) )2
1 + ௭ܭ3 ܧܲ ݐܦ) )3 + 0.0915 ܧ′ܧ ݐܦ) )3 EquaƟon 6 
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ு_௟௜௩௘ߪ  = ௕ܭ3 ∙ ிܫ ∙ ௟ܲ௜௩௘ ݐܦ) )2
1 + ௭ܭ3 ܧܲ ݐܦ) )3 + 0.0915 ܧ′ܧ ݐܦ) )3 Equation 7 

where ܧ is the modulus of elasƟcity of the pipe ܧ′ is the modulus of soil reacƟon (Table 1) ܫி is impact factor ܭ௕ is a moment parameter which depends on the bedding angle (Figure 3) ܭ௭ is a deŇecƟon parameter which is a funcƟon of the bedding angle  ܲ is pipe internal pressure 

௦ܲ௢௜௟  Is the verƟcal soil pressure on the pipe from overburden pressure ௟ܲ௜௩௘ is the verƟcal live soil pressure ݐ is the pipe wall thickness, and 

The remaining parameters are as deĮned previously. 
 

The stress from EquaƟon 6 is through-wall bending resulƟng from the ovalizaƟon of the pipe cross secƟon, 
as shown in Figure 4. This stress has opposite signs on the inner and outer surfaces, with a linear gradient 
through the thickness. The modulus of soil reacƟon in EquaƟon 6 (ܧ′) is an empirical parameter that 
characterizes the lateral soil sƟīness that resists pipe ovalizaƟon. Despite its unit, this parameter is 
generally diīerent from the soil elasƟc modulus. This parameter has been back-calculated based on 
measured pipe deŇecƟons. Table 1 lists some typical values for the modulus of soil reacƟon as a funcƟon 
of soil classiĮcaƟon, compacƟon degree, and pipe cover depth. This table is reconstructed from data 
published by Hartley and Duncan [15]. More informaƟon about the modulus of soil reacƟon can be found 
in References [5, 15, 16, 17].  

When the backĮll and naƟve soils diīer, the backĮll soil characterisƟcs should be used to determine the 
modulus of soil reacƟon. The moment and deŇecƟon parameters in EquaƟon 6 depend on the pipe 
bedding angle. Figure 3 shows the concept of the bedding angle schemaƟcally. Table 2 contains the 
moment and deŇecƟon parameters for the enƟre range of bedding angles (0 ° to 180°). InterpolaƟon is 
used for the in-between values of the bedding angle. 

Note that both EquaƟon 6 and EquaƟon 7 are the same equaƟon. The disƟncƟon is made because EquaƟon 
6 gives the circumferenƟal stress due to the overburden, which is a part of the dead load, while EquaƟon 
7 gives the live porƟon of the stress. 
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Figure 3. Bedding Angle 

 

 

 

 

Figure 4. CircumferenƟal Bending due to Pipe OvalizaƟon (DeformaƟon Exaggerated for 
DemonstraƟon) under Surface Loading 
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Table 1. Modulus of Soil ReacƟon (psi)* [15] 

Soil Classification 

Depth of 

Cover 

(ft) 

Compaction 

85% 90% 95% 100% 

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

0 - 5 500 700 1000 1,500 

5 - 10 600 1000 1,400 2000 

10 - 15 700 1,200 1,600 2,300 

15 - 20 800 1,300 1,800 2,600 

Coarse-grained soils with Įnes  
(SM, SC) 

0 - 5 600 1,000 1,200 1,900 

5 - 10 900 1,400 1,800 2,700 

10 - 15 1,000 1,500 2,100 3,200 

15 - 20 1100 1,600 2,400 3,700 

Coarse-grained soils with liƩle or no Įnes 
(SP, SW, GP, GW) 

0 - 5 700 1,000 1,600 2,500 

5 - 10 1,000 1,500 2,200 3,300 

10 - 15 1,050 1,600 2,400 3,600 

15 - 20 1,100 1,700 2,500 3,800 

* To convert from psi to MPa, divide the values by 145 

 

Table 2. Moment and DeŇecƟon Parameters [3] 

Bedding Angle, deg 
Moment 

Parameter 

Deflection 

Parameter 

0 0.294 0.110 

30 0.235 0.108 

60 0.189 0.103 

90 0.157 0.096 

120 0.138 0.089 

150 0.128 0.085 

180 0.125 0.083 

 

The 2005, 2006, and 2009 CEPA reports [2, 3, 18] recommend bedding angles of 0. 30, 60 and 90○ as 
follows: 

• Consolidated rock: A bedding angle of 0 degrees. 
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• Open trench condiƟons: A bedding angle of 30 degrees is typically used and represents an open 
trench with unconsolidated backĮll where the pipe does not have full bearing support. This value 
is considered a conservaƟve choice for a newly constructed pipeline. 

• Bored trench condiƟons: A bedding angle of 90 degrees. 

• Mature pipeline: For a mature pipeline where the soil has re-consolidated around the pipe, a 60-
degree bedding angle is used to reŇect the addiƟonal support. Diīerent soil types require diīerent 
Ɵmeframes to become consolidated. The amount of Ɵme required for soil consolidaƟon should 
be determined by an SME. 

The CEPA documents also note that a bedding angle of 30 degrees is the recommended value in many 
references. For this reason, the user manual of the legacy CEPA calculator, published in 2014 [4] 
recommends this bedding angle as the default value. 

 

2.6 Impact Factor  

Live load soil pressure calculated from the Boussinesq equation (Equation 5) is based on the static load of 

the vehicle. A vehicle crossing over the pipe will result in dynamic loading, therefore the load calculated 

using the Boussinesq equation is multiplied by an impact factor (ܫி) to account for the dynamic effects of 

a moving vehicle, as shown in EquaƟon 7.  

Impact factor is usually defined as the ratio of the hoop stresses induced by a dynamic load by that of a 

static load. Impact factor depends on many factors, some of which are listed below: 

• Road surface roughness 

• Vehicle’s speed 

• Whether or not there is a pavement layer 

• Pipe cover depth 

• Soil and pavement mechanical properties  

Field test data conducted by Potter in 1985 under military type vehicles [14] showed: 

• Wide scatter in measured impact factors 

• An upper limit of 5 for shallow cover depths of less than 0.76m (30 in) 

• Highest impact factor observed at vehicular speeds between 8 to 24 kph (5 to 15 mph) 

• Higher impact factor from tracked vehicles compared to wheeled vehicles  

In the original CEPA model [2, 3, 18, 4], an impact factor of 1.5 was recommended for flexible pavements. 

This value was based on a recommendation from the ASME committee on Pipeline Crossings of Railways 
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and Highways. The specification states that an impact factor of 1.5 should be applied to traffic live loads 

for roads with flexible pavements.  

The CEPA report stated that no impact factor was required for roads with rigid pavements at cover depth 

of 2.1 ft or greater, due to the tendency of rigid pavements to absorb impacts. The reports also state that 

the American Association of State Highway Transportation Officials (AASHTO) provides specific impact 

factors for rigid pavements as listed below: 

• 1.3 for depths of 0 m. 

• 1.2 for depths of 0.03 m to 0.3 m (0.1 to 1.0 feet). 

• 1.1 for depths of 0.31 m to 0.61 m (1.1 to 2.0 feet). 

• 1.0 for depths of greater than 0.61 m to 0.9 m (2.1 ft to 3.0 feet). 

For slow moving equipment with low surface contact pressures (i.e. <30 psi or 206 kPa), a reduced impact 

factor of 1.25 was recommended. This value meets the AASHTO specification for cover depths greater 

than 0.3 meters. These types of equipment are designed to have low ground surface pressure to avoid 

compacting the soil (e.g. agricultural equipment), and typically use low-pressure pneumatic tires, and 

operate at lower velocities (less than 15 kph or 10 mph). 

 

2.7 Longitudinal Stresses 

Longitudinal stress from soil overburden is calculated as:  

௅௢ߪ  = ߥ ∙  ு௢ EquaƟon 8ߪ

The global bending stress, which is a part of the live longitudinal stress, is calculated using the beam-on-
elasƟc-foundaƟon theory (e.g., see [6]). However, the original CEPA model used a simpliĮed approach in 
which the vehicle was modeled as an equivalent point load:   

(ݔ)ܯ  = ௘ܲ௤ ∙ 4ܦ ∙ 4ߚ (2݁−ఉ∙௫ sin(ߚ ∙  EquaƟon 9 ((ݔ

where ݁ is the Euler’s number (2.718281…) ݇ is soil spring constant per unit length of the pipe (ݔ)ܯ is the bending surface loading induced moment in the pipe at axial distance ݔ from the 
selected origin. (The origin for ݔ coordinate is arbitrary but, for ease of calculaƟons, it should be 
selected near the crossing.) ௘ܲ௤ is pressure on pipe from an equivalent point load 
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ߚ is a beam on elasƟc foundaƟon parameter deĮned as ߚ  is the second moment of area for the pipe secƟon ܫ = √ ௞4ாூ4
   

In Equation 9, the uniformly distributed pressure on the pipe is caused by an equivalent point load at the 

surface. This load spreads at a soil distribution angle of 29.9 degrees from the surface point. This 

simplification was adopted in the original CEPA model from the Highway Line Loads Manual published by 

the American Concrete Pipe Association [17]. 

The method for calculating soil spring constant, ݇, in the original CEPA model was the following:  

 ݇ = ′ܧ ∙ ܦ ∙  Equation 10 ߠ

Where ߠ is the pipe bedding angle. 

Global bending stress in the pipe secƟon is calculated as: 

௅ீߪ  = ܫ௠௔௫ܯ  EquaƟon 11 (ܦ0.5)

 

In addiƟon to the global bending, the longitudinal stress has a local component which can be calculated 
from the following equaƟon [19]:  

௅௟ߪ  = 0.0981√12(1 − (2ߥ ∙  ு_௟௜௩௘ EquaƟon 12ߪ

 

Figure 5. Longitudinal Bending from Surface Loading 
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2.8 Live Load Stresses 

The live circumferenƟal stress is calculated from EquaƟon 7 as discussed previously. The live longitudinal 
stress is calculated as the sum of the global and the local bending stresses mulƟplied by the impact factor, ܫி: 

௅_௟௜௩௘ߪ  = ௅ீߪ) +  ி EquaƟon 13ܫ(௅௟ߪ

The live load stresses can be tensile or compressive, depending on the circumferenƟal locaƟon of the 
stress and whether it is on the inner or outer surface. When a vehicle crosses a buried pipe, the live load 
stress at a Įxed locaƟon (e.g., outer surface at 12:00) undergoes a momentary peak. This is shown 
schemaƟcally in Figure 5. Although there are stress reversals before and aŌer each peak, they are of 
relaƟvely low amplitudes. Thus, live load stresses for faƟgue check, as calculated from the above 
equaƟons, embody the enƟre stress ranges. On the other hand, depending on the number of axles, the 
distance between them, and the pipe cover depth, there could be more than one peak associated with 
each vehicle pass. 

 

 

Figure 6. Surface Loading Induced Live Load Stress 

Since live load stresses are cyclic in most cases, they should be checked against the material's fatigue limit. 

For a permanent crossing, the fatigue limits recommended in API RP 1102 [1] can be used and are 

captured in Table 3. The fatigue endurance limits are pertinent to cyclic loads with a high number of 

repetitions (e.g., a highway crossing).  For a crossing that is temporary in nature (e.g., access to a 

construction site), the number of repetitions is usually limited; as such, greater stress cycles may become 

acceptable. In such cases, a full fatigue assessment can be performed to determine the allowable limits. 
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Table 3. API RP 1102 FaƟgue Endurance Limits [1] 

Grade SMYS, psi 

Min. Tensile 

Strength, 

psi 

Girth Weld 

Fatigue 

Endurance 

Limit, SFG, psi 

Seam Fatigue Endurance Limit, SFL, 

psi 

Seamless & 

ERW 
SAW 

A25 25000 45000 12000 21000 12000 

A 30000 48000 12000 21000 12000 

B 35000 60000 12000 21000 12000 

X42 42000 60000 12000 21000 12000 

X46 46000 63000 12000 21000 12000 

X52 52000 66000 12000 21000 12000 

X56 56000 71000 12000 23000 12000 

X60 60000 75000 12000 23000 12000 

X65 65000 77000 12000 23000 12000 

X70 70000 82000 12000 25000 13000 

X80 80000 90000 12000 27000 14000 

 

 

2.9 Additive and Equivalent Stresses 

The circumferential and longitudinal additive stresses are calculated as the sum of the respective stress 

components: 

ு_௠௔௫ߪ  = ு_௣௥௘௦௦௨௥௘ߪ + ு௢ߪ +  ு_௟௜௩௘ Equation 14ߪ

ு_௠௜௡ߪ  = ு_௣௥௘௦௦௨௥௘ߪ − ு௢ߪ −  ு_௟௜௩௘ Equation 15ߪ

௅_௠௔௫ߪ  = ு_௣௥௘௦௦௨௥௘ߪ) + (ு௢ߪ ∙ ߥ + ௅_௠௔௫_௧ℎ௘௥௠௔௟ߪ +  ௅_௟௜௩௘ Equation 16ߪ

௅_௠௜௡ߪ  = ு_௣௥௘௦௦௨௥௘ߪ) − (ு௢ߪ ∙ ߥ + ௅_௠௜௡_௧ℎ௘௥௠௔௟ߪ −  ௅_௟௜௩௘ Equation 17ߪ

 

In the above equations, the maximum thermal stress is either tensile (positive) or zero, while the minimum 

thermal stress is either zero or compressive (negative), depending on the differential temperature values 

entered by the analyst.  
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The combined equivalent stresses are calculated based on the von Mises and Tresca criteria. The von 

Mises equivalent stress, which is used in ASME pipeline standards, is calculated in Equation 22 as the 

greatest of the stresses from Equation 18 through Equation 21: 

௘௤௨1ߪ  = ு_௠௔௫2ߪ√ + ௅_௠௔௫2ߪ − ு_௠௔௫ߪ ∙  ௅_௠௔௫ Equation 18ߪ

௘௤௨2ߪ  = ு_௠௜௡2ߪ√ + ௅_௠௔௫2ߪ − ு_௠௜௡ߪ ∙  ௅_௠௔௫ Equation 19ߪ

௘௤௨3ߪ  = ு_௠௔௫2ߪ√ + ௅_௠௜௡2ߪ − ு_௠௔௫ߪ ∙  ௅_௠௜௡ Equation 20ߪ

௘௤௨4ߪ  = ு_௠௜௡2ߪ√ + ௅_௠௜௡2ߪ − ு_௠௜௡ߪ ∙  ௅_௠௜௡ Equation 21ߪ

௘௤௨ߪ  = max(ߪ௘௤௨1, ,௘௤௨2ߪ ,௘௤௨3ߪ  ௘௤௨4) Equation 22ߪ

The Tresca equivalent stress, which is used by both the ASME and the CSA Z662 pipeline standards, is 

calculated as:  

௧௥1ߪ  = max(|ߪு_௠௔௫ − ,|௅_௠௜௡ߪ , ு_௠௔௫ߪ  ௅_௠௜௡|) Equation 23ߪ|

௧௥2ߪ  = max(|ߪு_௠௜௡ − ,|௅_௠௔௫ߪ , |ு_௠௜௡ߪ|  ௅_௠௔௫) Equation 24ߪ

௧௥௘௦௖௔ߪ  = max(ߪ௧௥1,  ௧௥2) Equation 25ߪ

 

2.10 Timber Mat and Slab 

The use of Ɵmber mat, slab, road plate, and similar tools is among the commonly used means for 
miƟgaƟng surface loading-induced stresses. In the 2009 CEPA report [18] recommended the following 
equaƟon to calculate the revised surface loading footprint of the dispersed load when such means are 
uƟlized: 

ܮ  = √ ܧ ∙ ℎ312(1 − ௦4ܧ(2ߥ                 EquaƟon 26 

where ܮ is radius of sƟīness of slab or plate 
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 is Poisson’s raƟo of slab or plate ߥ  ௦ is described as elasƟc modulus of soil in contact with slab or plate ℎ is thickness of slab or plate, andܧ is modulus of elasƟcity of slab or plate ܧ

In this model ܮ is the length over which the respecƟve surface load can be distributed. In other words, the 
equaƟon allows the load to be distributed over a wider area to account for the presence of slab or plate. 
However, the above equaƟon seems to have inconsistent units, because the right-hand side has the unit 
of Length to the power of 4/3, while the leŌ-hand side has a unit of length. To resolve this inconsistency, ܧ௦ should be the volumetric modulus with a unit of force per volume (i.e., MPa/mm or psi/in). 

 

2.11 Model Performance 

The PRCI project ENV-6-1 [24], [7], launched in 2012, was meant to validate the CEPA model through 

performing full-scale field experiments. Details of the study can be found in the above PRCI reports. The 

test specimens included a 24-inch OD, 0.25-inch WT pipe in sand, a 12-inch OD, 0.5-inch WT pipe in 

compacted clay, and a 24-inch OD, 0.25-inch WT pipe in loosely placed (dumped) clay. These pipes were 

subjected to surface loading from a dump truck, a bulldozer, a front loader, and a vibratory compactor, 

with depths of cover of 2 or 3 feet. 

The study found that stress levels in shallow-buried pipelines can approach or exceed the fatigue 

endurance limit of a typical line pipe material. Dynamic effects dominated the results from the vibratory 

compactor tests.   

The validation revealed some discrepancies between the CEPA model's assumptions and the experimental 

data. For instance, the highest hoop stress location and direction were not always consistent with the 

assumption of vertical pipe ovalization. Despite these discrepancies, the CEPA model was generally 

successful in providing a conservative upper bound for hoop stress. Predictions for the 24-inch Sand and 

12-inch Packed Clay specimens were conservative in nearly all cases. However, for the 24-inch Dumped 

Clay specimen, which lacked compaction, the model produced non-conservative predictions in four out 

of 60 cases, underestimating the hoop stress by as much as 23%.  

The study also showed the CEPA model for predicting longitudinal stress. This model was found to be 

generally conservative, providing an upper bound for longitudinal stresses. Based on the study's findings, 

the report provides recommendations for selecting model parameters as follows 

1. Rut depth should be considered when calculating depth of cover (DOC). 

2. Recommended values for the bedding angle were: 

a. 90○ for clean, non-cohesive soil 

b. 60○ for compacted clay 

c. 30○ for dumped clay 
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3. An impact factor of 1.5 was found to be appropriate for road vehicles on shallow cover depths (2-

3 feet). A higher factor of 2.0 was recommended for construction equipment like bulldozers and 

front-end loaders. For a vibratory compactor with vibration on, it was recommended to include 

the centrifugal force with an impact factor of 1 in the analysis. 

 

3. Proposed Improvements 

The aim of the proposed improvements is to address some of the limitaƟons of the legacy CEPA model. 

3.1 Technical Basis for the Proposed Improvements  
The proposed improvements are primarily based on peer-reviewed research work conducted since the 
publicaƟon of the legacy CEPA Model. These advancements have focused on enhancing the model's 
accuracy, eĸciency, pracƟcality, and versaƟlity. 

 

3.1.1 2016 Enhancements Proposed by Kiefner & Associates - Reference [25] 
A modiĮed procedure for calculaƟng longitudinal stress and determining soil parameters was introduced 
in a 2016 paper [25] to address a limitaƟon of the legacy CEPA Model. The new approach uses the modiĮed 
Spangler stress formula for hoop stress and a more advanced version of the theory of beam-on-elasƟc-
foundaƟon for longitudinal stress, considering both local and global bending. This improved method is 
suitable for a wider range of scenarios, including open-trench and bored installaƟon methods. 

The proposed improvements were validated by comparison with experimental data from 1960-1967 
BaƩelle [26], 1965 Spangler [27] and 1988-1990 Cornell -TTC [28]. The validaƟon showed the model is 
conservaƟve in predicƟng the circumferenƟal and longitudinal stresses. 

 

3.1.2 2014 and 2018 ENV-6-1 PRCI Project – References [7, 24] 
As noted, the PRCI validaƟon project concluded that the legacy CEPA model generally provided a 
conservaƟve upper bound for surface loading-induced stress in pipelines buried at shallow depths (2 to 3 
feet). The following were some key Įndings from the project: 

• The predicƟons for hoop stress were conservaƟve in almost all cases for the pipe specimen in 
sand. For the specimen in compacted clay, there was only one non-conservaƟve predicƟon out of 
37 cases. In the non-compacted clay, the model was non-conservaƟve in several cases, with the 
worst predicƟon underesƟmaƟng stress by 23%. 

• The model for longitudinal stress was found to be a reliable upper bound, overpredicƟng stresses 
by an average factor of 2.8. The study also found that the longitudinal stress model's predicƟons 
were conservaƟve for all cases in sand and non-compacted clay. A weak correlaƟon was observed 
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between longitudinal stress and soil Poisson's raƟo, while a strong inverse relaƟonship was found 
with both soil elasƟc modulus and cover depth. 

• The lack of soil compacƟon was idenƟĮed as a major contribuƟng factor to higher-than-expected 
surface loading-induced stresses. The study showed that live load stresses decreased as soil gained 
compacƟon with repeated vehicle passes. 

• Pipelines buried in clay experienced greater stress than those in sand in most of the test cases. 
The horizontal pressure in clay was greater than in sand, demonstraƟng clay's ability to more 
eīecƟvely transfer pressure horizontally. 

• Stress levels decreased with increasing DOC. A 3-inch reducƟon in DOC was found to increase the 
predicted hoop stress by about 25%. 

• The study conĮrmed that higher internal pressure reduced live hoop stress. The eīect of pipe 
internal pressure on the live longitudinal stresses was found to be marginal. 

• The use of a vibratory compactor with vibraƟon "on" nearly doubled the stresses compared to 
when the vibraƟon was "oī". The legacy CEPA model's predicƟons using the manufacturer's 
speciĮed centrifugal force were generally conservaƟve, suggesƟng that the force is not fully 
transferred to the ground. Therefore, when the centrifugal force was included in the analysis, an 
impact factor of 1 was recommended. 

• The standard published impact factor of 1.5 was found to be appropriate for dump trucks. For 
shallow DOC, a factor of 2 was recommended for bulldozers and front-end loaders. 

  

3.1.3 2018 TC Energy Enhancements – Reference [23] 
TC Energy developed an in-house soŌware tool based on the enhanced CEPA model fundamentals 
published by Kiefner & Associates [25] to improve its pracƟcality. This tool added several advanced 
funcƟonaliƟes to improve eĸciency and accuracy. 

The TC Energy tool introduced features such as batch analysis, with the capability to run thousands of 
cases in a short Ɵme, and the ability to model mulƟple crossing angles from 0 to 90 degrees covering all 
crossing scenarios from parallel conĮguraƟon to perpendicular conĮguraƟon (see SecƟon 3.7 for 
illustraƟons). The tool also allowed for generic and site-speciĮc loading analysis, graphical displays of stress 
distribuƟons, user-deĮned impact factors, and automated reporƟng. 

TC Energy validated the surface loading analysis tool by comparing its results with both the legacy CEPA 
calculator and experimental data. The improved longitudinal global bending stress algorithm published in 
2016 [25] was shown to be more accurate than the legacy CEPA model predicƟons. 

 

3.1.4 2020 TC Energy Enhancements – Reference [22] 
TC Energy introduced a novel methodology to evaluate the eīecƟveness of temporary protecƟon 
measures like mats and bridging. This addressed a gap in previous industry tools that did not account for 
these scenarios. 
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The paper proposed a modiĮed equaƟon to calculate the "radius of relaƟve sƟīness" for mats and an 
approach to evaluate pipe stress with user-deĮned bridging free spans. Finite Element Analysis (FEA) 
validated the new equaƟon for eīecƟve length consistent with predicted results. 

The paper highlighted that, while industry tools exist for surface loading analysis, they typically do not 
account for scenarios where pipelines are protected by mats placed on grade or by above-ground bridges. 
The need for a quanƟtaƟve method to determine the "eīecƟve contact area" of mats was emphasized to 
ensure safety and cost-eīecƟveness. 

Key methodologies and Įndings were as follows: 

1. EīecƟve Area 

I. EīecƟve Area: FEA revealed that a vehicle load is not distributed across the enƟre area of a mat. 
Only a porƟon of the mat is eīecƟve at dispersing the load, and the size of this "eīecƟve area" 
depends on the relaƟve sƟīness between the mat and the soil. 

II. Improved EquaƟon: The paper proposes a modiĮed version of the legacy CEPA equaƟon for 
calculaƟng the radius of relaƟve sƟīness (R) that includes the contact width of the Ɵre or track 
(w). This improved equaƟon was validated against 358 FEA models and was found to be 
signiĮcantly more accurate than the legacy CEPA equaƟon. 

III. Mat Thickness and Soil SƟīness: Parametric analysis showed that increasing the thickness of the 
mat led to a larger eīecƟve area, which in turn reduced ground pressure and live load stresses on 
the pipe. Similarly, a higher soil modulus of reacƟon resulted in a larger radius of relaƟve sƟīness. 

2. Bridging ProtecƟon 

I. SimpliĮed Model: The method for analyzing bridging protecƟon (also known as air bridge) 
simpliĮes the load to parallel lines, represenƟng the bridge's fooƟngs. The pipeline is assumed to 
be located in the middle of the bridge's free span and perpendicular to the bridge. 

II. Span Length Impact: A key Įnding from the parametric analysis on bridging was the relaƟonship 
between the bridge's span length and pipe stress. As the free span increases, the live load stress 
on the pipe is reduced. However, if the free span is too small, the bridge can concentrate the load 
and cause higher stresses than if there were no bridge at all. The analysis suggested that the free 
span should be greater than or equal to the DOC to avoid an adverse impact. 

3. SoŌware Tool 

A soŌware tool was developed by TC Energy that incorporates these improved methodologies. It allows 
users to visualize the eīecƟve area of the mat and the resulƟng pressure distribuƟon on the pipe at 
diīerent crossing angles. This tool also helps in calculaƟng stresses for user-deĮned bridge free spans, 
providing Ňexibility for opƟmizing protecƟon measures in the Įeld. 
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3.1.5 2020 RSI Model for Protective Measures – Reference [23] 
This paper introduced an analyƟcal model to calculate the load distribuƟon on the ground surface from 
temporary crossings like Ɵmber mats and Ňexible slabs. The model is based on the beam-on-elasƟc-
foundaƟon theory and uses the Laplace transform to Įnd soluƟons with free-end boundary condiƟons. 

 

3.1.6 2021 ENV-6-2 PRCI Project – Reference [20] 
Included in the study was the evaluaƟon of the eīecƟveness of diīerent temporary crossing methods, 
such as ground mats, mat bridges, and steel plates, in reducing stress on the pipelines. The following 
observaƟons were made: 

• A single 4-foot-wide mat was generally ineīecƟve at reducing pipe stress and, in many cases, 
increased them, especially with tracked vehicles. This was aƩributed to load concentraƟon and 
impact from the equipment. 

• On the other hand, using mulƟple mats (Įve side-by-side) or a mat bridge consistently reduced 
both hoop and longitudinal stresses. For mat bridges, increasing the spacing between supports 
and increasing the support contact area led to greater stress reducƟon. 

• The orientaƟon of the mats was found to be important for tracked vehicles, and using mats with 
Ɵmber parallel to the pipe was shown to be ineīecƟve at consistently reducing stress. 

 

3.1.7 2024 ASME Cover Depth Study – Reference [29]  
The study's scope included a review of historical trends in ASME B31 and U.S. regulaƟons, internaƟonal 
standards, industry data, risk models, and cost-beneĮt analysis. It also considered the eīects of rock 
excavaƟon and service conversions.  

Data from the U.S., UK, and Europe showed a general decrease in excavaƟon damage incidents over Ɵme. 
This reducƟon was diĸcult to link directly to changes in standards or regulaƟons and appeared to be driven 
more by increased industry awareness. When damage rates were normalized by mileage, incidents were 
highest at depths less than 24 inches and greater than 48 inches. The lowest damage rates were found in 
the 24-inch to 36-inch range. The high rate at deeper cover might be due to diĸculty in locaƟng and 
exposing the deeper pipe in construcƟon zones. The study suggested that a combinaƟon of engineering, 
administraƟve, and behavioral barriers is necessary for eīecƟve damage prevenƟon.  

FEA of rock excavaƟon trenches showed that surface loading-induced stress on the pipe decreased with 
greater cover, but the beneĮt diminished beyond 20 inches of cover. Stress also decreased with a narrower 
trench (less than twice the pipe diameter) and with increasing wall thickness, parƟcularly for pipes with a 
diameter-to-wall thickness raƟo (D/t) less than 50. These Įndings were consistent with the Marston Model 
[13] predicƟons.  

The FEA study showed reasonable agreement with the predicƟons of the legacy CEPA equaƟon for 
circumferenƟal stress. It also showed that, in most cases, two inches of a padding layer would be suĸcient 
to prevent damage due to rock fragments. 
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3.1.8 2024 TC Energy Enhancements – Reference [21] 
This most recent work focused on addressing frequently asked quesƟons and provided a systemaƟc 
approach for advanced analysis using the advanced CEPA model. New methodologies were developed for 
creaƟng generic surface loading condiƟons not limited to single vehicles and for numerically construcƟng 
a 3D live load pressure Įeld using Boussinesq equaƟons. The model now includes a methodology to 
automaƟcally idenƟfy the criƟcal locaƟon of a vehicle relaƟve to the pipeline centerline at any given 
crossing angle, which helps to determine the most criƟcal stresses. 

The methodologies for conducƟng faƟgue analysis for girth and seam welds under crossings using the 
advanced CEPA model in conjuncƟon with API RP 1102 were also addressed, highlighƟng the importance 
of the stress analysis model in determining faƟgue life. 

 

3.2 Soil Overburden 

As noted, the legacy CEPA model used the Prism Load equaƟon (EquaƟon 4) for overburden soil pressure 
calculaƟon: 

 ௣ܲ௥௜௦௠ = ߛ ∙   ܪ

The Prism Load equaƟon yields conservaƟve results in most cases. This is because the Prism Load only 
accounts for the verƟcal soil pressure whereas, in reality, the soil pressure also has a lateral (horizontal) 
component. In other words, a porƟon of the soil overburden pressure acts similarly to external hydrostaƟc 
pressure (Figure 7). To account for the lateral soil pressure, one can use “the coeĸcient of earth pressure 
at rest” or 0ܭ, (see [11]). For a pipe installed in a backĮlled trench this coeĸcient can be calculated using 
soil Poisson’s raƟo: 

0ܭ  = ௦௢௜௟1ߥ − ௦௢௜௟ߥ ≤ 0.55 EquaƟon 27 

 

The eīecƟve soil pressure aŌer the applicaƟon of the lateral soil pressure becomes: 

 ௦ܲ௢௜௟ = (1 − (0ܭ ௣ܲ௥௜௦௠ EquaƟon 28 

 0ܲ = ௟ܲ௔௧௘௥௔௟ = 0ܭ ௣ܲ௥௜௦௠ EquaƟon 29 
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Figure 7. Soil Load Prism with Ko 

The soil pressure resulƟng from EquaƟon 28 represents the net verƟcal soil pressure that causes the pipe 
secƟon to ovalize. The soil pressure in EquaƟon 29 is the remaining porƟon of the soil pressure that aīects 
the pipe like external hydrostaƟc pressure (because it is equal in the verƟcal and horizontal direcƟons). 
This soil pressure does not contribute to pipe ovalizaƟon but creates a relaƟvely small uniform 
compression, which can be ignored or calculated using Barlow’s equaƟon (EquaƟon 1 with a negaƟve sign). 
Using 0ܭ values greater than 0.55 is not recommended unless a dedicated Įeld invesƟgaƟon conĮrms that 
the value is representaƟve of the local condiƟons. The 0.55 limit is based on Įnite element simulaƟons 
that were conducted as a part of a cover-depth study sponsored by ASME [29]. 

Typical values of soil Poisson’s raƟos are listed in Table 4 for diīerent soil classiĮcaƟons. 

Table 4. Typical Values for Soil Poisson's RaƟo [30] 

Soil Classification Value 

Saturated clay 0.45 to 0.5 

Unsaturated clay – sƟī 0.20 

Unsaturated clay – medium 0.25 

Unsaturated clay – soŌ 0.30 

Silt 0.3 to 0.35 

Sandy clay 0.2 to 0.3 

Dense sand and gravel 0.30 

Medium sand and gravel 0.25 

Loose sand and gravel 0.15 
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If a pipe is buried under the water table, the Prism load can be corrected for water pressure as follows:  

 ௣ܲ௥௜௦௠ = ௦௔௧ߛ ∙ ܪ −   EquaƟon 30 ݑ

Where ݑ is the hydrostaƟc water pressure at the top of the pipe. In EquaƟon 29, the subscript “sat” is 
introduced to emphasize that the soil unit weight is the saturated unit weight. It is well known in soil 
engineering that soil unit weight increases with increasing moisture content. The following equaƟon can 
be used to calculate soil unit weight at diīerent moisture content values [28]:  

௧ߛ  = ܩ) + ܵ௘)ߛ௪1 + ݁  EquaƟon 31  

Where ݁ is soil void raƟo ܩ is speciĮc gravity of soil grains, usually about 2.65  ܵ௘ is degree of saturaƟon (0 ≤ ܵ௘ ≤  ௪ water unit weightߛ ௧ is total soil unit weightߛ   (1

 

For example, if the unit weight of dry soil (ߛௗ) and speciĮc gravity of soil grains are known from soil 
sampling, EquaƟon 31 can be used to esƟmate soil void raƟo: 

ௗߛ  = ܩ ∙ ௪1ߛ + ݁  EquaƟon 32  

 

The soil unit weight at any given degree of saturaƟon can be calculated from this equaƟon. The highest 
weight is obtained when the soil is completely saturated (ܵ௘ = 1), in which case: 

 

௧ߛ  = ܩ) + ௪1ߛ(1 + ݁ = ௗߛ + ௪1ߛ + ݁ = ௗߛ + ܩௗߛ    

 

Field tests performed by Potter in 1985 [14] on a 10-inch gas pipeline revealed a linear relationship 

between soil overburden pipe deflections and cover depths ranging from near zero to 30 inches (zero to 

0.76 m). This study suggested that the use of prism load for shallow cover depths is appropriate. 

Although the Prism load is generally conservaƟve, there are situaƟons where the soil Prism 
underesƟmates verƟcal soil pressure. In general, when the backĮll soil is compacted, soil arching tends to 
reduce the soil overburden, especially for a deep pipeline [28]. However, if the backĮll soil above a buried 
pipe is not compacted, it tends to seƩle over Ɵme, increasing soil overburden pressure due to the rigidity 
of the pipe relaƟve to the loose soil.  
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The Marston model is another alternaƟve for calculaƟng soil overburden. This method accounts for the 
soil fricƟon between the backĮll and the sides of the excavated trench. Figure 7 shows the basis for the 
Marston theory. For a rigid pipe, the load per unit length of the pipeline ( ௗܹ) is assumed to be equal to 
the weight of the backĮll minus the soil fricƟon along the sides of the ditch. In a Ňexible pipeline, the load 
per unit length ( ௖ܹ) is spread over the trench's width. This distribuƟon enables the trench boƩom to 
absorb some of the load, eīecƟvely reducing the load per unit length of the pipe. The Marston equaƟons 
are as follows: 

 ௗܹ =  𝐵ௗ2 EquaƟon 33ߛௗܥ

 ௖ܹ = 𝐵ௗܦߛௗܥ  EquaƟon 34 

ௗܥ  = 1 − ݁−2௄ఓ′( ு஻೏)2ߤܭ′  
EquaƟon 35 

Where  𝐵ௗ is the trench width ܥௗ is load Coeĸcient ܦ is the pipe OD ݁ is the Euler’s number (2.718281…) ܪ is pipe Depth of Cover (Soil Cover) ܭ Rankine acƟve soil pressure coeĸcient (see Figure 8) ߛ  is soil unit weight ߤ′ is fricƟon coeĸcient between the trench and backĮll soil 
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Figure 8. Basis for Marston Theory (Recreated Figure based on [13]) 

Table 5 shows typical values of ߤܭ′ for some soil types. The acƟve soil pressure coeĸcient can also be 
calculated using Rankine’s theory [32]. For a cohesionless soil, this coeĸcient can be calculated from 
EquaƟon 36:  

ܭ  = 1 − ݊݅ݏ ߮′1 + ݊݅ݏ ߮′ EquaƟon 36 

The ߮′ in EquaƟon 36 is the eīecƟve angle of internal fricƟon of the soil. The soil fricƟon angle is a 
fundamental property in soil mechanics that describes the shear strength of soil due to internal fricƟon 
between soil parƟcles. The soil fricƟon angle is the angle at which soil parƟcles resist sliding over each 
other due to fricƟon. 
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Figure 9 and Figure 10 show comparisons between the Marston and Prism load theories, respecƟvely, for 
a Ňexible and a rigid pipe. In these Įgures, the horizontal axis represents the raƟo of pipe depth to outer 
diameter (OD), while the verƟcal axis represents the raƟo of Marston soil pressure to that of the Prism 
load. Each Įgure contains 4 diīerent trench widths ranging from OD to six Ɵmes the OD. 

Table 5. Typical Values for Soil Kµ' 

Soil Classification Value 

ParƟally compacted damp topsoil 0.5 

Saturated topsoil 0.4 

ParƟally compacted damp clay 0.4 

Saturated clay 0.3 

Dry sand 0.5 

Wet sand 0.5 

 

 

 

Figure 9. Marston Versus Prism Load Soil Pressure Comparison for a Flexible Pipe 
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Figure 10. Marston Versus Prism Load Soil Pressure Comparison for a Rigid Pipe 

The Marston model assumes that the ditch has verƟcal sides. The Marston model has been extended to 
inclined ditches by Li and Dube in 2013 [33].  

Based on the above discussion, it is recommended to use the Prism Load method with or without the 
lateral pressure coeĸcient for pipelines with shallow cover depths (less than or equal to 1 m). For greater 
cover depths, the Marston model can be used to achieve higher accuracy. Steel pipelines can generally be 
treated as Ňexible pipes. 

 

3.3 E’ Value 

As shown in Table 1, the recommended E’ values are funcƟons of soil classiĮcaƟon, cover depth, and soil 
compacƟon. The tabulated values exhibit disconƟnuity as these parameters change. Since mathemaƟcally 
conƟnuous results are more desirable for the decision-making process, interpolaƟon can be used to 
express variaƟon of E’ with cover depth, compacƟon degree, and percentage of Įnes in the soil. The 
following equaƟons are based on the tabulated values in Table 1: 

′ܧ  = 0.0012(0.2ܪ)1ܧ ∙ ݁7.85∙௖    [psi] EquaƟon 37 

1ܧ  = 500 + (1 − ݂)200     [psi] EquaƟon 38 

where ܿ is the backĮll compacƟon degree, 0.85 ≤ ܿ ≤ 1.0  ݂ is the weight fracƟon of Įnes in the backĮll soil, 0 ≤ ݂ ≤  .is pipe cover depth in Ō ܪ   1

Note that in the above equaƟon, the E’ is in psi. The above equaƟon has a maximum error of 15% 
compared to the tabulated values, which is insigniĮcant considering the intrinsic subjecƟveness of E’ 
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determinaƟon. The main advantage of using interpolaƟon is that it reduces user dependency of the 
surface loading calculaƟons by relaƟng E’ to soil parameters that can be determined experimentally. The 
operaƟng companies may use the above correlaƟon or develop similar correlaƟons or conƟnue to use the 
tabulated values. 

 

3.4 Longitudinal Stresses 

Global bending stress can be calculated using the beam-on-elasƟc-foundaƟon theory (e.g., see [6]) without 
invoking the equivalent point load method. The bending moment in a straight inĮnite beam-on-elasƟc-
foundaƟon, shown in Figure 11, is calculated as follows:  

(ݔ)ܯ  = ܦ ∫ ߚ3(ߦ)ݓ ݔ|ߚ)ݏ݋ܿ) − (|ߦ + ݔ|ߚ)݊݅ݏ − ௫2௫1((|ߦ ݁−ఉ|௫−క| ∙  EquaƟon 39 ߦ݀

where  ܦ is the pipe OD ݁ is the Euler’s number (2.718281…) ݔ is the axial location of the measurement point ߦ is an integration variable representing axial distance along the beam ݓ is the distributed load over the pipeline 

ߚ is a beam on elastic foundation parameter defined as ߚ = √ ௞4ாூ4
   

݇ is soil spring constant per unit length of the pipe ܫ is the second moment of area for the pipe section calculated as ܫ = గ64 4ܦ) − ܦ) −  .(4(ݐ2

 

Figure 11. Beam on ElasƟc FoundaƟon 
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The soil spring stiffness, ݇, can be calculated from a suitable method by the analyst and entered in the 

spreadsheet. Vessic’s equation [34] is one of the methods: 

 ݇ = 0.65 ௦௢௜௟ܧ) ∙ ܫܧܦ )0.083 ௦௢௜௟1ܧ −  ௦௢௜௟2 Equation 40ߥ

 

In Equation 40 ܧ௦௢௜௟  and ߥ௦௢௜௟  are the elastic modulus and Poisson’s ratio of soil, respectively, ܫ is the 

second moment of area of the pipe section and ܦ is the pipe outer diameter. Note that the soil elastic 

modulus, ܧ௦௢௜௟ , is generally different from the modulus of soil reaction, ܧ′. Table 4 contains typical values 

for the soil Poisson’s ratio. Table 6 to Table 9 contain typical elastic moduli for various soil classifications. 

These values are provided to serve as a guide only. It is recommended to collect representative soil data 

for analysis.  

Equation 39 does not have a universal solution for a general loading distribution (ݔ)ݓ. Thus, numerical 

integration is used as the primary method to calculate the bending moment diagram in the pipeline. The 

length of the pipe is divided into shorter segments, typically one or two times the outer diameter (OD) of 

the pipe. The distribution of soil load across each pipe segment is determined using Boussinesq's equation. 

Afterwards, the expression under the integral is assessed for each segment. Standard integration 

techniques, like the midpoint Rule or Trapezoidal Rule, are applied to compute the bending moment along 

the pipe. References [21, 22, 25] provide details on how to implement Equation 40]. 

Another method to determine soil spring constant is the American Lifelines Alliance soil spring model [35]. 

The soil spring constant is primarily controlled by the soil layer directly under the pipeline. This method 

requires soil shear strength properties. Table 10 lists typical values for several different soil classifications. 

Table 6. Typical ElasƟc Moduli for Granular Soil in psi [36] 

USCS designation Loose Soil Medium Soil Dense Soil 

Well graded gravel 7975 17400 29000 

Poorly graded gravel 4785 10440 17400 

Silty gravel 1378 2320 4350 

Clayey gravel 1378 2320 4350 

Well graded sand 4350 11600 23200 

Poorly graded sand 2900 5800 9425 

Silty sand 1015 1740 2900 

Clayey sand 1015 1740 2900 
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Table 7. Typical ElasƟc Moduli for Granular Soil in MPa [36] 

USCS designation Loose Soil Medium Soil Dense Soil 

Well graded gravel 55 120 200 

Poorly graded gravel 33 72 120 

Silty gravel 9.5 16 30 

Clayey gravel 9.5 16 30 

Well graded sand 30 80 160 

Poorly graded sand 20 40 65 

Silty sand 7 12 20 

Clayey sand 7 12 20 

 

Table 8. Typical ElasƟc Moduli for Cohesive Soil in psi [36] 

USCS designation 
Very Soft to Soft 

Soil 

Medium 

Soil 

Stiff to Very 

Stiff Soil 
Hard Soil 

Silt 761 1813 3915 8700 

Lean clay 435 1160 2900 6525 

Organic silt 73 392 537 682 

PlasƟc silt 580 1015 2900 4350 

PlasƟc clay 290 798 1885 3625 

Organic clay 73 290 435 580 

 

Table 9. Typical ElasƟc Moduli for Cohesive Soil in MPa [36] 

USCS designation 
Very Soft to Soft 

Soil 

Medium 

Soil 

Stiff to Very 

Stiff Soil 
Hard Soil 

Silt 5.3 12.5 27.0 60.0 

Lean clay 3.0 8.0 20.0 45.0 

Organic silt 0.5 2.7 3.7 4.7 

PlasƟc silt 4.0 7.0 20.0 30.0 

PlasƟc clay 2.0 5.5 13.0 25.0 

Organic clay 0.5 2.0 3.0 4.0 
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Table 10. Typical Values for Soil FricƟon Angle and Cohesion 

Soil Type 

Friction 

Angle 

(degrees) 

Cohesion 

(psi) 

Cohesion 

(kPa) 

well-graded gravel 38 0 0 

poorly graded gravel 36 0 0 

silty gravel 36 0 0 

clayey gravel 32 1.45 10 

well-graded sand 34 0 0 

poorly graded sand 30 0 0 

silty sand 30 0 0 

clayey sand 30 1.45 10 

silt with low plasƟcity 28 0 0 

lean clay 28 2.175 15 

organic silt, organic clay with low 
plasƟcity 

22 1.45 10 

plasƟc silt 26 1.45 10 

fat clay 20 2.175 15 

organic clay, organic silt 18 2.175 15 

 

3.5 Bedding Angle 

The bedding angle should be determined by the analyst based on engineering judgment and an 
understanding of the pipeline and soil condiƟons.  Based on the 2005, 2006, and 2009 CEPA documents 
[2, 3, 18] and other references such as [7, 24, 35] the following values are recommended when no 
addiƟonal informaƟon about the bedding condiƟons of a pipeline is available:  

• 0o for pipe laid in a rock trench 

• 0o for pipe laid in an open trench and backĮlled with a loose fat clay (high plasƟcity clay) 
• 30o for a recent open trench construcƟon with a loose, low plasƟcity cohesive backĮll 
• 30o to 60o for compacted clay 

• 60o for compacted clay when the soil has been given enough Ɵme to consolidate (usually longer 
than 5 years) 

• 60o to 90o for pipe installed in open trench with non-cohesive granular backĮll 
• 90o for designed backĮll to ensure good bedding at the Ɵme of construcƟon  
• 90o for bored pipe and deeply buried pipe 

• 180o for Ňowable Įll backĮll 

OperaƟng companies should develop their own speciĮcaƟons to guide their engineers select an 
appropriate bedding angle. The decision on proper selecƟon of bedding angle should account for 
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construcƟon pracƟces and methods regarding pipe Įƫng, bedding preparaƟon, and backĮll placement 
and compacƟon that an operator has historically implemented. 

 

3.6 Impact Factor 

API RP 1102, the 2009 CEPA report [18], and the ENV-6 reports [7], [24] minimum impact factors of 1.5 
and 1.75 are recommended, respecƟvely for road vehicles and railroad. According to API 1102, the impact 
factor can be reduced by 0.1 per meter of depth below 1.5 m (0.03 per foot below 5 Ō cover depth) unƟl 
the impact factor equals 1.   

• For low speed (< 15 kph) agricultural vehicles with low Ɵre pressure (<206 kPa) a lower impact 
factor of 1.25 can be used.  

• Based on the PRCI ENV-6-1 project, the following recommendaƟons are made for construcƟon 
equipment:  

• For construcƟon vehicles with high Ɵre pressure that tend to generate impact (loader with load) 
a higher impact factor of 2 is recommended. 

• For track vehicles, it is recommended to use an impact factor equal to or greater than 2 or, 
alternaƟvely, distribute the load over a porƟon of the track length (50% or less, depending on road 
roughness) to account for dynamic eīects and non-uniform load distribuƟon. 

 

3.7 General Load Footprint and Crossing Angle 

A load matrix was one of the opƟons to enter vehicular footprint into the legacy CEPA Calculator.  Figure 
12 shows an example of a load matrix. 

 

 

 

Figure 12. Vehicle Load Matrix for AASHTO H2O Truck 

F, X, Y,

kN m m

17.793 0.000 -0.914

17.793 0.000 0.914

71.172 4.267 -0.914

71.172 4.267 0.914
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The load matrix feature oīers extensive Ňexibility for entering vehicle informaƟon. Users can specify 
various vehicle categories, including various legal axle conĮguraƟons, mulƟ-axle vehicles (e.g., trailers, 
trains), several side-by-side vehicles, agricultural machinery, roller compactors, or even objects with 
arbitrary footprints.  In the legacy CEPA calculator the user was required to enter the locaƟon of the 
measurement point by specifying its (x, y) coordinates. The measurement point should generally be the 
point at which the soil pressure from the live load is the maximum value. However, the legacy CEPA 
Calculator did not provide a funcƟon to determine this criƟcal point.  

Figure 13 shows soil pressure under a vehicle with two axles and four wheels carrying equal loads at cover 
depths of 2 m and 3 m. As seen in the Įgure the increase in the cover depth has shiŌed the locaƟon of the 
criƟcal point from under the wheels to the center of the vehicle. This example shows it is not always 
possible to intuiƟvely determine the criƟcal locaƟon, because it is not always under the heaviest load. 

 

(a) 

 

(b) 
Figure 13. Vehicle Load Matrix for an Equipment with Two Axles and Equal Wheel Loads: 

(a) At a Cover Depth of 2 m and (b) at a Cover Depth of 3 m 

To eīecƟvely analyze a general surface loading crossing, it is advisable to conduct soil pressure calculaƟons 
over a dense grid that encompasses the enƟre footprint to determine the criƟcal point. This process may 
require signiĮcant computaƟonal resources, which underscores the need for automaƟon.   

Another advantage of using load grid combined with automaƟc calculaƟons is that it allows a user to deĮne 
crossings with an angle other than perpendicular. Figure 14 shows a crossing with an arbitrary angle.9 For 
an angled crossing, the load matrix can be rotated using a planar transformaƟon matrix to align it with the 
orientaƟon of the vehicle. Figure 15 shows another useful conĮguraƟon with a vehicle running parallel to 
the pipeline at some oīset distance. This conĮguraƟon arises when a pipeline is installed near the 
shoulders of a road or railroad.  For surface loading analysis of a pipeline with a parallel conĮguraƟon, the 
criƟcal point search window should be limited to a line parallel to the pipeline with the respecƟve oīset 
distance. 

 
9 Refer to Figure 17 of Paper No. IPC2024-133500 for illustraƟon of diīerent crossing angles from zero to 180 
degrees. 
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Figure 14. Crossing with a Fixed Angle 

 

Figure 15. Parallel ConĮguraƟon 

TC Energy has pioneered using coordinate transformaƟon to calculate vehicular load matrices for angled 
crossings. Details of the implementaƟon of an angled load matrix can be found in a published IPC paper 
[21]. 

3.8 Vibratory Compactor 

To model a vibratory compactor with vibraƟon ‘on’, it is recommended to add the centrifugal force to the 
staƟc drum weight. When the centrifugal force is included, the impact factor can be set to 1 for the drum 
[7]. However, an impact factor of 1.5 should sƟll be applied to any axle load. This impact factor can be 
reduced when the cover depth is greater than 1.5 m (5 Ō) in accordance with the API RP 1102 method. 

This method replaces vibratory loads with an equivalent live load. When detailed faƟgue assessment is 
warranted (usually for the case when the live stresses exceed design faƟgue endurance limits), a vibraƟon 
assessment should be performed on the pipeline. VibraƟon assessment is not in the scope of this 
document.   
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3.9 Timber Mat and Slab 

The PRCI ENV-6 projects [7], [24], [20] examined the eīect of Ɵmber mat, road plate, and air-bridge 
(collecƟvely known as the means of temporary crossing) on the surface loading stress distribuƟon. Both 
the ENV-6-1 and ENV-6-2 projects revealed that Ɵmber-mat is not very eīecƟve when placed parallel to 
the pipeline. Timber-mats could be eīecƟve in reducing surface loading stresses when placed 
perpendicular to the pipeline and when the mats are suĸciently long. For example, the short Ɵmber-mats 
(4-Ō-log in the direcƟon perpendicular to the pipeline) installed over the 12-inch pipe specimen in the 
ENV-6-2 project did not reduce the surface loading stresses, and in some instances increased the stresses. 
Similarly, Ɵmber-mats placed parallel to the pipe specimens in the ENV-6-1 project increased the surface 
loading-induced stresses under track vehicles.  

The outcomes of the ENV-6-2 project also showed that road plates were not very eĸcient in reducing 
surface loading stresses. Road plates can sƟll be used to prevent soil erosion and rut development at 
pipeline crossings.  

A detailed model to calculate load distribuƟon under unidirecƟonal (e.g. Ɵmber mat) or bidirecƟonal (e.g. 
slab) layer placed on the surface was discussed in IPC 2020 [37].  The model uses beam-on-elasƟc-
foundaƟon theory (Figure 16) to derive and solve the equaƟon for a sƟī layer over a soŌer soil. A detailed 
descripƟon of the model can be found in Reference [37]. The Įnal soluƟon for the model is as outlined in 
the following lines:  

ݑ  = ℎ ∗ ߰௩43ߚ + ߰௨0ݑ + ߰ఏ2ߚ  EquaƟon 41 0ߠ

0ݑ  = ఏܽ௠ܥ − ௠2ܽߚ௨ܽ௩2ܥ −  ௩ܽఏ EquaƟon 42ܽߚ

0ߠ  = ௨ܽ௠ܥ2 − ఏܽఏ2ܽ௠2ܥ − ܽ௩ܽఏ  EquaƟon 43 

(ݔ)ݓ  = −݇ ∙  EquaƟon 44 (ݔ)ݑ

where ܧ is modulus of elasƟcity of slab or plate ܧ௦ is elasƟc modulus of soil in contact with slab or plate ܫ second moment of area of beam (i.e. Ɵmbers of slab) ݇ soil sƟīness factor ݑ is deŇecƟon of the beam (i.e. Ɵmbers or slab) 0ݑ is deŇecƟon of the beam at x=0 ݓ contact load distribuƟon between a temporary crossing 
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ߚ :is soil sƟīness factor in beam-on-elasƟc-foundaƟon theory ߚ = √ ௞4ாூ4
 is beam slope of deformaƟon at x=0, and 0ߠ 

The ߰ funcƟons are deĮned as: ߰௩ = cosh(ݔߚ) sin(ݔߚ) − sinh(ݔߚ) cos(ݔߚ) ߰௨ = cos(ݔߚ) cosh(ݔߚ) ߰ఏ = cosh(ݔߚ) sin(ݔߚ) + sinh(ݔߚ) cos(ݔߚ) ߰௠ = sinh(ݔߚ)sin(ݔߚ) 

While the remaining parameters are deĮned as ܥఏ = ∫ ℎ(ܮ − (ߦ ∙ ߰ఏ(ߦ) ∙ ௅ߦ݀
0  

௨ܥ = ∫ ℎ(ܮ − (ߦ ∙ ߰௨(ߦ) ∙ ௅ߦ݀
0  ܽ௩ = 2߰௩|௫=௅ ܽఏߚ2 = 2߰ఏ|௫=௅ ܽ௠ߚ2 =  2߰௠|௫=௅ߚ2

where ℎ(ݔ) = ܫܧ(ݔ)ݍ−  ℎ(ݔ) represents the vehicular load on the Ɵmber mat or slab. The above equaƟons represent a general 
soluƟon for a load, (ݔ)ݍ, with an arbitrary distribuƟon. A vehicular footprint can usually be approximated 
as a set of concentrated loads. Using this approximaƟon and the superposiƟon principle, the soluƟon can 
be greatly reduced. 

 

 

Figure 16. Beam-on-ElasƟc-FoundaƟon Model for the Analysis of Timber Mat 
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For a point load, ܨ, acƟng at distance ܽ from the leŌ end of the beam using the properƟes of the Dirac 
delta funcƟon: 

ఏܥ  = ܫܧܨ− ∙ ߰ఏ(ܮ − ܽ) EquaƟon 45 

௨ܥ  = ܫܧܨ− ∙ ߰௨(ܮ − ܽ) EquaƟon 46 

Similarly, the convoluƟon integral in EquaƟon 41 can be simpliĮed as: 

 ℎ ∗ ߰ = | 0                   if ݔ < ܫܧܨ−ܽ ݔ)߰  − ܽ) if ݔ ≥ ܽ EquaƟon 47 

 

This model requires elasƟc modulus of the means of crossing i.e. Ɵmber mat, road plate, or concrete slab.  
ElasƟc modulus for a road plate made of structural steel can be taken to be 2.97E+7 psi (205,000 MPa). 
The elasƟc modulus of concrete can be calculated from one of the following equaƟons: 

௖௢௡௖௥௘௧௘ܧ  = 57000√ ௖݂′               [݅ݏ݌] EquaƟon 48 

௖௢௡௖௥௘௧௘ܧ  = 4700√ ௖݂′               [ܽܲܯ] EquaƟon 49 

where ௖݂′ is the compressive strength of concrete in psi (EquaƟon 48) or MPa (EquaƟon 49).  

Table 11 contains elasƟc moduli for various wood types. 

Table 11. Typical ElasƟc Moduli along Fibers for Wood [38] 

Material 
E 

(psi) 

E 

(MPa) 

Pine wood  1,305,000  9000 

Alder, red  1,377,500  9500 

Ash, white  1,740,000  12000 

Basswood, American  1,464,500  10100 

Beech, American  1,725,500  11900 

Birch, yellow  2,015,500  13900 

Maple, sugar  1,827,000  12600 

Cherry, black  1,493,500  10300 

CoƩonwood, eastern  1,363,000  9400 

Elm, rock  1,537,000  10600 

True hickory, shagbark  2,160,500  14900 

Oak, white, red, northern  1,783,500  12300 
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Walnut, black  1,682,000  11600 

Tupelo, black  1,203,500  8300 

 

For details on how to implement this model into a surface loading analysis tool, refer to the published 
paper [37].  

Given the complexity of the RSI model, operaƟng companies may choose to use some other simpliĮed 
models. For example, a modiĮed CEPA model developed by an ECC operaƟng company accounts for 
protecƟon measures such as Ɵmber mats. Details of the modiĮed CEPA model can be found in Reference 
[22]. 

3.10 EƯect of Road Pavement 

When a pipeline crosses a paved roadway, the load-spreading eīect of pavements can be accounted for 
using the methods discussed in SecƟon 2.10 or SecƟon 3.9 for slabs. The load-spreading eīect of a road 
pavement is similar to a slab, with an elasƟc modulus that represents the sƟīness of asphalt or concrete 
pavement. When the elasƟc modulus of asphalt pavement is assessed, the eīect of temperature should 
be accounted for, as warmer temperatures can signiĮcantly reduce the elasƟc modulus of asphalt. 

 

3.11 Assessing Pipe Anomalies for Surface Loading 

Anomalies such as metal loss, cracks, dents, other deformaƟon features, and imperfecƟons in girth and 
seam welds can negaƟvely aīect the pipeline's allowable limits. The general method for addressing pipe 
anomalies is through a Fitness-for-Service (FFS) assessment. 

The 2009 CEPA report [18] contained a Ňow diagram Ɵtled "Pipeline Surface Loading Acceptability Process 
Flow Diagram" that illustrated the recommended process for determining the acceptability of surface 
loading (see Figure 17). This diagram included a "StaƟc Stress Demand - Capacity Check" which 
incorporates a "CondiƟon Factor" (CF). The CondiƟon Factor was used to account for the pipeline's 
condiƟon, with diīerent values assigned based on the presence of anomalies. 
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Figure 17. Pipeline Surface Loading Acceptability Process Flow Diagram [18] 

CF = 1.00: This factor applies if there is no signiĮcant metal loss (e.g., less than 10 years of data from an 
in-line inspecƟon), no low-frequency electric-resistance weld (LF ERW) or Ňash buƩ weld, a joint factor of 
1, and no other signiĮcant threats like stress corrosion cracking (SCC), third-party damage (TPD), or 
deformaƟons. 
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CF = 0.95: This factor is used when the metal loss condiƟon is unknown, but cathodic protecƟon (CP) 
records are in good order, and there are no other known threats. 

CF = 0.75 - 0.90: The selecƟon of a value within this range is determined by an SME. This range applies to 
situaƟons where the test pressure is less than 1.1 Ɵmes the maximum operaƟng pressure (MOP), the pipe 
has LF ERW, Ňash buƩ, or a joint factor less than 1, there is a potenƟal for other threats, or if there are 
acetylene girth welds. 

While the above method can be used as a screening tool when no ILI data are available or when surface 
loading-induced stresses are low (<10% SMYS), more comprehensive and dedicated FFS assessments are 
recommended for the surface loading analysis when low cover depths or heavy vehicles are involved. The 
FFS process allows the designer to evaluate these imperfecƟons and, if necessary, provide addiƟonal 
strength or protecƟon against potenƟal damage modes. This is parƟcularly important because, while CSA 
Z662:23 outlines design requirements for operaƟonal and thermal loads, it explicitly states that addiƟonal 
loadings like excessive overburden and cyclical traĸc loads are not speciĮcally addressed within the 
standard10. Therefore, the designer must determine if supplemental design criteria are needed for such 
loads. 

The reports also highlight that certain pipe seam types, such as low-frequency ERW and electric Ňash weld, 
may be suscepƟble to seam failures. OperaƟng companies should consider this suscepƟbility if heavy 
equipment crosses the pipeline at high frequencies. 

When the axial locaƟons of the anomalies are known with a high level of conĮdence, the potenƟally 
negaƟve eīect of each anomaly can be limited to its locaƟon. Using a similar approach is generally not 
recommended for the circumferenƟal locaƟon of an anomaly because the orientaƟon of pipe ovalizaƟon 
changes as a crossing vehicle approaches the pipeline. Furthermore, a review of the experimental data 
from ENV-6-1 and ENV-6-2 [7, 24, 20] projects show that the circumferenƟal locaƟon of the maximum 
tensile and compressive stresses was not always consistent with verƟcal ovalizaƟon of the pipes.    

For the FFS assessment of pipelines subject to such condiƟon, API 579 [38] is a recommended pracƟce 
that includes FFS procedures for cylindrical pressure vessels. In many cases, a Level 1 or Level 2 FFS is 
adequate. However, someƟmes it may become necessary to conduct a Level 3 assessment, which includes 
a detailed Įnite element analysis. Here we have outlined a proposed FFS for anomalies.  

FFS of pipeline anomalies under surface loading should be performed by an SME. 

 

3.11.1 Data Requirements for FFS Assessments 

This would be a valuable addiƟon. The text menƟons "ILI data" and "CP records" but does not elaborate 
on the full scope of data needed for a robust FFS. This new secƟon could list key data points: 

• InspecƟon data including ILI data and NDE data 

• HydrostaƟc test pressure history 

 
10 Refer to Clause 4.3.1.1 of CSA Z662:23. 
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• OperaƟng pressure and temperature data 

• Pipe material speciĮcaƟons (SMYS, SMTS, toughness) 

• Weld procedures and inspecƟon reports 

• Historical repair records 

• Soil condiƟons and cover depth. 

 

3.11.2 Metal Loss in Base Metal 
The eīect of a metal loss or a cluster can be accounted for by calculaƟng plasƟc collapse capacity of the 
pipeline in the circumferenƟal and longitudinal direcƟons, using the modiĮed ASME B31.G method [39] 
and the modiĮed Miller's soluƟon in Annex A of API 1104 [40], respecƟvely. 

The plasƟc collapse stress in the circumferenƟal direcƟon is calculated as:  ߪ௖ு = ௙ߪ 1 − 1ߟ0.85 − ܯߟ0.85  EquaƟon 50 

ܯ = √1 + ݖ0.6275 − ݖ        if        2ݖ0.003375 ≤  50 EquaƟon 51 

ܯ = ݖ0.032 + 3.3        if        ݖ >  50 EquaƟon 52 

ݖ = ܦ2ܮ ∙ ݐ      if        ݖ ≤  50 EquaƟon 53 

Where  ܦ is pipe outer diameter; ܮ is metal loss length (in the axial direcƟon of the pipe);  ݐ is pipe wall thickness; ߟ is anomaly depth to pipe wall thickness raƟo (ߟ =  ௙ is the pipe Ňow stress, which is calculated as the pipe SMYS plus 10,000 psi for theߪ and ;(ݐ/݀
circumferenƟal collapse load calculaƟons.  

 

The plasƟc collapse stress in the longitudinal direcƟon is calculated as:  ߪ௖௅ = 4ߨ) + 385(0.05 − ߟ ∙ (2.5(ߚ (cos ߟ) ∙ ߚ ∙ 2ߨ ) − ߟ ∙ sin(ߚ ∙ 2(ߨ )     ௬ߪ
if   ߟ ∙ ߚ < 0.05           EquaƟon 54 
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௖௅ߪ = 4ߨ (cos ߟ) ∙ ߚ ∙ 2ߨ ) − ߟ ∙ sin (ߚ ∙ 2(ߨ ) ߟ   ௬   ifߪ ∙ ߚ ≥  0.05 EquaƟon 55 

 

The stress raƟo in the longitudinal direcƟon is given as: 

௥ܮ =  ௖௅ EquaƟon 56ߪ௅ߪ

The stress raƟo is deemed acceptable when it is equal to or less than the cut-oī limit: ܮ௥௖௨௧௢௙௙ =  ௬ EquaƟon 57ߪ௙ߪ

In the above equaƟons ߪ௬ is the pipe SMYS, anomaly depth raƟo, ߟ, is as previously deĮned, and ߚ is the 
anomaly width (in the circumferenƟal direcƟon) to pipe circumference raƟo: 

ߚ = ߨݓ ∙  EquaƟon 58 ܦ

The Ňow stress, ߪ௙, can be calculated as the average value of SMYS and the speciĮed minimum tensile 
strength (SMTS) of the pipe. 

 

3.11.3 Metal Loss with Weld Interaction 

The presence of metal loss on a girth weld or seam weld can aīect faƟgue life, fracture resistance, and 
plasƟc collapse strength of the girth weld. 

This approach in this secƟon does not apply to selecƟve seam weld corrosion anomalies. OperaƟng 
companies should determine the proper miƟgaƟon strategy in such cases. 

A conservaƟve method to assess a weld with metal loss under surface loading is discussed in Annex K of 
CSA Z662:23 or Annex A of API 1104. Similar models based on failure assessment diagram (FAD) for staƟc 
load and a crack growth model for live load cycles can also be used. If the metal loss fails the assessment, 
then a fracture mechanics-based numerical analysis (e.g., API 579) can be performed. 

The FFS assessment should account for all the known stresses, including the surface loading-induced 
stresses. When the crossing is a permanent crossing, crack growth due to stress cycles from live surface 
load or other sources may need to be addressed. 

 

3.11.4 Crack-Like Features   
Crack-like features can be assessed following a fracture mechanics-based FFS assessment method, such as 
presented in API 579 or Annex J and Annex K of CSA Z662:23. 
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The FFS assessment should include all known stresses, including surface loading-induced stresses in the 
longitudinal and/or circumferenƟal direcƟons. When the crossing is a permanent crossing, crack growth 
due to live load cycles, as well as other cyclic loads, should be addressed in the assessment. 

 

3.11.5 Dent, Mechanical Damage, and Deformation Features   
Dents, deformaƟon, and mechanical damage can act as stress concentrators, signiĮcantly reducing the 
pipeline's faƟgue life and making it more suscepƟble to failure under cyclical loads from traĸc. The 
reduced cross-secƟon and altered geometry can also compromise the pipeline's compressive and bending 
strength, which are criƟcal for resisƟng surface loading. Buckling resistance of a pipeline is parƟcularly 
sensiƟve to the presence of dents and other forms of deformaƟon due to the eccentricity they introduce. 

Currently, there is no industry-wide guidance on how to assess the bending resistance or compressive 
resistance of a pipe with a dent or deformaƟon. Therefore, the only reliable assessment method is 
dedicated numerical analysis. 
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