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DISCLAIMER 
 

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

The analysis and conclusions provided in this report are for the sole use and benefit of the 
Client.  No information or representations contained herein are for the use or benefit of any 
party other than the party contracting with Kiefner.  The scope of use of the information 
presented herein is limited to the facts as presented and examined, as outlined within the body 
of this document.  No additional representations are made as to matters not specifically 
addressed within this report.  Any additional facts or circumstances in existence but not 
described or considered within this report may change the analysis, outcomes and 
representations made in this report. 

This report issued as a Final Report in 2016 describes work performed by Kiefner in 2003 and 
2004 and reported in Draft form in January 2005.  Data, regulations, and other input discussed 
herein were the most recent available at the time the work was performed.  Data, regulations, 
and other input developed or revised subsequent to the 2005 Draft report are not accounted for 
and could change the analysis, outcomes, and representations made in this report. 
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Assessment of Span Exposures on the 20-inch 
Petroleum Pipelines Crossing the Straits of 
Mackinac 
M. J. Rosenfeld, PE 

INTRODUCTION 
Enbridge Pipelines operates two 20-inch OD pipelines that cross the Straits of Mackinac 1.5 
miles west of the Mackinaw Bridge.  The pipelines, which were constructed in 1953, are part of 
a system that transports petroleum products from Superior, Wisconsin to Sarnia, Ontario. 

Enbridge has periodically conducted subaquatic inspections to monitor the condition of the 
pipelines.  The most recent inspection prior to the preparation of this report was during the 
summer of 2001.  The inspection revealed a number of areas where scouring effects from water 
currents caused sections of the pipelines to span freely above the bottom.  Several sections 
were determined to have lengths in excess of the 75 ft limit specified in the original easement 
granted by the State of Michigan in 1953. 

Enbridge took prompt action to correct several of the longer spans, and is continuing to develop 
technical criteria and identify effective means to remediate other spans.  At the request of 
Enbridge, in 2003 and 2004 Kiefner & Associates, Inc. (Kiefner) undertook a study of the 
following matters: 

x the applicable regulations, industry standards, and original construction documents 
pertaining to the Straits crossings; 

x the extent to which spans in excess of the 75-ft limit could be permitted while assuring 
continued safe operation of the pipelines and compliance to applicable regulations and 
standards; 

x the effect of operating conditions on the spans; 

x available options for supporting spans; and 

x susceptibility to vibration induced by vortex-shedding. 
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CONCLUSIONS 

Codes, Standard, and Regulations 
From a review of applicable pipeline regulations and industry standards, it is clear that the 
Straits crossings fall within the scope of US Federal pipeline safety regulations.  The crossings 
share all the physical attributes of offshore pipelines in terms of their method of construction as 
well as the loading and operating environment.  For this reason, an offshore pipeline technical 
standard is the most appropriate place to seek technical guidance on matters such as allowable 
working stress levels.  The offshore section of ASME B31.4 was recommended by convention.  
Chapter IX therein recommends maximum longitudinal stresses of 80% of specified minimum 
yield strength (SMYS), and maximum biaxial combined stresses of 90% of SMYS.  An alternative 
criterion for noncyclical displacement-controlled loadings is also permitted.  While a strain-based 
criterion remains a technically feasible option, it has not been recommended because 
insufficient data concerning material and weld strain capacity is available to develop a criterion 
having a known degree of conservatism. 

Engineering Analysis of Spans 
Engineering studies carried out by the original design team for Bechtel (1951) were reviewed in 
detail.  An independent analysis was carried out in conjunction with this study as well.  The two 
studies used similar parameters for static and live loadings on the pipeline.  The original design 
observed an allowable stress criterion of 60% of SMYS, and then adopted an allowable span 
length for construction of 75 ft corresponding to a stress level of about half this limit.  The 
current study determined that a longitudinal tensile stress limit of 80% of SMYS, used for 
offshore pipelines, was appropriate and safe.  Spans of between 155 ft and 195 ft in length 
(depending on operating temperature conditions) could meet this limit.  Based on these results, 
it appears that spans longer than 75 ft as specified in the original right of way easement 
granted by the State of Michigan could be safely permitted. 

A span of 140 ft was established by Enbridge as a criterion for taking corrective action.  
Engineering analyses performed with this study confirmed that Enbridge’s criterion safely allows 
for span growth beyond the original 75-ft specification over time and is conservative for all 
operating conditions.  Spans longer than the 155 to 195 ft limit would continue to be safe owing 
to several contributing factors, although it is difficult to precisely quantify the exact margins of 
safety offered by these factors in some cases.  Factors that contribute to additional margins of 
safety include the fact that the allowable longitudinal stress level provides by definition a 
minimum factor of safety of 1.25 against failure; the pipe and weld materials tend to have 
greater actual strength than the minimum specified quantities; pipe may potentially have 
heavier wall thickness than specified; very long spans tend to eventually “touch down” on the 
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Straits bottom (thereby becoming supported for any continued growth of the span); and the 
line sometimes transports product (NGL) having a lower density than what was assumed in the 
analysis (crude oil).  The conclusion that longer spans can remain safe is logically supported by 
recognition that longer spans have historically occurred with no apparent distress to the 
pipeline, although Enbridge prudently took steps to correct spans in those instances. 

Effects of Operating Conditions 
Some relief of span sag during the installation of supports would be beneficial because it would 
immediately transfer some load to the supports.  Relief may be accomplished by lifting the line 
prior to support installation, or by installing supports that provide a jacking or lifting function 
after installation.  Without some means of preloading, the supports do not become effective for 
reducing sag-induced stresses until the spans extend in length through a continued bottom 
scour process.  However, they will help mitigate vortex-induced vibration without preload. 

There is no benefit to reducing the operating pressure during the support installation process 
from the standpoint of stresses due to internal pressure, because those stress components are 
too small to make a significant difference.  Shutting in flow could reduce span sag due to the 
line cooling down, but this runs the risk of increasing stress levels in the spans until the 
supports are installed and flow is restored.  Therefore, shutting in the line while the supports 
are being installed is not preferred.  Switching over to natural gas liquids (NGL) will yield only a 
relatively small change in the sag if the transporting temperature of the NGL is as warm as the 
crude oil.  If the NGL runs cooler than the crude oil, the combination of lower pipe temperature 
and reduced span weight could reduce span sag so as to make the supports at least partially 
effective at the present span lengths when crude oil is being transported.  The most optimal 
situation, solely from the standpoint of immediate effectiveness of the supports, is to take the 
line out of service, including clearing the pipe of product contents.  This study did not evaluate 
the impact of this strategy on operation. 

Support Options 
Several proven techniques for supporting spans in submerged pipelines were reviewed.  
Recommendations are as follows for mitigating the spans on the Straits crossings:  grout bags 
for low-clearance spans; screw anchors with mechanical clamps for high-clearance spans; and 
rock-dumping for permanent system-wide mitigation.  An analysis of local stresses in the pipe 
wall associated with mechanical support clamps determined that the stresses are not excessive. 

Vortex-Induced Vibration 
A simplified analysis for vibration induced by vortex-shedding was conducted.  At water 
velocities of 2.3 ft/sec or less, which encompasses almost all periods of operation, the flow 
regime is subcritical (either laminar or transitional) with a periodic wake.  The pipe spans are 
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therefore subjected to alternating lift and drag forces having a frequency between 0.04 and 
0.77 Hz.  Critical span lengths were determined based on the span structural frequency being 
sufficiently close to the vortex-shedding frequency for vortex “lock-on” to occur.  Critical span 
lengths vary inversely with the water velocity.  The critical span lengths for the water velocities 
where the flow regime produces a periodic wake, up to 2.3 ft/sec, are 140 ft or longer, so 
vortex-induced vibration (VIV) considerations appear not to be limiting.  At the water current 
velocities expected, drag-induced forces on the span are very low compared to the buoyant 
weight of the pipe. 

RECOMMENDATIONS 
Based on considerations for static stresses and susceptibility to vibration induced by vortex 
shedding, a maximum free span of 140 ft is recommended.  Longer spans do not appear to 
jeopardize the safety of the pipeline, but the stresses would be in excess of conservative levels 
derived from design code limits. 

The rate at which individual spans increase in length or adjacent spans coalesce to form longer 
spans over time remains unknown.  In order to avoid frequent span remediation efforts due to 
span growth or coalescence processes, spans that occur in series with other spans nearby 
should be targeted for support even if they are shorter than 140 ft.  Annual or biennial 
bathymetric (bottom) inspections should be undertaken in order to determine span growth 
rates and identify locations that are susceptible to rapid span formation. 

BACKGROUND 

Description of the Pipelines 
The Straits of Mackinac Crossing is comprised of two individual 20-inch outside diameter (OD), 
0.812-inch wall thickness (WT) pipelines.  The crossing was constructed in 1953 using Grade A 
seamless line pipe having an SMYS of 30 ksi and specified minimum tensile strength of 48 ksi, 
in accordance with the contemporaneous edition of API 5L[1].  The actual yield strength of pipe 
joints based on mill tests varied from 30 ksi to 44 ksi, with an average of 37 ksi.[2]  The 
construction specifications called for using the lowest strength joints at the deepest elevations 
in order to take advantage of their perceived greater ductility. 

The pipelines were constructed on shore, and the constructed string of pipe floated out and was 
lowered into place.  The pipelines were hydrostatically tested in place at a pressure of 1,200 
psig, corresponding to a hoop stress of 49% of SMYS (without correcting for external pressure), 
for a period of 10 hours.[2] 
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Pipe joints were welded using the shielded-metal arc welding (SMAW, or stick welding) with 
E6010 coated electrodes.  The construction of the line occurred at about the same time as the 
first publication of API 1104.  Procedure and welder qualification standards and production 
workmanship standards applied to the construction were generally similar to those of modern 
editions of API 1104.  Pipe chemistry was limited to 0.24 C, 0.90 Mn, 0.045 Ph, and 0.06 S, by 
weight percent.[2] 

The maximum operating pressure (MOP) of each line is 600 psig, corresponding to a hoop 
stress of 7,389 psi, or 24.6% of SMYS, without correcting for the external pressure associated 
with the pipeline’s submerged depth.  The normal operation is at pressures up to 280 psig, with 
a correspondingly reduced hoop stress level. 

The products transported by the lines are crude oil and natural gas liquids (NGL) having specific 
gravities of 0.868 and 0.547, respectively.  The pipes are coated with asphalt primer, fiberglass 
matting, and asbestos felt in a net thickness of 1.25 inch and having a specific gravity of 1.28.  
The buoyant (submerged) weight of the lines is 140.3 lb/ft when transporting crude oil, or 
103.4 lb/ft when transporting NGL. 

The Straits crossing is approximately 5 miles in length, extending from Point La Barbe on the 
north side to McGulpin Point on the south side of the Straits.  The pipelines are located in the 
pipeline corridor indicated in Figure 1.  The direction of flow is from north to south.  The two 
lines are approximately 1,300 ft apart and situated approximately 1.3 miles west of the 
Mackinaw Bridge.  The maximum depth of the crossing is approximately 250 ft.  Limited current 
velocity data indicates currents are 2 knots (1.7 ft/hr).  Enbridge is in the process of obtaining 
additional current velocity data. 

The product temperature in the line varies seasonally between 39 F (4 C) and 61 F (16 C).  The 
water temperature varies seasonally and with depth due to stratification and turnover 
phenomena.  Deepwater temperatures vary from 39 F (4 C) to 43 F (8 C), while shallow water 
temperatures vary over a wider range.  The differential between pipeline operating temperature 
and ambient deepwater temperature are the least in the winter and the greatest in the 
summer.  The temperature difference is expected to vary between 0 F and +20 F, with the 
pipeline operating warmer than the water.  

The lines were buried in a trench at shore approaches out to water depths of 85 ft.  (The right 
of way easement granted by the State of Michigan specified burial to a water depth of only 50 
ft.[3])  Where water depths exceeded 85 ft, the lines were laid on the Straits bottom without 
cover.  Due to natural variations in bottom elevation, the pipelines were installed with some 
free spans of up to 75 ft in length.  The minimum radius of curvature was specified to be 1,350 
ft, corresponding to an elastic bending strain equal to 0.062% and an elastic bending stress 
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equal to 18.3 ksi or 61% of SMYS.  The bottom profiles of the East and West lines are shown in 
Figure 2. 

Recent Assessments 
Enbridge has conducted several subaquatic surveys of the condition of the pipelines.  Surveys 
were conducted in 2001 and 2003 by Onyx Superior Special Services, Inc. consisting of side-
scan and multi-beam sonar, followed by video examination by remotely operated vehicle 
(ROV).[4]  The sonar imaging revealed the locations and free lengths of exposed spans on the 
Straits bottom.  The 2003 survey identified 7 spans longer than 140 ft in the east leg, with the 
longest being 224 ft, and 9 spans longer than 140 ft in the west leg, with the longest being 286 
ft (due to a failed grout bag support).  Both lines exhibited about the same number of spans 
and distribution with respect to span length.  All spans longer than 140 ft were corrected by 
Enbridge using screw anchor supports. 

CODES, STANDARDS, AND REGULATIONS 

Federal Pipeline Safety Regulations 
Federal regulations set forth in 49 CFR Part 195[5] (“Part 195”) provide safety standards for 
pipelines used to transport hazardous liquids.  Enbridge’s pipelines crossing the Straits fall 
within the scope of Part 195.  A number of clauses in Part 195 apply to the Straits pipelines, 
while some others might be incorrectly interpreted as being applicable.  These will be reviewed 
in the following section. 

Are the Straits crossings “offshore” pipelines? 

The first question is whether or not the Straits crossings are “offshore pipelines” under the 
regulations.  Subpart A – General, 195.2 Definitions states: 

“Offshore means beyond the line of ordinary low water along that portion of the 
coast of the United States that is in direct contact with the open seas and 
beyond the line marking the seaward limit of inland waters.” 

This clause perhaps did not contemplate a crossing of the Great Lakes, even though such a 
crossing would possess all the physical attributes of an offshore pipeline in terms of its 
construction and its loading environment.  If one interprets “open seas” to mean “open waters”, 
the foregoing definition would readily apply to the Straits crossings.  Note that although Part 
195 defines “offshore”, nowhere does it require observance of a particular design code for 
offshore pipelines, nor does it establish minimum requirements with respect to safety that differ 
substantially from those for onshore pipelines, except for those of a practical matter (e.g., 
pipeline marking or underwater surveys). 



FINAL 
16-154 

Kiefner and Associates, Inc. 7 October 2016 

What design requirements apply? 

The Straits crossings were constructed prior to development of Part 195.  Under Subpart C – 
Design Requirements, Paragraph 195.100 states: 

“This subpart prescribes minimum requirements for new pipeline systems…and 
for relocating, replacing, or otherwise changing existing systems”. 

Under Subpart D – Construction, Paragraph 195 states: 

“This subpart prescribes minimum requirements for constructing new pipeline systems… 
and for relocating, replacing, or otherwise changing existing systems”. 

Consistent with the approach adopted by most technical codes, this clause refrains from 
imposing new design or construction requirements on an existing facility that remains 
essentially unaltered, such as the Straits crossings.   

Under Subpart E – Pressure Testing, Paragraph 195.302 states: 

“(b) Except for pipelines converted under 195.5, the following pipelines may be operated 
without pressure testing under this subpart: (1) Any hazardous liquid pipeline whose 
maximum operating pressure is established under 195.406(a)(5) that is – (i) An 
interstate pipeline constructed before January 8, 1971;” 

Paragraph 195.406 then states: 

“(a) Except for surge pressures and other variations from normal operations, no 
operator may operate a pipeline at a pressure that exceeds any of the following: … (5) 
For pipelines under 195.302(b)(1)… that have not been pressure tested under subpart E 
of this part, 80 percent of the test pressure …to which the pipeline was subjected for 4 
or more continuous hours…” 

The Straits crossings meet the requirements of 195.302 and 195.406. 

The safety requirements under Part 195 applicable to the existing Straits crossings are found 
primarily under Subpart F, Operations & Maintenance.  Hence, the application to an existing 
facility of standards of a design nature that might be applied to new facilities today remains 
discretionary on the part of the operator where doing so makes sense. 

What allowable stress limits apply? 

The only maximum allowable stress levels prescribed by Part 195 are those pertaining to the 
hoop stress due to internal pressure.  There are no maximum allowable levels specified for 
longitudinal stresses caused by deadweight, thermal expansion, or external loadings acting on 
the pipeline.  Paragraph 195.110 External Pressure states: 
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“Anticipated external loads (e.g.), earthquakes, vibration, thermal expansion, and 
contraction must be provided for in designing a pipeline system.  In providing for 
expansion and flexibility, Section 419 of ASME B31.4 must be followed.” 

A review of the original design documents, to be discussed subsequently, indicates that the 
expected external loads, such as deadweight and water currents, were considered in detail 
during the design process. 

The provision cited above to follow Section 419[6] deserves discussion because it is sometimes 
incorrectly applied to pipelines in situations for which it was not intended.  Section 419 applies 
specifically to piping systems where flexibility for absorbing thermal expansion is provided by 
means of bends, expansion loops, or offsets.  The Straits crossing was not constructed in this 
fashion.  It is essentially an axially restrained pipeline with some number of exposed, freely 
spanning sections.  The present-day version of ASME B31.4 recognizes that there is a 
fundamental difference between piping systems constructed so as to be flexible and those that 
are not, and specifies differing allowable stress levels accordingly.  It also recognizes that 
exposed spans may be present in otherwise restrained systems and that they should be treated 
similarly to the balance of the buried pipeline, with the addition of bending stresses due to 
spanning.  These concepts are expressed in paragraph 419.6.4(a): 

“There are fundamental differences in loading conditions for the buried, or 
similarly restrained, portions of the piping and the aboveground portions not 
subject to substantial axial restraint.  Therefore, different limits on allowable 
longitudinal expansion stresses are necessary.” 

In any case, the requirement in 195.110 that Section 419 be followed does not apply to the 
crossings. 

What operational provisions apply? 

The provisions of operation and maintenance apply to any existing facility, in general.  Subpart 
F – Operation and Maintenance, Paragraph 195.401(b) states: 

“Whenever an operator discovers any adverse condition that could affect the 
safe operation of its pipeline system, it shall correct it within a reasonable time.” 

This could apply to a situation where, in Enbridge’s judgment, the exposed span lengths 
become excessive.  However, Part 195 gives no specific guidance on determining what is “safe”.  
Subpart B – Reporting Accidents and Safety-Related Conditions, Paragraph 195.55 states: 

“…each operator shall report … the existence of any of the following safety-
related conditions involving pipelines in service:…(2) unintended movement or 
abnormal loading of a pipeline by environmental causes, such as an earthquake, 
landslide, or flood, that impairs its serviceability.” 



FINAL 
16-154 

Kiefner and Associates, Inc. 9 October 2016 

This clause goes a step farther than 195.401(b).  It would require Enbridge to report conditions 
involving spans where, in Enbridge’s judgment, the stresses exceed reasonably safe levels, or if 
significant dislocation of the pipelines were evident. 

INDUSTRY STANDARDS 
ASME B31.4 is an industry consensus safety standard.  It is an engineering and technical 
standard that provides design criteria based on simplified engineering concepts.  Chapter I 
Scope and Definitions, Paragraph 400(b) states: 

“Requirements for all abnormal or unusual conditions are not specifically 
provided for.” 

Paragraph 400(e) states: 

“It is intended that a designer capable of applying more complete and rigorous 
analysis to special or unusual problems shall have latitude in … the evaluation of 
complex or combined stresses.  In such cases, the designer is responsible for 
demonstrating the validity of his approach.” 

These provisions clearly communicate the latitude for Enbridge to apply methods and criteria 
that may not be spelled out in detail in the Code, or that are alternative to those in the Code, 
along with the need to meet the intent of the Code insofar as safety is concerned and to 
exercise sound engineering judgment. 

Paragraph 400(f) states: 

“This Code shall not be retroactive or construed as applying to piping systems 
installed before date of issuance … insofar as design, materials, construction, 
assembly, inspection, and testing are concerned.  It is intended, however, that 
the … Code shall be applicable … to the relocation, replacement, and uprating or 
otherwise changing existing piping systems; and to the operation, maintenance, 
and corrosion control of new or existing piping systems.” 

Like the Federal regulations, this means that current requirements of a design matter are not 
retroactive on existing pipelines systems, though current operations and maintenance 
requirements apply to all pipelines regardless of installed date. 

Are the Straits crossings “offshore” pipelines? 

Paragraph 400.1.1 states: “Requirements for offshore pipelines are found in Chapter IX.”  This 
indicates that certain requirements apply separately to pipelines constructed offshore.  ASME 
B31.4 comprises a main code body applicable to pipelines in general but usually taken to apply 
to those located on shore, along with an “offshore chapter” (Chapter IX, Offshore Liquid 
Pipeline Systems) containing exceptions or additional requirements as befitting the unique 
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aspects of pipelines located offshore.  A definition for “offshore” is found in ASME B31.4, 
Paragraph A400.2, that is similar to the one found in Part 195.  Based on the characteristics of 
the pipeline, where it is located, and the environment it operates in, it is logical to consider the 
Straits crossings to be “offshore” pipelines rather than “onshore” pipelines that happen to cross 
a lake. 

Other standards exist for offshore pipelines internationally which could be applicable from a 
technical standpoint.  Although there is no regulatory requirement to use ASME B31.4, it would 
be a logical code choice since B31.4 embodies technical concepts and practices observed by the 
US pipeline industry and the Straits crossings are located in US waters. 

What design requirements apply? 

The “onshore” portion of the Code contains provisions to consider hazards from the effects of 
ambient loadings, such as waves or currents acting on a pipeline crossing a waterway, which 
could be applied in a general sense to an offshore pipeline as well.  However, the offshore 
chapter addresses the specific concerns for offshore pipelines more directly.  Paragraph A401 
Design Conditions lists design conditions to be considered for offshore pipelines, including 
installation (buoyancy, external pressure, laying); environmental loads (waves, currents, ice); 
and operational loads.  These are, for all practical purposes, the same technical considerations 
applicable to the Straits crossings.  Conversely, many of these items are of no concern to a 
pipeline buried onshore.  The offshore chapter more clearly articulates the maximum 
longitudinal stress levels, and it is no less conservative than the “onshore” part of the Code 
unless the option to use plastic design concepts is chosen.  It would therefore make a better 
choice from a technical standpoint for addressing the concerns with the Straits crossings than 
the “onshore” part of the Code. 

What allowable stress limits apply? 

Paragraph A402.3.5(a)(2) Longitudinal Stress states: 

“For offshore pipeline systems, the longitudinal stress shall not exceed values 
found from SL < F2SY.” 

The term SL is the absolute value of the longitudinal stress calculated as the sum of axial and 
longitudinal bending (either tensile or compressive values, whichever gives the higher stress).  
From Table A402.3.5(a), F2=0.80, so SL < 80% SMYS.  A402.3.5(a)(3) Combined Stress states: 

“For offshore pipeline systems, the combined stress shall not exceed the value 
given by … < F3SY.” 

The combined stress is the effective biaxial tensile stress, computed in accordance with either 
the Maximum Shear (Tresca) Theory or the Distortion Energy (von Mises) Theory.  The 
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calculation must consider both tensile and compressive axial and bending components.  From 
Table A402.3.5(a), F2=0.90, so Se < 90% SMYS. 

A third criterion is worth noting, though for conservatism it is not suggested that it be applied in 
this situation.  Paragraph A402.3.5(a)(4) Strain states: 

“When the pipeline experiences a predictable noncyclic displacement of its 
support (e.g. fault movement along the pipeline route or differential subsidence 
along the line) or pipe sag before support contact, the longitudinal and combined 
stress limits may be replaced with an allowable strain limit, so long as the 
consequences of yielding do not impair the serviceability of the installed pipeline.  
Where plastic strains are anticipated, … the ability of the weld to undergo such 
strains without detrimental effect should be considered.” 

This clearly gives the latitude to exceed the stress limits in A402.3.5(a) and work toward a 
strain limit instead.  A common strain limit used in new construction is 2%.  New revisions to 
the ASME gas pipeline code (B31.8) will allow that for onshore pipelines, and it has been a 
feature in foreign pipeline codes for many years.  One application for this in the Straits 
crossings is curvature-induced stress imposed by installation settlement of the pipeline onto the 
Straits bottom, as inferred from in-line inspection.  Another would be for exposed spans where 
the pipe is sagging onto the bottom.  A key consideration in developing a strain limit is the 
quality and properties of the girth welds. 

What were the original design requirements? 

On a historical note, the 1953 piping code[7] prescribed minimum requirements for various types 
of piping systems.  Section 3 – Oil Piping prescribed requirements for materials selection, 
pressure design (e.g. allowable hoop stress and minimum wall thickness), hydrostatic testing, 
and pressure-temperature ratings for valves and flanges.  Hoop stress due to internal pressure 
was limited in API 5L Grade A seamless to a value of 25,500 psi, or 85% of SMYS, computed 
considering the minimum wall tolerance for the specified pipe product.  The hydrostatic test 
requirement was the greater of 1.25 times the maximum operating pressure or 1.1 times the 
maximum surge pressure, except that neither the hoop stress from the test pressure nor the 
biaxial stress were permitted to exceed 90% of SMYS, computed considering the full wall 
thickness less the manufacturing tolerance.  Section 3 imposed no specific allowable 
longitudinal stress limits on buried or restrained piping systems. 

Additional requirements were provided in Section 6 – Fabrication Details, Chapter 3 – Expansion 
and Flexibility.  The only longitudinal stress limits provided therein were in the context of 
flexibility analysis, a concept that does not apply to restrained pipelines such as the Straits 
crossings.  Separate limits for restrained pipelines or offshore pipelines, such as are found in 
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today’s Code, had not yet been developed.  In any case, the 1953 Code, Paragraph 620 
“Flexibility”, required that: 

“(g) Where the piping system is subject to the occasional temperature changes 
and to combinations of constant stress and minor cycle variable stresses 
associated with the normal operation of a plant, the maximum allowable 
combined stress due to bending and pressure shall … be limited to 40 percent of 
the specified tensile strength…” 

There is no evidence that the designers of the Straits crossings specifically followed the 
provisions in Paragraph 620(g). 

The 1953 Code specified welding in accordance with ASME Section IX[8], but the project 
adopted welding requirements very similar to those found in API 1104[9], though no mention of 
API 1104 was made in the project specifications. 

SUMMARY 
From a review of applicable pipeline regulations and industry standards, it is clear that the 
Straits crossings fall within the scope of US Federal pipeline safety regulations.  The crossings 
share all the physical attributes of offshore pipelines in terms of their method of construction as 
well as the loading and operating environment.  For this reason, an offshore pipeline technical 
standard is the most appropriate place to seek technical guidance on matters such as allowable 
working stress levels.  The offshore section of ASME B31.4 was identified as the most 
applicable.  Chapter IX therein recommends maximum longitudinal stresses of 80% of SMYS, 
and maximum biaxial combined stresses of 90% of SMYS.  An alternative criterion for 
noncyclical displacement-controlled loadings is also permitted.  While a strain-based criterion 
remains a technically feasible option, it has not been recommended for the sake of 
conservatism. 

ENGINEERING ANALYSIS 

Original Design Studies 
At the time that the Straits crossings were conceived, designed, and constructed, they were the 
deepest offshore pipelines ever built, though not the longest.  Extensive design calculations 
were performed by engineers at George S. Colley, Jr. and Associates under the supervision of 
Dr. Mario G. Salvadori, Dept. of Civil Engineering, Columbia University.[10]  The loadings 
considered in the design included internal pressure due to operation at 600 psig and hydrostatic 
testing to 1,200 psig, vertical loading from deadweight and buoyancy, thermal expansion 
corresponding to a temperature differential of +30 F (with the pipeline operating warmer than 
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the water), horizontal loading due to drag from water currents, torsional loading from the pipe 
rolling on slopes and from water currents, soil friction, and the effects of catenary action.  Limit 
states considered were tensile overload, biaxial combined stresses, lateral instability, collapse of 
the empty pipe, and local buckling.  The calculations were all performed by hand, using closed-
form solutions based on traditional structural engineering methods and assumptions. 

The original design study recommended a maximum span length of 140 ft and the 
recommended minimum bend radius of 1,750 ft, based on a maximum allowable tensile stress 
of 60% of SMYS (18 ksi).  For additional conservatism in order to allow for unanticipated 
conditions or changes in conditions during operation, a maximum construction span of 75 ft was 
ultimately suggested.  Since stresses other than those induced by operation of the pipeline are 
roughly proportional to the square of the span length (L2), a span of 75 ft corresponds to a 
summed tensile stress of less than 30% of SMYS, which is an extremely conservative operating 
stress level. 

Kiefner Spanning Study 
At the request of Enbridge, Kiefner reviewed the original studies, and performed an 
independent analysis.  As discussed in the first part of this report, Kiefner concluded that the 
appropriate criteria for allowable stress limits are those found in ASME B31.4, Chapter IX, 
Offshore Liquid Pipeline Systems, rather than those for unrestrained onshore pipelines.  These 
limits are 80% of SMYS for longitudinal stresses, and 90% of SMYS for biaxial effective 
stresses. 

The pipelines were first analyzed using closed-form solutions for a beam with simultaneous 
lateral and axial loading.  Because adjacent spans are unlikely to be of uniform length, while 
individual spans may be bedded in compliant soil media, engineering judgment suggests that 
neither full fixity or full rotational freedom accurately represents span end conditions.  Rather, 
actual end restraint conditions were thought to more likely be midway between the two 
extremes.  Consequently, the stresses at any point along the beam were calculated as the 
average of the fixed and pinned solutions, which is an assumption that is consistent with 
standard structural analysis methods.  The same pressure, weight, and current loadings were 
considered as in the previous studies.  The resulting equations are presented in the following 
discussion.  The pipeline behaves as a catenary with resistance to lateral deflection developed 
through increased axial tension rather than additional bending stress for spans much in excess 
of 80 ft. 

The equations for the tensioned beam-catenary span, as an average of the fixed and pinned 
cases, are given below. 
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where 

 MP = bending moment for pinned-end condition 
 MF = bending moment for fixed-end condition 
 k = (T/EI)1/4 
 T = axial compressive force 
 E = elastic modulus 
 I = pipe section moment of inertia 
 A = pipe section metal area 
 L = pipe span length 
 w = resultant lateral load per unit length 
 σb = bending stress 
 σx = axial stress 

Considering a negligible temperature differential between the transported product and the 
water temperature results in the solution indicated by the dashed lines in Figure 3.  The 
longitudinal tensile stress component and biaxial stresses converge for long spans.  The 
allowable longitudinal tensile stress of 80% of SMYS is achieved at a span length of 155 ft. 

The original design study recognized that deflection of the spans would relieve the compressive 
stress due to thermal expansion where the pipeline operates at temperatures warmer than the 
water.  The product temperature in the line varies seasonally between 39 F (4 C) and 61 F (16 
C).  The water temperature varies seasonally and with depth due to stratification and turnover 
phenomena.  Deepwater temperatures vary from 39 F (4 C) to 43 F (8 C), while shallow water 
temperatures vary over a wider range.  The differential between pipeline operating temperature 
and ambient deepwater temperature is the least in the winter and the greatest in the summer.  
The temperature difference is expected to vary between 0 F and +20 F, with the pipeline 
operating warmer than the water.  Figure 4 shows the expected seasonal temperature 
variations. 

Relief of the thermal stress by normal span sag from weight and current effects occurs 
gradually with spans of increasing length greater than 80 ft.  Full relief occurs in spans longer 
than 120 ft.  As the compressive stress becomes increasingly relieved with increasing span 
length between 80 and 120 ft, the span increasingly develops catenary behavior.  The 
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equations for a catenary span with fixed ends and compressive axial load relieved by sag are 
presented below. 
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where 

 y = pipe deflection 
 C = tensioned beam coefficient 

and all other variables are as defined above. 

The relief of thermal expansion by sagging results in a significantly different relationship 
between span length and total pipe stress for spans longer than 120 ft compared to the 
situation where the differential temperature is negligible.  Stresses increase with span length, 
but at a significantly lower rate.  This is illustrated by the solid curves in Figure 3 for a 
temperature differential of +20 F.  The span length corresponding to the tensile limit of 80% of 
SMYS is 195 ft.  As with the case with no differential temperature, when the pipeline structural 
response is governed by catenary behavior the span length is governed by the tensile stress 
criterion rather than the biaxial stress criterion.  The limit of 90% of SMYS on the biaxial stress 
then governs local curvatures, primarily in areas where the pipeline is already supported on the 
bottom soil and follows the bottom contours.   

The results indicate that with negligible temperature differential, the pipe may begin yielding 
with spans longer than 170 ft, whereas with the maximum temperature differential the pipe 
does not begin to yield until spans are at least 225 ft long.  The pipe does yield significantly 
beyond the elastic limit until spans are actually much longer than that amount.  This seems to 
be consistent with the fact that spans longer than 250 ft have occurred without apparent 
damage to the line.  Operating conditions having a differential temperature intermediate 
between 0 F and +20 F would be bounded by the solutions represented by the dashed and 
solid curves in Figure 3. 

One potential concern with the catenary spans is for girth weld integrity.  The pipeline was 
constructed using shielded metal arc welding (stick welding) using E6010 coated electrodes.  
While improved incrementally over time, this process is essentially similar to how the vast 
majority of pipelines are constructed today.  The project-specific standards adopted for 
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qualification of the welding procedures and welders, and for acceptance of workmanship in 
production welds, were not very different from those that are in use today as well, in 
accordance with API 1104.  In order to minimize the chances for cracking, the welds were 
preheated.  Finally, all girth welds were fully radiographed.  Given these factors, one can have 
some confidence that the overall weld quality and integrity is comparable to those produced 
today using E6010 electrodes on a plain carbon steel pipe such as Grade B. 

While fracture toughness characteristics of the welds were never measured, an engineering 
critical assessment in accordance with a proven methodology[11] indicates that with a minimally 
ductile weld (having a crack tip opening (CTOD) of 0.005 inch), the allowable workmanship flaw 
2-inches long would be safe against brittle fracture even at tensile stress levels of 95% of 
SMYS, with a factor of safety of ‘2’.  This is consistent with the fact that spans longer than 250 
ft have occurred without incident and gives confidence that the proposed allowable span of 140 
ft is a sound limit. 

EFFECTS OF OPERATING CONDITIONS 
New supports installed under an existing span will not relieve the spanning-induced stresses, 
only the additional stresses due to span extension (increase in length), unless the span is lifted 
prior to installing the supports or the supports have a jacking capability.  Lifting the line prior to 
support installation, or jacking afterward, would preload the supports and make them at least 
partially effective in relieving present spanning-induced stresses.  Without preload, the supports 
would carry only the added load caused by span length extension.  As an alternative, a 
reduction in the amount of sag resulting from introducing different operating conditions such as 
reduced product temperature or reduced product specific gravity could achieve a similar effect 
to raising the pipe first or jacking the supports. 

Four variables could be controlled to adjust the span sag when supports are being installed: line 
pressurized versus depressurized, flow shut-in versus normal flow, crude oil contents versus 
NGL contents, and line out-of-service versus in-service.  These will be briefly reviewed to 
determine whether there are operating conditions that should be avoided because they could 
increase risks during the mitigation process, or that are preferred because they could make the 
supports more effective. 

Pressure 
The hoop stress due to the normal operating pressure (NOP) of 220 psig is only 9% of SMYS.  
The longitudinal stress in the pipe due to internal pressure is between 30% of this value for 
restrained portions of the line and 50% for unrestrained portions, or 3% to 4.5% of SMYS.  It is 
unlikely that a longitudinal stress component this low could make a significant difference from a 
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safety standpoint even when added to the spanning stresses.  Thus it seems unnecessary to 
require that the line pressure be reduced from normal operation. 

Flow 
An analysis of the deflection and stresses in the spans considered that the pipes are in a state 
of compression caused by differential thermal expansion due to the crude oil product in the pipe 
being warmer than the water temperature of 40 F.  This led to the finding that spans must 
exceed 120 ft in length in order to fully relieve the thermal compression.  Longer spans develop 
catenary behavior from the thermally relieved sag configuration, with resistance to additional 
vertical sag developed through increased axial tension rather than additional bending stress.  In 
fact, recognition of this phenomenon led to greater allowable spans than would be the case 
without any initial thermal compression on the pipeline.  It follows that if the flow is shut-in for 
a sufficiently long period of time prior to the span correction, the lines would cool to the 
ambient water temperature and the thermal compressive stress would be lost.  This would 
result in more tension in the spans and reduced sag.  If the supports were to be installed with 
the line in this condition, then when product flow is restored and the pipe warms to the product 
temperature, the supports would become loaded by the additional sag induced by thermal 
expansion of the pipe. 

It should be noted that the analysis also showed that without thermal expansion, spans of 140 
ft are at the limit of acceptable lengths based on traditional Code stress criteria.  This means 
that after cooling down, the existing long spans that are currently safe but longer than the 140-
ft service lengths Enbridge plans to allow, would then be in excess of acceptable stress limits 
for the period of time between when the line cools down and when the supports are installed.  
It is likely that the longest spans could experience longitudinal stresses in excess of the yield 
strength.  There are a number of reasons why this is probably not a real structural integrity 
concern but the safety margins are difficult to quantify with the information available.  Thus 
shutting in the lines while they are full of product is not recommended even though doing so 
would lead to more effective span support.  Shutting in the lines would also interrupt service for 
however long it takes to complete the support installation process. 

Product 
If both products are transported at the same temperature, the difference in net unit weight 
between the crude and NGL conditions would be expected to result in only a small difference in 
span sag owing to the thermal compression effect.  If so, then it may make no significant 
difference whether the line is transporting crude oil or NGL during support installation.  On the 
other hand, if the product temperature of NGL is lower than the temperature of the crude, there 
could be as much as a 20% reduction in sag measured from the top of the pipe at the ends of 
the span compared to when crude is in the line.  In that case, it would be preferable to 
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transport NGL while supports are being installed.  Note that this would only relieve spanning–
induced stresses at the present span lengths when crude oil is being transported, not when NGL 
is in the line.  If the span length extends, then the supports become effective regardless of 
product. 

Service 
A fourth option is to take the line out of service completely, including clearing it of product by 
nitrogen displacement.  In this condition, the reduced net weight of the pipe and the equalized 
pipe temperature would result in the least amount of span sag.  This would be the optimal from 
the standpoint of the immediate effectiveness of the installed supports.  However, this strategy 
would result in the line being out of service for the duration of the span mitigation process.  
However, with two line crossings this might be operationally feasible.   

Summary 
Some relief of span sag during the installation of supports would be beneficial because it would 
immediately transfer some load to the supports.  Mechanically, relief is accomplished by lifting 
the line prior to support installation, or by installing supports that provide a jacking or lifting 
function after installation.  Without some means of preloading, the supports do not become 
effective for reducing span-induced stresses until the spans extend in length through a 
continued bottom scour process.  However, they will help mitigate vortex-induced vibration 
without preload. 

There is no benefit to reducing the operating pressure during the support installation process 
from the standpoint of stresses due to internal pressure, because those stress components are 
too small to make a significant difference.  Shutting in flow could reduce span sag due to the 
line cooling down, but this runs the risk of increasing stress levels in the spans until the 
supports are installed and flow is restored.  Therefore, shutting in the line while the supports 
are being installed is not recommended.  Switching over to NGL will yield only a relatively small 
change in the sag if the transporting temperature of the NGL is as warm as the crude oil.  If the 
NGL runs cooler than the crude oil, the combination of lower pipe temperature and reduced 
span weight could reduce span sag making the supports at least partially effective at the 
present span lengths when crude oil is being transported.  The optimal situation, solely from the 
standpoint of immediate effectiveness of the supports, is to take the line out of service, 
including clearing the pipe of product contents.  This study does not evaluate the impact of this 
strategy on operation. 
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SPAN SUPPORTS 
Pipe spans vary greatly in length.  Enbridge has established that spans exceeding 140 ft will be 
corrected by the installation of supports, although spans of up to 195 ft meet conservative 
allowable stress limits conventionally applied to offshore pipelines.  The 140-ft span limit is 
consistent with criteria for remediation employed on the lines previously, and allows for some 
continued extension over time without serious erosion of safety margins.  Free span heights 
above the Straits bottom vary considerably. 

A survey of offshore pipe span support methods was conducted on behalf of Enbridge by J. P. 
Kenny, Ltd. in 2002.[12]  This review draws on the information available in that study.  An 
important part of the survey was estimated costs for materials and installation. 

Several methods of support for offshore pipeline spans are available, including: 

x trenching; 
x rock-dumping; 
x mattresses, sandbags, and grout bags; 
x mechanical support; and 
x pipeline anchors. 

The option of trenching is not recommended, since that can only be used in specific bottom soil 
conditions that may or may not be present consistently.  The option of rock-dumping is the 
most effective long-term mitigation of the effects of scour.  It has been used successfully on the 
Great Lakes Gas Transmission 36-inch Straits crossing, and other submerged pipelines in other 
offshore locations.  If Enbridge wishes to consider a comprehensive span mitigation program, 
rock-dumping would warrant investigation.  However, it may not be the most cost-effective 
solution for spot repairs of a few individual spans. 

For spot repairs, three options remain.  All may be effective for the required purposes, 
depending on the specific conditions. 

The grout bags have a stack height of approximately 2 ft.  Where the span clearance above the 
Straits bottom is large (for example 15 ft or more), grout bags may not be an optimal choice 
because it will be necessary to lay them in a tiered stack (pyramid fashion) for long-term 
stability resulting in a large number of bags to be placed.  Also, grout bags do not offer a pipe-
lifting capability in order to preload the supports. 

Mechanical supports consist of a two-legged telescoping A-frame device that clamps around the 
pipeline and supports it off the bottom.  They are relatively inexpensive and straightforward to 
install.  Such devices may prove effective where continued scour is not anticipated.  However, if 
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the bottom elevation could be expected to continue to lower due to continued scour, they offer 
only temporary support and might be detrimental if they lose bottom contact. 

Pipeline anchors consist of a structural support that is screwed or grouted into the bottom soil.  
They have been used successfully in similar circumstances to the Straits, including several 
major US river washouts.  They may be the most reliable system where span clearances are 
large, as well as where current velocities are high (which does not appear to be the case here).  
The costs for anchor systems will be greater than for mechanical supports. 

Recommendations for Mitigation of Spans 
Recommendations are as follows for mitigating the spans on the Straits crossings: 

x grout bags for low-clearance spans 
x anchors for high-clearance spans 
x rock-dumping for permanent system-wide mitigation 

ANALYSIS OF LOCAL PIPE WALL STRESSES 
At the request of Enbridge, an analysis was performed to estimate local stresses in the pipe wall 
associated with support structures installed to mitigate excessive span lengths.  The purpose of 
the analysis was to address the requirement in 49 CFR 195.110(b): 

“The pipe and other components must be supported in such a way that the 
support does not cause excess localized stresses.  In designing attachments to 
the pipe, the added stress to the wall of the pipe must computed and 
compensated for.” 

The local stresses were evaluated for a maximum span of 140 ft consistent with Enbridge’s span 
mitigation objectives.  The average support reaction of a multiple span installation is then 19.6 
kips. 

The support structures Enbridge has considered for installation are a commercially available 
system that have been installed successfully on other offshore and marine pipelines.  The 
assembly consists of screw-anchored 4.5-inch OD posts positioned on each side of the pipeline 
and connected by an overhead 8-inch wide-flange support beam.  Collars are used to adjust the 
support beam height.  The pipeline is suspended below the support beam by a saddle bolted to 
the bottom of the beam.  The saddle strap is 8-inches wide and 0.5-inch thick.  A spacer is 
inserted between the top of the pipe and the bottom of the beam.  A schematic of the support 
concept is shown in Figure 5. 
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The bending stresses on the gross pipe section associated with installation of a pipe support 
were accounted for in the development of the span limits and are not the subject of 
§195.110(b).  The language of §195.110(b) refers instead to local stresses associated with the 
attachments.  In order to evaluate the local stresses associated with the saddle, a theoretical 
model was used based on axisymmetric radial pressure around a cylinder.[13]  This model was 
adjusted by recognizing that the bearing pressure at the interface between the pipe and the 
saddle is concentrated within an arc of between 60 and 120 degrees around the bottom of the 
pipe section.  The local through-wall unit bending moment for this simple idealization is 
computed as M=(q/2λ2)(e−λasinλa), where q is the bearing pressure at the interface, a is half 
the width of the saddle strap, λ is computed as [3(1−ν2)/(Rt)2]1/4, ν is Poisson’s Ratio, R is the 
mean radius of the pipe section, and t is the pipe wall thickness.  The local bending stress is 
then computed as σ=6M/t2.  The local shear stress is computed as τ=qa/2t, again with q 
adjusted to consider the limited arc of contact between the pipe and saddle.  The results of the 
analysis are summarized in Table 1 below: 

Table 1. Local Pipe Wall Stresses Resulted from Bearing Pressure at Support 
Locations 

Interface 
Angle, deg

Local Bending
Stress, ksi 

Local Shear
Stress, ksi 

60 0.80 1.20 
90 0.53 0.80 
120 0.40 0.60 

 

The local stresses are observed to be very low.  Local stresses much larger than this are 
normally present within or adjacent to common features in pipelines such as branch 
connections, attachment welds, flanges, and fittings and are not of significant concern.  These 
stresses, superimposed on the stresses due to normal operation and spanning, do not pose a 
threat to the integrity of the pipeline.  Having determined that the local stresses associated with 
the support are so low, no further action to address them is recommended. 

VIBRATION INDUCED BY VORTEX-SHEDDING 

Introduction 
The steady flow of fluid around a bluff body creates a wake.  Under certain conditions, the 
wake is characterized by discrete vortices which form and then detach from the trailing surface 
of the body in an organized periodic fashion from alternating sides of the body.  Such a wake is 
referred to as a vortex street.  Examples of such vortices are shown in Figure 6 (laboratory 
generated on the left and computer generated on the right).  As each vortex detaches, 
momentary hydrodynamic lift and drag forces are produced giving rise to alternating inertial 
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forces acting on the cylinder.  If the body is flexible and lightly damped, the alternating forces 
result in oscillation of the body.  If the frequency of vortex shedding is close to the frequency of 
a fundamental mode of structural vibration, resonance and large oscillation amplitudes occur.  
Even if the vortex frequency and structural frequency are not closely matched, if the oscillations 
are large enough the phenomenon of “lock-on” can occur wherein the body and wake 
frequencies acquire the same value.  This can cause structural failure and has done so in 
pipelines exposed to water or wind currents under these conditions.   

The nondimensional shedding frequency is given by the Strouhal Number, St=fD/U, where f  is 
the vortex shedding frequency, D is the bluff body diameter, and U is the mean stream velocity.  
The Strouhal Number is relatively constant and equal to approximately 0.2 at values of the 
Reynolds Number below 3.5x105.  The Reynolds Number is a dimensionless parameter that 
defines the flow regime, calculated as Re=ρD/μ, where ρ is the fluid density, D is the diameter 
of the cylinder, and μ is the fluid viscosity.  The flow regimes that produce periodic vortices in 
the wake are indicated in Figure 7. 

Vortex Shedding Limitations 
The onset of motion of the span is characterized by the reduced velocity, Vr.[14,15]  The reduced 
velocity is given by Vr=U/(fnD), where U is the velocity of steady flow normal to the pipeline, fn 
is the natural frequency of the span, and D is the overall diameter of the coated pipeline.  
Susceptibility to vortex lock-on is considered significant with reduced velocities between 3.5 and 
7.0.  This occurs when the beam-mode fundamental frequency is within about 35% of the 
vortex shedding frequency fs.  The response peaks at a reduced velocity near 5.0, which occurs 
when the two frequencies acquire the same value.  This is shown schematically in Figure 8.  
When the reduced velocity is between 4.0 and 7.0, oscillation of the pipe occurs crosswise to 
the current flow (i.e., vertically).  At reduced velocities between 1.0 and 3.0, the vortices break 
off of both trailing surfaces simultaneously, resulting in oscillation in line with the current (i.e., 
horizontally).  The magnitude of dynamic response in this mode is much lower than in the 
cross-current mode. 

The natural frequency of the suspended pipeline span may be calculated, neglecting axial 
effects, from the formula: 
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where X is the degree of end fixity constant (dimensionless), E is Young's Modulus of Elasticity, 
L is the span length, and I is the moment of inertia of the steel pipe section.  The fixity 
constant, X, was assigned a value of 15.4, corresponding to a fixed-pinned beam (or propped 
cantilever).  The effective mass, me, is the sum of the mass of pipe plus coating, the mass of 
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contents inside the pipe, and the mass of water displaced by the pipeline (i.e., the “added 
mass”). 

By combining the equation for the reduced velocity with that giving the natural frequency of the 
suspended pipeline span, the critical span length can be obtained: 
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Current Velocity Data Analysis 
Enbridge installed water current monitoring devices at four locations along their crossing in 
order to obtain better data concerning currents impinging on exposed spans.  The devices were 
placed at representative water depths and locations in the Straits.  Currents were monitored at 
3-hour intervals between September 26, 2002 and August 8, 2004.  Easting and Northing 
current velocities recorded by the four monitoring units are shown in Figure 9 through Figure 
12.  A sampling of current velocities in Easting and Northing coordinates is shown in Figure 13.  
The Easting current velocity component is about 3 times the Northing current velocity 
component.  The velocities are seen to reverse direction every 2 to 3 days, and are 
predominately oriented in the ENE and WSW direction.   

The seasonal variation in average and maximum current velocities is shown in Figure 14.  The 
currents are somewhat lower in late summer months.  Mean velocities ranged from 0.1 to 0.7 
ft/sec.  Maximum absolute velocities were 4 to 5 times the average, ranging up to 2.75 ft/sec.  
However, readings of this magnitude were actually extremely infrequent, as will be discussed 
subsequently. 

Figure 15 is a plot of all 21,037 velocity measurements in both Easting and Northing directions.  
Each measurement unit is indicated by a different color.  Figure 15 highlights several important 
observations.  For one, the Easting velocity components are greater than the Northing velocity 
components by a factor of about 3.  Currents tend to flow either ENE or WSW, though the 
degree to which headings were off-axis varied with the measurement station.  With all four 
measurement units, the predominant current heading would be chiefly crosswise to the pipeline 
spans.  Also, there is a significant amount of flow reversal suggested by the scatter.  The two 
dashed gray boxes represent the boundaries of 2 and 3 standard deviations (2σ and 3σ) in the 
statistical scatter of the readings.  (The 1σ box is hidden by the data points.) 
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Figure 16 and Figure 17 show the statistical distribution of velocity readings by magnitude, for 
the Easting and Northing coordinates, respectively.  Both sets of readings were essentially 
normally distributed and centered about a velocity of zero as an effect of the flow reversal.  The 
statistical parameters are summarized in Table 2 below.  The analysis indicates that 95% of the 
readings for the Easting current velocities are within ±1.1 ft/sec. 

Table 2. Summary of Flow Velocity Analysis 

Parameter Actual Velocity, ft/sec
Easting Northing 

Minimum −2.02 −0.96 
Maximum 2.76 0.95 
Average 0.01 0.00 

1SD (68%) 0.54 0.15 
2SD (95%) 1.08 0.30 

3SD (99.7%) 1.62 0.45 

It may be misleading to evaluate the data in the manner described above in that the flow-
reversal implies that the expected velocity would be zero.  Therefore, the data was reanalyzed 
in terms of the absolute value of the velocity, as shown in Figure 18 and Figure 19.  The 
distribution follows a gamma function.  The statistical parameters are summarized in Table 3 
below.  The average current velocity is non-zero but relatively low, about ±0.4 ft/sec in the 
Easting direction.  The mean plus 2-sigma velocity, which envelopes 95% of the readings, was 
1.1 ft/sec, about the same as from the analysis using actual water current values. 

Using either velocity distribution, the proportion of velocities above the 2.3 ft/sec threshold 
identified in the VIV discussion is very low.  A velocity this high was observed only eight times 
in 21,037 measurements, or 0.038% of the time. 

Table 3. Summary of the Flow Velocity Statistical Parameters 

Parameter Velocity Magnitude, ft/sec
Easting Northing 

Minimum 0.00 0.00 
Maximum 2.76 0.96 
Average 0.41 0.11 

Std. Deviation 0.36 0.10 
X+1SD (68%) 0.76 0.21 
X+2SD (95%) 1.12 0.31 

x+3SD (99.7%) 1.48 0.41 
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The mean plus 3-sigma velocity encompassing over 99% of measured values was 
approximately 1.5 ft/sec.  Hence current velocities in excess of 1.5 ft/sec can be considered 
rare and infrequent events. 

Results 
The critical spans determined from the foregoing analysis are shown in Figure 20.  The results 
indicate that as the current velocity increases, the VIV-allowable span length decreases.  The 
allowable span length decreases to less than the 140 ft span length established on the basis of 
static analysis at current velocities of 2.3 ft/sec or greater.  A velocity of 2.3 ft/sec happens to 
correspond to a Reynolds Number of 3.5x105, above which the wake becomes disorganized and 
the vortex street is aperiodic.  So velocities greater than 2.3 ft/sec would not be expected to 
limit spans to shorter lengths in consideration of VIV.  Moreover, velocities approaching 2.3 
ft/sec would be quite rare, and presumably of short duration. 

As a conservative assumption, only the stiffness of the steel pipe has been considered in the 
calculations.  The effects of catenary (or sag tension) would in all likelihood allow for slightly 
greater spans by increasing beam natural frequencies of vibration. 
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Figure 1. Location of Pipeline Crossing 

 

 
Figure 2. Crossing Bottom Elevation Profiles 
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Figure 3. Relationship between Span and Stress 
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Figure 4. Annual Variation in Temperature 
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Figure 5. Pipe Support Arrangement 

 

  
 

Figure 6. Examples of Periodic Vortex Shedding from Cylindrical Bodies 
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Figure 7. Flow Regimes Susceptible to Periodic Vortex Shedding 

 
Figure 8. Influence of Reduced Velocity on Dynamic Response 
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Figure 9. Current Velocity Measurement Unit 1 

 
Figure 10. Current Velocity Measurement Unit 2 
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Figure 11. Current Velocity Measurement Unit 3 

 
Figure 12. Current Velocity Measurement Unit 4 
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Figure 13. Current Velocity Sampling 
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Figure 14. Seasonal Variation in Current Velocity 



FINAL 
16-154 

Kiefner and Associates, Inc. 34 October 2016 

 
Figure 15. Distribution of Current by Heading and Velocity 
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Figure 16. Distribution of Easting Velocity Occurrences 
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Figure 17. Distribution of Northing Velocity Occurrences 
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Figure 18. Distribution of Easting Velocity Magnitudes 
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Figure 19. Distribution of Northing Velocity Magnitudes 
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Figure 20. Critical Span Lengths for Vortex-Induced Vibration 


