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Pipe Load Due to Surface Wheel Load

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

theory for a surface point load based on numerical integration performed by Hall (see Spangler
and Hennessy, 1946) as follows:

w
theel = 4 ’ C ’ T (24)

¥ !
where C; is a wheel load coefficient, /¥ is the wheel load (including an impact factor) and L is the
effective length of pipe (most references to this equation use an effective length L=3 feet).
Values of the wheel load coefficient C, are tabulated for different trench geometries (i.e., based
on the ratios of D/2H and L/2H) in several references (e.g., Spangler and Hennessy, 1946,
Spangler, 1954, etc.).

Pipe Load Due to Surface Rectangular Footprint Load

Spangler computed the load transmitted to the pipe due to surface load with a rectangular
footprint using Boussinesq theory based on numerical integration performed by Newmark (see
Newmark, 1935) as follows:

W.-D

rectangular =4- Cl : A (25)

where C, is a rectangular load coefficient, /¥ the total load on a rectangular footprint (including
an impact factor), D is the pipe diameter, and 4 is the area of the rectangular footprint. Values of
the rectangular load coefficient C, are tabulated for different trench geometries and rectangular

footprints in several references (e.g., AWWA M1, Spangler 1964, etc.).

Given the computed loading on the buried pipe from either fill or traffic loads (i.e., W, Wneer,
Or Wrecianguiar OT @s a more general vertical load term W), the Spangler stress and lowa
formulas can be used directly.

2.3.2 A Proposed Modification to the Spangler Stress Equation

Based on our experience with the available methods to evaluate fill and surface loading effects
on buried pipelines, we favor the use of industry accepted Boussinesqg-type expressions that
relate the fraction of surface load transferred to the pipe at the depth of soil cover combined with
“Spangler type” calculations to compute pipe stresses due to fill and/or surface loads (as
discussed in Sections 2.3.1 and 2.3.2) over the step-by-step evaluation procedure provided in the
1993 version of API RP 1102, especially for the purposes of initial screening evaluations.
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The Spangler stress formula can be extended to include the beneficial effects of lateral soil
restraint based on Watkins work (see Watkins and Spangler, 1968). This first-principles
approach can be applied to a variety of equipment loads and are not limited to particular ranges
of physical variables. It also provides a means of removing some of the conservatism inherent in
the original Spangler stress equation by including lateral soil restraint even if only for the
purpose of performing “what if” analyses. In order to modify the Spangler circumferential stress
formula to include a soil resistance term that is consistent with the one used in the lowa Formula,
it is necessary to manipulate the stress and ovality Equations (2.1) and (2.2). This is
accomplished using a relationship between ovality and circumferential stress. Based on
information provided in Spangler, 1964, it can be shown that the maximum through-wall

circumferential bending stress due to ovality AX is:

_ K, AX-E-
2-K. r

(2.6)

where all of the variables are as previously defined. Solving Equation (2.6) for AX and
substituting the circumferential stress ¢ from Equation (2.1) leads to the following expression of
the Spangler stress formula in terms of ovality:

12-K.-W_. . -r
AX — : 3 n'/'m‘ll ! : (27)
E-t’ 424K -P-r

Recall that the 0.108 (K,) coefficient in the lowa formula corresponds to a 30° bedding angle.
Setting K,=0.108 in Equation (2.7), then aligning the resulting expression next to the lowa
formula yields the following:

Spangler Stress Expression Iowa Formula
_ 1.21064/!-'\‘,"“,, o 1 _ 0.108-”",:,,,“,, r : 2.8)
Et"+2592-P.r E-1+0.061-E"r

Recognizing that £ is equal to /2-E-, the numerator and denominator of the Spangler stress
expression for AX (on the left) can be multiplied by 1/12 in order to cast the denominator of both
expressions in terms of the pipe wall bending stiffness (E-I):

0108 W, _0.108-W,,,., "’
E-1+0216-P-r° E-1+0.061-E°

(2.9)

Note that the only difference between the numerators of these two expressions is that the one
based on the lowa formula (on the right) includes a load term W, ., which is equal to W,

multiplied by the deflection lag factor. By scaling the deflection lag factor as a ratio of the two
denominators (discussed later), the soil term from the [owa formula can be added directly to the
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denominator of the Spangler stress expression for ovality to obtain a combined ovality
expression (dropping the " on the vertical load term):

0.108- W o

wrtical

A.\’ — 3 3
E-[+0216-P-r° +0.061 - E° (2.10)

It is worth noting here that Rodabaugh (Rodabaugh, 1968) suggested a very similar expression to
qualitatively combine pressure stiffening and soil restraint effects:

0.1 35 Y l’.'n'lllull b ‘

AX =
E-1+0216-P-r'+0.061- E"r’ .11)

where the coefficient of 0.135 in the numerator corresponds to a bedding angle of 30° with an
effective deflection lag factor of 1.25 (i.e., 0.135=0.108:1.25).

Multiplying both the numerator and denominator of the combined ovality expression (2.10) by
12 gives:
1.296 - ’

vertical r

T E-£+2592-P-r +0.732-E'F (2.13)

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

141 W, E-t-r
o = ~ - -
E-t?4+2592-P-r' +0.732- E'°

(2.14)

NOTE: The above equation has both (K, & K») “hardwired” based on a bedding angle of 30° (i.e.,
K=0.108, K»=0.235) which is considered conservative. The equation in it's full form is as
follows:

6 i I\’Iv i "V\ rtcal E l-r
o=— it ; (2.15)
E-f +24-K_-P-r' +0.732-E'r

Notice that if the term £’ in the denominator is set equal to zero, Equation (2.14) reduces to the
original Spangler stress formula. If the P term in the denominator is set equal to zero, this
expression reduces to a stress that is consistent with the lowa formula (when the load term
Wertical includes the deflection lag factor).

As previously noted, we believe that it would be reasonable and appropriate to consider the use
of a different deflection lag factor for fill loads which act on the pipe for long time periods
instead of traffic loads which act on the pipe for short periods of time (i.e., during the vehicle
passage). Recall that the lag factor is used to account for Spangler’s observations that ovality
due to earth fill can increase by up to 30% over long time periods. Spangler recommended a
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value of 1.5 as a conservative design procedure. Moser, 1990 and AWWA M11, 1999 refer to a
range from 1.0 to 1.5, and Rodabaugh (Rodabaugh, 1968) suggested a value of 1.25. If the
modified Spangler stress formula is used, we recommend a deflection lag factor for fill loads
equal to the lesser of 1.30 or the ratio of the denominator in the modified Spangler stress formula
to the denominator in the original Spangler stress formula. Since surface traffic loads act on the
pipe for short time periods (i.e., during the vehicle passage) a deflection lag factor of 1.0 is
recommended for short-term vehicle loading.

2.3.3 Review of Recent Pipeline Industry Research

Pipeline industry research on the subject of loads on buried pipes has continued from the
Spangler era to the present day. Without undertaking a totally comprehensive review of this
work, we have elected to highlight some of the more important modern references on this

subject, some of which contain their own literature reviews.

In a multi-year project sponsored by the Gas Resecarch Institute, researchers at Cornell
University:

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

e reviewed existing analytical models to estimate buried pipe stresses,

¢ undertook detailed finite element analysis (FEA) of buried pipe configurations subject to
fill and surface loads, and

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

The primary rcports from this research are:

¢ GRI, 1987. Gas Research Institute, “Analytical Study of Stresses in Transmission and
Distribution Pipelines Beneath Railroads”, Topical Report of Task 2, June 1985-
February 1987, Department of Structural Engineering, Cornell University, September 15,
1987.

e GRI, 1988. Gas Research Institute, “State-of-the-Art Review: Practices for Pipelines
Crossings at Highways”, Topical Report, June 1987-June 1988, School of Civil and
Environmental Engineering, Cornell University, September, 1988.

e GRIL 1991. Ingraffea, A. R., O’Rourke, T. D., and Stewart, H. E., “Technical Summary
and Database for Guidelines for Pipelines Crossing Railroads and Highways”, Cornell
University School of Civil and Environmental Engineering Final Report to Gas Research
Institute, GRI-91/0285, Dec. 1991.

Each of these references is focused on pipes installed via bored-in-place construction which is
common for highway and railway crossings. This research provides a very useful summary of
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the important factors affecting buried pipe response to fill and surface loads as well as a review
of the existing analysis methods (i.e., the Spangler stress formula and the lowa formula) for
evaluating the pipe response to fill and surface loads. The main findings from the review of the

existing methods were:

e The Boussinesq theory used to estimate the surface load experienced by the pipe assumes
that the loaded soil mass is homogeneous and neglects the presence of the pipe within the
soil.

e The Spangler stress formula and the lowa formulas have an inconsistent treatment for
pressure stiffening and soil resistance effects.

Reference (GRI, 1987) provides modified expressions for the loads due to fill (analogous to
Equation 2.3) and the loads due to surface loads (analogous to Equations 2.4 and 2.5) for pipe
installed via bored-in-place construction. This reference also proposes a modified version of the
Spangler stress formula (analogous to Equation 2.14) for pipe installed via bored-in-place
construction with three resistance terms in the denominator (one for pipe stiffness, one for
pressure stiffening, and one for soil resistance). A significant contribution of the Cornell/GRI
research is that in addition to providing equations to compute pipe circumferential stresses on
buried pipes due to fill and surface loads, it also highlights:

¢ the possible development of longitudinal stresses due to bending of the pipe under
surface loads,

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

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

The Cornell/GRI work led to the development of guidelines for the design and evaluation of
uncased pipelines that cross railroads and highways, which have been implemented into a
personal computer program called PC-PISCES. The results of the Cornell/GRI work are also
embodied in the following pipeline industry recommended practice document:

e APIRP 1102, 1993. American Petroleum Institute, “Steel Pipelines Crossing Railroads
and Highways”, APl Recommended Practice 1102, Sixth Edition, April 1993 (reaffirmed
2003).

The Cornell/GRI/API guidelines consist of a set of equations for the circumferential and
longitudinal pipe stresses that are created by surface live load, earth dead load, and internal
pressure. The equations for the live load stresses are nonlinear, with functions/curves that were
fit to the results of a series of FEA simulations. The FEA results were validated through
comparisons with experimental data from tests on two full-scale auger bored pipeline crossings.
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Various combinations of the computed pipe stresses are checked to guard against fatigue damage
of longitudinal and girth welds and to guard against excessive yielding.

While these guidelines were developed from tests and analyses of uncased pipelines that are
installed with auger boring beneath railroads and highways, they are often employed by pipeline
engineers for the more common case of pipelines installed via trenched construction. The
procedure is also restricted to cover depths greater than or equal to 3 feet and has been
specifically developed based on AASHTO H20 truck loads with small footprints associated with
tire pressures typically in excess of 550 kPa (80 psig). Several important limitations are inherent
to these guidelines, namely that the approach cannot be extrapolated to shallow cover situations.
It also may not scale correctly to different types of equipment that ride on floatation tires or
caterpillar tracks where ground surface pressures are less than 50 psig. Further, it determines
pipeline stresses in a non-traditional manner. These issues may create a barrier to uniform
adoption by pipeline companies.

Several ongoing research programs have been undertaken by the Pipeline Research Council
International, Inc. (PRCI) and SoCalGas with an emphasis on the determination of stresses
developed in pipes with shallow cover and subject to extreme loading situations. The first
project is Project Number PR-15-9521 (Phase 1) and PRCI-15-9911 (Phase 2): Effects of Non-
Typical Loading Conditions on Buried Pipelines being performed by Southwest Research
Institute (SWRI). This work includes full-scale tests of shallow covered pipes buried in sand and
clay with diameters ranging from 16 to 36 inches and subjected to fill, concentrated, and
distributed surface loads. A related follow-on project, Project Number GRI-8442: “Centrifuge
and Full-Scale Modeling Comparison for Pipeline Stress Due To Heavy Equipment
Encroachment,” is currently being undertaken by C-CORE. This project includes full-scale tests
of 16-inch diameter, shallow pipe subject to concentrated surface loads and complementary
centrifuge modeling. Results of this study will be used to determine if small-scale testing
performed in a centrifuge is a reliable means for expanding the data set developed by SwRI for
surface model/guidelines development. Another approach to database development is being
studied in a project titled “Buried Pipelines Subjected to Surcharge Loads: Finite-Element
Simulations.” This study is being undertaken by the University of Texas-Austin, and involves
the development and validation of a finite element analysis procedure for simulating shallow
covered pipelines subjected to rectangular footprint surface loadings based on the SwRI
distributed load tests. The most recent follow-on project, led by C-FER Technologies, is Project
Number PR-244-03158: “Effects of Static and Cyclic Surface Loadings on the Performance of
Welds in Pre-1970 Pipelines.” It is intended to apply the SWRI shallow cover test database and
all other related databases in the development of analysis tools with special emphasis on the
evaluation of welds in pre-1970’s pipelines. Unfortunately, none of these ongoing projects have
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been completed or documented at the time of this study. We recommend that this work be
reviewed as the reports become available.

2.3.4 Review of CSA Standard Z183 Working Group on Crossings Position Paper

The paper CSA Standard Z183 Working Group on Crossings, “Position Paper on Recommended
Technical Specifications for Pipeline Crossings of Railways, ” provides a useful overview of
issues surrounding oil and gas pipeline crossings at railroads as well as other crossings in
Canada. This document provides a review of applicable standards and regulations in other
countries, compiles a list of references that an engineer could use for a site-specific crossing
analysis, and develops a summary recommendation for a conservative design for common
crossings that could be incorporated into a standard or regulation. It also provides useful
commentary and background on the procedures for the analysis of buried pipe loads and stresses,
design approaches (including the Spangler stress and lowa formulas), and the selection of design
variables. Several key points from this reference are summarized as follows:

e For computing pipe stresses, the CSA Z183 Working Group advocated the use of both
the Spangler stress formula and the Iowa formula to superimpose the results such that the
lowa formula would be used to establish the maximum bending stress of the pipe. The
Spangler pressured formula would be utilized if the resultant stress was less than the
result of the lowa formula. Recommended values of various design parameters (e.g., soil
density, soil type, impact factor, load coefficient, etc.) are provided.

e The Working Group points out that the computed pipe stress should be compared to
allowable pipe stresses, including an appropriate safety factor, and the potential for

fatigue damage due to the cyclic loading on the longitudinal or spiral pipe seam should be

addressed.

e The Working Group paper also provided discussion on the fatigue capacity of pipes. The
fatigue endurance limit ultimately adopted in CSA Z662 was 69 MPa (10 ksi).

e The Working Group provides a recommended limit on the D/t ratio for railroad crossings
to a maximum of 85.

e The Working Group recommended the following stress limits with respect to railroad
crossings: a maximum hoop stress due to internal pressure of 50% specified minimum
yield stress (SMYS), a maximum combined circumferential stress (due to pressure, fill
and traffic) of 72% SMYS, and a maximum combined equivalent stress of 90% SMYS.
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2.4 Summary of Principle Methods for Evaluating Vertical Loading
Effects on Buried Pipelines

Section 2.3 of this report provided a review of what we believe are the principle methods for
evaluating the effects of fill and surface loads on buried pipes. Any method for evaluating these
loading effects must consider the following;:

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

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

e The effective length of the pipe L

e The construction method and the pipe bedding angle

e The modulus of soil resistance £’

e The magnitude of the surface load W

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

e The impact factor corresponding to a given surface load

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

Given these parameters, it is possible to develop estimates of the pipe stresses and ovalling
deflections that result from fill and surface loads. With the stress and deflection estimates, the
engineer must make decisions regarding the safety of the buried pipe which requires additional
information including;

e The specified minimum yield stress (SMYS) of the pipe
e The type of longitudinal weld
e The quality of the girth welds
e The possible presence of corrosion or other anomalies
e Stresses due to other loads including;:
o internal pressure
o temperature differential
o longitudinal bending or roping of the pipe

The results of the evaluation should be checked for various pipe stress demand-capacity
measures, including the total circumferential stress due to internal pressure, fill and surface
loads. The results should also be checked for biaxial stress combinations of the circumferential
and the longitudinal stress due to temperature differential and Poisson’s effect and bending.
There should also be cyclic stress range demand-capacity checks to guard against fatigue
damage. The following process flow diagram entitled “Pipeline Surface Loading Acceptability”
(Figure 2-1) has been developed to illustrate the recommended process to be followed in
determining the acceptability of surface loading. The following sections address the

17

00410



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

diagram.

Pipeline Surface Loading Acceptability

Process Flow Diagram

' Start ’

- - A 4 -
FPipe Altributes Functional Loads
WT g:ge(?rt;:;zuﬁzp Calculate Stress Demand Measures Moguzc.}!:;a’; Loads
Weld type, E, Possion OL = Longitudinal Stress Operating Pressure
S —— OH = Hoop Stress —
S~———] . " . . ~— 1
OCsoil = Static Load Circumferential Stress
| 0Clive = Live Load Circumferential Stress
O Ctotal = Total Cirumferential Stress
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Modulus (E’) Vehicle live loads
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Stalic Stress
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Figure 2-1. Pipeline Surface Loading Acceptability Process Flow Diagram

18




2.5 Proposed Development of Screening Process

Once all of the information described in this section is gathered, an engineer can perform the
necessary calculations required to make an evaluation of the buried pipe situation at hand. In
addition, by having an understanding of the theory behind and the limitations of the calculations
used to develop the estimated stresses, the engineer must utilize judgment and experience to
make decisions regarding the pipeline integrity and safety.

Despite all of the information required to make an assessment of a buried pipe subject to fill and
surface loads, it is feasible to develop a relatively simple buried pipe screening procedure based
on parametric analyses of various combinations of the input information. The idea is to use the
developed theory to develop a series of charts that can evaluate a range of practical buried pipe
and loading configurations on a simple “pass/no pass” basis. Situations which pass this initial
screening would require no additional analysis, while situations that do not pass the initial
screening may need to be evaluated on a more detailed basis. The development of this screening
procedure will obviously have to rely on the existing methods for evaluating vertical load effects
on buried pipe. Ideally the calculations will be reasonably conservative. Table 2-4, which was
developed as a starting point to selecting the appropriate calculation method, provides a
comparative assessment of the principle methods.

The second task of the proposed work for this project (see Section 3) is the development of a
simple screening method which will allow a pipeline operator to determine whether or not a
given crossing application requires added protection or whether a more detailed calculation is
appropriate. The goal of the screening method is to implement a relatively simple procedure
based on easily obtainable attributes such as wheel or axle load, ground surface contact area
and/or surface loading pressure, depth of cover, maximum allowable operating pressure and
design factor.
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Table 2-4. Comparison of Principle Methods for Evaluating Vertical Loading Effects on
Buried Pipelines

Method

Spangler Stress
Formula

Strength

e Easy to program

e Includes pressure
stiffening

e Applies for full range
of bedding angles

Limitation

e Neglects soil restraint

® Requires

Comments

coefficients from
Boussinesq theory to
estimate load at top
of pipe

Considered to be
conservative

Iowa Formula

¢ Easy to program
¢ Includes lateral soil
restraint

e Computes deflection,
not stress

e Neglects pressure
stiffening

¢ Need to select soil
parameter E’

e Need to select lag
factor

e Hardwired to 30
degree bedding angle

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

APIRP 1102, 1993

e Provides detailed flow
chart

e Computes multiple
stress components

e Performs stress
demand-capacity
checks

e Includes check for
fatigue

¢ Limited to auger bore
construction

¢ Limited to cover
depths > 3 feet

e Hardwired to
AASHTO H20 truck
loads with tire
pressures typically in-
excess of 550 kPa (80

psig).

Difficult to manually
perform calculations
Requires PC-
PISCES or technical
toolbox

Modified Spangler
Stress Equation with
Soil Restraint

e Easy to program

e Includes pressure
stiffening

e Includes lateral soil
restraint

¢ Need to select soil
parameter E’

* Need to select lag
factor

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

Inclusion of soil
restraint term
removes some
conservatism
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3.0 PROPOSED APPROACH FOR SCREENING BURIED PIPELINES
SUBJECTED TO SURFACE TRAFFIC

3.1 Introduction

Section 2 provided a Literature Search Summary which documented the available methods for
evaluating the effects of fill and surface loads on buried pipelines. Using this information as a
starting point, the second work task was to develop a simple screening method. This method will
allow a pipeline operator to determine whether or not a given crossing application requires added
protection or if a more detailed calculation is appropriate. The goal of the screening method is to
use relatively simple and easily obtainable attributes (e.g., wheel or axle load, ground surface
contact area and/or surface loading pressure, depth of cover, maximum allowable operating
pressure and design factor). The screening calculations are summarized in the next section.

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

6-K, W E-t-r

o= — - n'lHuI/} - — (31)
E-' +24-K.-P-r* +0.732. E'r

where W, is the vertical load due to fill and surface loads including an impact factor (Ib/in),
E is the pipe modulus of elasticity (psi), ¢ is the pipe wall thickness (inches), r is the mean pipe
radius (inches), P is the internal pressure (psi), and £’ is the modulus of soil reaction (psi). The
terms K and K- are bending moment and deflection parameters respectively (based on theory of
elasticity solutions for elastic ring bending) which depend on the bedding angle. The right hand
side of Equation (3.1) has been manipulated into the following form by dividing both the
numerator and the denominator by E-f and substituting D/2 for r, where D equals the outside
diameter of the pipe.

W DY

o= : - (3.2)
1+3-1<,-£-(2J +0.o915-£.(9]
*E 1t E \t

The stress relationship from Equation (3.2) is plotted at different levels of internal pressure as a
function of D/t ratio in Figure 3-1 below. The fixed parameters are shown in the figure box.
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Plot of Circumferential Bending Stress vs. D/t Ratio
Live Load {(Modified Spangler Method}
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Figure 3-1. Plot of Circumferential Bending Stress vs. D/t Ratio

3.3 Review of Loading Terms

The stress formula described above (Equation 3.2) requires a load per unit length of pipe, Woerjca
resulting from either fill and/or surface loads. Section 2.3.1.3 provides an overview of how
Spangler computed these load terms.

The load transmitted to the pipe in a ditch due to earth (fill) load can be computed based on
Marston’s load theory as follows:

Wﬁll =Ly '7'35 (3.3)

1—('-“"“’(5%1)

Cq = o 3.4

where Cyis a fill coefficient, y is the soil density, B, is the effective trench width, K is the ratio of
active lateral unit pressure to vertical unit pressure, ' is the coefficient of friction between the
fill material and sides of the ditch and H is the height of fill over the pipe. Kp' can vary between
0.111 and 0.165 depending on the soil conditions. Equation 3.4 is for ditch loading on the pipe.

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

that they fully understand how to use Equations 3.3 and 3.4. An alternative method for
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The load transmitted to the pipe due to surface wheel load is developed using a numerical
integration of the Boussinesq theory for a surface point load:

w

Woea =4:C, = (3.6)

wheel

where C,is a wheel load coefficient, ¥ is the wheel load (including an impact factor) and L is the
effective length of pipe (most references to this equation use an effective length L=3 feet).
Values of the wheel load coefficient C, are tabulated for different trench geometries (i.e., based
on the ratios of D/2H and L/2H) in several references. A formula to compute the coefficient C,
as a function of D/2H and L/2H has been developed as follows:

| pY (LY . (DY L
C =025--1 sin-'H.| (?] +(E) +2H - '7”3'“ : 2 P
N VGT )] T NG (e
(3.7)

As stated previously, the D/t value as defined by Equation (3.2) has been made non-dimensional
with respect to pipe diameter. Therefore, if a representative value of the W, p../D term can be
selected to cover a full range of diameters, then Equation (3.2) would be fully independent of the
pipe diameter.

The wheel loads from Equation (3.6) have been plotted in Figure 3-3 for W.u../D as a function
of diameter so that a representative value of W,../D can be selected that represents a full range
of diameters independent of pipe diameter. The dashed lines represent the value W,.e./'D
selected to be constant for all pipe diameters.
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WID versus Diameter for Wheel Traffic Loads
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Figure 3-3. W/D versus Diameter for Wheel Traffic Loads

The load transmitted to the pipe due to surface load with a rectangular footprint based on
numerical integration of the Boussinesq theory is:
w.D

rectangutar = 4+ C, e (3.8)

where C, is a rectangular load coefficient, ¥ the total load on a rectangular footprint (including
an impact factor), D is the pipe diameter and 4 is the area of the rectangular footprint. C,isa
function of the length and width of the rectangular footprint (L and Biec) and the depth of
cover H. Although equations 3.8 and 3.6 are the solutions for different loading scenarios,
Spangler points out (Spangler and Handy, 1973) that C, in Equation 3.8 can be determined from

Equation 3.7 by replacing L/2 with L /2 and D/2 with B,ec/2.

Note that because Equation (3.8) for W,cciunguiar has a pipe diameter D term in the numerator,
normalizing by D directly removes the diameter dependence in the normalized load expression.
ll § il
rectangik = 4 . (.’ K (39)
D A
The computed normalized loading on the buried pipe from either fill or traffic loads (i.e., W;u/D,
Whee/ D, of Wyerangui/D) can be expressed as a more general vertical load term W, ica/D for
use in Equation (3.2).
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Note: A point load can be conservatively estimated by utilizing a rectangular footprint with a
surface contact pressure of 550 kPa (80 psi).

3.4 Sensitivity of Surface Contact Pressure

Fixed loads spread over larger rectangular areas generally have significantly less impact on a
buried pipeline. The magnitude of change is related to depth of cover with shallow cover
exhibiting the larger effects. Figure 3-4 shows the effects of varying surface contact pressures.

Surface Load Mulitiplier Versus Allowable Point Load for Various Contact Pressures

Soil height = 0.60 m, Vehicle impact factor = 1.5
60

50

ES
o

70 kPa

Surface Load Multiplier
w
(=]

140 kPa

20 | . | ! |
L_210 kPa/ |
e 280 kPa
10 4?0 kPa
"Foolprint Aspect Ratio (y/x) = 1.00 |
0.0
0kg 2000kg  4,000kg 6000kg 8000kg 10000kg 12.000kg 14,000 kg

Allowable Point Load

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

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

3.5 Multiple Wheel Factor

A key consideration in determining live load pressure on the pipe is the location of vehicle
wheels relative to the pipe. A higher pressure may occur below a point between the axles or
between two adjacent axles rather than directly under a single vehicle wheel. This depends on
the depth of cover and the spacing of the wheels.

28

00421



When depths are not greater than one meter (3 feet), a single wheel directly over the pipe
generally produces the largest load. At depths greater than one meter the maximum load may
shift.

The multiple wheel factor is utilized in the screening tool to account for this shift and varies with
depth. The wheel factor uses the worst case scenario of a load applied by two axles of 6-foot
width and a 4-foot space between the axles. The stress at pipeline depth at different locations is
calculated using Boussinesq's equation. Figure 3-5 illustrates the analysis locations. The
calculation considers the load at pipe level from these axles at the point directly under each
wheel (1), at the center of the axle (2), between the front and rear wheels (3), and at the centroid
of the four wheels (4).

6.0ft

Centroid @

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

Note: This conflguration Is conservative In cases where the actual axle length is greater and the
axle spacing is longer.

3.6 Application of the Proposed Approach

The stress calculation approach explained above is described in the following steps:

1. Determine the pipe steel grade, the design factor (0.72, 0.80), the maximum allowable
circumferential stress (the authors recommend that a value of 1.00 SMYS is a reasonable
maximum combined circumferential stress at pipeline vehicular crossings, see Appendix
C “Design Loading Criteria”), D/tma= 125, and the other pertinent analysis parameters
(E’, cover depth, etc.).

2. For aselected internal pressure, compute the D/t ratio corresponding to D/t = 2-6,-DF/P.
Then compute the circumferential stress due to combined internal pressure using
Barlow’s formula and fill load. The fill load is calculated from Equation (3.2) with
Wericat S€t €qual to Wy in Equation (3.3).

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

4. Check to see if the available circumferential stress capacity is greater than the established
fatigue limits. If so, determine if the loads are frequent and adjust appropriately.
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e Depth of cover 0.9 meters (2.95 ft)
The initial screening requires the following minimum information:
Grade, MOP, DF < 0.72, depth of cover, competent soil (i.e., non-saturated clay), and knowledge

of pipeline condition (i.e., should not utilize screen tool for pipelines with other known threats
such as may be associated with LF ERW or poor corrosion condition, etc.)

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

From Figure 3-6 it has been determined that the stress imposed on the pipeline as a result of this
wheel loading is acceptable for grades equal to or greater than 290 MPa (42,000 psi). Therefore,
the crossing is acceptable. For grades below 290 MPa (42,000 psi), the initial screening tool
identified that this loading condition has the potential to exceed the allowable limits. If the grade
is lower than 290 the following options are available:

e Perform a more detailed calculation;

e Find a location with additional cover and/or place additional cover over the pipeline.
Figure 3-7 indicates that 4 feet of cover will be adequate for pipeline grades equal to or
greater than 241 MPa (35,000 psi);

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

4.0 ASSESSMENT OF MITIGATION OPTIONS FOR BURIED
PIPELINES SUBJECTED TO SURFACE TRAFFIC

4.1 Introduction

The first task of this project for CEPA was a “Literature Search Summary” which documented
the available methods for evaluating the effects of fill and surface loads on buried pipelines as
summarized in Section 2. Using Section 2 as a starting point, the second work task developed a
simple screening method which allows a pipeline operator to determine if a given crossing
application requires added protection or if a more detailed calculation is appropriate. The goal of
the screening method is to use relatively simple and easily obtainable attributes (e.g., wheel or
axle load, ground surface contact area and/or surface loading pressure, depth of cover, maximum
allowable operating pressure and design factor). The screening calculations are summarized in
the Section 3.
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Building on these two previous work tasks, the third work task is to evaluate various temporary
surface load-dispersal techniques and other mitigation approaches that are often used as a means
to lessen the effects of surface loading. The effectiveness of various methods will be
investigated with the goal of ranking the methods based on their capabilities for reducing adverse
effects on the pipeline and ease of installation. This task will also define minimum requirements
such as slab or mat stiffness, thickness, and length necessary in order to provide the desired
protection and identify situations where a given technique may be ineffective.

4.2 Overview of Mitigation Measures

Pipeline engineers have a number of options available to reduce the stresses on buried pipelines
subjected to fill and surface traffic loading. Table 4-1 provides a listing of different mitigation
measures that we have seen utilized along with their relative advantages and disadvantages. The
following sections provide a more detailed discussion of these mitigation methods.

4.3 Reduction of Pipe Internal Pressure during Vehicle Passage

Mitigation scenarios which reduce the pipe internal pressure to reduce hoop stress due to
pressure are worthy of consideration even though reducing the internal pressure tends to increase
the circumferential stresses due to fill and traffic loads. Fill and surface traffic stress analyses of
the total circumferential stress (i.e., hoop stress plus fill and traffic stress) over a range of pipe
internal pressures will show an optimum pressure that results in the minimum total
circumferential stress. At the “trough point” of a plot of the total circumferential stress versus
internal pressure, the increases in fill and traffic load induced stresses due to reduced internal
pressure are offset by the reduction in hoop stress. In addition to the total circumferential stress,
this approach should also be evaluated by comparing the traffic component of the circumferential
stress to a fatigue endurance limit. Reducing the pipe internal pressure is attractive as a short-
term solution (e.g., for mitigating a limited number passages of a crane over a buried line near a
construction site). However, because a reduction of line pressure can have a direct impact on
pipeline throughput, it is not attractive as a long-term or permanent solution.

4.4 Surface Protection via Limiting Surface Vehicle Footprint
Pressure
Several of the mitigation methods listed in Table 4-1 (i.e., steel plates, timber mats, concrete
slab) can be classified as “Surface Protection” methods. These methods deploy a flat surface
structure (e.g., plate, mat or slab) on the ground surface as a means of dispersing the surface
vehicle load over a wider area. The idea behind these methods is that they distribute the surface
loads over a larger “footprint™ area than that provided by the surface vehicle alone. The effective
footprint area of the vehicle load would be distributed uniformly over the entire footprint of the
surface structure for a rigid flat surface structure centered under a vehicle load. In cases where
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the vehicle load is applied eccentrically on the flat surface structure, for very large surface
vehicle loads and/or relatively flexible flat surface structures, the actual distribution of pressure
on the ground surface may be far from uniform. In fact, portions of the flat surface structure can
actually lift off of the ground surface. The behavior of flat surface structure mitigation methods
can be investigated using beam on elastic foundation analysis methods. The analysis considers
the distribution of the vehicle load on top of the flat surface structure, the bending flexibility of
the flat surface structure, and the stiffness of the soil below the flat surface structure. Given this
information, it is possible to estimate an effective footprint for the loading situation, which may
be significantly less than the full footprint of the pad, mat, or plate.

Under ideal circumstances, a heavy vehicle crossing a buried pipeline would be arranged such
that the heavy vehicle’s path of travel crosses the pipeline at a 90° angle. For a beam on elastic
foundation analysis, the essential structural characteristic of the flat surface structure (i.e., the
“beam”) are the modulus of elasticity and the moment of inertia (E and I). The moment of
inertia is usually based on a unit width of the flat surface structure in the direction perpendicular
to the pipeline. The foundation component of the model can be developed based on the soil
spring computation procedures used for strip foundation analysis and design. For previous
applications, we have modeled the “bearing” spring stiffness values using the procedures
described in [ALA]. The required input properties include the soil density, soil friction angle,
and soil cohesion. The resulting “spring” properties include the ultimate resistance of the “strip”
foundation (in force per unit length, e.g., klf), the “yield” displacement (usually taken as some
fraction of the strip foundation width, e.g., inches), and the corresponding elastic stiffness (in
force per unit length per unit displacement, e.g., kif per inch). The loading on the model includes
a uniform self-weight of the surface structure plus the vehicle load (e.g., a point load or short
uniform load) that acts on top of the unit width of the surface structure.

The results of this type of analysis include the deflection profile of the flat surface structure and
the distribution of bearing force along the length of the flat surface structure and along the
pipeline. In general, the results show a distribution of bearing force and downward deflection of
the surface structure that is largest directly under the center of the vehicle load and diminishes
with distance away from the center of the vehicle load. Depending on the relative stiffnesses of
the flat surface structure and the soil foundation, it is possible for portions (e.g., the ends) of the
flat surface structure to deflect upward, creating a gap between the bottom of the flat surface
structure and the top of the soil surface which reduces the length that is in contact with the
ground surface. Based on this information, the engineer can perform additional surface traffic
stress calculations using a range of rectangular load footprint assumptions to approximate the
bearing pressure distribution. The bounding assumptions are to apply the entire vehicle load
over the portion of the surface structure that remains in contact with the ground surface (e.g., use
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an effective along-the pipe length) or apply a load that generates an equivalent maximum bearing
pressure over a shorter along-the pipe length (e.g., use an effective bearing pressure).

We have adopted the following formula to determine the revised footprint of the dispersed load.
This formula is referred to as the radius of stiffness and is commonly utilized to determine the
pressure intensity on rigid pavements.

3
:V# @.1)
12-(1-v>)-Es'

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

A review of the formula shows that the thickness of the slab plays the most significant role in
spreading the surface load. Figures 4-1 through 4-4 show the effects of placing slabs on the
ground surface as a means to spread the surface load over a larger area for steel and concrete
slabs. Based on a review of these figures, a 7.6 cm (3-inch) thick steel slab provides the same
surface load spread as does a 15.2 cm (6-inch) thick concrete slab. Since steel is significantly
more costly to use than concrete this comparison suggests that concrete may be more cost
effective to utilize. We have also performed a similar review of timber mats. The results
indicate that a 20 cm (8-inch) thick timber mat results in a similar load spread to the 15.2 (6-
inch) concrete slab. Based on this information, a timber mat may be more cost effective to use
than either steel or concrete. Figures 4.5 and 4.6 show the effects of placing timber mats on the
on the ground surface as a means of spreading the surface load over a larger area. It is important
to note that the individual timbers within the mat must be tied in a manner that provides for a
uniformly transfer of load between timbers making up the mat.

Equation 4.1 can be used to determine the minimum size of the surface protection mat. Ata
minimum the protection must extend a distance of L/2 beyond the wheel/track in all directions.
To ensure the proper load transfer we recommend 1.5 times this value.
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Table 4-1. Surface Loading Mitigation Measures

Method

Reduce the operating pressure of the
pipeline.

Advantages

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

Disadvantages

Reduces the beneficial effect of
internal pressure on the pipe
circumferential bending stresses due to
fill and traffic loads.

Could reduce the overall capacity of
the pipeline and therefore should not
be considered as a long term fix.

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

Spreads the surface load over a
larger area and reduces the overall
load to the pipe.

Depends on equipment. May not be
possible or too costly to implement

Consider the beneficial effect of
lateral soil restraint on
circumferential stress

Has effect similar to pressure
stiffening

Requires estimates of soil stiffhess
parameter, E’

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

Reduces circumferential stresses
due to traffic loads.

Increases circumferential stresses due
to fill loads.

Deploy steel plates over the crossing

Easy to install.

Flexibility of steel plates can result in
bending of the plate with a
corresponding reduction in loaded
footprint. Need to consider required
thickness.

Deploy timber mats over the
crossing area

Provides large loading footprint.
Relatively easy to deploy.

Flexibility of timber mats can result in
bending of the mats with a
corresponding reduction in loaded
footprint.

Construct a concrete slab with steel
reinforcement over the crossing area

Provides large loading footprint.
Slab can provide high bending
stiffness

Relatively expensive.

Usually reserved for permanent
crossings.

Slab limits access Lo pipeline [or
inspections and repairs.

Construct a short bridge crossing
over the pipeline

Completely uncouples the traffic
loading from the buried pipeline.

Requires construction of foundation
structures.

Expensive to construct.

Usually reserved for permanent
crossings.

Bridge structure may limit access to
pipeline for inspections and repairs.

Relocate the pipeline

Removes pipeline from loaded
area.

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

Lower pipeline

Reduces circumferential stresses
due to traffic loads.

Expensive to perform.
Usually considered only as a last
resort.
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4.5 Consideration of Ovalling Restraint Provided By Soil

Sections 2 and 3 give equations that show the effect of ovalling restraint resulting from the soil
around the pipe as a function of the modulus of soil restraint, E’. When E’ is set equal to zero,
the equations decompose to those which neglect soil restraint while non-zero values of E’ allow
the beneficial effect of soil restraint to be considered. Cases that barely exceed the allowable
stress check(s) when soil restraint is neglected or set as a lower bound may be able to pass the
allowable stress check(s) when modest levels of soil stiffness are considered. Therefore, the
ability to include or exclude the effects of soil restraint in the screening calculations provides the
engineer with the ability to easily perform “what if” analyses of a given configuration as a basis
for assessing a given crossing scheme.

4.6 Provide Additional Fill over Pipeline at Crossing

A relatively popular procedure that has been utilized for mitigating pipe stresses due to surface
vehicle loading is to provide additional soil fill over the pipeline at the crossing. This mitigation
method increases the total depth of cover used in the pipe stress calculations for fill and traffic
loads. This has a direct positive effect of reducing the circumferential stresses due to vehicle
loads. It also has a direct negative effect of increasing the circumfereritial stresses due to fill
loads. For many applications (e.g., situations with high impact factors and/or high traffic stress
but with relative low stresses due to fill), the beneficial effect of the reduction in traffic stress can
far exceed the negative effect of increased fill stress. This tradeoff can easily be investigated by
performing pipe stress calculations for a range of cover depths. One can compare the effect of fill
and traffic load on the total circumferential stress against appropriate total stress limits and
compare the traffic stress range against appropriate fatigue stress limits.

4.7 Combination of Mitigation Methods

Additional mitigation can be provided by using combinations of the various measures described
above to reduce the overall stress level on the pipeline.

4.8 References

[ALA] ASCE American Lifelines Alliance “Guidelines for the Design of Buried Steel Pipe”,
Published by the ASCE American Lifelines Alliance, www.americanlifelinesalliance.org, July
2001.
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APPENDIX A:

A-1 Design Loading Criteria
The governing code for Canadian pipelines is CSA Z662-03.

1. Design Pressure to be Calculated using:
CSA Z662-03 Section 4.3.3.1 specifies:

P=Q2(SMYSWD)xFxJIxLxT
where:
e F = Design Factor
e ] =Joint Factor
e L = Location Factor
T = Temperature Factor
t = pipe wall thickness
D = Pipe diameter
P = Pressure

The design factor is specified as 0.8
The joint factor is 1.0 unless continuous welded pipe is used

The location factor is 1.0 for class 1 locations for both non-sour gas and HVP and LVP. The
temperature factor is 1.0 unless design temperature exceeds 120 deg. C.

2. Combined Hoop and Longitudinal Stress
CSA Z662-03 Section 4.6.2.1

Unless special design measures are implemented to ensure the stability of the pipeline, the
hoop stress due to design pressure combined with the net longitudinal stress due to the pipe
temperature changes and internal fluid pressure shall be limited in accordance with the
following formula.
Sh—=S.<090SxT
Note: This formula does not apply if S, is positive (i.e., tension)
where
Sk = hoop stress due to design pressure, units
S| = longitudinal compression stress, MPa, as determine using the following formula:
SL=vSh—Ec (T2 -T))
Where
v = Poisson’s ratio
E. = modulus of elasticity of steel, MPa
a = linear coefficient of thermal expansion, units
T> = maximum operating temperature, °C

T = ambient temperature at time of restraint, °C
S=SMYS
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T = Temperature Factor

Allowable T, — T,

Grade Allowable T,-T, 6,=0.80 | Allowable T,-T; ¢,,=0.72
SMYS SMYS
X-207 X-30 28.3C 51.F 33.C 59.4 F
X-241 X-35 33.1C 59.5F 38.5C 69.3 F
X-290 X-42 39.7C 714 F 46.2C 83.2 F
X-317 X-46 43.4C 782 F 50.6 C 91.1F
X-359 X-52 49.1C 88.4F 572 C 103. F
X-386 X-56 529C 952 F 61.6C 1109 F
X-414 X-60 56.7C 102. F 66. C 118.8 F
X-448 X-65 61.4C 110.5F 71.5C 128.7 F
X-483 X-70 66.1C 119. F 77.C 138.6 F
Pipe Attributes:
Youngs Modulus (E) = 206.8 GPa 30,000 ksi
Thermal Expansion Coef. () = 12.0 x 10° m/vC  6.67 x 10° in/in/F
Poisson's Ratio (v) = 0.3

Note: The provisions of Clause 4.6.2.1 places restrictions on the combination of hoop stress based on
Barlow’s equation and longitudinal stress based on the Poisson effect of Barlow’s equation and
temperature differential. You will note that additional loads such as external circumferential stresses
have not specifically been included in this restriction. As a result, the provisions of Clause 4.6.2.1 are
independent of the additional circumferential stresses as a result of overburden loads and traffic loads.

3. Other Loadings and Dynamic Effects
CSA Z662-03 Section 4.2.4.1 states:

The stress design requirements in this Standard are specifically limited to design
conditions for operating pressure, thermal expansion ranges, temperature differential,
and sustained force and wind loadings. Additional loadings other than the specified
operating loads are not specifically addressed in this Standard; however, the designer
shall determine whether supplemental design criteria are necessary for such loadings
and whether additional strength or protection against damage modes, or both, should be

provided. Examples of such loadings include. ...
h) Excessive overburden loads and cyclical traffic loads.

Circumferential stresses as a result of traffic loads are considered additional loads in CSA, and
therefore the designer shall determine whether additional design criteria are necessary. The
follow sections address the additional design criteria.
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4. Maximum Combined Effective Stress
CSA Z662-03 Section 4.2.4.1 specifies that all relevant loads need to be assessed using good

engineering practices. CSA does not directly provide a limit to the maximum combined
effective stress allowed for onshore pipelines however Section 11.2.4.2.2.5 allows for a
combined effective stress of up to the SMY'S for oftshore pipelines. Further guidance for the
allowable limit for the combined effective stress can be found in the ASME Boiler and Pressure
Vessel Code Sections VIII Division 2 (BPVC). The BPVC differentiates between membrane and
bending stresses. In the case of a pipeline, the membrane stress is the stress resulting from the
internal pressure in the pipe. This stress is limited in CSA Z662-03 to the design factor of 0.8
SMYS. The additional stress that results from overburden and surface loading are bending
stresses. An object can obtain yield at the outer surface in bending and still have a large amount
of residual load carrying capacity as a result of the bending stress distribution. For example, the
moment on a beam in bending at the outer fiber yield is 2/3 of the collapse moment. There is
also additional load carrying capacity resulting from the strain hardening of the steel. For this
reason, the BPVC allows the combination of membrane and bending stresses to go as high as the
yield strength of the material.

Based on the above argument the screening tool has adopted the following as the limit for the
combined effective stress:
Seq <1.00SxT
where
Seq = the combined effective stress.
S. Maximum Allowable Sum of Circumferential Stress
CSA 7662-03 does not specifically have a clause that places a limit on maximum allowable sum
of circumferential stresses. If the longitudinal stress is greater than zero the circumferential
stress can exceed the yield stress of the material and the combined effective stress still remain
below the yield stress of the material. If the longitudinal stress is reduced there could be yielding
beyond the surface of the pipe. In order to insure that there is no gross yielding in the pipe wall,
the sum of the circumferential stress should also be limited to the SMYS of the pipe.

Based on the above the screening tool has adopted the following:
Sh+Seb<1.00SxT

where
Sh = hoop stress due to design pressure,

S = circumferential through-wall bending stress caused by surface vehicle loads or other
local loads.

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

resistance weld (ERW) seam, or has a double submerged arc weld (DSAW) seam in either the
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longitudinal or spiral direction. Data on line pipe from the German Standard DIN 2413 showed
that the limiting variable stress was about 138 MPa (20 ksi) for ERW or seamless line pipe and
83 MPa (12 ksi) for DSAW line pipe. This data compares favorably with information from the
International Institute of Welding, the American Institute of Steel Construction, and the AREA
Manual for Railway Engineering. The version of CSA 662-2003 Section 4.8.3.2 Uncased
Railway Crossings has established a fluctuating stress limitation of 69 MPa (10 ksi) based on 2
million cycles. This value is conservative as it applies to new facilities; however, it may be more
appropriate with regard to older facilities. Certain pipe seam types such as LF ERW and EFW
may be subject to seam susceptibility. The operator should consider these factors if heavy
equipment cross the pipeline at high frequencies.
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APPENDIX B:

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

This section provides for a sensitivity analysis of factors utilized in the Screening Model, which
when applied to equipment with low surface contact pressures, have the potential to provide for

additional conservatism.

B-1 Impact Factor .

We recommend using a reduced impact factor of 1.25 for slow moving equipment with low
pressure tires. This value meets the AASHTO specification for cover depths greater than 0.3 m.
An impact factor of 1.5 has been used in the model to address the dynamic nature of traffic loads
on flexible surfaces. This value is based on a recommendation by the ASME committee on
Pipeline Crossings of Railways and Highway. The specification called for an impact factor of
1.5 to be applied to traffic live loads for roads with flexible pavements. No impact factor is
required for roads with rigid pavements.

It is important to note that AASHTO recommends impact factors in its specifications. Impact
factors of 1.3, 1.2, 1.1, and 1.0 are applied at depths of 0, 0.1 to 1 ft, 1.1 to 2.0 ft and 2.1 to 3.0 ft,
respectively. It is noted that the concrete design manual utilized by many in the industry also
uses the same factors.

The variables that govern the magnitude of impact factor are as follows:

e [mpact factors increase with increasing vehicle speed,
o Impact factors increase with increased tire pressure

o Impact factors increase with increased roughness of the ground.

With respect to the above factors, equipment with low surface contact pressures will produce less
of an impact than that of a truck for the following reasons:

e The equipment are specifically design to have low ground surface pressure to reduce
compacting of the soil strata;

¢ Equipment of this design normally utilize low pressure pneumatic tires with contact
pressure << 200 kPa(ga) (30 psig);

e This type of equipment typically operates at lower velocities < 15 kph (10 mph).

Figures B-1 through B-6 show the effects of reducing the impact factor from 1.5 to 1.25 for
equipment with low surface contact pressures. It is noted that the effects are constant based on
the ratio of 1.5/1.25 or 1.2 for the results shown.
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B-2 Bedding Angle of Support

The terms K and K. are bending moment and deflection parameters respectively based on theory
of elasticity solutions for elastic ring bending, which depend on the bedding angle as shown in
Table B-1.

Table B-1. Spangler Stress Formula Parameters K, and K,

Bedding Angle (deg) Moment Parameter K, | Deflection Parameter K,

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

Bedding angles of 0, 30 and 90 degrees are taken as corresponding to consolidated rock, open
trench, and bored trench conditions respectively. A 30 degree angle is typically utilized and is
representative of open trench construction with relatively unconsolidated backfill such that fully
bearing support of the pipe is not achieved. While this is an acceptable and generally
conservative value to utilize for a newly constructed pipeline, one could argue that as the soil re-
consolidates around the pipeline over time the actual bearing support will be much greater.

Figures B-1 through B-6 show the effects of increasing the bedding support angles from 30 to 60
degrees as well as from 30 to 90 degrees. The effects of changing the bedding support angle are
significant and range from 1.28 to 1.75 for a change from 30 to 60 degrees and from 1.47 to 2.37
for a change from 30 to 90 degrees.

B-3 Modulus of Soil Reaction E’ (or Z)

The modulus of soil reaction, £’ (or Z) defines the soil’s resistance to pipeline ovalling as a
result of dead and live loads acting on the pipeline. A value of 250 psi has been utilized as a
conservative number and represents fine grained soils of medium compaction. Values in the
range of 1,000 psi are not uncommon. A value of 500 psi would be acceptable in soil conditions
where additional soil consolidation around the pipe has occurred.

Figures B-1 through B-6 shows the effects of increasing the modulus of soil reaction from 250
psi to 500 psi. A multiplier of approximately 1.1 was observed as a result of doubling the
modulus of soil reaction from 250 to 500 psi. This multiplier decreases with increased pressure.
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Surface Load Multiplier

Surface Load Multiplier Versus Various Variable Changes
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Figure B-1. Surface Load Multiplier versus Various Variable Changes
Surface Load Multiplier Versus Various Variable Changes
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Figure B-2. Surface Load Multiplier versus Various Variable Changes
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Surface Load Multiplier

Surface Load Muitiplier Versus Various Variable Changes
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Figure B-3. Surface Load Multiplier versus Various Variable Changes
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Figure B-4. Surface Load Multiplier versus Various Variable Changes
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APPENDIX C:

Proposed Guideline — Infrequent Crossings of Existing Pipelines at Non-
Road Locations

Where practical, crossings of pipelines shall occur at designated locations along the right-of-way
preferably at purpose-built locations such as roads designed for such use. In situations where
existing pipelines are to be crossed at locations not specifically designed as a crossing location, it
shall be permissible to cross the pipeline by equipment imposing surface loads provided that the

following requirements are met:

a. The crossing of the pipeline is infrequent and temporary.
b. The pipeline is suitable for continued service at the established operating pressure.
The pipeline operator shall consider service history and anticipated service conditions
in this evaluation.
c. The piping is not subjected to significant secondary stresses, other than those directly
imposed by the crossing of the pipeline.
d. The anticipated surface loading given below are used in Figure C-1(a) through C-1(h)
and modified by Figures C-2, C-3, or C-4.
As an alternative to Clauses a thru d, an engineering assessment of site-specific conditions is
acceptable. This detailed engineering analysis shall consider the resulting combined stresses on
the pipeline as a result of all loads expected to be imposed during its usage as a crossing location.

Figures C-1(a) thru C-1(h)
Figure C-1(a) through C-1(h) present the maximum live surface “point” load in kilograms for

cover depths of 60 cm, 90 cm, 120 cm, and 150 cm and design operating pressures of 72%
SMYS and 80% SMYS.

Notes applicable to Figures C-1 (a - h):

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

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

e  Maximum hoop stress of 72% or 80% percent SMY'S, as indicated.

e Maximum combined circumferential stress of 100 percent SMYS.

e Surface loading based on a contact pressure of 550 kPa (80 psi) applied over a
rectangular area with aspect ratio (y/x) = 1. This contact pressure is designated as the
“point” load case.

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

Soil Modulus E’ = 1,724 kPa (250 psi) at pipe.

Soil Density = 1,922 kg/m> (120 Ibs/ft}).

Loading criteria includes an impact factor of 1.5.

Maximum combined effective stress of up to 100 percent SMY'S.

A temperature differential of AT = 50° C or the maximum temperature limitation as per
CSA Clause 4.6.2.1 (section 2 above) whichever is the lower is included in the calculated
the longitudinal stress.

Multiple wheel influence factor (if applicable).
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Surface Load Multiplier for Rectangular Footprint and Various Contact
Pressure Figures C-2(a) through C-2(d)

Figures C-2(a) through C-2(d) present the Load Multiplier that can be applied to the previous
determined allowable live surface “point™ load for surface loads applied over a square footprint
with contact pressures ranging from 35 kPa through 420 kPa (5 psi through 60 psi). The figures
apply for cover depths of 60 cm, 90 cm, 120 cm, and 150 cm (2ft, 3ft, 41t, 5ft).
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Surface Load Multiplier for Track Loads Figures C-3(a) through C-3(d)
Figures C-3(a) through C-3(d) present the Load Multiplier that can be applied to the previously
determined allowable live surface “point” load for Track Loads. Track loads have been
represented as surface loads applied over a rectangular footprint with an aspect ratio
(Length/Width) of 4. The figures apply for cover depths of 60 cm, 90 cm, 120 cm, and 150 cm
(2ft, 3t, 41, Sft).
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Surface Load Multiplier Versus Allowable Point Load for Various Contact Pressures
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Figure C-3(a) — Soil Height = 0.6 meters
Surface Load Multiplier Versus Allowable Point Load for Various Contact Pressures
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Figure C-3(b) — Soil Height = 0.9 meters
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Surface Load Multiplier for Concrete Slab Figures C-4(a) through C-
4(d)

Figures C-4(a) through C-4(d) present the effects of placing a concrete slab on the surface as a
mitigative measure to increase the allowable surface “point” load. The figures apply for cover
depths of 60 cm, 90 cm, 120 cm, and 150 cm (2ft, 3ft, 4ft, and 5f1).
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Surface Load Multiplier (with Slab on Surface)

Surface Load Multiplier (with Slab on Surface)

Surface Load Multiplier (with Slab on Surface) versus Acceptable Point Load

Soil height = 0 60 m with 15 2 cm Concrete Protective Slab
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Figure C-4(a) — Soil Height = 0.6 meters

Surface Load Multiplier (with Slab on Surface) versus Acceptable Point Load

Soil height = 0 90 m with 15 2 cm Concrete Protective Slab

E=276GPa, v=015
E'=3500kPa |

i-—--t-“—fﬁre___;;

£ = 5,250 kP

T T — E =7,000 kPa

Vehicle impact factor without Slab = 1 50, Vehiclg impact factof with Slab = 1 25

O kg 2,000 kg 4,000 kg 6,000 kg 8000kg 10,000kg 12,000kg 14,000 kg
Acceptable Surface Point Load (without Slab)

Figure C-4(b) — Soil Height = 0.9 meters
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Surface Load Multiplier (with Slab on Surface) versus Acceptable Point Load
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Figure C-4(c) — Soil Height = 1.2 meters

Surface Load Multiplier (with Slab on Surface) versus Acceptable Point Load
Sail height = 1 50 m wilh 15 2 cm Concrele Protective Slab

E=276GPa v=015

\

E'= 1,750 kPa
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E'=7,000 kPa

Vehicle impact factor without Slab = 1 50, Vehicla impact factor with Slab =1 25

Okg 2,000 kg 4,000 kg 6,000 kg 8000kg 10000kg 12,000kg 14,000 kg

Acceptable Surface Point Load {(without Slab)

Figure C-4(d) — Soil Height = 1.5 meters
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Surface Load Multiplier for Timber Mats Figures C-5(a) through C-5(d)

Figures C-5(a) through C-5(d) present the effects of placing a 20 cm (8-inch) thick timber mat on
the surface as a mitigative measure to increase the allowable surface “point” load. The figures
apply for cover depths of 60 cm, 90 cm, 120 cm, and 150 cm (2 ft, 3 ft, 4 ft, 5 ft).

Note: It is important to note that the individual timbers within the mat must be tied in a
manner that provides for a uniformly transfer of load between timbers making up the
mat.
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Surface Load Multiplier (with Slab on Surface)

Surface Load Multiplier {(with Timber Mat on Surface) versus Acceptable Point Load

Soil height = 0 60 m (2 0 ft) with 19 1 cm (8-inch) Timber Protective Slab
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Figure C-5(a) — Soil Height = 0.6 meters

Surface Load Multiplier (with Timber Mat on Surface) versus Acceptable Point Load

Soil height = 0.90 m (3.0 ft) with 19 1 cm (8-inch) Timber Protective Slab
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Acceptable Surface Point Load (without Slab)

Figure C-5(b) — Soil Height = 0.9 meters
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Surface Load Multiplier (with Slab on Surface)

Surface Load Multiplier {with Slab on Surface)

160

150

140

130

120

110

100

145

140

135

130

125

120

115

110

106

100

Surface Load Multiplier (with Timber Mat on Surface) versus Acceptable Point Load
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Figure C-5(d) — Soil Height = 1.5 meters
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APPENDIX D:

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

Where practical, crossings of pipelines shall occur at designated locations along the right-of-way
preferably at purpose-built locations such as roads designed for such use. In situations where
existing pipelines are to be crossed at locations not specifically designed as a crossing location, it
shall be permissible to cross the pipeline by equipment imposing low surface contact loads
provided that the following requirements are met:

a. The crossing of the pipeline is infrequent.
The pipeline is suitable for continued service at the established operating pressure.
The pipeline operator shall consider service history and anticipated service conditions
in this evaluation.
c. The piping is not subjected to significant secondary stresses, other than those directly
imposed by the crossing of the pipeline.
d. The anticipated surface loading is below that provided in Figure D-1(a) through D-
1(D).
As an alternative to the above requirements, an engineering assessment of site-specific
conditions is acceptable. This detailed engineering analysis shall consider the resulting
combined stresses on the pipeline as a result of all loads expected to be imposed during its usage
as a crossing location.

Note: Figures D-1(a) thru D-1(f) utilize a 60 degree bedding angle. A 30 degree angle is
typically utilized and is representative of open trench construction with relatively
unconsolidated backfill such that the full bearing support of the pipe is not achieved.
While this is an acceptable and generally conservative value to utilize for a newly
constructed pipeline, a 60 degree bedding angle has been utilized to reflect a mature
pipeline where soil has re-consolidated around the pipeline providing additional support.

Note: Figures D-1(a) thru D-1(f) utilize an Impact Factor of 1.25 versus 1.50 to take into
account that equipment with low surface contact pressures are:

Typically designed not to compact the soil strata.

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

Designed to operate at lower velocities < 15 kph. (10 mph)
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Figures D-1(a) through D-1(f)

Figure D-1(a) through D-1(f) present the maximum live surface “point” load in kilograms for
cover depths of 60cm, 90 cm, 120 cm & 150 cm and design operating pressures of 72% SMY'S
and 80% SMYS.

Notes applicable to Figures D-1(a) through (f):

1) For intermediate operating pressure or grades, it shall be permissible to determine the surface
load by interpolation.
2) Design conditions used to develop the table are as follows:

Depth of cover as indicated

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

Maximum combined circumferential stress of 100 percent SMYS

Surface loading based on a contact pressure of 207 kPa (30 psi) applied over a
rectangular area with aspect ratio (y/x) = 1

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

Soil Modulus E’ = 1,724 kPa at pipe.

Soil Density = 1,922 kg/m’

Loading criteria includes an impact factor of 1.25.

Maximum combined effective stress of up to 100 percent SMYS.

A temperature differential of AT = 50° C or the maximum temperature limitation as per
CSA Clause 4.6.2.1 (section 2 above) whichever is the lower is included in the calculated
the longitudinal stress.

A 60 degree bedding angle has been utilized reflecting a mature pipeline where the soil
has re-consolidated around the pipeline providing additional support.

Multiple wheel influence factor (if applicable)
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Surface Load Multiplier for Rectangular Footprint and Various Contact
Pressure Figures D-2(a) through D-2(d)

Figure D-2(a) through D-2(d) present the Load Multiplier that can be applied to the previous
determined allowable live surface load for surface loads applied over a square footprint with
contact pressures ranging from 35 kPa through 420 kPa (5 psi through 60 psi). The figures apply
for cover depths of 60 cm, 90 cm, 120 cm, and 150 cm (2ft, 3ft, 4ft, 5ft).
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Vermont Gas

ARNGP PROJECT DIRECTIVE

Date: 8/31/2015
Subject: General Backfill Materials
Directive Number: 2015 - 007

In 2.1(B) — Materials of Section 312333 - Trenching, Pipe Laying, and Backfilling of the
Technical Specifications, it states native materials containing no stones or clods larger than 3" in
the longest dimension are acceptable for general backfill. This directive will serve as notice that
native materials containing no stones or clods larger than 6™ in the longest dimension are
acceptable for general backfill.

The VGS Operations and Maintenance Manual in the Trenching and Backfilling Procedure
allows for this change to the specification and now the two documents will be consistent.

Issued by (print): Kristy Oxholm (for Christopher LeForce)
Signature:

This directive expires on 12/31/2015 unless superseded or cancelled prior to that date.
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Attachment INTERVENORS.VGS.1-100.5

From: John Stamatov (US - Advisory) <john.r.stamatov@pwc.com>
Sent: Tuesday, May 24, 2016 1:11 PM

To: John St.Hilaire

Subject: Compaction Test Results - Rocky Ridge

Attachments: 15303 Compaction.pdf

John,

See attached. Line items 10-12 are for Rocky Ridge (all above 90%).

VELCO (Peter Lind) has received all compaction test results to date.

John R. Stamatov
PwC Capital Projects & Infrastructure
774-262-9290

The information transmitted, including any attachments, is intended only for the person or entity to which it is
addressed and may contain confidential and/or privileged material. Any review, retransmission, dissemination
or other use of, or taking of any action in reliance upon, this information by persons or entities other than the
intended recipient is prohibited, and all liability arising therefrom is disclaimed. If you received this in error,
please contact the sender and delete the material from any computer. PricewaterhouseCoopers LLP is a
Delaware limited liability partnership. This communication may come from PricewaterhouseCoopers LLP or
one of its subsidiaries.
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KNIGHT CONSULTING ENGINEERS, INC.
51 KNIGHT LANE
WILLISTON, VT 05495

FIELD COMPACTION REPORT

For _Vermont Gas Systems Project Vermont Gas Testing KCE # 15303
In-Place Maximum
Dry Moisture Dry Optimum Percent
Test Date Density Content Density Moisture | Compaction
No. Tested Location Elevation Soil Description (pef) (%) (pcf) % % Intl
1 09-18-15 Compaction Fill Finish Grade Site Material — Thru 114.1 7.0 136.4 7.1 83.7 pr
Over Gas Line — + Shaker Bucket (1'%
STA. 158+60 Minus Silty Gravel)
2 09-18-15 | Compaction Fill 18"+ Below Site Material — Thru 113.8 5.7 136.4 7.1 83.4 pr
Over Gas Line — Finish Grade Shaker Bucket (1}2”
STA. 158+65 Minus Silty Gravel)
3 10-15-15 | VELCO - 6” Below Site Material — Thru 1344 4.6 136.4 7.1 96.9 bjl
Entrance Gate Finish Grade | Shaker Bucket (1%4”
Minus Silty Gravel)
4 10-15-15 | Center of 2’ Below Site Material ~ Thru 138.1 138.1 136.4 7.1 100+ bjl
Overhead Lines Finish Grade | Shaker Bucket (1%4”
Minus Silty Gravel)
5 10-15-15 | Left Hand Edge 2’ Below Site Material — Thru 136.0 136.0 136.4 7.1 99.7 bjl
VELCO Row Finish Grade | Shaker Bucket (1%%”
Minus Silty Gravel)
6 10-19-15 | VELCO Redmond | 1°+ Below Redmond Road Native | 106.1 22.7 127.1 9.7 @835 kp
Road - STA. Top of Soil Backfill
456+20
7 10-19-15 | VELCO Redmond | 1’+ Below Redmond Road Native 105.0 18.0 127.1 9.7 @826 kp
Road — STA. Top of Soil Backfill
456+60
8 10-19-15 | VELCO Redmond | 1’+ Below Redmond Road Native 109.7 19.6 127.1 9.7 D2386.3 kp
Road — STA. Top of Soil Backfill
456+97
9 04-15-16 | Fill Over Gas Line | Finish Gravel | Crushed Run Gravel 115.5 73 136.9 9.3 @84.4 pr
, 75 South of
Power Line
10 04-15-16 | Retest of #9 Finish Gravel | Crushed Run Gravel 124.7 6.0 136.9 9.3 91.1 pr
11 04-18-16 | Under Power Line | Finish Gravel | Crushed Run Gravel 124.9 32 136.9 9.3 91.2 bjl
12 04-18-16 | 75° North of Finish Gravel | Crushed Run Gravel 127.6 4.0 136.9 9.3 93.2 bjl
Power Line

Distribution List: Vermont Gas — Lesli Nichols; Wilson Consulting Engineers — Joey Wilson; Pricewaterhousecoopers — John Stamatov & Efrain
Mazariegos

Remarks: ©90% Minimum compaction effort required.

@Contractor to further compact areas for retesting.

@ Contractor further compacted area with larger plate compactor. Two trips to site due to retesting,

Submitted by: -B’VL J ‘éﬂ#‘
Brian Jﬁlastery
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Attachment INTERVENORS.VGS.1-100.8

From: Reagan, Michael J <Michael.Reagan@mottmac.com>
Sent: Wednesday, June 29, 2016 7:51 PM

To: John St.Hilaire

Cc: john.r.stamatov@pwc.com; Chris LeForce

Subject: Re: GC Issue Compaction

I did to we went thru it hope CHA did it. I though this was all set . We look into it tomorrow morning

Get OQutlook for Android

On Wed, Jun 29, 2016 at 7:49 PM -0400, "John St.Hilaire" <jsthilaire@vermontgas.com> wrote:

I thought we took that out?
Sent from my iPhone

On Jun 29, 2016, at 7:49 PM, Reagan, Michael J] <Michael.Reagan@mottmac.com> wrote:

Compaction the orginal spec.

Get Qutlook for Android

On Wed, Jun 29, 2016 at 7:47 PM -0400, "John St.Hilaire" <jsthilaire(@vermontgas.com> wrote:

Compaction or placing pipe on bottom of trench?
Sent from my iPhone

On Jun 29, 2016, at 7:45 PM, Reagan, Michael ] <Michael.Reagan@mottmac.com> wrote:

Gentleman

GC is back on the issue if compaction on the VELCO easement . Just a heads up,
he talked to some operators today. So except a call tomorrow. I was just notified
by the VELCO inspector

Mike

Get OQutlook for Android

Attention: This e-mail and any files transmitted with it from Mott
MacDonald are confidential and intended solely for use of the individual or entity
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to whom they are addressed. If you have received this e-mail in error please
immediately notify the sender.

Attention: This e-mail and any files transmitted with it from Mott MacDonald are confidential
and intended solely for use of the individual or entity to whom they are addressed. If you have
received this e-mail in error please immediately notify the sender.

Attention: This e-mail
and any files transmitted with it from Mott MacDonald are confidential and intended solely for use of the
individual or entity to whom they are addressed. If you have received this e-mail in error please immediately
notify the sender.
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Vermont Natural Gas — Addison Natural Gas Project — AC Interference Analysis Report

The following six (6) aboveground pipeline appurtenances were analyzed for touch and
step hazards due to their proximity to the electric transmission circuits:

e  Williston M&R: MP 10.43
o MLV-2: MP 14.30
o MLV-3: MP 19.81
o MLV-4: MP 24.80
e MLV-5/ Plank Rd. M&R: MP 32.54
e MLV-6: MP 35.00

The computed touch and step voltages were above the IEEE Standard 80 design limit at
each location. Additional AC mitigation is recommended at each site.

AC current density calculations associated with AC corrosion mechanisms were
conducted for this proposed pipeline.

The AC mitigation system designs proposed by ARK Engineering in this report reduce the
pipeline AC electrical interference effects to acceptable levels during steady state and

fault conditions on the electric transmission circuits, for personnel safety and pipeline
integrity.

ARK Engineering & Technical Services, Inc. Page 3
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1. INTRODUCTION

1.0 Introduction

ARK Engineering & Technical Services, Inc. was contracted to investigate AC electrical
interference effects on the proposed Vermont Gas 12" pipeline. AC electrical
interference effects may occur on this proposed pipeline due to the proximity of ten
(10) VELCO electric transmission circuits and one (1) GMP electric transmission circuit.
The proposed pipeline under study is approximately 41.2 miles in total length, and is
located in Chittenden and Addison Counties, Vermont.

This report presents the computed steady state induced AC pipeline potentials for this
pipeline. Simulated fault conditions on the electric transmission circuits were also
modeled to determine pipeline coating stress voltages for this pipeline.

Emergency peak load and fault current values, provided by VELCO or conservatively
estimated by ARK Engineering, based on industry experience, were used to predict

worst-case scenarios caused by inductive and conductive AC electrical interference

effects to this pipeline.

This report summarizes this analysis and outlines ARK Engineering’s recommendations
for mitigation of AC electrical interference effects on this proposed pipeline. The
proposed mitigation system design, as outlined in this report, will reduce the AC
electrical interference effects on the pipeline to acceptable limits.

The conclusions in this report are based upon field data, pipeline data provided by
Vermont Gas System, and power line data provided by VELCO or assumed by ARK
Engineering for the GMP circuit. Calculations and analysis were performed using state-
of-the-art modeling software.

1.1  Joint Facility Corridor Overview

The proposed 12" pipeline will travel through Chittenden and Addison Counties,
Vermont. This proposed pipeline is approximately 41.2 miles in length. All station
numbers outlined in this report are based on the pipeline alignment plans - Vermont
Gas.Proposed 12" Pipeline Addison Natural Gas Project - EPSC Plan issued 4/16/2013.

The areas of concern where the proposed pipeline will parallel or cross the electric
transmission circuits, are outlined below:

e At pipeline station number 69+50, the pipeline will cross the VELCO 115 kV K22
electric transmission circuit.

ARK Engineering & Technical Services, Inc. Page 6
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Vermont Natural Gas — Addison Natural Gas Project — AC Interference Analysis Report

e At pipeline station number 159+00, the pipeline will cross the VELCO 115 kV
‘K21’ electric transmission circuit.

e From pipeline station number 328+00 to 333+50, the pipeline will parallel and
cross the ‘GMP’ electric transmission circuit.

e At pipeline station number 456+50, the pipeline will cross the VELCO 115 kV
‘K24’ electric transmission circuit.

e From pipeline station number 535+00 to 606+50, the pipeline will parallel the
VELCO 115 kV ‘K23’ electric transmission circuit.

e At pipeline station number 606+50, the pipeline will pass in front of the VELCO
‘Taft’s Corner’ electric substation.

e From pipeline station number 606+50 to 717+00, the pipeline will parallel and
cross the VELCO 115 kV ‘K27’ electric transmission circuit.

e At pipeline station number 606+50, the pipeline will pass in front of the VELCO
‘Williston’ electric substation.

e At pipeline station number 717450, the pipeline will pass the VELCO 115 kV ‘K33’
electric transmission circuit which ties into the VELCO ‘Williston’ electric
substation.

e From pipeline station number 718+50 to 1854+50, the pipeline will parallel and
cross the VELCO 115 kV ‘K43’ electric transmission circuit.

e From pipeline station number 1813+50 to 1854+50, the pipeline will parallel and
cross the VELCO 115 kV ‘K64’ electric transmission circuit.

e At pipeline station number 1857+00, the pipeline will pass in front of the VELCO
‘New Haven’ electric substation.

e From pipeline station number 1859+00 to 2087+75, the pipeline will parallel and
cross the VELCO 115 kV ‘K63’ electric transmission circuit.

e From pipeline station number 1859+50 to 2087+75, the pipeline will parallel and
cross the VELCO 115 kV ‘K370’ electric transmission circuit.

When metallic pipelines are located in shared rights-of-way with high voltage electric
transmission circuits, the pipelines can incur high induced voltages and currents due to

ARK Engineering & Technical Services, Inc. Page 7
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AC interference effects. This situation can cause a number of safety issues if not
mitigated effectively. The possible effects of this AC interference can include: personnel
subject to electric shock up to a lethal level, accelerated corrosion, arcing through
pipeline coating, arcing across insulators, disbondment or degradation of coating, or
possibly perforation of the pipeline.

AC interference simulation programs were used as part of this project to model the
right-of-way (ROW) and estimate the levels of induced and conductive AC voltage on the
proposed pipeline. These programs can also be used to evaluate the effectiveness of
any proposed mitigation system design.

1.2  Objectives & Project Tasks

The primary objectives of this study were as follows:

1.2.1 Determine the AC electrical interference effects to the proposed pipeline
during steady state and fault conditions on the eleven (11) electric
transmission circuits.

1.2.2 Ifrequired, recommend AC mitigation methods to reduce the induced
steady state AC pipeline potentials and touch voltages to less than 30
Volts at all buried locations on the pipeline.

1.2.3 If required, recommend AC mitigation methods to reduce the induced
steady state AC pipeline potentials and step and touch voltages to less
than 15 Volts at all above ground appurtenances.

1.2.4 If required, recommend mitigation methods to reduce fault-induced
coating-stress voltages on the pipeline to less than 5,000 Volts, for
protection of the pipeline coating.

1.2.5 Ifrequired, recommend mitigation methods for aboveground pipeline
locations, such as valve sites and meter stations.

1.2.6 Assess the induced AC density on the pipeline for the potential threat of
AC corrosion effects.

1.2.7 Perform calculations to determine the likelihood of AC corrosion effects
to this proposed pipeline, based upon the installation of an AC
interference mitigation system.

ARK Engineering & Technical Services, Inc. Page 8
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Figure 1-1: Interference Mechanisms and Effects on Pipeline
1.3.1 Capacitive Coupling

Mechanism:

Electrostatic or capacitive coupling results from the electric field gradient established
between energized transmission line conductors and the earth. When the transmission
line voltage is very high, a significant electric field gradient exists in the neighborhood of
the transmission line. Large conductors, which are near and parallel to the transmission
line and insulated from the earth, are liable to accumulate a significant electric charge,
which represents a very real danger for personnel. Typically, such conductors include:
equipment isolated from the earth, vehicles with rubber tires, aboveground pipelines, or
pipelines under construction in dry areas when no precautions have been taken to
establish adequate grounding for the pipeline lengths not yet installed in the ground.
Hazards range from slight nuisance shocks to ignition of nearby volatile liquids with the

accompanying risk of explosion, or electrocution of personnel.

ARK Engineering & Technical Services, Inc.
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Vermont Natural Gas — Addison Natural Gas Project — AC Interference Analysis Report

Mitigation Measures:

Buried pipelines are relatively immune to interference due to capacitive coupling
because, despite even an excellent coating, the length of exposure to the surrounding
soil makes for an adequate ground to dissipate any significant charge that might
otherwise accumulate. Aboveground pipelines, including pipelines under construction
(which may or may not be buried in part) do not naturally have this protection. One
means of protection is periodic grounding to earth, via ground rods, or other ground
conductors judiciously placed so as to be unaffected by ground currents emanating from
nearby towers during a fault.

1.3.2 Inductive Coupling

Mechanism:

Electromagnetic or inductive interference in a passive conductor (pipeline) results from
an alternating current in another energized conductor (power line), which is more or
less parallel to the first. This level of interference increases with decreasing separation
and angle between the conductors, as well as with increasing current magnitude and
frequency in the energized conductor. The combination of a high sail resistivity and
passive conductors with good electrical characteristics (good coating, high conductivity
and low permeability) also result in high-induced currents.

Peak potential values occur at discontinuities in either the energized or the passive
conductor. When a transmission line and a pipeline are interacting, such discontinuities
take the form of rapid changes in separation between the pipeline and transmission
line, termination of the pipeline or an insulating junction in the pipeline (which amounts
to the same thing), sudden changes in pipeline coating characteristics, a junction
between two (2) or more pipelines or transposition of transmission line phases. Note
that the induction effects on pipelines during normal power line operating conditions
are small compared to the induction effects experienced by a pipeline during a power
line fault. The most severe kind of fault is a single-phase-to-ground fault during which
high currents circulate in one of the power line phases and are not attenuated by any
similar currents in other phases. Hence, mitigation methods, which suffice for single-
phase fault conditions, are often adequate for other conditions. It must be noted
however, that the longer duration of the resulting potentials in the pipeline during
steady state conditions makes the problem important to investigate from a perspective
of human safety.

Unlike conductive interference, which tends to be a rather local phenomenon, inductive
interference acts upon the entire length of the pipeline that is near to the power lines.
Note, however, that conductive interference can involve long sections of a pipeline if
several towers adjacent to the faulted tower discharge a significant portion of the fault
current, or if a ground conductor connected to the pipeline (anode) and located near a
faulted tower, picks up current from the soil.

ARK Engineering & Technical Services, Inc. Page 11
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The large potentials induced onto a pipeline during a fault can destroy insulated
junctions, pierce holes in lengths of coating, and puncture pipeline walls. Equipment
electrically connected to the pipeline, such as cathodic protection devices,
communications equipment, and monitoring equipment can be damaged, and
personnel exposed to metallic surfaces, which are continuous with the pipeline, can
experience electrical shocks. Accelerated corrosion is another possible result.
Implementing appropriate mitigative measures, as discussed below, can prevent this
situation.

Although a pipeline equipped with mitigative measures appropriate to deal with phase-
to-ground faults does not usually present a great safety hazard during normal
conditions, several problems can still exist due to low magnitude induced alternating
currents. Accelerated corrosion of steel can result if not offset by increased cathodic
protection. This may mean a shortened life for sacrificial and impressed current anode
beds. Small amounts of AC can also render impractical the use of a pipeline as a
communication channel for data such as pressure and temperature readings to pumping
and compressor stations.

Mitigation Measures:

Pipeline Coating Resistance - The coating resistance of the pipeline should be chosen as
low as corrosion considerations permit. Pipeline coating resistance plays an important
role in determining pipeline potentials during a fault condition. During a fault condition,
on an electric transmission circuit, the pipeline coating conducts significant amounts of
current and should be regarded more as a poor grounding system than an insulator.
When this perspective is assumed, it is seen that lowering pipeline coating resistance
and bonding grounded conductors to the pipeline steel are two (2) applications of the
same principle.

Pipeline Section Length - In theory, the potential induced electromagnetically in a
pipeline section insulated at both ends is roughly proportional to the length of the
exposed region. When this relationship no longer holds, the pipeline is said to have
exceeded its characteristic length. The maximum potential value in a section (with
respect to remote ground) occurs at each extremity with roughly the same magnitude
and opposite phase. This means that each insulating junction is subjected to a stress
voltage that is double the peak value in the section. If insulating junctions are inserted
frequently enough along a pipeline, then the section size is kept to a minimum, and
consequently, so are the peak voltages in the pipeline. This constitutes one possible
mitigation method. However, this thorough segmentation can result in very high
construction and pipeline cathodic protection costs.

Grounding - Grounding of a pipeline, as a protection against the significant voltages that
appear during an electrical fault condition, is one of the most effective mitigation
measures available. A pipeline should be grounded at appropriate locations throughout
its length. Typical grounding locations include: all termination points, both extremities
of a segment which is grounded at both ends by an insulating junction, just before and
just after a pipeline crosses a power line at a shallow angle, and any other important
point of discontinuity likely to result in high induced voltages during a fault condition.
Such points include locations where the passive conductor:

ARK Engineering & Technical Services, Inc. Page 12
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e Suddenly veers away from the power line.
e Suddenly changes coating characteristics.
e Emerges from the earth, or returns to the earth.

Other locations where high-induced voltages are likely include points where power line
phases are transposed and points where two (2) or more pipelines meet.

In order not to load cathodic protection installations significantly, grounds should be
made of an adequate sacrificial material such as zinc or should be made via solid-state-
isolator or polarization cells. These DC decoupling devices (DCD) should be properly
sized, spaced and physically secured to withstand the current resulting during a power
line fault. Caution should be taken to locate grounds far enough away from any nearby
power line structure, so that the soil potential near the ground does not rise to
undesirable values during a power line fault condition. Soil potentials drop off rather
quickly around a faulted structure injecting currents into the earth, so this is not an
extremely difficult proposition.

Buried Mitigation Systems - A highly effective means of mitigating excessive AC pipeline
potentials is the installation of gradient control wires or matting. These methods reduce
both inductive and conductive interference. These gradient control wires consist of one
or more bare conductors which are buried parallel and near to the pipeline and which
are regularly connected to the pipeline. These wires provide grounding for the pipeline
and thus lower the absolute value of the pipeline potential (i.e., the potential with
respect to remote earth). They also raise earth potentials in the vicinity of the pipeline
such that the difference in potential between the pipeline and local earth is reduced. As
a result, touch voltages are significantly reduced.

1.3.3 Conductive Coupling
Mechanism:

When a single-phase-to-ground fault occurs at a power line structure, the structure
injects a large magnitude current into the earth raising soil potentials in the vicinity of
the structure. If a pipeline is located near such a faulted structure, then the earth
around the pipeline will be at a relatively high potential with respect to the pipeline
potential. The pipeline potential will typically remain relatively low, especially if the
pipeline coating has a high resistance. The difference in potential between the pipeline
metal and the earth surface above the pipeline is the touch voltage to which a person
would be subjected when standing near the pipeline and touching an exposed metallic
appurtenance of the pipeline.

If the pipeline is perpendicular to the power line, then no induction will occur and the
conductive component described above will constitute the entirety of the touch
voltages and coating stress voltages appearing on the pipeline. If the pipeline is not
perpendicular to the power line, then an induced potential peak will appear in the
pipeline near the fault location. Based on previous interference studies, the induced
potential peak in the pipeline is typically on the order of one hundred and fifty-five
degrees (155°) out of phase with the potential of the faulted structure and therefore

ARK Engineering & Technical Services, Inc. Page 13
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with the potentials of the soil energized by the structure. Thus, the pipeline steel
potential due to induction is essentially opposite in sign to the soil potentials due to
conduction. Therefore, inductive and conductive effects reinforce each other in terms
of coating stress voltages and touch voltages.

Mitigation Measures:

The magnitude of the conductive interference is primarily a function of the following
factors:

i) GPR of Transmission Line Structure. Soil potentials and touch voltages due to
conductive coupling are directly proportional to the ground potential rise (GPR) of
the transmission line structure. This GPR value is a property of the entire
transmission line system.

ii) Separation Distance. Although soil potentials and therefore touch voltages
obviously decrease with increasing distance away from the faulted structure, the
rate of decrease varies considerably from site to site, depending upon the soil
structure, as described below.

iii) Size of Structure Grounding System. Soil potentials decrease much more sharply
with increasing distance away from a small grounding system than that from a large
grounding system. Conductive interference can be minimized by limiting the use of
counterpoise conductors and ground rods, by the power company, at sites where
pipelines are in close proximity to the electric transmission system structures.

iv) Sail Structure. When the soil in which the structure grounding system is buried has
a significantly higher resistivity than the deeper soil layers (particularly if the lower
resistivity layers are not far below the structure grounding system), earth surface
potentials decay relatively sharply with increasing distance away from the
structure. When the inverse is true, i.e., when the structure grounding system is in
low resistivity soil, which is under laid by higher resistivity layers, earth surface
potentials may decay very slowly.

v) Pipeline Coating Resistance. When a pipeline has a low ground resistance (e.g., due
to coating deterioration over time), the pipeline collects a significant amount of
current from the surrounding sail and rises in potential. At the same time, earth
surface potentials in the vicinity of the pipeline decrease due to the influence of the
pipeline. As a result, the potential difference between the pipeline and the earth
surface can be significantly reduced.

When a conductive interference problem is present, touch voltages can be reduced by:
either reducing earth surface potentials in the vicinity of the pipeline, raising the
pipeline potentials near the faulted structure, or a combination of these two (2) actions.
The most effective mitigation systems perform both of these actions.

ARK Engineering & Technical Services, Inc. Page 14
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1.4 A BRIEF PERSPECTIVE ON AC CORROSION MECHANISMS

1.4.1 AC Corrosion Mechanism

AC corrosion is the metal loss that occurs from AC current leaving a metallic pipeline at a
coating holiday. The mechanism of AC corrosion occurs when AC current leaves the
pipeline through a small holiday in low resistance soil conditions.

1.4.2 Mitigation of AC Corrosion
The main factors that influence the AC corrosion phenomena are:

- Induced AC pipeline voltage

- DC polarization of the pipeline

- Size of coating faults (holidays)

- Local soil resistivity at pipe depth

The induced AC pipeline voltage is considered the most important parameter when
evaluating the likelihood of AC corrosion on a buried pipeline section.

The likelihood of AC corrosion can be reduced through mitigation of the induced AC
pipeline voltage. The European Standard CEN/TS 15280:2006 “Evaluation of AC
Corrosion Likelihood of Buried Pipelines - Application to Cathodically Protected
Pipelines” recommends that AC pipeline voltages should not exceed the following:

- Ten (10) Volts where the local soil resistivity is greater than 25 ohm-meters.
- Four (4) Volts where the local soil resistivity is less than 25 ohm-meters.

These AC pipeline voltage limits are derived in part by calculating AC density at pipeline
coating holidays. Since the AC current is mainly discharged to earth through the
exposed steel at pipeline coating holidays, the AC corrosion rate can vary
proportionately with increasing AC density at a coating holiday.

European Standard CEN/TS 15280, offers the following guidelines:

The pipeline is considered protected from AC corrosion if the root mean square (RMS)
AC density is lower than 30 A/m2. In practice, the evaluation of AC corrosion likelihood
is done on a broader basis:

e Current density lower than 30 A/m?: no or low likelihood of AC Corrosion effects
e Current density between 30 and 100 A/m?: medium likelihood of AC Corrosion
e Current density higher than 100 A/m?: very high likelihood of AC Corrosion

ARK Engineering & Technical Services, Inc. Page 15
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If the soil resistivity and the pipeline AC voltage are known, the risk of AC corrosion can
be determined using the following formula in Equation 1 to calculate the current density
at a holiday location.

I=(8*Vac)/(p*n*d) (Equation 1)

Where:
i = Current Density (A/m?)
Vac = Pipe-to-Soil Voltage (Volts)
p = Soil Resistivity (ohm-meters)
d = Holiday diameter (meters)

1.4.3 Determining Steady State Pipeline AC Voltage Limits

The primary factor in calculating AC density at coating holidays is induced AC voltage on
the pipeline at these coating holidays. Since the local soil does not significantly change,
lowering the induced AC pipeline voltage (by adding mitigation) also lowers the local AC
density.

To analyze the possible AC corrosion effects on this pipeline section, calculations were
completed to determine the AC current density exiting the pipeline, assuming a one (1)
cm? circular coating holiday at each soil resistivity location.

1.5 Definitions

AC Corrosion: The corrosion reaction associated with an AC electric current leaving the
metal pipeline surface, due to an induced AC voltage on the pipeline.

AC Electrical Interference (Electromagnetic Interference): A coupling of energy from an
electrical source (such as an electrical power line) to a metallic conductor (such as a
pipeline) which at low frequencies (in the range of power system frequencies) occurs in
the form of three different mechanisms; capacitive, conductive and inductive coupling.
Electrical interference can produce induced voltages and currents in the metallic
conductors that may result in safety hazards and/or damage to equipment.

Coating Stress Voltage: This is the potential difference between the outer surface of a
conductor (e.g., pipelines, cables, etc.) coating and the metal surface of the conductor,
and results from inductive and conductive potentials.
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Capacitive Coupling: Capacitive coupling occurs as a result of an energized electrical
source (e.g., power line) that produces a power line voltage between a conductor (such
as a pipeline} and earth where the conductor is electrically insulated from the earth. An
electric field gradient from the electrical source induces a voltage onto the conductor
insulated from earth, which varies primarily according to the distance between the
source and the conductor, the voltage of the source and the length of parallelism.

Conductive Coupling: When a fault current flows from the power line conductor to
ground, a potential rise is produced in the soil with regard to remote earth. A
conductor, which is located in the influence area of the ground for the power line
structure, is subject to a potential difference between the local earth and the conductor
potential. Conductive coupling is a localized phenomenon that acts upon the earth in
the vicinity of the flow of current to ground.

Conductive Earth Potential: This is the potential that is induced onto a conductor due
to the energization of the surrounding earth by the current leaking from the power line
structure.

Dielectric Breakdown: The potential gradient at which electric failure or breakdown
occurs. In this case, it is pertinent to the coating of the pipeline and the potential at
which damage to the coating will occur.

Earth Surface Potential: When a single-phase-to-ground fault occurs at a power line
structure, the structure injects a large magnitude current into the earth and therefore
raises soil potentials in the vicinity of the structure. These potentials are referred to as
earth surface potentials.

Fault Condition: A fault condition is a physical condition that causes a device, a
component, or an element to fail to perform such as a short circuit or a broken wire. As
a result, an abnormally high current flows from one conductor to ground or to another
conductor.

Inductive Coupling: Inductive coupling is an association of two (2) or more circuits with
one another by means of inductance mutual to the circuits. The coupling results from
alternating current in an energized conductor (e.g., power line) which is more or less
parallel with a passive (non-energized) conductor. Inductive coupling acts upon the
entire length of a conductor.

Inductive Pipeline Potential: The potential induced onto a pipeline during steady state
or fault conditions that results from the mutual coupling between the energized
conductor (power line) and the pipeline.

Load Condition: A load condition for a circuit is the amount of rated operating electrical

power that is transmitted in that circuit under normal operating conditions for a specific
period of time.

ARK Engineering & Technical Services, Inc. Page 17
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Local Earth: Local earth is the earth in the vicinity of a conductor, which is raised to a
potential, typically, as a result of the flow of fault current to ground. In the case of a
pipeline, which has a good coating and does not have grounding conductors connected
to the pipeline where the earth potential rise occurs, the "local" earth will be the same
as the "remote" earth.

Permeability: Permeability is a term used to express various relationships between
magnetic induction and magnetizing force.

Potential Difference: The relative voltage at a point in an electric circuit or field with
respect to a reference point in the same circuit or field.

Remote Earth: Remote earth is a location of the earth away from where the origin of
the earth potential rise occurs that represents a potential of zero Volts.

Steady State Condition: A steady state condition for a power system is a normal
operating condition where there is negligible change in the electrical power transmitted
in a circuit over a long period of time.

Step Voltage: The difference in surface potential experienced by a person bridging a
distance of 1 meter with his feet without contacting any other grounded conducting
object.

Touch Voltage: The potential difference between the Ground Potential Rise and the
surface potential at a point where a person is standing with his hand in contact with a
grounded structure.

1.6 AC Mitigation System Design Objectives

An AC mitigation system designed to protect a pipeline subject to AC interference
effects must achieve the following four (4) objectives:

i) During worst-case steady state load conditions for each electric transmission
circuit, reduce AC pipeline potentials with respect to local earth to acceptable
levels for the safety of operating personnel and the public.

ii) During fault conditions on the electric transmission circuits, ensure that pipeline
coating stress voltages remain within acceptable limits in order to prevent
damage to the coating or even to the pipeline steel.

Damage to the coating can result in accelerated corrosion of the pipeline itself.
Coating damage can occur at voltages on the order of one thousand (1,000) to
two thousand (2,000) Volts for bitumen coated pipelines, whereas damage to
polyethylene or fusion bonded epoxy coated pipelines occurs at higher voltages,
i.e., greater than five thousand (5,000) Volts.

ARK Engineering & Technical Services, Inc. Page 18
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2. PHYSICAL LAYOUT

2.0 Physical Layout

The proposed 12" pipeline under study is approximately 41.2 miles in length. Eleven
(11) electric transmission circuits will parallel or cross the proposed pipeline as
described below:

e At pipeline station number 69+50, the pipeline will cross the VELCO 115 kV ‘K22’
electric transmission circuit.

e At pipeline station number 159+00, the pipeline will cross the VELCO 115 kV
‘K21’ electric transmission circuit.

e From pipeline station number 328+00 to 333+50, the pipeline will parallel and
cross the ‘GMP’ electric transmission circuit.

e At pipeline station number 456+50, the pipeline will cross the VELCO 115 kV
‘K24’ electric transmission circuit.

e From pipeline station number 535+00 to 606+50, the pipeline will parallel the
VELCO 115 kV ‘K23’ electric transmission circuit.

e At pipeline station number 606+50, the pipeline will pass in front of the VELCO
‘Taft’s Corner’ electric substation.

e From pipeline station number 606+50 to 717+00, the pipeline will parallel and
cross the VELCO 115 kV ‘K27’ electric transmission circuit.

e At pipeline station number 606+50, the pipeline will pass in front of the VELCO
‘Williston’ electric substation.

e At pipeline station number 717+50, the pipeline will pass the VELCO 115 kV ‘K33’
electric transmission circuit which ties into the VELCO ‘Williston’ electric
substation.

e From pipeline station number 718+50 to 1854+50, the pipeline will parallel and
cross the VELCO 115 kV ‘K43’ electric transmission circuit.

e From pipeline station number 1813+50 to 1854+50, the pipeline will parallel and
cross the VELCO 115 kV ‘K64’ electric transmission circuit.

ARK Engineering & Technical Services, Inc. Page 20
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2.1 Pipeline Data

The effective coating resistance of a pipeline is a conservative value obtained from
previous research on coating resistances for new coated pipelines.

1) Coating Resistance of 12” pipeline 1,000,000 ohm-ft2

The characteristics used for the proposed 12" pipeline, provided by Vermont Gas
System, will be as follows:

e Relative resistivity: 10 (with respect to annealed copper)

¢ Relative permeability: 300 (with respect to free space)

e Pipeline diameter: 12.75” OD

e Pipeline depth: Minimum 3’ Cover (top of pipe to natural
grade)

¢ Pipeline wall thickness: 0.312"

e Coatings: Pritec 10/40 or Warrior 100

2.2 Soil Resistivity Measurements

This AC electrical interference analysis was based on soil resistivity measurements
recorded at locations along the proposed pipeline route, using equipment and
procedures developed especially for this type ol inlerference study. ARK Engineering
personnel conducted these soil resistivity measurements on May 1-6, 2013. Sail
resistivity measurements for this analysis were recorded at forty (40) sites. This
measurement data is outlined in Appendix A.

Soil resistivity measurements are used to calculate the ground resistance of electric
transmission line structures, assess the gradient control performance of AC mitigation
systems and gradient control mats, as well as to determine the conductive coupling of
the pipeline through the earth from nearby faulted electric transmission circuit
structures. The conductive coupling has an important effect on touch and step voltages
at proximate valve sites and on pipeline coating-stress voltages.

Past experience has shown the need for a special measurement methodology for
environments that are subject to electrical noise due to the presence of nearby high
voltage electric transmission circuits. When conventional methods are used, the
instrumentation can pick up noise from the nearby electric power circuits and indicate
resistivity values much higher than reality at large electrode spacing, suggesting that
deeper soil layers offer poorer grounding than they actually may. Resistance readings
can be inflated by a factor of four (4) or more. This error can result in conservative -+
mitigation designs.

ARK Engineering & Technical Services, Inc. Page 22
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2.2.1 Soil Resistivity Measurement Methodology

Measurements conducted by ARK Engineering personnel were based upon the
industry recognized Wenner four-pin method, in accordance with IEEE Standard
81, "IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth
Surface Potentials of a Ground System", using the Miller 400D Digital Resistance
Meter.

The electrode spacing varied from point one-five (0.15) meters to twenty-five
(25) meters. Apparent resistivity values that correspond to the measured
resistance values can be calculated using the expression:

p=2maR

Where:
p = Apparent soil resistivity, in chm-meters (2-m)
a = Electrode separation, in meters (m)
R = Measured resistance, in ohms (Q)

In practice, four rods are placed in a straight line at intervals "a", driven to a
depth that does not exceed one-tenth of "a" (0.1*a).

This results in the approximate average resistance of the soil to a depth of "a"
meters.

2.2.2  Soil Resistivity Data

Soil resistivity measurements were used to derive an equivalent soil structure
model. This multilayer soil model is representative of the changing soil
characteristics as a function of depth. The inductive coupling interference
modeling uses the bottom-most sail resistivity layer from the multilayer model.
The complete multi-layer soil characteristics are used to calculate the conductive
and total AC interference effects. Touch voltage, coating stress voltage, and
touch & step safety limits all use the complete multilayer sail model.

The bottom layer soil resistivity values were used for calculating electric
transmission circuit parameters and inductive interference effects on the
proposed pipeline.

ARK Engineering & Technical Services, Inc. Page 23
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3.1 Fault Conditions

To determine the maximum AC interference effects of a faulted circuit on the proposed
12" pipeline under study, the model included assumed single phase-to-ground fault
branch currents on the VELCO and GMP electric transmission circuits.

Fault conditions were simulated on the electric transmission circuits in the areas of
parallelism. Single phase-to-ground branch currents, provided by VELCO or assumed by
ARK Engineering based on past industry experience, were used to calculate fault
currents on grounded tower structures along each electric transmission circuit.

Reference Appendix C for all fault data used in this analysis.

3.2 Safety Criteria

The safety criteria established as part of this analysis is based upon the ANSI/IEEE
Standard 80, "IEEE Guide for Safety in AC Substation Grounding" and the following
assumptions:

e Asurface layer of six inches (6”) of gravel at all aboveground pipeline
locations (1,000 Ohm-meter gravel unless otherwise noted)

e A50kg (110 Ibs.) person having a body resistance (Ry) of 1,000 Q2

e A worst case breaker failure fault clearing times, provided by VELCO were
used for all fault condition scenarios.

Reference Appendix C for worst case breaker failure fault clearing times, provided by
VELCO.

3.3 Modeled Interference Levels

ARK Engineering performed this AC interference analysis using state of the art modeling
software. The output file plots for the steady state and simulated fault conditions on
the eleven (11) electric transmission circuits are included in Appendix B.

3.3.1 Steady State Conditions

The induced AC pipeline potentials on the proposed pipeline were computed
with the electric transmission circuits operating at emergency peak load
conditions. The results are summarized in Appendix B.

ARK Engineering & Technical Services, Inc. Page 27
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3.4 AC Mitigation System

The AC mitigation system designed and recommended by ARK Engineering for the
proposed 12" pipeline reduces the AC interference effects to acceptable levels during
emergency peak steady state and fault conditions on the eleven (11) electric
transmission circuits that will parallel or cross the pipeline route.

The proposed AC mitigation system design includes the installation of gradient control
wires (zinc ribbon anode or equivalent) in the areas of computed high pipeline AC
potentials. This AC mitigation system will reduce the induced steady state AC voltage
and AC current density on the pipeline system.

Also included in the AC mitigation system design are 2/0 bare copper ground loop
systems at the following aboveground pipeline locations:

o  Williston M&R: MP 10.43
s MLV-2: MP 14.30
e MLV-3: MP 19.81
e MLV-4: MP 24.80
e MLV-5/ Plank Rd. M&R: MP 32.54
e MLV-6: MP 35.00

This portion of the AC mitigation system will reduce AC touch potentials at these
locations to acceptable levels.

3.5 AC Corrosion Analysis Results

To analyze the possible AC corrosion effects to this proposed pipeline, calculations were
completed to determine the AC density based upon induced AC pipeline voltages,
assuming a one (1) cm? circular coating holiday, along the proposed pipeline.

The computed induced pipeline voltages are shown in Appendix B.

For the proposed pipeline, a maximum computed AC density of one thousand thirty-one
(1,031) A/m? may occur at pipeline station number 2179+88. At this location, the
proposed pipeline will terminate at the Middlebury M&R valve station.

With the recommended AC mitigation system installed and connected to the proposed
pipeline, the maximum computed AC density was reduced to two hundred and four
(204) A/m?.

Table 3-10 outlines the computed maximum AC density at emergency load conditions
on the VELCO and GMP electric transmission circuits.
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4. CONCLUSIONS

4.0 Conclusions

The proposed 12" pipeline and the eleven (11) electric transmission circuits have been
modeled and analyzed as described in this report.

Computer modeling and analysis, using emergency peak load currents on the electric
transmission circuits, indicate the following:

e Steady state induced AC pipeline voltages will exceed the design limit of fifteen
(15) Volts for aboveground sections at several locations along the proposed
pipeline under these load conditions on the electric circuits.

e Steady state induced AC pipeline voltages will exceed the design limit of thirty
(30) Volts for below ground sections at several locations along the proposed
pipeline under these load conditions on the electric circuits.

* Pipeline coating stress voltages will not exceed the five thousand (5,000) Volt
design limit for a single phase-to-ground fault on the electric circuits.

e Touch voltages at six (6) aboveground pipeline locations will exceed the IEEE
Standard 80 design limits during single phase-to-ground simulations under
breaker failure conditions.

e AC density across a 1cm? coating holiday will exceed the 100 A/m? design limit at
several locations along the proposed pipeline.

AC mitigation systems were designed to effectively reduce the induced AC interference
effects on the pipeline to less than the design limits. For locations where AC density is
above the 100 A/m? design limit for maximum load conditions, ARK Engineering
recommends the installation of coupon test stations and remote monitoring at these
locations to monitor actual field conditions.

This analysis results in interference levels that are conservative. Under normal
operating conditions, the AC interference levels on the pipeline should be less than
reported in this study.
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4.1 Assumptions

During the modeling and analysis of the AC interference effects on the proposed

pipeline, various assumptions were required. These assumptions are outlined below in

no particular order:

ARK Engineering & Technical Services, Inc.

Low voltage distribution taps were not included in this analysis.

A coating resistance value of 1,000,000 Q-ft? was used for the proposed
pipeline. This is a conservative value used for new pipelines.

GMP did not provide power data, upon request, therefore GMP power
data was assumed by ARK Engineering using conservative values based

on past industry experience.

Simulated fault scenarios for GMP were computed using assumed fault
data estimated by ARK Engineering.

A six (6) inch layer of crushed rock was assumed to be installed at all
above ground pipeline appurtenances.

Ground grids for VELCO substations were not provided.

A coating holiday size of 1 cm? was used in the calculation of AC current
density.
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MLV-3 - Mile Post Number 19.81

Due to a pipeline reroute, the distance between MLV-3 and the VELCO 115kV 'K43'
electric transmission circuit increased and therefore ARK Engineering recommends the
installation of a 2/0 copper ground loop system at the MLV-4 site. This 2/0 copper
ground loop system is to be electrically connected to the perimeter fence and the
pipeline through a Solid State Decoupler (SSD). The use of copper ground rods and

additional 2/0 copper cable connections is not necessary.

MLV-4 - Mile Post Number 24.80

ARK Engineering recommends the installation of a 2/0 copper ground loop system at the
MLV-4 site. This 2/0 copper ground loop system is to be electrically connected to the

perimeter fence and the pipeline through a Solid State Decoupler (SSD).

MLV-5/Plank Rd. M&R - Mile Post Number 32.54

ARK Engineering recommends the installation of a 2/0 copper ground loop system with
3/4" x 10’ copper ground rods, spaced 15' along the outer ground loop at the MLV-
5/Plank Rd. M&R site. Three (3) additional 2/0 copper cables are connected to this loop
for additional AC mitigation. This 2/0 copper ground loop system is to be electrically
connected to the perimeter fence and the pipeline through a Solid State Decoupler

(SSD).

MLV-6 - Mile Post Number 35.00

ARK Engineering recommends the installation of a 2/0 copper ground loop system at the
MLV-6 site. This 2/0 copper ground loop system is to be electrically connected to the
proposed AC mitigation system and the perimeter fence and the pipeline through a

Solid State Decoupler (SSD).

Reference - ARK Engineering design drawing package number: 12144-101, in Appendix D

for copper ground loop installation details.

12144-101 Vermont Gas 12" Pipeline Project
Rev.B Valves Sites:

Williston M&R

MLV-2

MLV-3

MLV-4

MLV-5/Plank Rd. M&R,

MLV-6

Colchester Launcher

Middlebury M&R

ARK Engineering & Technical Services, Inc.

Page 39

Zase iz HTAIONY Mpn ey Wiven

005

—0

cpe - azmazerer:



Vermont Natural Gas — Addison Natural Gas Project — AC Interference Analysis Report

AC Mitigation System Design
Valve Site Grounding Installation Drawings

Please call the author if you have questions or require additional information regarding
this report.
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SOIL RESISTIVITY DATA & GPS DATA
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APPENDIX B —
PIPELINE STEADY STATE, AC CURRENT DENSITY & FAULT PLOTS
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APPENDIX C —
POWER & PIPELINE COMPANY DATA

I ARK Engineering & Technical Services, Inc.
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