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SUPPLEMENTAL 2015 DIG ANALYSES

1.0 BACKGROUND

Four priority digs, identified as Digs 1 - 4, were performed on Line 901 between May 29,
2015 and June 3, 2015, based on the preliminary findings of the 2015 ILI run. [Figure C-1
contains a topographical map and elevation plot of Line 901 showing the locations of Digs
1 - 4 relative to the failure location. All four digs were located D/S from the failure in
relative low areas along the line; see [Figure C-2 and [Figure C-3. The locations of these digs
were selected based on the maximum depths of external metal loss features on Line 901, as
identified by the tool. [Table C-1 identifies the features associated with the four digs and
summarizes the dimensional findings [Ref 181] for each feature. The maximum corrosion
depths of the measured features were all lower than the depths identified by the tool (i.e.
the features were over-called by the ILI tool).

Figure C-4 - Figure C-7 contain field photographs from the four digs showing representative
corrosion products associated with the external corrosion features. For all four digs, the
corrosion was located at areas of disbonded coal tar urethane (CTU) coating, beneath an
intact PU foam layer. The corrosion products were primarily dark brown in appearance with
some areas that were rust-colored. In general, the products were dry, fairly rigid, and
magnetic. Although portions of the corrosion products were removed as relatively thick,
intact samples, the products were a bit more friable (i.e. crumbled) than the deposits
removed near the failure location. All four samples exhibited evidence of a layered
morphology; see [Figure C-8.

DNV GL personnel were present during all four digs and collected various samples at each
dig site for laboratory analysis. The collected samples included the following: (1) corrosion
products associated with the external metal loss features, (2) swab samples for bacteria
testing removed at and away from the features, (3) soil samples removed from the dig
sites, and (4) insulation samples removed at the feature locations. The objectives of the
analyses were to characterize the samples and to compare the results for the samples with
the results obtained for samples removed near the failure location.

2.0 TECHNICAL APPROACH

The procedures used in the analyses were in accordance with industry-accepted standards.
Three of the general standards governing terminology and bacteria testing used are as
follows:

¢ NACE/ASTM G193 - 10a “Standard Terminology and Acronyms Relating to
Corrosion.”
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¢ NACE TMO0106, “Detection, Testing, and Evaluation of Microbiologically Influenced
Corrosion (MIC) on External Surfaces of Buried Pipelines.”

e NACE TM0194, “Standard Test Method for Field Monitoring of Bacterial Growth in Qil
and Gas Systems.”

Corrosion products were collected during each dig for characterization. Analyses performed
on these products included: (1) elemental analyses using energy dispersive spectroscopy
(EDS) with a scanning electron microscope (SEM) and (2) compound identification using x-
ray diffraction (XRD).

Swab samples were also obtained for bacteria analyses, over a standard area of 1 cm?, at
two locations per dig site (i.e. at an area of corrosion and an area where the coating was
disbonded but there was negligible external corrosion). Separate swab samples were taken
for serial dilution and microscopic analysis. Liquid culture media for acid-producing bacteria
(APB), sulfate-reducing bacteria (SRB), nitrate-reducing bacteria (NRB), aerobic bacteria
(AERO), anaerobic bacteria (ANA), and iron-related bacteria (IRB) was used for the serial
dilutions to evaluate growth of various types of bacteria. A five vial serial dilution
(1:10,000) was performed using each type of media.

The swab obtained for the microscopic analysis was fixed in 1% glutaraldehyde. A five
microliter specimen was removed from the fixed sample and prepared for examination by
drying on a microscope slide and staining with 0.1% fluorescein isothiocyanate (FITC). The
sample was examined using a CFlI PLAN FLUOR 100X oil immersion objective on a Nikon
Eclipse 50i epifluorescent microscope equipped with a FITC filter set to determine bacteria
cell counts and morphology.

Analyses were conducted on soil samples removed (in the field) from each dig site. The
soils were tested for resistivity, moisture content, pH, total acidity, total alkalinity,
concentration of soluble anions and cations, total dissolved solids, and linear polarization
resistance; see [Table C-2 for a summary of the soil related procedures. Analyses were also
performed on liquids extracted from insulation samples that were removed from the feature
locations at each dig site. Due to the limited sample volumes, only two of the extracts were
analyzed. The extracts were analyzed for only the following: soluble anions [Cl-, SO,*, NO,
, NO3", CO3%, HCO3], total alkalinity, and total dissolved solids.
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3.0 RESULTS
3.1 Corrosion Product Analyses
3.1.1 X-ray Diffraction

Table C-3 shows the results of XRD analyses performed on the corrosion products from Digs
1 - 4. Compounds identified in all four samples were goethite (FeO(OH)) and magnetite
(Fesz0,). Goethite is one of the most thermodynamically stable iron oxides under aerobic
(high oxygen) conditions. Conversely, magnetite is a metastable phase formed under low
oxygen conditions. In Dig 4, a third compound, akaganeite (Fe**O(OH,Cl)) was also
identified. Akaganeite is indicative of the presence of oxygen.

3.1.2 Energy Dispersive Spectroscopy

The results of the EDS analyses performed on the corrosion products from Digs 1 through 4
are summarized in [Table C-4. The two primary constituents are iron (Fe) and oxygen (O),
which are characteristic of iron oxides. Small quantities of chlorine (Cl) were identified,
likely associated with chlorides. Small quantities of manganese (Mn) were identified, which
is a common constituent of line pipe steels. A relatively high concentration of carbon (C)
was identified in all scans, which may be from organics within the insulation, soil, and/or
bicarbonate compounds found in ground water.

3.2 Microbiological Analyses

The external surfaces of Joints 6550, 12420, 12460, and 14470 from Digs 1 — 4, respectively, were
swabbed over a standard area of approximately 1 cm? for bacterial analysis. For each pipe
joint, the swabs were taken from a representative external corrosion pit and from an area
away from the corrosion pit. Separate swab samples were taken from each location for the
serial dilution and microscopic examination analyses. The results of the microbiological
analyses are discussed below.

3.2.1 Serial Dilution - Liquid Culture Media

Table C-5 shows the results of the bacteria serial dilution testing for the swab samples
collected from the pipe joints. The results reveal that the majority of the swab samples
exhibited a positive indication for five types of bacteria (APB, AERO, ANA, IRB, and NRB).
Only the swab samples taken at an area away from the corrosion feature for Digs 2 and 4
were positive for all six bacteria types (i.e. AERO, ANA, APB, SRB, IRB, and NRB). As seen
in the table, the highest concentration of bacteria detected was 100,000 bacteria per cm?,
which is a relatively high value. There was no evidence to indicate that bacteria were
preferentially flourishing at the corrosion pits. In many cases, higher concentrations of
bacteria were found in the swabs taken from areas away from the corrosion features.
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3.2.2 Microscopic Examination for Total Bacteria

The swabs collected from the four dig locations were fixed in 1% glutaraldehyde and
examined using epifluorescent microscopy. The practical minimum detection limit for this
method is approximately 10° cells/ml of fixed sample. The results of the analysis are
provided in [Table C-6. As seen in the table, rod-shaped cells were detected for all the swab
samples. The calculated concentration of cells for the swab samples ranged between 2.10 x
10* cells/mL and 2.8 x 10% cells/mL, which are high values. This type of microscopic
examination does not differentiate between living and non-living organisms.

3.3 Soil Analyses

Table C-7 is a summary of the soil samples collected by DNV GL during the four priority digs
performed in 2015. Information on the soil samples collected near the failure location are
also provided in the table for comparison. The first column in the table identifies the
location where the sample was obtained. Columns 2, 3, and 4 provide DNV GL’s designation
for the soil, the associated Arcsset number ID, and a brief field description of the soil,
respectively. Columns 5 and 6 provide the joint number where the soil was taken and
whether the soil was analyzed.

Six (6) soil samples were removed from the dig site near the failure location; see [Table C-7.
Two samples were collected from under the pipe at each of three locations: 8 feet U/S of
GW 5930 (IDs 10000151761 & 10000151762), 2 feet D/S of the failure location (IDs
10000151753 & 1000151759), and 12.5 feet D/S of GW 5940 (IDs 10000151754 &
10000151755). The only samples not contaminated with product, and thus representative
of the soil prior to the failure, were the samples collected 8 feet U/S of GW 5930. One of
these samples, ID 10000151761, was analyzed. [igure C-9 is a photograph of Soil
10000151761 in the shipped bag. The soil consisted of clumps in a variety of sizes that
were cream to tan colored in appearance.

Five (5) additional soil samples were removed during the four priority digs performed
following the release; see [Table C-7. The soil from Dig 1 (ID 10000151758) was removed
below the pipe at a GW on Joint 6550, which was located west or D/S of the failure location.
The soils from Dig 2 (ID 100151751) and Dig 3 (ID 1000195234) were removed at the pipe
on Reference Joint 12420 and under the pipe at Reference Joint 12460, respectively. Both
digs were located D/S of the failure location. The soil samples removed from Dig 4 (IDs
10000195233 and 10000195232) were collected from the top of the pipe from Reference
Joint 14470, near a corrosion feature. Dig 4 was located D/S of the failure location. Only
one of the samples from Dig 4 (ID 10000195233) was analyzed. [Figure C-10 contains

photographs of the four soils that were analyzed from Digs 1 - 4. All four soils consisted of
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clumps. The soils from Digs 1 and 3 consisted of equally sized larger rocks, while the soils
from Digs 2 and 4 consisted of rocks of varying sizes. The soil from Dig 1 was black to
charcoal in appearance, while the soils from Digs 2 - 4 were cream to tan in appearance.

The following steps were performed for the soil analyses. The soil samples were collected,
shipped, and handled in accordance with DNV GL’s standard operating procedure for soils.
Analysis began with each soil sample pulverized into small pieces. The soils were then
sifted through a #10 sieve (2.0 mm particle size) to remove gravel, leaving soil particles
classified as sand, silt, and clay. The selected soils were tested for pH, moisture content,
and resistivity. Testing was also performed to estimate the corrosion rate of carbon steel
within the soil using linear polarization resistance (LPR), which is an electrochemical
technique. Next, water soluble anions and cations were extracted from the soils, using a
5:1 water to soil ratio, to determine their relative concentrations. The extracts were also
tested to determine the total acidity, total alkalinity, and total dissolved solids present in
each extract. The procedures used in the analysis were in accordance with industry-
accepted standards, which are summarized in [Table C-2. The results of the analyses are

provided in [Table C-8 — [Table C-10.

In general, the results of the analyses revealed that the soil removed near the failure
location exhibited more corrosive properties, as received, than those soils removed from the
priority dig locations. This conclusion is based on the following results for the as-received
soil removed near the failure location: (1) the higher moisture content, (2) the lower
resistivity, (3) the higher determined corrosion rate, and (4) the higher levels of sulfate
(S0,*) anions. All five soil samples exhibited more corrosive properties in the saturated
condition. In general, the soil removed near the failure location exhibited the most
corrosive properties. This soil exhibited the lowest resistivity and the second highest
corrosion rate in the saturated condition. Based on the findings, the corrosive properties of
the soil are impacted by moisture content, which is expected.

3.4 Insulation Extract Analyses

During Digs 1 - 4, DNV GL collected samples of the insulation that had been in contact with
the pipe at each feature location. The samples were bagged and shipped to DNV GL's
laboratory in Columbus, OH, where the liquids within the samples were extracted. [Figure C-
11 is a photograph showing the liquids extracted from the insulation samples from each
dig. [Table C-11 provides a summary and description of the four extracted samples. The
volume of extracted liquids varied from approximately 20 to 120 mL. The extracts from the
insulation samples from Digs 1 and 4 were relatively clear in appearance, while the extracts
from the insulation samples from Digs 2 and 3 were rust-colored in appearance. Based on
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the limited extract volumes, two representative samples were selected for chemical
analysis. One sample (i.e. Dig 2 sample) was selected to represent a rust-colored extract
and the second sample (i.e. Dig 4 sample) was selected to represent a clear extract.

Table C-12 is a summary of the chemical analyses performed on the Dig 2 and Dig 4
insulation extracts. Due to the limited sample volumes, these samples were analyzed for
only the following: soluble anions [CI-, SO,*, NO,”, NO3", CO3%, HCOj3], total alkalinity, and
total dissolved solids. The concentrations of soluble anions were consistently higher for the
Dig 2 Extracts compared to the Dig 4 Extracts. Both extract samples exhibited higher levels
of chlorides (CI"), nitrates (NO3"), sulfates (SO,), and bicarbonates (HCO3") than the soil
samples that were removed from these locations. These findings indicate that a higher
concentration of corrosive species may have been in contact with the pipe at these
locations. Furthermore, the insulation may facilitate the concentration process as the
insulation experiences wet-dry cycling.

4.0 SUMMARY OF FINDINGS

e The corrosion products
¢ Are primarily dark brown in appearance with some areas that were rust-colored.
¢ Are dry, rigid, and magnetic.
¢ Consist of a layered morphology comprised primarily of goethite and magnetite.

e There is no strong evidence to indicate that MIC played a primary role in the
observed external corrosion observed for Digs 1 - 4.

e The results of analyses performed on soil samples, removed near the failure and dig
locations, revealed that the soil removed near the failure location exhibited more
corrosive properties.

e Analyses of liquids extracted from insulation samples removed near the corrosion
features from Digs 1 - 4 revealed higher concentrations of corrosive species (i.e.
chlorides) than their respective soil samples.
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Table C-1. Summary of features identified during Priority Digs 1 - 4 performed in 2015.
Tool Calls
Priority Log Distance Max Depth
Dig Reference of Feature Max Length | Max Depth Field
Number Joint (ft) Tool Call (in) (%) (%)
Dig 1 6550 23785.8 External metal loss 0.75 85 72
Dig 2 12420 44719.8 External metal loss 0.87 72 54
44874.43 External metal loss 1.98 53 49.3
Dig 3 12460
44877.52 External metal loss 0.98 83 74
51640.00 External metal loss 0.88 71 65
Dig 4 14470
51640.27 External metal loss 0.83 57 56.3
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Table C-3. Results of compound analyses, using X-ray diffraction, performed on
corrosion products from Digs 1 - 4.
Compound Dig 1 Dig 2 Dig 3 Dig 4
Goethite — FeO(OH) Present Present Present Present
Magnetite — Fe;0, Present Present Present Present
Akaganeite — FeO(OH) - - - Present
Table C-4. Results of elemental analyses, using EDS, performed on corrosion products

from Digs 1 - 4 compared to ideal chemistry compositions of goethite and
magnetite; values presented in mass percent (wt.%o).

Goethite Magnetite
Elements Dig 1 Dig 2 Dig 3 Dig 4 (FeOOH) (Fe30,)
Carbon (C) 9.9 7.9 4.6 4.8 - -
Oxygen (O) 34.2 33.2 347 344 36.01 27.64
Sodium (Na) - 0.6 - - - -
Silicon (Si) - 0.2 - - - -
Chlorine (Cl) 0.3 0.4 0.3 0.3 - -
Manganese (Mn) 0.5 0.5 0.9 0.7 - -
Iron (Fe) 55.1 57.2 59.5 59.8 62.85 72.36
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Table C-5.

Results of bacteria analyses performed on swabs taken, over an ~1 cm? area, from the external surfaces of Joints 6550, 12420, 12460, and 14470 during Digs 1 - 4, respectively, at and away from

corrosion features.

Dig 1 (Joint 6550)

Dig 2 (Joint 12420)

Pit Area Away Pit Area Away
Test Number of Test Number of Test Number of Test Number of
Bacteria Type Result Positive Vials Result Positive Vials Result Positive Vials Result Positive Vials
Aerobic (AERO) Positive 3 Positive 5 Positive 3 Positive 4
Anaerobic (ANA) Positive 2 Positive 5 Positive 3 Positive 2
Acid-Producing (APB) Positive 3 Positive 5 Positive 2 Positive 4
Sulfate-Reducing (SRB) Not detected - Not detected - Not detected - Positive 2
Iron-Related (IRB) Positive 1 Positive 5 Not detected - Positive 3
Nitrate-Reducing (NRB) Positive 3 Positive 5 Positive 5 Positive 4
Dig 3 (Joint 12460) Dig 4 (Joint 14470)
Pit Area Away Pit Area Away
Test Number of Test Number of Test Number of Test Number of
Bascteria Type Result Positive Vials Result Positive Vials Result Positive Vials Result Positive Vials
Aerobic (AERO) Positive 5 Positive 5 Positive 5 Positive 5
Anaerobic (ANA) Positive 5 Positive 5 Positive 5 Positive 5
Acid-Producing (APB) Positive 4 Positive 4 Positive 3 Positive 5
Sulfate-Reducing (SRB) Not Detected - Not Detected - Not Detected - Positive 1
Iron-Related (IRB) Positive 5 Positive 4 Positive 2 Positive 4
Nitrate-Reducing (NRB) Positive 5 Positive 5 Positive 4 Positive 4

Bacteria Concentration Key:

1 10 bacteria per cm?
100 bacteria per cm?,

3 1,000 bacteria per cm?,
4 10,000 bacteria per cm?,
5 100,000 bacteria per cm?
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Table C-6. Results of optical microscopy examination for fixed swab samples taken, over
an —1 cm? area, from the external surfaces of Joints 6550, 12420, 12460,
and 14470 during Digs 1 - 4, respectively, at and away from corrosion
features.

Aliquot
Dig Sample Volume, Total Cells Calculated
Number Identification ulL Observed Ne cells/mL | Morphology

Pit 5 >20 2.80 x 10* Rod

1
Area Away 5 >20 2.80 x 10* Rod
) Pit 5 >20 2.80 x 10* Rod
Area Away 5 15 2.10 x 10* Rod
5 Pit 5 16 2.20 x 10* Rod
Area Away 5 >20 2.80 x 10* Rod
. Pit 5 >20 2.80 x 10* Rod
Area Away 5 18 2.50 x 10* Rod
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Table C-7. Summary of soil samples collected by DNV GL.
DNV GL Sample ID Reference Analyses
Designation | (ArcSSETT #) Field Description Joint Performed
Near Failure 10000151761 @ 8 ft U/S of U/S GW 5930 below pipe 5920 Yes
- 10000151762 @ 8 ft U/S of U/S GW 5930 below pipe 5920 No '
S?:i;?lyrzar - 10000151753 2 ft D/S of leak location 5930 No 2
Location - 10000151759 2 ft D/S of leak location 5930 No 2
- 10000151754 12.5 ft D/S of GW 5940 5940 No 2
- 10000151755 12.5 ft D/S of GW 5940 5940 No 2
Dig 1 10000151758 Soil from dig West of leak location below pipe @ GW 6550 Yes
Dig 2 10000151751 Dig 2 @ pipe 12420 Yes
D'?g%’;ti}’s Dig 3 10000195234 Dig 3 Soil under pipe 12460 Yes
- 10000195232 Dig 4 soil @ top of pipe near corrosion S/N 1 of 2 6/03/15 14470 No
Dig 4 10000195233 Dig 4 soil @ top of pipe near corrosion S/N 2 of 2 6/03/15 14470 Yes

1 - Duplicate sample
2 - Sample contaminated with crude oil
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Table C-8. Summary of various chemical and electrochemical properties for soil samples.
Moisture Resistivity Corrosion Rate
DNV G!. p|.! Conte1nt : (Ohm-cm) : (mpy)

Designation Soil (%) As Received Saturated As Received Saturated
Near-FaiIure 7.95 27.59 3,800 400 2.517 2.718

Dig 1 8.53 18.31 2,500 810 0.359 1.933

Dig 2 8.21 11.57 29,000 580 0.160 2.244

Dig 4 8.52 12.77 78,000 12,000 0.094 2.328

Dig 3 7.56 6.80 14,000 690 0.410 4.405

1 - Percent moisture per AASHTO T265 & ASTM D2216

Table C-9. Summary of soluble cation and anion concentrations for soil samples removed near the failure location and from
Digs 1 - 4.
Soluble Cations Soluble Anions,
mg/L mg/L
DNV GL
Designation ca* Mg* Na+ K+ NO, NO, cr s0,” s* CO,> HCO,
Near Failure 898 320. 495 9.64 <21 114.84 117 3600 <0.67 <13.3 204
Dig 1 18.0 <6.10 218 <6.10 <2.0 12.68 29 49 <0.61 <12.2 744
Dig 2 53.0 38.7 413 8.88 10.472 40.33 78.6 338.8 <0.57 <11.4 529.5
Dig 3 9.57 <5.77 493 5.88 <1.9 21.18 108 200 <0.58 <11.5 524
Dig 4 60.0 24.8 95.2 <5.41 <1.8 9.09 26 206 <0.54 <10.8 146
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Table C-10. Summary of various chemical properties determined for soil samples removed
near the failure location and from Digs 1 - 4.
Total Dissolved
DNV GL Total Alkalinity Total Acidity Solids (TDS)
Designation (mg CaCO4/L) (mg CaCO3/L) (mg/L)
Near Failure 204 <66.5 6350

Dig 1 744 <61.0 640

Dig 2 530 <56.9 1550

Dig 3 524 <57.7 1390

Dig 4 146 <541 622
Table C-11. Summary of liquids extracted from insulation samples collected by DNV GL

during Priority Digs 1 - 4 performed in 2015.
pH at
Pipe/Insulation | Estimated
Interface Extracted Chemical
Extract Reference Sample ID (Field Volume Extract Analysis

Identification Joint (ArcSSETT #) | measurement) (mL) Appearance | Performed
Dig 1 Extract 6550 10000151104 6-7 20 Clear No
Dig 2 Extract 12420 10000151105 7-8 120 Rust-colored Yes
Dig 3 Extract 12460 10000151106 7 60 Rust-colored No
Dig 4 Extract 14470 10000151107 6 40 Clear Yes

Table C-12. Summary of results of chemical analyses performed on liquids extracted from
the insulation removed during Priority Digs 2 and 4 performed in 2015.
Soluble Anions Total Total
(mg/L) Alkalinity Dissolved
Sample As CaCO; Solids
ID NO, NO; cr SO, (oo Mg HCOs5 (mg/L) (mg/L)
Dig 2 Extract | 48.0 739.28 | 1080 2000 <20 397 397 7470
Dig 4 Extract | <1.6 30.10 329 993 <20 102 102 2020
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(a) Failure Location

(b) Dig 1 Location

Figure C-2.  Plots showing close-ups of the elevation profile of Line 901 at: (a) the failure
location and (b) the location of Dig 1.
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(a) Dig 2 and 3 Locations

(b) Dig 4 Location

Figure C-3. Plots showing close-ups of the elevation profile of Line 901 at: (a) the
locations of Digs 2 and 3 and (b) the location of Dig 4.
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Figure C-9. Photograph of Soil 10000151761, as-received, that was removed near the failure location. The scale pictured is
in mm.
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APPENDIX D

Corrosion Products Supplemental Analyses

Density Testing
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CORROSION PRODUCT SUPPLEMENTAL ANALYSES
DENSITY TESTING

1.0 BACKGROUND

DNV GL was requested by PHMSA to perform density and magnetic permeability testing on
corrosion product samples removed near the 2015 failure location on Line 901. These tests
were not part of the original scope of the metallurgical analysis performed by DNV GL and
so were added to the root cause analysis (RCA). The results from the density testing are
summarized in this appendix, while the results of the magnetic permeability testing are
summarized in Appendix E.

Density testing was performed on a representative corrosion product sample, identified as
Corrosion Product Sample 10000195318, removed near the 2015 failure. The sample was
collected along the 6:00 o’clock orientation, 17.8 - 19.5 feet from the upstream girth weld.
The objectives of the analysis were to determine the approximate density of the sample and
compare the results with the density of steel.

2.0 TECHNICAL APPROACH

The density testing was performed using a Model XS 205 balance manufactured by Mettler
Toledo and equipped with a density determination kit. This equipment was used to
calculate the density of the corrosion product sample based upon Archimedes’ principle,
which states that "any body immersed in a fluid becomes lighter by an amount equal to the
weight of the fluid that has been displaced.”

The testing involved weighing the corrosion product in air and then in an auxiliary fluid;
deionized (DI) water. The density of the corrosion product was then calculated using the
following two equations:

A
p= E(po - pL) + py With compensation for air density
_ A po . . . .
p = 1B Without compensation for air density
Where: p = density of the sample A = weight of the sample in air
P, = density of the auxiliary liquid B = weight of the sample in the auxiliary liquid

P. = density of air (0.0012 g/cm?®)
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3.0 RESULTS

Figure D-1 is a photograph showing the sample that was removed from Corrosion Product
Sample 10000195318 for the density testing.® The sample was irregular in shape with a
maximum length, width, and thickness of approximately 2.33 inches, 1.28 inches, and
0.534 inches, respectively. Note that one edge of the sample was cut with a Dremel tool
equipped with a cutting blade. The sample was rigid, non-friable, and easily
handled. [igure D-2 and [Figure D-3 contain photographs showing the test setup for
measuring the weight of the sample in air and in water, respectively. Due to the presence
of air within the sample, the weight of the sample in water was taken only after all large air
bubbles escaped from the surface of the sample. This process took approximately 30
minutes.

Table D-1 provides a summary of the weights obtained for the sample in both air and water.
The weights are provided in both milligrams, which was the value reported by the balance,
and in grams. As expected, the weight of the sample in air was greater than the weight of
the sample in water. [Table D-2 summarizes the density values calculated for the sample,
with and without compensation for the density of air, based on the measurements
in Table D-1. The values are very similar, ranging from 3.533 to 3.537 g/cm?® with and
without compensating for the density of air. These values were compared to the density for
mild steel (i.e. 7.87 g/cm®). The densities obtained for the corrosion product samples were
approximately 45% of the density of low carbon steel.

1 Note: Only a portion of Corrosion Product Sample 10000195318 was needed for the density testing (i.e. the
entire sample was not consumed for this testing).
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Table D-1. Summary of weights measured for Corrosion Product Sample 10000195318
during the density testing.

Density of Testing
Testing Environment Weight Weight
Environment (g/cm3) (mg) (9)
Air 0.0012 (P 39794.36 39.79436 (A)
DI water 0.99819 ! (Po) 28563.52 28.56352 (B)

1 - Density of water at 20.2 °C (i.e. temperature measured at time of testing) per Table 7.7
in the operating instructions manual for Excellence Balances, XS Models.

Where: P, = density of the auxiliary liquid A = weight of the sample in air
P. = density of air (0.0012 g/cm?®) B = weight of the sample in the auxiliary liquid
Table D-2. Summary of density values calculated for Corrosion Product Sample

10000195318 based on the data in [Table D-1.

Density of Density of
Corrosion Product Compensation for Mild Steel
(g/cm3) Air Density (g/cm3)
3.533 Yes ' 3
2 7.87
3.537 No

1- p= ﬁ(po — pL) + p.; see [Table D-1 for A, B, p,, and p,

A po
A-B

2- p= ; see [Table D-1 for A, B, po, and p,

3 - Density for 0.06% C steel. Metals Handbook Desk Edition, Second Edition 1998 p. 64.
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CORROSION PRODUCT SUPPLEMENTAL ANALYSES
MAGNETIC PERMEABILITY TESTING

1.0 BACKGROUND

DNV GL was requested by PHMSA to perform density and magnetic permeability testing on
corrosion product samples removed near the 2015 failure location on Line 901. These tests
were not part of the original scope of the metallurgical analysis performed by DNV GL and
so were added to the root cause analysis (RCA). The results from the magnetic
permeability testing are summarized in this appendix, while the results of the density
testing are summarized in Appendix D.

Two representative corrosion product samples and a steel plate sample, all removed from
the pipe joint that contained the failure, were selected for the magnetic permeability
testing. ldentifications and descriptions of the selected samples are provided in [Table E-1
and photographs of the samples are provided in [Figure E-1 and [Figure E-2, respectively.
The corrosion product samples are identified as Sample 10000195331 (i.e. sample exposed
to crude oil) and Sample 10000195318 (i.e. dry sample). The steel sample selected for the
testing is identified as Sample 10000195363. Only portions of the corrosion products and
the steel sample were used for the testing. Specifically, two specimens were removed from
each sample type described above. The testing did not consume all of the product/material
available for the three samples.

The objectives of the testing were to measure and compare the magnetic properties of the
corrosion product samples with those measured for the plate steel.

2.0 EXPERIMENTAL DETAILS

2.1 Test Technique

The test method used for the magnetic property testing was in accordance with industry-
accepted standard ASTM A773 / A773M, "Standard Test Method for Direct Current Magnetic
Properties of Low Coercivity Magnetic Materials Using Hysteresigraphs.” This test method
provides instructions on how to produce plots of magnetic induction (B, magnetic flux
density) vs. magnetic field strength (H), from which basic magnetic properties for soft and
semi-hard materials are determined.

The curves were evaluated to determine the following parameters (see [Figure E-3):

e Coercive force (H.) in Oersteds (Oe)

e Residual magnetization (B,) in Gauss (G)
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¢ Maximum magnetic field strength (Hax) in Oe
e Maximum induction (Bnay) in G

Based on the above determine values, the following magnetic permeability values, which
are dimensionless, were calculated using the equations provided below.

e Initial magnetic permeability (W)
e Maximum magnetic permeability (4 max)

e Magnetic permeability amplitude (i, amp)

B= B;+H Relative magnetic permeability of material
B . . -
Wy amp = ; Amplitude magnetic permeability
a5 Diff tial ti bilit
iFf = — erential magnetic permea
Wr aif f aH I I gnetic p ility
where: H = magnetic field strength [Oe]

B = normal induction in test specimen [G]

B; = intrinsic induction in test specimen [G]

2.2 Specimen Preparation

Based on the test technique identified for this analysis, bar specimens were prepared from
the corrosion products and steel samples selected. Two specimens per sample were
prepared (i.e. six total specimens).

The initial proposed dimensions for the test specimens were 3-inches in length by 0.5-
inches in width by 0.25-inches in height. The width and height selected for the specimens
were based on minimum allowances identified for the testing. During the course of the
specimen preparation, the actual heights achieved for the corrosion product specimens were
greater than the minimum 0.25 inches previously selected. So as not to significantly alter
the nature of the deposits from their field condition, it was decided to maximize the heights

used for the corrosion product samples. [Figure E-4 contains schematics showing the test

specimen geometries and [Table E-2 summarizes the dimensions of each test specimen.

Details regarding the specific preparation steps for the corrosion product specimens and
steel specimens are discussed below by sample type.
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2.2.1 Corrosion Product Specimens

The following steps were performed to prepare the corrosion product specimens. First, the
deposits samples were laser scanned from both surfaces, using a FaroArm™, to produce 2D
and 3D renderings of the samples. The renderings were used to map the thickness of the
samples and to determine the optimal locations from which to take specimens. The
approximate locations of two test specimens were marked on the flattest surface of each
corrosion product sample; see [Figure E-5. These markings were made to provide guidance
for the initial cuts once the samples were embedded. The markings were made by first
preparing a template of the desired specimen geometry (i.e. length vs. width) on a sheet of
transparency paper. The transparency paper was cut along the lines of the template,
except at the corners. The template was then placed on top of the corrosion product
samples and a yellow paint marker was used to trace the cut edges transferring the
specimen geometry onto the corrosion products. Consideration to the thickness of the band
saw blade (i.e. 0.02-inches) was given when using the template to mark the samples.

Alphabetical reference points (i.e. A, B, C, etc.) were marked on the corrosion product
samples to identify the approximate end points of each cut line; see [Figure E-5. For ease of
discussion, these alphabetical markings will be referenced when identifying sectioning
locations on the embedded samples.

Next, the corrosion product samples were embedded in epoxy. Rectangular plastic
containers, approximately 7-inches in length by 5-inches in width and 3-inches in height,
were used as molds to embed the corrosion product samples in a clear, two-part epoxy.
Prior to placing the samples in their molds, a mold release agent was sprayed on the
internal surfaces of the containers to facilitate the release of the embedded samples once
the epoxy had cured.

The flattest surface of each corrosion product sample was placed on top of plastic spacers
positioned within the container. The plastic spacers were positioned so that the surface of
each sample was parallel to the bottom of their respective molds. [Figure E-6 contains
photographs showing the spacers used beneath the samples and the samples once they
were placed in their respective molds.

Next, the two-part epoxy was mixed and poured slowly into the molds; see [Figure E-7a.
The sample molds (i.e. mounts) were then placed in a vacuum chamber in order to remove
any trapped air within the uncured epoxy of the mounts; see [Figure E-7b. The mounts were
allowed to cure overnight in a fume hood. A small fan was positioned to blow on the
mounts during the curing process to remove the exothermal heat from the chemical
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reaction of the epoxy during curing. Once cured, the mounts were removed from their
respective plastic containers; see [Figure E-7c and Figure E-7d.

The embedded samples were then cut using a diamond band saw that was lubricated with
ethylene glycol; see Figure E-8a. All cuts were made slightly outside of the final desired
dimension to ensure that a sufficient amount of material remained for any grinding needed
to achieve the final specimen dimension. The embedded samples were first cut along the
outer end markings (i.e. along Lines G-H and 1-J shown in [Figure E-7c and d) in order to
facilitate handling of the samples during grinding. The corrosion product surfaces exposed
by these cuts were then re-embedded in epoxy. Next, a cut was made along Line C-D on
both samples (see [Figure E-8b and c). These cuts were the only cuts that were made
directly along the line marked on the embedded samples. The corrosion product surfaces
exposed by these cuts were then re-embedded in epoxy.

The two remaining pieces of the original embedment were then cut along Lines A-B and E-F
followed by re-embedment of the exposed corrosion product surfaces in epoxy
(see Figure E-8b and c). Each side of the embedded samples was individually ground by
hand in order to achieve the desired over-all dimensions; see [Figure E-9a. Grinding was
carried out using 600 grit silicon carbide paper strips attached to a flat granite block and
ethylene glycol as a lubricant. Based on the integrity of the samples, a protective epoxy
layer was not necessary for the final test specimens. [Figure E-9b and c are photographs
showing the final test specimens for Corrosion Product Samples 10000195318 and
10000195331.

2.2.2 Steel Plate Specimens

The following steps were performed to prepare the steel specimens. The approximate
locations of the final test specimens were marked on the steel plate. Two specimens: one in
the axial direction and one in the transverse direction were sectioned from the plate;
see Figure E-10. Consideration was given to account for the thickness of the saw blade (i.e.

0.02-inches) when marking up the steel plate samples.

The samples were cut using a band saw. All cuts were made slightly outside of the final
desired dimension to ensure that a sufficient amount of material was left to allow for any
milling needed to achieve the final specimen dimensions. Care was taken to achieve
straight cuts. The samples were then milled at slow speeds to the desired
dimensions. [Figure E-10b and c¢ are photographs showing the final longitudinal and

transverse steel specimens.
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2.3 Test Procedure

A soft magnetic hysteresigraph tester, Model SMT-700, that was computer automated and
manufactured by KJS Associates, Inc., was used to measure the magnetic properties of the
test specimens. [Figure E-11 contains photographs showing the magnetic tester and a
representative test setup for the magnetic property testing. Prior to testing, the prepared
specimens were wrapped with insulating tape that was approximately 0.009 inches thick. A
30 gauge magnetic wire was then wound around each specimen. This wire served as a
secondary induction winding.

During testing, each specimen was positioned using a pole piece adapter in a KJS Associates
Model YOKE-100 electro-magnet and clamped into a closed magnetic test circuit. A
calibrated Hall probe was placed at the surface of the coil in order to measure the applied
magnetic field (H). The secondary winding was then connected to the system fluxmeter to
determine the flux density in the sample. Prior to the start of each test, the test specimen
was demagnetized. Once the specimen was demagnetized, the specimen was then
magnetized to a maximum applied field of 1000 Oe in the yoke fixture. The full four-
guadrant B vs. H curve was then measured at room temperature.

Each test specimen was also measured at lower applied fields to account for the typical field
strengths of the magnetic flux leakage (MFL) tool. The higher permeability specimens were
tested at an induction level of 12 kG, while the lower permeability specimens were tested to
an induction level of 1000 G.

3.0 RESULTS

Several magnetic parameters were measured and/or calculated for this analysis. The
parameters include Hyax, He, Bmaxs Brs Min, @nd Hmax. Some values are relevant to MFL tools
and some are not. The parameters of interest, as related to the Line 901 failure, include
the magnetic permeability (1) and the magnetic field strength (H).

Figure E-12 contains composite plots showing the magnetic induction (B, magnetic flux
density) vs. magnetic field strength (H) for the six specimens when tested at strong
magnetic fields (up to 1000 Oe). The curves for the steel specimens are shown in red,
while the curves for the corrosion product specimens are shown in green (195318) and blue
(195331). The plot to the left in Figure E-12 shows the data up to a maximum magnetic
induction of 25,000 G, while the plot to the right in [Figure E-12 shows the data up to a
maximum magnetic induction of 2,500 G. A clear difference is apparent between the steel
and corrosion product specimens in both plots. As shown, the saturation magnetization of
the corrosion product specimens (i.e. Bnax) IS approximately 10% of the saturation
magnetization measured for the steel specimens. These differences indicate that the steel
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specimens are more magnetic than the corrosion product specimens. No significant
differences were observed between the corrosion product specimens.

The magnetic properties of the specimens were measured when exposed to both a strong
magnetic field and a lower magnetic field. [Figure E-13 through Figure E-18 contain the
individual plots of magnetic induction vs. magnetic field strength for each of the six tested
specimens when exposed to the two magnetic fields. The magnetic properties determined
from these curves and the data extracted from these curves are summarized in [Table E-3.
The first column identifies the specimen and the second column shows the sample type.
Columns 3 - 6 contain values that were extrapolated from the curves shown in Figure E-13
through Figure E-18 and Columns 7 and 8 provide the initial and maximum differential
magnetic permeability values. The values shown in Columns 7 and 8 are the parameters of
interest for this analysis. As seen, the permeability values determined for the corrosion
product specimens are similar and are much lower than the values determined for the steel
specimens (i.e. less than 2% of the values determined for the steel specimens). Differences
were observed between the longitudinal and transverse steel specimens, with the
transverse specimen exhibiting higher magnetic permeability values. The magnetic
permeability values shown in Table E-3 were obtained for a field strength that exceeds the
strongest MFL tools. Thus, values were also determined within the typical field strengths of
high-field MFL tools.

The typical field strength of high-field MFL tools range from 140 Oe to 180 Oe, reaching a
maximum of around 200 Oe.! Based on this information, smoothing approximation curves
were used in the range from 50 to 300 Oe to calculate the amplitude magnetic permeability.
The curves were based on the measured B-H curves for the six test specimens, but were
corrected for residual magnetization and non-zero initial field data. The results of these
analyses are summarized in [Table E-4. The first column identifies the specimen and the
second column identified the sample type. Columns three through seven list the amplitude
magnetic permeability at the following magnetic field strengths: 50, 100, 150, 200, and 250
Oe. As shown, the amplitude magnetic permeability values for the corrosion product
specimens generally increase with increasing magnetic field strength. In contrast, the
amplitude magnetic permeability values for the steel specimens decrease with increasing
magnetic field strength. Overall, the magnetic permeability values for the corrosion product
specimens are much lower than the values measured for the steel samples (i.e. less than
3% of the values determined for the steel specimens).

! Development of Dual Field Magnetic Flux Leakage (MFL) Inspection Technology to Detect Mechanical Damage,
PRCI Report, 2013.
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4.0 SUMMARY OF FINDINGS

A summary of the findings are provided below.

e The corrosion product specimens were less magnetic than the steel specimens.

e No significant differences were determined for the magnetic properties of the
specimens removed from the two corrosion product samples.

e There were differences between the magnetic properties of the steel specimen in the
axial (longitudinal) direction and the magnetic properties of the steel specimen in the
transverse (circumferential direction).

e At the field strengths typically associated with MFL tools, the magnetic permeability
values of the corrosion product specimens were significantly lower than the magnetic
permeability values of the steel specimens. The values for the corrosion product
specimens were less than 5% of the values determined for the steel specimens.
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Table E-1. Summary of samples selected for the magnetic permeability testing.
Distance D/S

Sample ID from GW 5930 o’clock
(Arcsset #) | Sample Type Description Pipe Joint (ft) orientation
10000195318 Corrosion Corrosion product from Feature 2 5930 17.8-19.5 ~6:24
10000195331 Product Corrosion product adjacent to leak location (Feature 4) 5930 33.50 ~4:24
10000195363 Plate Steel Counter clockwise fracture surface; small plate 5930

Table E-2. Summary of the dimensions, as reported by Magnetic Instruments, for the magnetic permeability specimens.

Specimen Average Length Average Width Average Height
Identifications Sample Type (in) (in) (in)
195318 — 3A 2.251 0.514 0.327
195318 — 3B 2.251 0.514 0.295
Corrosion Product
195331 — 2A 2.251 0.518 0.483
195331 — 2B 2.251 0.510 0.463
195363 -2 2.251 0.505 0.250
Longitudinal
Plate Steel
195363 - 3 2.251 0.504 0.249
Transverse
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Sample 10000195318

Sample 10000195331

Figure E-1. Photographs of Corrosion Product Sample 10000195318 (Top) and Corrosion Product Sample 10000195331
(Bottom), which were used for the magnetic permeability testing: Surface that was in contact with the pipe
surface (Left) and Surface that was in contact with the coating (Right). Top images are flipped about the
horizontal axis and bottom images are flipped about the vertical axis.
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Figure E-2.  Photograph of Steel Plate Sample 10000195363, which was used for the magnetic permeability testing
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APPENDIX F

Statistically Active Corrosion Assessment
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STATISTICALLY ACTIVE CORROSION ASSESSMENT

1.0 BACKGROUND

This appendix provides a summary of the Statistically Active Corrosion (SAC) assessment
completed on Line 901. The pipeline is comprised of 24-inch diameter by 0.344 inch wall
thickness, APl 5L Grade X65 line pipe steel that was manufactured by Nippon Steel and
contains a high frequency (HF) electric resistance welded (ERW) longitudinal seam. It was
installed in 1990 and is approximately 10.87 miles in length, spanning between Las Flores
Station on the U/S end and Gaviota Station on the D/S end. The normal operating pressure
and maximum discharge pressure (MDP) for the line are 616 psig and 1,025 psig,
respectively. These pressures correspond to 33% and 55% of the specified minimum yield
strength (SMYS), respectively.

The pipeline was inspected by Rosen with a magnetic flux leakage (MFL) in-line inspection
(IL1) tool in June 2007, July 2012, and May of 2015.

1.1 Objective

The primary objective of the SAC assessment was to estimate the localized corrosion growth
rates on Line 901 based on a comparison of the 2007 MFL and 2012 MFL ILI surveys.

1.2 Scope of Work

In order to determine corrosion growth rates, DNV GL conducted its SAC assessment of
changes in reported metal loss between the un-clustered® metal loss reported in the
2007 MFL and 2012 MFL ILI surveys. Statistically (at a 95% confidence level) high growth
areas were then reviewed in the ILI raw sighal data sets to determine the actual hotspots of
corrosion growth on the pipeline and the rates of that growth.

2.0 TECHNICAL APPROACH

The following tasks were conducted within the SAC assessment:

e Task 1: Data Alignment and Preparation of the Input Data

Task 2: Comparison of ILI-Reported and Field-Measured Depths

Task 3: Statistically Active Corrosion Assessment of the Inspection Data Sets

Task 4: Compilation and Review of the Statistical Screening Results

Task 5: Application of Corrosion Growth Rates

! Clustering is defined as combining multiple indications within a specific distance.
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2.1 Task 1 - Data Alignment & Preparation of the Input Data

DNV GL aligned the 2007 MFL and 2012 MFL un-clustered metal loss inspection data sets
prior to performing the statistical analysis on individual pipe joints.

The data sets were also matched in sensitivity to ensure that standard ILI survey
instrument differences were considered during the screening process. The matching was
conducted using unity plots based on pits reported in both inspections and by comparing
raw signals (“"boxed” data) from each ILI survey using the software provided by the ILI
vendor. The unity plots were used to identify overall biases between the inspections. The
box data were used to determine whether a sensitivity (depth) adjustment factor should be
applied to either ILI data set.

2.2 Task 2 - Comparison of ILI-Reported and Field-Measured
Depths

To aid in determining whether any adjustments were warranted for the most recent ILI
inspection, the field-measured depths were compared with the ILI-reported depths. Axial
and circumferential location information, as reported by the ILI for a given feature, was
used to define the search area for a corresponding anomaly within the provided excavation
results. Unity plots were produced to graphically review the results, which were then used
within the SAC assessment.

2.3 Task 3 - Statistically Active Corrosion Assessment

DNV GL compared the two sets of ILI data (in this assessment, the 2007 MFL and 2012 MFL
inspections) using its SAC assessment methodology. The SAC methodology identified
pipeline locations for which the changes between the ILI data indicate a likelihood of active
corrosion growth. Those locations that exceeded a desired level of confidence (95%
confidence interval) were identified as statistically active locations. The SAC methodology is
applied on a joint-by-joint basis.

Internal and external features were grouped together for the SAC assessment. This is
typically done when the ID/OD discrimination is suspect, especially for deeper (more
significant) features.

Potential locations of corrosion activity were identified from average depths, maximum
depths, and metal loss anomaly frequency perspectives. If a joint exhibits a statistically
significant increase in the average or maximum reported metal loss depth, it is identified as
either a SAC Mean or SAC Max respectively:
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e SAC Mean - identified locations and quantifies the corrosion growth where there is
evidence of a statistically significant change between the average (mean) metal loss
depths in each ILI survey.

e SAC Max - identified locations and quantifies the corrosion growth where there is
evidence of a statistically significant change between the deepest metal loss calls in
each ILI survey.

Estimated corrosion rates were calculated using the difference in the means or maximums
and the time interval between inspections. To be conservative, DNV GL uses a default
growth rate based on ILI tolerance, the nominal wall thickness, and the time frame between
both inspections (see Equation (1)). Joints that were neither SAC Mean nor SAC Max were
assigned this calculated minimum corrosion growth rate, CGRy;.

0.5 X ILItp1erance X nominal WT (¢D)

DateRecent - DatePrev

CGRyip =

2.4 Task 4 - Compilation and Review of Statistical Growth Results

Following the statistical assessment, DNV GL performed a manual review of the signal data
on selected pipe joints to:

e Locate areas of growth that may not have been identified via the statistical analysis.
e Confirm areas identified as containing statistically significant growth.

Manually reviewed pipe joints were selected based on a number of characteristics
determined from DNV GL’s experience from similar projects. Characteristics used to select
joints for manual review include joints with:

e The highest SAC Mean or SAC Max growth rates
e Statistically significant differences in the number of SAC counts

e The most unmatched metal loss features (Orphan and non-Orphan) in both 2012 and
2014

e The largest maximum depth in 2014, both with and without a corresponding 2012
feature

e The largest difference in maximum depths

e The largest difference in depth between matched (one-to-one) pits
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Joints identified based on the characteristics above and the areas immediately upstream
and downstream of these joints were reviewed for signs of growth by manually comparing
the ILI signal data from each inspection. Each joint manually reviewed was classified
per [Table F-1.

Table F-1. Manual ILI Signal Review Classifications.

Classification Description

The ILI signals appear to demonstrate a large difference between each tool survey for

Probable Significant Growth depth, length, or width.

The ILI signals appear to demonstrate a difference between each tool survey, but this

Possible Growth difference is not as pronounced as “Probable Significant Growth”.

Unlikely Growth The ILI signals do not appear to demonstrate a difference between each tool survey.

2.5 Task 5 - Application of Corrosion Growth Rates

The time to reach the scenarios, as defined below, was deterministically calculated for each
metal loss indication from the 2012 ILI survey using the SAC growth rates. Internal and
external indications were evaluated together in the SAC assessment and a single corrosion
growth rate was calculated (see Section 2.3) for each pipe joint or the default growth rate
was assigned. The estimated corrosion rate for each joint after the manual ILI signal review
(i.e., after the estimated rate for joints identified as “Unlikely Growth” were adjusted to the
determined minimum threshold rate) was applied to all metal loss indications reported
within that joint. Metal loss indications that were reported to be repaired prior to the 2015
ILI were not included in the calculations.

The following scenarios were evaluated:
e Scenario 1l
o The reported depth plus the stated tool tolerance exceeds 80% WT
e Scenario 2

o The reported length and depth lead to a predicted failure pressure of
1.39 x MOP as calculated using modified (0.85 dL) B31G

. (i.e. PO.85dL < 1.39 x MOP)

o The growth is assumed to occur only in depth (i.e., the length remains
constant)

DNV GL calculated a deterministic timeframe for each of the metal loss indications and
identified the minimum predicted timeframe for each joint according to the two scenarios.
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The estimated timeframe for features located on joints that were classified as “Unlikely
Growth” via the manual review process were used as-is. To be as consistent as possible with
Plains’ re-assessment interval approach, the estimated timeframe for features on joints that
were found to exhibit growth or are on joints that were not manually reviewed were
multiplied by a factor of 0.7%. Those features that were predicted to meet any of the
scenarios within five years of the 2012 inspection were identified.

3.0 RESULTS

The results from the assessment are presented in the following subsections.

3.1 Task 1 - Data Alignment and Preparation of Input Data

The joint listings for the 2007 MFL and 2012 MFL ILI surveys were aligned, and the joints
successfully matched using the reported joint lengths and odometer locations.

Prior to the statistical review, the pit-to-pit matching algorithm was used to identify one-to-
one matches between the 2007 and 2012 reported metal loss to aid in evaluating whether
there is any bias in the ILI data. Figure F-1 shows a plot of the matched metal loss®. The
95% confidence interval between the ratio of the two data sets is [1.09,1.21], which
indicates the 2012 MFL as-reported data, on average, is deeper than the as-reported
2007 MFL data.

DNV GL also compared raw signals from each ILI survey using the software provided by the
ILI vendor in areas where the signal data did not show any evidence of change to identify
any systematic differences between the sizing algorithms (sensitivities) used for each ILI.
Results of the raw signal comparison are shown in [Figure F-2.

No adjustment was made to either ILI data set based on either these comparisons.

2 Other factors of safety could also be employed to account for uncertainty.
3 A total of 167 one-to-one matches were identified. There were a total of 3618 un-clustered metal loss boxes
reported by the 2007 MFL and 1705 un-clustered metal loss boxes reported by the 2012 MFL.
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Figure F-3. Comparison of Field-Measured (following 2007 ILI) to 2007 ILI-Reported
Depths.
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inch and 0.500-inch, resulting in minimum threshold rates of 3.5 and 5.0 mpy,
respectively.?

3.4 Task 4 - Compilation and Review of Statistical Screening
Results

A total of 169 pipe joints were selected for manual ILI signal review based on the

characteristics described previously. The 169 manually reviewed joints included a single SAC

Max joint and ten SAC Mean joints. The other 158 manually reviewed joints where selected

based on criteria listed in Section 2.4.

Of the 169 joints manually reviewed, 87 joints (51%) were classified as “Unlikely Growth”,
53 joints (31%) were classified as “Possible Growth”, and 29 joints (17%) were classified as
“Probable Significant Growth”.

In general, the manual review confirmed that the screening process (including the statistical
analysis and selection criteria) identified joints with the potential for growth, but it also
identified joints where little change was evident. This is not uncommon as differences in
analysis algorithms can lead to what appears to be growth based on reported depths where
none is observed in the signal data. The complete manual review results are tabulated in
Section 5.0 of this appendix.

The results of the manual ILI signal review were superimposed on the calculated corrosion
growth rates, which are displayed in Figure F-5. Estimated rates for joints identified as
“Unlikely Growth” were adjusted down to the determined minimum growth rate calculated
using Equation (1) for the applicable WT. The estimated rates for “Possible Growth” joints
were adjusted to the rate based on the differences of the mean depths. “Probable
Significant Growth” joints were adjusted to the rate based on the difference of the means or
maximums with the highest confidence level.

4 Minimum corrosion growth rates were calculated based on the ILI survey dates (June 1, 2007 and July 3, 2012)
and were rounded up to the nearest 0.5 mpy.
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Table F-2. Joints with 70% of the Predicted Timeframes Less Than or Equal to Five
Years.

Joint Odometer, Manual Rate, Max. Depth, Min. Time to 70% Time,
ID ft Review mpy % WT Scenario Scenario, yrs yrs
4220 15065.38 PS 12.2 47 80% WT 6.5 4.6
5930 21351.11 PS 14.9 45 80% WT 5.8 4.0
8280 30276.76 PS 243 46 80% WT 3.4 2.4
9430 34027.19 PS 16.9 35 80% WT 71 5.0
11060 39808.08 PS 16.9 36 80% WT 6.9 4.8
12850 46264.57 PS 17.6 37 80% WT 6.5 4.5
13210 47401.55 PS 19.6 49 80% WT 3.7 2.6
14470% | 51618.37 PS 291 53 80% WT 2.0 1.4

T P = P, PS = Probable Significant Growth

¥ Features at 2015 ILI odometer 51640.00 and 51640.27 ft were repaired with a composite
sleeve on June 4, 2015 [Ref 200]; the features on this joint in the 2012 ILI are between
51640.14 and 51642.68. The maximum depth in the field was measured at 65% WT.

4.0 SUMMARY REMARKS

The statistically active corrosion (SAC) methodology was developed with the objective to
identify pipeline locations for which ILI data indicate a likelihood of corrosion growth. For
selected joints with the potential for significant growth, a manual review of the ILI signal
data was performed to determine whether the likely growth is evident in the ILI signal or a
result of ILI sensitivity differences.

Based on the results of the corrosion growth screening and probabilistic assessment,
DNV GL has developed the following conclusions:

e There does not appear to be a systematic bias between the 2007 and 2012 ILI
reported depths; no adjustments to reported depths were applied prior to the
statistical analysis.

e Based on the SAC analysis, when repairs prior to the 2015 ILI are accounted for, 11
joints out of 314 joints with metal loss indications (3.5% of joints with metal loss)
were identified as potential growth locations. These are referred to as SAC joints.

e One hundred and sixty nine pipe joints were subjected to manual ILI signal review.
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o Of the 169 joints, 87 joints (51%) were classified as “Unlikely Growth”, 53
joints (31%) were classified as “Possible Growth”, and 29 joints (17%) were
classified as “Probable Significant Growth”.

e The highest estimated corrosion growth rate after adjusting the rates based on the
manual signal review is 29.1 mpy.

o This rate occurs on a joint repaired with a composite sleeve on June 4, 2015

e There are eight joints with a predicted 70% minimum timeframe less than or equal
to five years.

o Features identified to have been repaired prior to the 2015 ILI were not
included in the growth projections.

e The joint that failed in 2015 (Joint 5930) is predicted to:

o Have a SAC rate (15 mpy); a value between the rate used in the CGAR
process (8 mpy) and the rate obtained via pit-to-pit matching (18 mpy)

o Reach 80% WT in 5.8 years (70% of that time is 4.0 years)

e The SAC process predicts a reassessment interval on the order of the reassessment
interval utilized by Plains for Line 901
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5.0 TABULATED MANUAL REVIEW RESULTS

Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
70.01 111.52 Estimated Corrosion Growth Rate U 3.5 3.5
80 128.88 Estimated Corrosion Growth Rate U 3.5 3.5
120 255.86 Estimated Corrosion Growth Rate U 5.0 5.0
250 566.12 Estimated Corrosion Growth Rate U 3.5 3.5
260 606.11 Estimated Corrosion Growth Rate U 3.5 3.5
290 654.88 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
420 954.76 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
480 1158.59 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
490 1198.74 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
500 1238.87 Estimated Corrosion Growth Rate U 3.5 3.5
510 1279.00 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
520 1319.13 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
530 1359 26 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
540 1399 33 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
550 1439 .41 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
560 1474.52 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
570 1514.60 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
580 1554.67 2012 Joints with Most Unmatched Metal Loss (non- U Located near GW. 35 35
Orphan)
590 1594.69 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 3.5
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
600 1634.65 é(:g;aJr(‘))mts with Most Unmatched Metal Loss (non- p Located near GW. 35 a5
610 1674.68 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
620 1714.66 2012 Joints with Most Unmatched Metal Loss (Orphan) U 3.5 3.5
650 1821.71 2012 Joints with Most Unmatched Metal Loss (Orphan) U 3.5 3.5
710 2060.81 201_2 Orphan (no ML reported 2011) Joints with Largest U 35 35
Maximum Depth
720 2100.91 I(_)al\jlg_js)st Difference Between Matched Pits (1:1 matches U 35 35
730 2140.90 I(_)al\jlg_js)st Difference Between Matched Pits (1:1 matches U 35 35
740 2180.93 I(_)alt\TIg_)%st Difference Between Matched Pits (1:1 matches U 35 35
750 5220.99 (I_)alt\TIg_)%st Difference Between Matched Pits (1:1 matches p Located near GW. 35 35
760 2260.83 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
770 2300.87 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
970 2989.81 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
. . New growth not
980 3029 58 2012 Joints with Most Unmatched Metal Loss (non- p visible in the 35 35
Orphan) . . .
previous inspection.
1050 3308.39 gﬁg?ft Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
1070 3388.53 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
1350 4491.84 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
1360 4531 .86 IE)?\ll'Ig_;:(a;st Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
1370 4571.90 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
1560 5305.93 201_2 Orphan (no ML reported 2011) Joints with Largest U 35 35
Maximum Depth
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
1570 5346.04 Deepest Features from 2012 Survey that were Matched P Loca_ted outside of 3.5 3.5
repaired area.
1700 5794.37 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 4.5
1990 6903.85 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
2020 7016.64 2007 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
New growth not
2170 7617.42 Deepest Features from 2012 Survey that were Matched PS visible in the 3.5 3.5
previous inspection.
. . Located near GW.
2210 7777.78 201_2 Orphan (no ML reported 2011) Joints with Largest P Feature appears to 35 51
Maximum Depth . -
be growing wider.
. . New growth not
2640 9423.94 201_2 Orphan (no ML reported 2011) Joints with Largest p visible in the 35 59
Maximum Depth . . .
previous inspection.
New growth not
2830 | 10080.65 | 2012 Joints with Most Unmatched Metal Loss (Orphan) P visible in the 3.5 3.7
previous inspection.
Located near GW.
2860 10174.60 2007 Joints with Most Unmatched Metal Loss (Orphan) U 3.5 3.5
2960 10556.14 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
3420 12376.08 2012 Joints with Most Unmatched Metal Loss (non- 35 35
Orphan)
3810 13831.31 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
4080 14741.05 Estimated Corrosion Growth Rate P 6.8 6.8
4150 14921.60 Deepest Features from 2012 Survey that were Matched P 3.5 4.6
416610' 14960.84 Deepest Features from 2012 Survey that were Matched U 5.0 5.0
4%)620' 14968.27 Deepest Features from 2012 Survey that were Matched 5.0 5.0
4210 15025.35 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
New growth not
4220 15065.38 Deepest Features from 2012 Survey that were Matched PS visible in the 3.5 12.2
previous inspection.
4240 15145.46 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
4270 15264.67 201_2 Orphan (no ML reported 2011) Joints with Largest U Located on GW. 35 35
Maximum Depth
4430 15584.42 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
4650 16459 45 201_2 Orphan (no ML reported 2011) Joints with Largest PS Located near GW. 35 14.9
Maximum Depth
Located near GW.
4660 16499.44 Deepest Features from 2012 Survey that were Matched PS Feature appears to 3.5 3.5
be growing wider.
5100 18164.55 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
5120 18212.77 I(_)alt\TIg_)%st Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
5400 19284 .44 (I_)aIL\TIg_):(a;st Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
5660 20324.54 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
5680 20404.89 gﬁg?ft Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
5840 21009.74 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
5930 21351.11 Deepest Features from 2012 Survey that were Matched PS Loca_ted outside of 3.5 14.9
repaired area.
6060 21834.30 (I_)aIL\TIg_):(a;st Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
6070 21874.41 Estimated Corrosion Growth Rate U 3.5 3.5
New growth not
6100 21994.61 201_2 Orphan (no ML reported 2011) Joints with Largest PS VISIb_Ie in _the _ 35 16.2
Maximum Depth previous inspection.
Located near GW.
6180 22315.00 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
6270 22652.08 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
DNV GL - OAPUS307KKRA (PP136049) F-17

December 4, 2015




Plains All American Pipeline, L.P.
Line 901 Release (5/19/15) Technical Root Cause Analysis

Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
New growth not
6350 2297210 2012 Joints with Most Unmatched Metal Loss (non- p VISIb!e in 'the ' 35 35
Orphan) previous inspection.
Located near GW.
6360 23012.16 Estimated Corrosion Growth Rate P 3.5 3.5
6370 23052 .31 I(_)alt\TIg_)%st Difference Between Matched Pits (1:1 matches p Located near GW. 35 35
6520 23639.09 Deepest Features from 2012 Survey that were Matched PS 3.5 3.5
6550 23746.71 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 5.5
New growth not
6590 | 23906.73 | 2012 Joints with Most Unmatched Metal Loss (Orphan) P visible in the 3.5 3.5
previous inspection.
Located near GW.
6600 23946.77 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
7120 25874.03 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
7400 26930.83 2012 Joints with Most Unmatched Metal Loss (non- U Located near GW. 35 35
Orphan)
. . New growth not
7420 26984.21 2012 Joints with Most Unmatched Metal Loss (non- p visible in the 35 35
Orphan) . . .
previous inspection.
7490 27246.37 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
7580 27595.59 2007 Joints with Most Unmatched Metal Loss (Orphan) U 3.5 3.5
7670 27956.49 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
7690 28009.13 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
Located near GW.
7990 29170.51 Deepest Features from 2012 Survey that were Matched P Feature appears to 3.5 3.5
be growing wider.
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
New growth not
. . visible in the
8010 29250.55 201.2 Orphan (no ML reported 2011) Joints with Largest PS previous inspection. 3.5 10.1
Maximum Depth .
Located outside of
repaired area.
. . ) New growth not
8060 29451 .25 I(_)alt\TIg_)\?;t Difference Between Matched Pits (1:1 matches PS visible in the 35 a1
previous inspection.
8140 29741.31 201_2 Orphan (no ML reported 2011) Joints with Largest U 35 35
Maximum Depth
8280 30276.76 Deepest Features from 2012 Survey that were Matched PS 3.5 24.3
8360 30596.93 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
8640 31550.78 Estimated Corrosion Growth Rate P Located near GW. 6.4 6.4
8660 31597 28 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
8680 | 31622.71 | Deepest Features from 2012 Survey that were Matched u Located near GW. 3.5 3.5
Previously repaired.
8690 31633.87 gﬁg?ft Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
8980 32410.90 Estimated Corrosion Growth Rate P Located on GW. 3.5 3.5
9060 32644.07 gﬁg?ft Difference Between Matched Pits (1:1 matches U Located near GW. 35 35
9160 32962.17 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
9200 33122.06 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
9250 33322.18 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
9260 33362.23 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
9270 33401.66 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
. . New growth not
9280 33441.67 2012 Joints with Most Unmatched Metal Loss (non- p visible in the 35 35
Orphan) . . .
previous inspection.
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
New growth not
9300 33521.75 Deepest Features from 2012 Survey that were Matched P visible in the 3.5 3.5
previous inspection.
9310 33561.84 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 3.5
. . New growth not
9360 33761.78 201_2 Orphan (no ML reported 2011) Joints with Largest p visible in the 35 6.3
Maximum Depth . . .
previous inspection.
9390 33866.72 Deepest Features from 2012 Survey that were Matched PS Located near GW. 3.5 3.5
New growth not
9420 33987.05 Deepest Features from 2012 Survey that were Matched PS visible in the 3.5 6.5
previous inspection.
9430 34027.19 201_2 Orphan (no ML reported 2011) Joints with Largest PS Feature appears to 35 16.9
Maximum Depth be growing wider.
9450 34107.43 201_2 Orphan (no ML reported 2011) Joints with Largest PS Loca_ted outside of 35 14.9
Maximum Depth repaired area.
9650 34890.95 I(_)al\jlg_js)st Difference Between Matched Pits (1:1 matches U 35 35
9860 35634.99 Largest Difference Between Matched Pits (1:1 matches p 35 12.8
ONLY)
9880 35715.04 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5
9890 35755.13 201_2 Orphan (no ML reported 2011) Joints with Largest PS Located near GW. 35 95
Maximum Depth
9920 35875.25 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
10540 38046.21 201_2 Orphan (no ML reported 2011) Joints with Largest U Located near GW. 35 35
Maximum Depth
10950 39466.11 2012 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
Additional pit near
10990 39592.06 Largest Difference Between Matched Pits (1:1 matches p _GW in t_)oth 35 6.8
ONLY) inspections not
called.
11000 39614.43 Deepest Features from 2012 Survey that were Matched P 3.5 3.5
11030 39701.69 Deepest Features from 2012 Survey that were Matched Located near GW. 3.5 3.5
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
11050 39768.01 201_2 Orphan (no ML reported 2011) Joints with Largest U 35 35
Maximum Depth
11060 39808.08 I(_)?\llrl?s)st Difference Between Matched Pits (1:1 matches PS 35 16.9
11310 40693.57 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
11330 40741.62 201_2 Orphan (no ML reported 2011) Joints with Largest U Located on GW. 35 35
Maximum Depth
11470 41210.73 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
New growth not
11540 41490.60 Estimated Corrosion Growth Rate PS visible in the 4.8 4.8
previous inspection.
New growth not
11550 41530.68 2012 Joints with Most Unmatched Metal Loss (non- p VISIb!e in _the _ 35 35
Orphan) previous inspection.
Located near GW.
11570 41610.83 2007 Joints with Most Unmatched Metal Loss (non- U 35 35
Orphan)
New growth not
11590 41690.92 Deepest Features from 2012 Survey that were Matched PS visible in the 3.5 8.8
previous inspection.
Located near GW.
11600 41730.90 Deepest Features from 2012 Survey that were Matched PS Feature appears to 3.5 3.5
be growing wider.
11610 4174411 201_2 Orphan (no ML reported 2011) Joints with Largest p Located near GW. 35 51
Maximum Depth
11650 4189105 201_2 Orphan (no ML reported 2011) Joints with Largest U Located near GW. 35 35
Maximum Depth
11990 43143.07 201_2 Orphan (no ML reported 2011) Joints with Largest p 35 8.8
Maximum Depth
Feature appears to
12160 43705.68 Deepest Features from 2012 Survey that were Matched PS be growing wider 3.5 10.8
and in length.
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
There is growth on
. . adjacent joint
12170 43745.88 2012 Joints with Most Unmatched Metal Loss (non- p upstream. Feature 35 35
Orphan)
appears to be
growing wider.
12230 43974.21 Deepest Features from 2012 Survey that were Matched P Feature appears to 3.5 3.5
be growing wider.
12240 44014.10 Estimated Corrosion Growth Rate PS 3.5 3.5
12270 44125.63 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
New growth not
12280 44165.64 Deepest Features from 2012 Survey that were Matched P visible in the 3.5 3.5
previous inspection.
12300 44245.65 2007 Joints with Most Unmatched Metal Loss (Orphan) U 3.5 3.5
New growth not
12410 44669.66 2012 Joints with Most Unmatched Metal Loss (Orphan) P visible in the 3.5 3.5
previous inspection.
12420 44709.74 Deepest Features from 2012 Survey that were Matched PS 3.5 8.1
12430 44748.75 gﬁg?ft Difference Between Matched Pits (1:1 matches PS 35 73
12460 44868.95 201_2 Orphan (no ML reported 2011) Joints with Largest p 35 6.2
Maximum Depth
Located near GW.
12490 44988.84 Deepest Features from 2012 Survey that were Matched P Feature appears to 3.5 3.5
be growing wider.
12510 45069.09 2012 Joints with Most Unmatched Metal Loss (non- p Feature appears to 35 35
Orphan) be growing wider.
12540 45182.34 201_2 Orphan (no ML reported 2011) Joints with Largest p Loca_ted outside of 35 4.7
Maximum Depth repaired area.
. . . New growth not
12550 45204.55 IE)?\ll'Ig_;%st Difference Between Matched Pits (1:1 matches p visible in the 35 35
previous inspection.
New growth not
12590 45331.80 2012 Joints with Most Unmatched Metal Loss (Orphan) P visible in the 3.5 3.5
previous inspection.
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
New growth not
12710 45747.80 Deepest Features from 2012 Survey that were Matched P V'S'b.le in 'the . 3.5 3.5
previous inspection.
Located near GW.
12800 46063.76 Estimated Corrosion Growth Rate P 3.5 3.5
Located near GW.
12820 46144.13 Deepest Features from 2012 Survey that were Matched P Feature appears to 3.5 3.5
be growing wider.
New growth not
12840 46224.40 Estimated Corrosion Growth Rate PS visible in the 3.6 3.6
previous inspection.
New growth not
visible in the
12850 46264.57 Deepest Features from 2012 Survey that were Matched PS previous inspection. 3.5 17.6
Located outside of
repaired area.
12870 46344.80 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
12880 46384.73 2012 Joints with Most Unmatched Metal Loss (non- p Feature appears to 35 35
Orphan) be growing wider.
12900 46465.03 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
13000 46781.15 2012 Joints with Most Unmatched Metal Loss (non- p 35 35
Orphan)
13200 47361.45 Deepest Features from 2012 Survey that were Matched PS 3.5 4.0
. . New growth not
13210 47401.55 2012 Joints with Most Unmatched Metal Loss (non- PS visible in the 35 19.6
Orphan) . . .
previous inspection.
13260 47584.55 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
13700 48881.37 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5
New growth not
. . visible in the
14060 50258.72 2012 Joints with Most Unmatched Metal Loss (non- p previous inspection. 35 35
Orphan) .
Located outside of
repaired area.
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Original | Adjusted
Joint | Odometer, Manual Review Rate, Rate,
ID ft Review Selection Criteria Review t Comments mpy mpy
14470 51618.37 Estimated Corrosion Growth Rate PS Estimated Corr(_)smn 29.1 29.1
Growth Rate Joint.
15770 56459.87 Deepest Features from 2012 Survey that were Matched U 3.5 3.5
New growth not
15900 56849.78 2012 Joints with Most Unmatched Metal Loss (Orphan) P visible in the 3.5 3.5
previous inspection.
15910 56889 .91 201_2 Orphan (no ML reported 2011) Joints with Largest PS 35 13.5
Maximum Depth
T P = P, PS = Probable Significant Growth
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Foreword

The present trend in establishing an effective level of of the effectiveness of CP. This report is intended for those
external metallic surface corrosion control is the application dealing with thermally insulated structures or pipelines.
of a barrier coating or adhesive on the metallic surface prior
to the application of a thermal insulating material. Although pipelines are the primary focus of this report, the
Experience has shown that there is generally a limited principles discussed would be applicable when a thermal
beneficial effect from the application of cathodic protection insulating material has been applied on or in the immediate
(CP) to a bare or ineffectively coated metallic surface under proximity of an underground metallic surface. This report
thermal insulation. was originally prepared in 1992 by NACE Task Group (TG)

T-10A-19, a component of Unit Committee T-10A on
This NACE technical committee report was prepared as an Cathodic Protection and was reaffirmed with editorial
information guide for external corrosion control of thermally changes in 2006 by Specific Technology Group (STG) 35
insulated underground metallic surfaces and considerations on Pipelines, Tanks, and Well Casings. It is published by

NACE under the auspices of STG 35.

*Chair Paul R. Nichols, Shell Global Solutions, Houston, Texas.
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NACE technical committee reports are intended to convey tech

corrosion. {n many cases, they discuss specific applications of corrosion mitigation technology, whether considered successful
or not. Statements used to convey this information are factual and are provided to the reader as input and guidance for

consideration when applying this technology in the future.
recommendations for general application of this technology, and mu

nical information or state-of-the-art knowledge regarding

However, these statements are not intended to be
st not be construed as such.

BACKGROUND

On most thermally insulated oil and gas transmission
pipelines . installed pricr to 1980 to 1981, a shop mold-
formed themal insulation was placed directly over the bare
steel pipe, with an outer jacket applied to moisture-proof the
system. At the field joint, preformed insulation half shells
were applied over the joint area to fit between the ends of
the shop-applied insulation. After the insulation was fitted, a
heat shrink sleeve or a tape wrap was applied over the
insulation. When the integrity of the outer moisture barrier
was compromised, the space, gap, or void between the
edges of the preformed half shells and the shop-applied
insulation allowed oxygenated water to diffuse to the bare
steel beneath. Damage to the outer moisture barrier has
also occurred remote from the joint, allowing oxygenated
ground water ingress.

Thermally insulated pipelines have experienced relatively
aggressive corrosion, with some failures occurring within
three years of service, although acceptable industry
standards of CP had been applied and maintained shortly
after line construction. The most predominant failures have
been those occurring at joints; however, moisture has
migrated along the pipeline steel surface to create
electrochemical corrosion cells remote from the field joint,
culminating in extensive replacements of substantial lengths
of tine. An article titled “Corrosion of Underground Insulated
Pipelines”" supports this committee's conclusicns that
sufficient CP current from an external source may not reach
the insulated metallic surface in sufficient quantity to
establish adequate corrosion control.

BASIC CORROSION MECHANISM

External failure of thermal insulated metallic surfaces has
been primarily attributed to electrochemical corrosion cells
generated from oxygenated ground waters, although some
have found and concluded that failures are due to
microbiologically influenced corrosion (MIC). When
conventional CP is applied to a thermally insulated pipeline
where an annular void exists, protection along the length of
the void often does not occur. In a paper titled “Cathodic
Protection Levels Under Disbonded Coatings,”® presented
at CORROSION/82, the authors submitted experimental
data that suggested a distance limitation of effective
corrosion control by the use of externally applied CP. The
amount of bare metallic surface under the thermal insulation
(which can be equated to a severe condition of disbonded
coating) would be the major factor limiting the area
effectively protected by the externally applied CP.

Figures 1a, 1b, and 1c detail various metalic surface
conditions and annular spaces where oxygenated water has
migrated to a location remote or shielded from the external
environment. Figure 1a shows a joint on which the joint
wrap or sleeve, for some reason such as line movement,
has become disbonded from the exterior coating and aliows
water to ingress to the pipe surface. The oxygenated water
then migrates through the annulus, and active corrosion
cells could be established if the foam or another barrier is
not bonded to the pipe surface. Sufficient CP current
generated externally cannot reach the metallic surface
because of the shielding effect of the thermal insulation and
the natural phenomenon of electrochemical reactions that
result in active corrosion cells.

.~ Joint wrap/sieeve

e,

.

Potential

- — E
water ingress

xternal coating— \
Shop-appliéd
foam insulation

FIGURE 1a: Typical Joint with Damaged Wrap or Sleeve
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Figure 1b details a close-up of a metallic surface on which a
discontinuity (holiday) in the exterior coating and a void in
the thermal insulation has been created. The externally
applied CP current provides protection to the surface area
at the void and for a limited distance beyond the void.
Active corrosion cells resuit beyond the effective coverage
of CP in which the insulating material affects or significantly
inhibits current flow through the thermal material. It has
been observed that when the rigid foam insulation adheres
to the metallic surface, it forms an effective barrier and
corrosion usually does not occur. Figure 1c is similar to 1b
except a discontinuity also exists in a coating that was
applied directly to the pipe surface.

NACE International

Dye test experiments have indicated that impressed
currents, such as those applied by CP systems, affect the
water migration pattern once water has broken through the
insulation. These impressed currents in fact cause the
water to migrate further from the point of entry than it may
otherwise have done.

The conditions described are not necessarily the worst- or
best-case situations. When the metallic surface
temperature has been maintained so that moisture is not
allowed surface contact, the presence of active corrosion
cells by oxygenated water is usually eliminated; however,
elevated temperatures cannot be relied on as a corrosion
control method.

M Path of water ingress through voids and insulation

'::::--' Path of CP current

\Limit of CP current —|

Foam bonded to surface '

W '
L

- /The/npal/msulahon'matenal

No protection area \ Bare surface area Pipe

-wall

FIGURE 1b: Insulation Material Not Continuously Bonded to Metal
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The most common thermal insulation utilized by the pipeline
industry has been a polyurethane foam. Table 1 reviews
some of the properties of materials that have been utilized

Path of water ingress through voids and insuation

S Path of CP current

Extemal{écatmg

Limit of CP current

/Thermal,msulatlon

SO

No protection area

7

‘material

7

Coatmg bamer

Steel surface

Pipe
wall

FIGURE 1c: Pipe with Discontinuity in the Barrier Coating on the Pipe Surface

TYPES OF THERMAL INSULATION

for thermal insulation and Table 1a reviews the water

permeability of various types of thermal insulation.

TABLE 1—Properties of Thermal Insulation Materials

Type Typical Use Application Method | Feasible Operating Heat Transfer Compression
Temperature Coeff. ”K” Strength kPa
WimZ-K (psi)
Rigid Pipelines Shop Molding or to 93°C (200°F) 0.12 207-414
Polyurethane Spray (30-60)
Isocyanurate Pipelines Shop Molding or to 150°C (302°F) 0.18 193 (28)
Spray (VERTICAL)
138 (20)
(PARALLEL)
Polystyrene Tank Bottoms Board Stock Laid in Cryogenic to 74°C 0.26 at4.4°C 241 (35)
Sheet Form (165°F) (40°F) (VERTICAL)
0.25 at -6.7°C 138 (20)
(20°F) (PARALLEL)
Fiberglass Pipe Half Shells to 316°C (600°F) 0.23 N/A
Cellular Pipe/Structures Board Stock/Half -268° to 538°C 0.33 at 10°C 689 (100)°
Glass Shells (-450° to 1,000°F) (50°F)
Calcium Geothermal Pipe Half Shells to 593°C (1,100°F) 04 1379 (200)W
Silicate High Temperature

Hot Water Lines
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TABLE 1a—~Water Permeability of Various Types of Thermal Insulation

Type ASTM Methods Typical Value
Rigid Polyurethane D2842* 0.7 g/em (0.05 Ib/ft)
Isocyanurate D2842* 0.7 glcm (0.05 Ib/t)
Polystyrene C2724° 0.3% by volume
Fiberglass N/A Less than 1% by volume
Cellular Glass c240° 0.2% by volume
Calcium Silicate Calcium silicate has a very high moisture absorption rate and may
not be suitable for use on underground pipelines

Cellular glass and calcium silicate insulations have been
used underground in “pipe-within-a-pipe” systems. In these
systems, the thermal insulation is placed as half or quarter
shells in the annular space, and metallic spacers provide

concentricity. Protective coatings supplemented with CP
are provided for the outer casing. This is necessary to
ensure a dry environment within the annulus.

APPLICATION PROCESSES

Early methods of insulating steel line pipe intended for
buried service copied the technology used for above-grade
refinery piping. Preformed halves of polyurethane insulation
were placed over the pipe and held in place with ties or
bands of material and subsequently covered with an outer
wrap, such as polyethylene tape or polyethylene heat
shrinkable sleeves of the type commonly utilized in pipeline
applications.

From this technique evolved a process of placing steel line
pipe, one joint at a time, in a “dunk” tank or mold into which
hot polyurethane was injected and allowed to form and set
around the pipe. Mold tolerances of different dimensions
are available to provide the desired thickness of insulation.

Subsequently, a patented process was developed for
applying polyurethane insulation to a steel pipe that is
rotating and travelling past a fixed point through a fixed
nozzle or jet. This method represents a recent development
for the application of insulation to steel pipes intended for
buried service, permitting greater control of such variables
as compressive strength and application temperature.

Variables in the polyurethane formulation, method of
application, and physical conditions at the time of
application determine the properties of the as-applied
product. From a physical property point of view, end users
are concerned with the integrity of the bond between the
insulation and the steel pipe, the compressive strength of
the insulation material, and maximum temperature at which
the system can be operated without altering or damaging
the properties of the insulation or its associated coating(s).

Traditionally, pipeline coatings have determined the
temperature at which a pipeline can be operated. In order
to realize maximum benefit and heat transfer efficiency from
an insulated pipeline system, coating products that

maximize this feature are selected. in circumstances in
which a coating or corrosion barrier is being applied to a
bare steel pipe prior to application of insulation, a coating or
barrier is selected to withstand the application temperature
of the insulation. In other words, its effectiveness as a
corrosion barrier remains intact after the insulation has been
applied.

The principal change in the construction of thermally
insulated line from what was practiced prior to 1980 to 1981
is the addition of a corrosion barrier coating on the steel
pipe prior to applying the insulation materials. The typical
shop preparation and application process listed below refers
to the use of rigid polyurethane insulation that requires both
an external vapor/moisture barrier to maintain the thermal
integrity of the insulation system and a barrier at the steel
surface to control corrosion:

1. Incoming pipe is inspected to ensure it is free of
grease, oil, etc, that would impede proper coating
application.

2. Pipe is preheated to specified temperature.

3. Pipeis blast cleaned to the specified finish.

4. Corrosion coating is applied to specification with proper
cutback.

5. The polyurethane insulation is applied to specified
properties and thickness.

6. The external moisture barrier jacket is applied
according to specifications.

7. The specified quality control tests are conducted to
confirm conformance to specifications.
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8. Half shells of the required size are manufactured for
shipment to the field for joint compietion.

8. Heat shrink sleeves or polyethylene tape are provided
for joint completion of the pipeline coating and the externat
jacket. Some companies prefer to inject insulation on site
after the joint has been made and properly prepared.

CONSTRUCTION PRACTICES

Buried pipeline designs incorporate pipe-soil resistance in
restraint calculations. This characteristic works on the
premise that the line pipe and any applied coatings or
insulation are completely bonded and do not allow the pipe
to move freely inside the outer protective layers. This relies
on a good, long-lasting bond.

Coatings and insulation that are able to withstand the
anticipated shipping, handling, and field bending employed
during pipeline installation are chosen. A bending shoe or a
hydraulic bender and an internal mandrel are usually used
for field bending. Insulation with high compressive strength
is used to resist pulverizing or breaking into numerous small
pieces, and bending at low temperatures is avoided to
minimize damage to the insulation.

Preformed insutation half shells have been most commonly
used for the insulation of field joints at girthweld areas.
These half shells are typicaily designed to be installed over
the properly prepared and coated joint area and to fit
between the ends of the shop-applied insulation. After the
insulation halves are in place, a heat shrink sieeve or tape is
applied to provide an external seal and to hold the insulation
in place (see Figure 1a).

An alternative method of insulating field joints involves an
injection molding at the job site followed by the application
of shrink sleeves or tape wrap.

The main concern in field construction practice is the
installation of the insulated pipe in a manner that ensures
the integrity of both coating barriers. Moisture ingress
causes a loss of thermal properties and may lead to pipe
corrosion. Some of the typical field construction practices
used to avoid coating damage are:

1. Padded supports (fypically sandbags) are used for pipe
handling and field stringing.

2. Properly trained field personnel are employed for the
application and completion of joints to ensure the
application is performed as specified and to adopt a
specification that tests the joint integrity.

3. Properly padded bending shoes are used to minimize
crushing of the thermal insulation and to avoid
compromising the external coating.

4. Proper ditch padding and select backfill are used when
appropriate to avoid external coating perforation.

EVALUATION OF EXTERNALCORROSION MITIGATION

The use of internal pipeline corrosion inspection tools to
locate/detect metal loss on external metallic surfaces has
been relatively successful in evaluating corrosion control.
Random excavation by personnel using sound engineering
judgement has also been used to locate external corrosion.
When a metal loss area on a metallic surface is located, the
location is excavated, and the corrosion status is evaluated.
The line section is then recoated, repaired, or replaced,
depending on the severity of the metal loss. A schedule to
resvaluate the condition on a regular basis is usually
adopted.

Conventional CP electrical evaluation techniques have not
been able to accurately determine the status of corrosion

controf under thermal insulation. CP is only effective when
there is direct contact with the surrounding soil/water
electrolyte. Normal  pipe-to-soil  (pipe-electrolyte)
measurements with current applied, or when compersating
for voltage drop, result in a reading between the reference
electrode on the ground/earth surface and the nearest
conducting path to the metallic surface. The indicated
potential is therefore only representative of the nearest
metal/electrolyte interface. When sufficient bare steel exists
remote from the void or holiday, the measurements of
potential are not representative of the actual conditions at
these remote locations.” Figure 2 illustrates this situation.
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FIGURE 2: Representative Circuit of Potential Measurement

EXPERIENCES

Table 2 presents a partial overview of one North American
operating company's experiences with corrosxon of joints
involving thermally insulated pipelines.® A relatively

substantial amount of thermally insulated pipe has been
installed in North America, with virtually every owner
documenting similar situations.

TABLE 2—Expetriences with Corrosion of Joints on Thermally Insulated Pipelines

incident Years in Corrosion | Joint Coating Comments
Service Barrier

#1 10 No Shrink sleeve | Poor shrink sleeve application

#2 6 No Shrink sleeve | Poor shrink sleeve application; resulted in
catastrophic failure

#3 17 No Shrink sleeve | Poor shrink sleeve application

#4 17 No Shrink sleeve | Poor shrink sleeve application

#5 3 Yes Wraparound Poor application of undercoat tape; also shop-
damaged barrier

#6 6 No Wraparound Poor application; wrap too short; inner barrier
specified but not installed

Another experience involves a pipeline with a primary coal
tar epoxy coating of 400 pm (16 mil), with 50 mm (2.0 in.) of
polyurethane foam and a polyethylene jacket exterior
coating of 4.1 mm (160 mil). Field joints were primed, top
coated with 300 um (12 mil) of coal tar epoxy and 50 mm
(2.0in.) of foam, and finished with a shrink sleeve. After six

years, this 135-km (84.0-mile), 457-mm (18.0-in.) diameter
line was checked with an instrumented and intelligent tool

(smart pig) that indicated two locations with external
corrosion.
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Investigations revealed the corrosion was caused by water
migration through the shrink sleeves to the poorly coated
pipeline at the joint. Both locations were also at test
stations where adequate potentials had been recorded
during annual CP surveys.

Five years later (1987), the second intelligent tool survey
showed accelerated external corrosion with most anomaties
at field joints and areas where the pipe was field-coated. At

many of these sites, close-interval surveys were taken
before the defect was excavated in order to determine
whether the corrosion cell could be located in this manner.
In every test section, this method proved ineffective.
Preliminary evaluation of a 1989 log indicated that some
corrosion was beginning to develop on sections of factory-
coated pipe. Of 266 anomalies identified, 168 were at or
near field joints.

CONCLUSIONS

1. Generally, the application of external CP to thermally
insulated metallic surfaces has been ineffective.

2. The principal or primary means of corrosion controt of
thermally insulated metallic surfaces is the application of an
effective coating on the metallic surface.

3. Care is typically taken in the application of the external
jacket and during pipe installation to minimize water ingress,
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