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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 TM0106, “Detection, Testing, and Evaluation of Microbiologically Influenced 

Corrosion (MIC) on External Surfaces of Buried Pipelines.” 

 NACE TM0194, “Standard Test Method for Field Monitoring of Bacterial Growth in Oil 

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 cm2, 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 CFI 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-, SO4

2-, NO2
-

, NO3
-, CO3

2-, 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 
(Fe3O4).  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 (Fe3+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 cm2 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 cm2, 
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 103 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 × 
104 cells/mL and 2.8 × 104 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.  ‎Figure 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 
(SO4

2-) 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 [Cl-, SO4

2-, NO2
-, NO3

-, CO3
2-, HCO3

-], 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 (Cl-), nitrates (NO3

-), sulfates (SO4
-), 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 

 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. 

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

 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. 

 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. 

Priority 
Dig 

Number 
Reference 

Joint 

Log Distance 
of Feature 

(ft) Tool Call 

Tool Calls 
Max Depth 

Field 
(%) 

Max Length 
(in) 

Max Depth 
(%) 

Dig 1 6550 23785.8 External metal loss 0.75 85 72 

Dig 2 12420 44719.8 External metal loss 0.87 72 54 

Dig 3 12460 
44874.43 External metal loss 1.98 53 49.3 

44877.52 External metal loss 0.98 83 74 

Dig 4 14470 
51640.00 External metal loss 0.88 71 65 

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 – Fe3O4 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.%). 

Elements Dig 1 Dig 2 Dig 3 Dig 4 
Goethite 
(FeOOH) 

Magnetite 
(Fe3O4) 

Carbon (C) 9.9 7.9 4.6 4.8 – – 

Oxygen (O) 34.2 33.2 34.7 34.4 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 cm2 area, from the external surfaces of Joints 6550, 12420, 12460, and 14470 during Digs 1 – 4, respectively, at and away from 

corrosion features. 

Bacteria Type 

Dig 1 (Joint 6550) Dig 2 (Joint 12420) 

Pit Area Away Pit Area Away 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

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 

 

Bascteria Type 

Dig 3 (Joint 12460)  Dig 4 (Joint 14470)  

Pit Area Away Pit Area Away 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

Positive Vials 
Test 

Result 
Number of 

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 cm2 

 2 100 bacteria per cm2
, 

 3 1,000 bacteria per cm2, 
 4 10,000 bacteria per cm2, 
 5 100,000 bacteria per cm2 
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Table C-6. Results of optical microscopy examination for fixed swab samples taken, over 

an ~1 cm2 area, from the external surfaces of Joints 6550, 12420, 12460, 
and 14470 during Digs 1 – 4, respectively, at and away from corrosion 
features. 

Dig 
Number 

Sample 
Identification 

Aliquot 
Volume, 

uL 
Total Cells 
Observed 

Calculated 
№ cells/mL Morphology 

1 
Pit 5 >20 2.80 × 104 Rod 

Area Away 5 >20 2.80 × 104 Rod 

2 
Pit 5 >20 2.80 × 104 Rod 

Area Away 5 15 2.10 × 104 Rod 

3 
Pit 5 16 2.20 × 104 Rod 

Area Away 5 >20 2.80 × 104 Rod 

4 
Pit 5 >20 2.80 × 104 Rod 

Area Away 5 18 2.50 × 104 Rod 
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Table C-7. Summary of soil samples collected by DNV GL. 

 
DNV GL 

Designation 
Sample ID  

(ArcSSETT #) Field Description 
Reference 

Joint 
Analyses 

Performed 

Soils Near 
Failure 

Location 

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 1 

– 10000151753 2 ft D/S of leak location 5930 No 2 

– 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 

Priority 
Dig Soils 

Dig 1 10000151758 Soil from dig West of leak location below pipe @ GW 6550 Yes 

Dig 2 10000151751 Dig 2 @ pipe 12420 Yes 

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 1 

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. 

DNV GL 
Designation 

pH 
Soil 

Moisture 
Content 

(%) 1 

Resistivity 
(Ohm-cm) 

Corrosion Rate 
(mpy) 

As Received Saturated As Received Saturated 
Near Failure 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. 

DNV GL 
Designation 

Soluble Cations 
mg/L 

Soluble Anions, 
mg/L 

Ca2+ Mg2+ Na+ K+ NO2
- NO3

- Cl- SO4
2- S2- CO3

2- HCO3
- 

Near Failure 898 320. 495 9.64 <2.1 114.84 117 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. 

DNV GL 
Designation 

Total Alkalinity 
(mg CaCO3/L) 

Total Acidity 
(mg CaCO3/L) 

Total Dissolved 
Solids (TDS) 

(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 < 54.1 622 
 
 
 
 
Table C-11. Summary of liquids extracted from insulation samples collected by DNV GL 

during Priority Digs 1 – 4 performed in 2015. 

Extract 
Identification 

Reference 
Joint 

Sample ID 
(ArcSSETT #) 

pH at 
Pipe/Insulation 

Interface 
(Field 

measurement) 

Estimated 
Extracted 
Volume 

(mL) 
Extract 

Appearance 

Chemical 
Analysis 

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. 

Sample 
ID 

Soluble Anions 
(mg/L) 

Total 
Alkalinity 
As CaCO3 

(mg/L) 

Total 
Dissolved 

Solids 
(mg/L) NO2

- NO3
- Cl- SO4

- CO3
2- HCO3

- 

Dig 2 Extract 48.0 739.28 1080 2000 < 2.0 397 397 7470 

Dig 4 Extract < 1.6 30.10 329 993 < 2.0 102 102 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: 

𝜌 =  
𝐴

𝐴−𝐵
(𝜌𝑜 −  𝜌𝐿) +  𝜌𝐿   With compensation for air density 

 
𝜌 =  

𝐴· 𝜌𝑜  

𝐴−𝐵
    Without compensation for air density 

 
Where:  ρ = density of the sample  A = weight of the sample in air 
  Ρo = density of the auxiliary liquid B = weight of the sample in the auxiliary liquid 
  ΡL = density of air (0.0012 g/cm3) 
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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.1  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.  ‎Figure 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/cm3 with and 

without compensating for the density of air.  These values were compared to the density for 
mild steel (i.e. 7.87 g/cm3).  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. 

Testing 
Environment 

Density of Testing 
Environment 

(g/cm3) 
Weight 

(mg) 
Weight 

(g) 
Air 0.0012 (ΡL) 39794.36 39.79436 (A) 

DI water 0.99819 1 (Ρo) 28563.52 28.56352 (B) 
 
1 – Density of water at 20.2 oC (i.e. temperature measured at time of testing) per Table 7.7 

in the operating instructions manual for Excellence Balances, XS Models. 
 
Where:  Ρo = density of the auxiliary liquid A = weight of the sample in air 
  ΡL = density of air (0.0012 g/cm3) 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 
Corrosion Product 

(g/cm3) 
Compensation for 

Air Density 

Density of 
Mild Steel 

(g/cm3) 
3.533 Yes 1 

7.87 3 

3.537 No 2 
 
1– ρ =  

A

A−B
(ρo −  ρL) + ρL; see ‎Table D-1 for A, B, ρo, and ρL 

 
2– 𝜌 =  

𝐴· 𝜌𝑜  

𝐴−𝐵
; see ‎Table D-1 for A, B, ρo, and ρL 

 
3 – Density for 0.06% C steel.  Metals Handbook Desk Edition, Second Edition 1998 p. 64. 
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APPENDIX E 

Corrosion Products Supplemental Analyses 

Magnetic Permeability Testing 
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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.  Identifications 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): 

 Coercive force (Hc) in Oersteds (Oe) 

 Residual magnetization (Br) in Gauss (G) 
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 Maximum magnetic field strength (Hmax) in Oe 

 Maximum induction (Bmax) in G 

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

 Initial magnetic permeability (µin) 

 Maximum magnetic permeability (µr max) 

 Magnetic permeability amplitude (µr amp) 

𝐵 =   𝐵𝑖 + 𝐻    Relative magnetic permeability of material 

µ𝑟 𝑎𝑚𝑝 =  
𝐵 

𝐻
   Amplitude magnetic permeability 

µ𝑟 𝑑𝑖𝑓𝑓 =  
𝑑𝐵 

𝑑𝐻
  Differential magnetic permeability 

 

where:  H = magnetic field strength [Oe]   

B = normal induction in test specimen [G] 

Bi = 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 I-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-
quadrant 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 Hmax, Hc, Bmax, Br, µin, and µmax.  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 (µ) 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. Bmax) 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.1  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). 

                                           
1 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. 

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

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

 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). 

 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. 

Sample ID 
(Arcsset #) Sample Type Description Pipe Joint 

Distance D/S 
from GW 5930 

(ft) 
o’clock 

orientation 

10000195318 Corrosion 
Product 

Corrosion product from Feature 2 5930 17.8 – 19.5 ~ 6:24 

10000195331 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 
Identifications Sample Type 

Average Length 
(in) 

Average Width 
(in) 

Average Height 
(in) 

195318 – 3A 

Corrosion Product 

2.251 0.514 0.327 

195318 – 3B 2.251 0.514 0.295 

195331 – 2A 2.251 0.518 0.483 

195331 – 2B 2.251 0.510 0.463 

195363 – 2  
Longitudinal 

Plate Steel 
2.251 0.505 0.250 

195363 – 3 
Transverse 2.251 0.504 0.249 
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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.  

Sample 10000195318  

Sample 10000195331  
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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, API 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 
(ILI) 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-clustered1 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 signal 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: 

 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 

                                           
1 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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 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. 

 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, CGRMin. 

𝐶𝐺𝑅𝑀𝑖𝑛 =
0.5 × 𝐼𝐿𝐼𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 × 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑊𝑇

𝐷𝑎𝑡𝑒𝑅𝑒𝑐𝑒𝑛𝑡 − 𝐷𝑎𝑡𝑒𝑃𝑟𝑒𝑣

 (1) 

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: 

 Locate areas of growth that may not have been identified via the statistical analysis. 

 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: 

 The highest SAC Mean or SAC Max growth rates 

 Statistically significant differences in the number of SAC counts 

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

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

 The largest difference in maximum depths 

 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 

Probable Significant Growth The ILI signals appear to demonstrate a large difference between each tool survey for 
depth, length, or width. 

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

 Scenario 1 

o The reported depth plus the stated tool tolerance exceeds 80% WT 

 Scenario 2 

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

 (i.e. P0.85dL ≤ 1.39 × 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 0.72. 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 loss3. 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.4 

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. 





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

DNV GL  –  OAPUS307KKRA (PP136049)  F-12 
December 4, 2015 

 
Table F-2. Joints with 70% of the Predicted Timeframes Less Than or Equal to Five 

Years. 

Joint 
ID 

Odometer, 
ft 

Manual 
Review † 

Rate, 
mpy 

Max. Depth, 
% WT Scenario 

Min. Time to 
Scenario, yrs 

70% Time, 
 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 24.3 46 80% WT 3.4 2.4 

9430 34027.19 PS 16.9 35 80% WT 7.1 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 29.1 53 80% WT 2.0 1.4 

† 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: 

 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.  

 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. 

 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”. 

 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 

 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. 

 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) 

 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 

 

Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

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-
Orphan) U  3.5 3.5 

490 1198.74 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

500 1238.87 Estimated Corrosion Growth Rate U  3.5 3.5 

510 1279.00 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

520 1319.13 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

530 1359.26 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

540 1399.33 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

550 1439.41 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

560 1474.52 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

570 1514.60 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

580 1554.67 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U Located near GW. 3.5 3.5 

590 1594.69 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

600 1634.65 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) P Located near GW. 3.5 4.5 

610 1674.68 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

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 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U  3.5 3.5 

720 2100.91 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U  3.5 3.5 

730 2140.90 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U  3.5 3.5 

740 2180.93 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U  3.5 3.5 

750 2220.99 Largest Difference Between Matched Pits (1:1 matches 
ONLY) P Located near GW. 3.5 3.5 

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-
Orphan) U  3.5 3.5 

980 3029.58 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection. 

3.5 3.5 

1050 3308.39 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

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 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

1370 4571.90 Deepest Features from 2012 Survey that were Matched U  3.5 3.5 

1560 5305.93 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U  3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

1570 5346.04 Deepest Features from 2012 Survey that were Matched P Located outside of 
repaired area. 3.5 3.5 

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 

2170 7617.42 Deepest Features from 2012 Survey that were Matched PS 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 

2210 7777.78 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P 

Located near GW.  
Feature appears to 
be growing wider. 

3.5 5.1 

2640 9423.94 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P 

New growth not 
visible in the 
previous inspection. 

3.5 5.9 

2830 10080.65 2012 Joints with Most Unmatched Metal Loss (Orphan) P 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 3.7 

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-
Orphan) U  3.5 3.5 

3810 13831.31 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

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 
4160.

01 14960.84 Deepest Features from 2012 Survey that were Matched U  5.0 5.0 

4160.
02 14968.27 Deepest Features from 2012 Survey that were Matched U  5.0 5.0 

4210 15025.35 Deepest Features from 2012 Survey that were Matched P  3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

4220 15065.38 Deepest Features from 2012 Survey that were Matched PS 
New growth not 
visible in the 
previous inspection. 

3.5 12.2 

4240 15145.46 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5 

4270 15264.67 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U Located on GW. 3.5 3.5 

4430 15584.42 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5 

4650 16459.45 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS Located near GW. 3.5 14.9 

4660 16499.44 Deepest Features from 2012 Survey that were Matched PS 
Located near GW.  
Feature appears to 
be growing wider. 

3.5 3.5 

5100 18164.55 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5 

5120 18212.77 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

5400 19284.44 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

5660 20324.54 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5 

5680 20404.89 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

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 Located outside of 
repaired area. 3.5 14.9 

6060 21834.30 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

6070 21874.41 Estimated Corrosion Growth Rate U  3.5 3.5 

6100 21994.61 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 16.2 

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-
Orphan) U  3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

6350 22972.10 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 3.5 

6360 23012.16 Estimated Corrosion Growth Rate P  3.5 3.5 

6370 23052.31 Largest Difference Between Matched Pits (1:1 matches 
ONLY) P Located near GW. 3.5 3.5 

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 

6590 23906.73 2012 Joints with Most Unmatched Metal Loss (Orphan) P 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 3.5 

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-
Orphan) U  3.5 3.5 

7400 26930.83 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U Located near GW. 3.5 3.5 

7420 26984.21 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection. 

3.5 3.5 

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 

7990 29170.51 Deepest Features from 2012 Survey that were Matched P 
Located near GW.  
Feature appears to 
be growing wider. 

3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

8010 29250.55 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS 

New growth not 
visible in the 
previous inspection.  
Located outside of 
repaired area. 

3.5 10.1 

8060 29451.25 Largest Difference Between Matched Pits (1:1 matches 
ONLY) PS 

New growth not 
visible in the 
previous inspection. 

3.5 4.1 

8140 29741.31 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U  3.5 3.5 

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-
Orphan) U  3.5 3.5 

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-
Orphan) U  3.5 3.5 

8680 31622.71 Deepest Features from 2012 Survey that were Matched U Located near GW. 
Previously repaired. 3.5 3.5 

8690 31633.87 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

8980 32410.90 Estimated Corrosion Growth Rate P Located on GW. 3.5 3.5 

9060 32644.07 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U Located near GW. 3.5 3.5 

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 

9280 33441.67 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection. 

3.5 3.5 
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Joint 

ID 

Odometer, 

ft Review Selection Criteria 

Manual 

Review † 

Review 

Comments 

Original 
Rate, 

mpy 

Adjusted 
Rate, 

mpy 

9300 33521.75 Deepest Features from 2012 Survey that were Matched P 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 

9310 33561.84 Deepest Features from 2012 Survey that were Matched P Located near GW. 3.5 3.5 

9360 33761.78 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P 

New growth not 
visible in the 
previous inspection. 

3.5 6.3 

9390 33866.72 Deepest Features from 2012 Survey that were Matched PS Located near GW. 3.5 3.5 

9420 33987.05 Deepest Features from 2012 Survey that were Matched PS 
New growth not 
visible in the 
previous inspection. 

3.5 6.5 

9430 34027.19 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS Feature appears to 

be growing wider. 3.5 16.9 

9450 34107.43 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS Located outside of 

repaired area. 3.5 14.9 

9650 34890.95 Largest Difference Between Matched Pits (1:1 matches 
ONLY) U  3.5 3.5 

9860 35634.99 Largest Difference Between Matched Pits (1:1 matches 
ONLY) P  3.5 12.8 

9880 35715.04 2012 Joints with Most Unmatched Metal Loss (Orphan) U Located near GW. 3.5 3.5 

9890 35755.13 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS Located near GW. 3.5 9.5 

9920 35875.25 Deepest Features from 2012 Survey that were Matched U  3.5 3.5 

10540 38046.21 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U Located near GW. 3.5 3.5 

10950 39466.11 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

10990 39592.06 Largest Difference Between Matched Pits (1:1 matches 
ONLY) P 

Additional pit near 
GW in both 
inspections not 
called. 

3.5 6.8 

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 U Located near GW. 3.5 3.5 
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Original 
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mpy 
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Rate, 

mpy 

11050 39768.01 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U  3.5 3.5 

11060 39808.08 Largest Difference Between Matched Pits (1:1 matches 
ONLY) PS  3.5 16.9 

11310 40693.57 Deepest Features from 2012 Survey that were Matched U Located near GW. 3.5 3.5 

11330 40741.62 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U Located on GW. 3.5 3.5 

11470 41210.73 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

11540 41490.60 Estimated Corrosion Growth Rate PS 
New growth not 
visible in the 
previous inspection. 

4.8 4.8 

11550 41530.68 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 3.5 

11570 41610.83 2007 Joints with Most Unmatched Metal Loss (non-
Orphan) U  3.5 3.5 

11590 41690.92 Deepest Features from 2012 Survey that were Matched PS 
New growth not 
visible in the 
previous inspection. 

3.5 8.8 

11600 41730.90 Deepest Features from 2012 Survey that were Matched PS 
Located near GW.  
Feature appears to 
be growing wider. 

3.5 3.5 

11610 41744.11 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P Located near GW. 3.5 5.1 

11650 41891.05 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth U Located near GW. 3.5 3.5 

11990 43143.07 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P  3.5 8.8 

12160 43705.68 Deepest Features from 2012 Survey that were Matched PS 
Feature appears to 
be growing wider 
and in length. 

3.5 10.8 
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12170 43745.88 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

There is growth on 
adjacent joint 
upstream. Feature 
appears to be 
growing wider. 

3.5 3.5 

12230 43974.21 Deepest Features from 2012 Survey that were Matched P Feature appears to 
be growing wider. 3.5 3.5 

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 

12280 44165.64 Deepest Features from 2012 Survey that were Matched P 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 

12300 44245.65 2007 Joints with Most Unmatched Metal Loss (Orphan) U  3.5 3.5 

12410 44669.66 2012 Joints with Most Unmatched Metal Loss (Orphan) P 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 

12420 44709.74 Deepest Features from 2012 Survey that were Matched PS  3.5 8.1 

12430 44748.75 Largest Difference Between Matched Pits (1:1 matches 
ONLY) PS  3.5 7.3 

12460 44868.95 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P  3.5 6.2 

12490 44988.84 Deepest Features from 2012 Survey that were Matched P 
Located near GW.  
Feature appears to 
be growing wider. 

3.5 3.5 

12510 45069.09 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P Feature appears to 

be growing wider. 3.5 3.5 

12540 45182.34 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth P Located outside of 

repaired area. 3.5 4.7 

12550 45204.55 Largest Difference Between Matched Pits (1:1 matches 
ONLY) P 

New growth not 
visible in the 
previous inspection. 

3.5 3.5 

12590 45331.80 2012 Joints with Most Unmatched Metal Loss (Orphan) P 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 
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12710 45747.80 Deepest Features from 2012 Survey that were Matched P 

New growth not 
visible in the 
previous inspection. 
Located near GW. 

3.5 3.5 

12800 46063.76 Estimated Corrosion Growth Rate P  3.5 3.5 

12820 46144.13 Deepest Features from 2012 Survey that were Matched P 
Located near GW.  
Feature appears to 
be growing wider. 

3.5 3.5 

12840 46224.40 Estimated Corrosion Growth Rate PS 
New growth not 
visible in the 
previous inspection. 

3.6 3.6 

12850 46264.57 Deepest Features from 2012 Survey that were Matched PS 

New growth not 
visible in the 
previous inspection.  
Located outside of 
repaired area. 

3.5 17.6 

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-
Orphan) P Feature appears to 

be growing wider. 3.5 3.5 

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-
Orphan) P  3.5 3.5 

13200 47361.45 Deepest Features from 2012 Survey that were Matched PS  3.5 4.0 

13210 47401.55 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) PS 

New growth not 
visible in the 
previous inspection. 

3.5 19.6 

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 

14060 50258.72 2012 Joints with Most Unmatched Metal Loss (non-
Orphan) P 

New growth not 
visible in the 
previous inspection.  
Located outside of 
repaired area. 

3.5 3.5 
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14470 51618.37 Estimated Corrosion Growth Rate PS Estimated Corrosion 
Growth Rate Joint. 29.1 29.1 

15770 56459.87 Deepest Features from 2012 Survey that were Matched U  3.5 3.5 

15900 56849.78 2012 Joints with Most Unmatched Metal Loss (Orphan) P 
New growth not 
visible in the 
previous inspection. 

3.5 3.5 

15910 56889.91 2012 Orphan (no ML reported 2011) Joints with Largest 
Maximum Depth PS  3.5 13.5 

† P = P, PS = Probable Significant Growth 
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Appendix O      

NACE International: Effectiveness of Cathodic 

Protection on Thermally Insulated Underground 

Metallic Structures 
 

 


















