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EXECUTIVE SUMMARY

On March 11, 2022, an incident occurred involving a 22-inch diameter crude oil pipeline operated by 
Marathon Pipeline, LLC (MPL) near Edwardsville, IL adjacent to Cahokia Creek.  At the time of the accident, 
the pipeline was transporting Wyoming Asphaltic Sour Crude.  The failed pipeline was the northernmost 
of three parallel pipelines that shared the right-of-way, and the closest to the creek.  Soil stabilization had 
been previously completed in 2014 in the area where the failure occurred.  The affected pipeline was 
constructed from API 5L Grade X46 pipe with a 0.344-inch wall thickness and installed in 1949. 

Numerical analysis was performed using calibrated models based on information collected from previous 
IMU inspections in 2018 and 2021 in addition to information collected after the incident. The numerical 
models considered representative soils and operating conditions at the time of failure. The following 
conclusions were made based on the results of the numerical analysis.

1. The area near the failure had a maximum combined bending strain of 0.33% based on the 2018 
bending strain results with a 5.7-ft horizontal deviation from straight. The same area exhibited 
change between 2018 and 2021 with the combined bending strain increasing to 0.41% and the 
horizontal deviation increasing to 8-ft. The data collected at the time of failure showed a marginal 
increase in horizontal deviation to 8.2 feet. 

2. Calibrated numerical models were developed representing both undrained (clay) and drained 
(sand) soil conditions; however, the models were easier to calibrate for the undrained conditions
indicating that the soil behavior is more likely representative of undrained conditions at the time 
of failure, which is consistent with the soil conditions observed near the incident. 

3. Both the drained and undrained models showed that the pipeline developed a fully yielded cross 
section (i.e., a plastic hinge) near the failed girth weld between the 2021 IMU inspection and the 
time of failure. The strains rapidly increased at this location as the membrane and bending strains 
accumulated at the location of the plastic hinge. 

4. The numerical models showed that the location and magnitude of the strains at the plastic hinge 
depend on soil properties and the extents of the movement profile. However, interaction of the 
plastic hinge with the failed girth weld is considered likely. 

5. The maximum total strain within the plastic hinge ranged from 0.61% to 0.83% in the numerical 
models. The bending strains and membrane strains contributed almost equally to the total strain 
at this location. 

6. As a result of the plastic hinge forming, the strains near the critical location were changing more 
rapidly between 2021 and the time of the failure than the strains near the peak pipeline 
displacement or the location of maximum bending strain. 
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7. The dimensions of the feature in the girth weld exceeded the size limitations of the PRCI SIA-1-7 
strain capacity calculator. However, a feature was assessed with a size approximating the 
identified girth weld feature with respect to the peak depth. The assessed feature had a length of 
3.27 inches with a depth of 80% NWT. This assessed feature is shorter than the actual feature, 
but with a depth near the measured peak depth. The tensile strain capacity (TSC) based on this 
feature was 0.29%. The calculated tensile strains from the numerical model were greater than 
this TSC, indicating that the girth weld failed because the increased demand from soil movement 
exceeded the TSC of the girth weld. 
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1.0 BACKGROUND

On March 11, 2022, an incident occurred on a 22-inch diameter crude oil pipeline operated by Marathon 
Pipeline, LLC (MPL) near Edwardsville, IL adjacent to Cahokia Creek.  At the time of the incident, the 
pipeline was transporting Wyoming Asphaltic Sour Crude.  The failed pipeline was the northernmost of 
three parallel pipelines that shared the right-of-way, and the closest to the creek.  Soil stabilization had 
been previously completed in the area where the failure occurred.  The affected pipeline was constructed
in 1949 from API-5L Grade X-46 material with a 0.344-inch nominal wall thickness. 

The failed pipeline transports refined products from Wood River, IL to Patoka, IL and is referred to as the 
“WoodPat” system. The incident and subsequent product release occurred because a girth weld failed 
during operations. Images taken during the remediation of the girth weld failure are shown in Figure 1.1. 
The image on the left is taken looking upstream across the incident site toward the failed girth weld with 
Cahokia creek on the right-hand side of the image. The image shows that the WoodPat pipeline 
experienced both horizontal and vertical displacements. The image on the right-hand side of Figure 1.1
shows an image of the failed girth weld. The pipeline separated both laterally and axially at the failure 
location. An aerial image of the remediation site is shown in Figure 1.2. 

Figure 1.1: Failed Girth Weld During Excavation
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Figure 1.2: Aerial Image of Failure Location
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2.0 OBJECTIVE

MPL requested that ADV Integrity, Inc. (ADV) help identify the causal factors that resulted in the accident. 
Specifically, ADV was asked to develop numerical models simulating the condition of the pipeline prior to 
the incident. The models were expected to account for the as-laid condition of the pipeline and the 
influence of ground movement near Cahokia Creek. The objective of the numerical analysis is to provide 
information on the strain demand near the failed girth weld at the time of the incident. Furthermore, the 
strain demand from the models will be compared to representative strain capacities determined through 
material testing and the methodology from the Pipeline Research Council International (PRCI) project SIA-
1-7 (Wang, 2019).

To achieve these objectives, the scope of work proposed by ADV included the following tasks: 

Task 1: Review historical data, including inspection information, operating conditions, and prior 
stabilization efforts.
Task 2: Determine initial as-laid condition based on a review of as-built drawings and historical IMU 
information.
Task 3: Construct an FEA model and calibrate the model to measured conditions.
Task 4: Use the model to investigate variations in soil properties and movement.
Task 5: Estimate strains near the failed girth weld at the time of failure and compare strain capacities 
based on metallurgical evaluation and material testing. 
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3.0 SUPPORTING INFORMATION

This section presents a summary of the information provided to ADV and reviewed as part of Task 1. A 
summary of the documents is included in Table 3-1.

Table 3-1: Documents Reviewed

Document Description

22in_Woopat Pipeline_Wood River to Patoka_2021_IMU Data 2021 High Resolution IMU Data

22in_Woopat Pipeline_Wood River to Patoka_2021_Weld Log 2021 Girth Weld Listing
Rosen 2021 Pipeline Movement and Bending Strain Assessment 
Report 3-30 Strain Comparison Report

22in_Woopat Pipeline_Wood River to Patoka_2018_IMU Data 2018 High Resolution IMU Data

22in_Woopat Pipeline_Wood River to Patoka_2018_Weld Log 2018 Girth Weld Listing

2012 Roxana - Patoka Woodpat (120265_22A) IMU Raw Data 2012 High Resolution IMU Data

2012 GE Pii CAL CMFL 2012 Feature Listing

IR#14 - Alignment Sheet with stationing of Release location Alignment Sheet

TXG0258_Marathon_Edwardsville Geotech Site Assessment Geohazard Assessment

TXG0258-MPL Edwardsville-Borehole Logs-Final Borehole Results

MPL - Cahokia Canal DOC Exhibit Post-Incident Survey Locations

3-0220457 - Original 03-12-22 Adjusted with LatLong Post-Incident Geospatial Locations

Post-Accident Excavation Notes -PRELIMINARY Field Notes

3.1 IMUU Dataa Revieww 

The bending strains based on the inspection from October 28, 2021 are reproduced in Figure 3.1. The 
maximum combined bending strain at this location is 0.41%. The girth weld that failed is #7630, located 
at odometer 32709.3 ft, and is annotated in the image with the red arrow. The IMU data indicates 
approximately 8-ft of horizontal deviation from a straight line across the impacted area and 9.3 feet of 
vertical deviation from a straight line across the impacted area. 

ADV aligned and compared all the available IMU data sets as shown in Figure 3.2. ADV observed that the 
out-of-straightness (OOS) profiles from the 2012 IMU data do not appear plausible. When the IMU data 
was examined outside of the area of interest in stable locations, the horizontal and vertical geospatial 
information from 2012 often showed deviations that were inconsistent with the information from the 
inspections in 2018 and 2021. However, the bending strain profiles calculated from the pitch and azimuth 
did appear consistent with the other two data sets. These types of issues with geospatial accuracy are 
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more common in older IMU data sets. While they do not restrict the ability to compare calculated strains
between the data sets, the OOS profiles often cannot be compared. 

When comparing the strains in Figure 3.2, a clear progression in the horizontal, vertical, and combined 
strains is evident from 2012 to 2018 and from 2018 to 2021. This data confirms that the pipeline was 
experiencing external loads and being subjected to both horizontal and vertical movement in the time
between 2012 and 2021. 

Figure 3.1: Bending Strain Site #7610 (ref: Strain Comparison Report)
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Figure 3.2: IMU Comparison for 2012, 2018, and 2021

3.2 Alignmentt Sheett Informationn 

Information showing the original pipeline construction location from 1949 was not available. Marathon 
provided alignment sheets with information on the surface elevation, top of pipe elevation, and depth of 
cover. The information from the alignment sheet near the failure is enlarged in Figure 3.3. This information 
does not reflect as-built conditions but was collected prior to the incident (the alignment sheet was dated 
February 18, 2022). The information shows that the ground elevation near the failure was characteristic 
of a depression with the low-point approximately 4-6 feet lower than the surrounding area. This 
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information was confirmed by satellite imagery showing a drainage channel crossed over the pipeline near 
the failure location. The alignment sheet also confirmed the depth of cover near the failure varies from 
22 to 57 inches. 

Figure 3.3: Alignment Sheet Information

3.3 Soill Dataa 

Soil characteristics were collected from two boreholes located near the failure as shown in Figure 3.4.
Based on the depth of cover survey, the soils of interest would occur between 3 and 8 feet deep. An image 
of the data from the IN/PZ1 borehole is provided in Figure 3.5. The IN/PZ1 borehole shows soft to medium 
stiff clays at the pipeline depth. The information from the IN/PZ2 borehole is provided in Figure 3.6, 
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showing soft clay at the pipeline depth. The pocket penetration values for unconfined compressive 
strength varied from 0.5 to 1 ton per square foot between the two boreholes. The lab results indicated a 
dry unit weight of 100.3 pcf and a moist unit weight of 125.8 pcf. 

Figure 3.4: Borehole Locations

Figure 3.5: IN/PZ1 Borehole Information

Failure Location
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Figure 3.6: IN/PZ2 Borehole Information

3.4 In-Situu Informationn 

ADV received information describing the geospatial location (latitude, longitude, and elevation) of the 
pipeline post-failure at select locations. Additionally, field notes taken during the remediation captured 
information pertaining to the pipe “separation” at the failed girth weld. The information is reproduced in 
Table 3-2.

Table 3-2: Pipe Separation Measurements

Orientation Separation Distance

12 o’clock (TDC) 7 ½ inches

3 o’clock (south) 8 inches

6 o’clock (bottom) 7 inches

9 o’clock (north) 6 ¾ inches

Lateral (12 o’clock) 4 ¼ inches

Lateral (6 o’clock) 7 ¾ inches

The information from the as-found survey was aligned and overlaid with the available IMU data sets. The 
comparison for the horizontal and vertical out-of-straightness profiles are shown in Figure 3.7. The survey 
information shows that the Woodpat pipeline exhibited slight additional movement after the 2021 survey 
with a total horizontal out-of-straightness of 8.2 feet. The vertical out-of-straightness did not show a 
measurable difference when compared to the 2021 IMU data set with a total vertical deviation of 9-feet.  
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Figure 3.7: As-Found Survey

3.5 Operatingg Conditionss 

The WoodPat system is composed of 22-inch Diameter, 0.344 NWT, API 5L Grade X46 pipe material at the 
location of the incident. At the time of the failure, the Woodpat system was transporting crude oil with 
an API Gravity of 21.6°. The pressure at the Roxana discharge station was recorded as 476 psi at 8:15 AM. 
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4.0 NUMERICAL MODEL

4.1 Structurall Properties 

The numerical model was evaluated using the Abaqus general-purpose finite element code and utilized 
beam elements (type PIPE31) to represent the pipeline. The beam elements were modeled as 22-inch 
outer diameter with a nominal wall thickness of 0.344-inches. The effective weight of the elements was 
modeled as 1,370 lb/in3 accounting for the weight of the steel pipe and internal contents. Elastic-plastic 
material properties were specified for the pipe material based on the specified minimum properties for 
API 5L Grade X46 pipe material. A Ramberg-Osgood formulation was used to generate the true stress –
true strain curve based on a yield strength of 46,400 psi and an ultimate tensile strength of 63,100 psi. 
The resulting material curve is shown in Figure 4.1.

Figure 4.1: API 5L Grade X46 Elastic Plastic Material Properties

4.2 As-Laidd Configurationn 

Identifying the as-laid condition of the pipeline consisted of three tasks. First, the heading angles (pitch 
and azimuth) recorded by the IMU during inspections were reviewed to identify which components of the 
pipeline within the bending strain area are consistent with manufactured bends. Second, the heading 
angles were reviewed to identify a plausible as-laid trajectory, and then the heading angles were 
reconstructed to fit this as-laid trajectory. Finally, the reconstructed heading angles were used to generate 
an as-laid centerline for the pipeline. 

Figure 4.2 provides a comparison of the horizontal out-of-straightness profiles and azimuth angles from 
the 2018 and the 2021 inspections. The 2012 data was not included in the comparison as the heading
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angles and out-of-straightness profile were not considered accurate as discussed in the previous section. 
Both inspections show similar behavior in the azimuth angle consistent with external loads acting on the 
pipeline. The azimuth angle is approximately 58-degrees near the beginning and end of the bending strain 
and movement area in both inspections. Two minor 2-degree horizontal manufactured bends appear in 
the data near odometer 32,900 feet and 39,990 feet. This information suggests that the pipeline was 
initially laid nearly straight throughout this area with minor deviations. This pattern is typical of most 
pipelines. Within the displaced area, the azimuth shows a distinct “S”-shaped pattern. This pattern is 
produced when a pipeline is displaced from its initial location. It is reasonable to conclude that the pipeline 
was initially laid straight through the area and account for the two minor manufactured bends in the 
recreated heading profile as shown with a dashed line in Figure 4.2. 

Figure 4.2: Azimuth Recreation

Figure 4.3 provides a comparison of the vertical out-of-straightness profiles and the pitch angles from the 
2018 and the 2021 inspections. Both inspections show similar behavior in the pitch angle consistent with 
external loads acting on the pipeline. Near the beginning of the movement area, both tools enter with a 
near-flat pitch of approximately 0.5-degrees and exit the movement area with a pitch of approximately 2-
degrees. Within the movement area, three small vertical bends can be seen near odometer 32750 feet, 
32,900 feet, and 33,990 feet. These vertical bends form an overbend-sagbend-overbend combination that 
is typical of pipeline construction at shallow crossings. The presence of these vertical manufactured bends 
confirms the information from the depth of cover assessment that showed a shallow drainage area at this 
location. It is reasonable to conclude that the pipeline was constructed with shallow bends to cross the 
drainage. Similar to the azimuth heading angles, the pitch angles in both inspections show the 
characteristic “S” shape within the movement area as a result of external loads. The recreated pitch profile 
is shown in Figure 4.3 with the dashed line. The recreated profile preserves the manufactured bends near 
32,900 feet and 33,990 feet. 
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Figure 4.3: Pitch Recreation

The resulting as-laid condition used for the baseline is shown in Figure 4.4 for both the horizontal and 
vertical profiles. The recreated as-built profile is shown as a green line. The horizontal out-of-straightness 
shows a near straight trajectory with less than 1-ft of deviation, and the vertical out-of-straightness shows 
an initial vertical change of approximately 3-ft. This agrees well with the depth of cover information which 
showed similar deviations in the ground elevation near the drain crossing. 

Figure 4.4: Recreated Out-of-Straightness Profiles

4.3 Soill Propertiess 

The Abaqus model used pipe-soil interaction elements (type PSI34) to capture the behavior of the soil at 
the WoodPat system based on the data captured in the borings. PSI34 elements represent the interaction 
between the pipeline and the soil as a series of non-linear springs in the horizontal, vertical, and axial 
direction. The formulations for the soil springs are based on documentation from the American Lifelines 
Alliance document (American Lifelines Alliance, 2005). The soil was indicated to be primarily made of clay 
at the pipeline depth with stiffness ranging from soft to firm. Therefore, analysis models were developed 
using clay (i.e., undrained soil response) formulations that are based on the shear strength of the soil. The 
upper and lower bound properties used in the assessment are shown in Table 4-1.
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Table 4-1: Clay (Undrained) Properties

Property Lower Bound (weak)
Undrained Values

Upper Bound (firm) 
Undrained Values

Shear Strength 3.62 psi (25 kPa) 7.25 psi (50 kPa)

Alpha 0.94 0.69

Nch (horizontal factor) 6.25 6.25

Ncv (uplift factor) 5.4 5.4

Nc (bearing factor) 5.14 5.14

While the borings did not show sandy material near the depth of the pipeline, the geotechnical review did 
observe coarse-grained materials (i.e., sand) near the water line. Therefore, the analysis also considered 
soil properties using sand (i.e., drained soil response) formulations that are based on unit weight and
friction angle. Like the clay properties, upper and lower bound values were generated as shown in Table 
4-2. The soil friction angle was taken from publicly available sources as this value is not typically 
characterized for clay soils (Oswell, 2016). 

Table 4-2: Sand (Drained) Properties

Property Lower Bound (weak) 
Drained Values

Upper Bound (firm) 
Drained Values

Effective Unit Weight 63.4 pcf 63.4 pcf

Θ, Friction Angle 10° 30°

Nqh (lateral factor) 3.0 7.6

Nqv (uplift factor) 1.0 2.0

Nq (bearing factor) 2.4 18.4

Nγ (bearing factor) 0.5 18.1

4.4 Assessmentt Methodologyy 

The analysis utilized an iterative approach to determine the strain demand placed on the weld prior to 
failure. This approach is shown graphically in Figure 4.5. The as-laid configuration as described in the 
previous section was taken as the starting point for the analysis. The as-laid configuration was assumed 
to be constructed in a stress-free condition. Displacements were applied to the soil nodes which in turn 
produce pipeline displacements. The soil displacements are incrementally applied to match the conditions
from the 2018 and 2021 inspections as well as the as-found measurements. The strains and resulting 
pipeline displacements from each increment are compared to the displacements captured from the IMU 
tool or the as-found survey measurements. If a good match is obtained, the strains at the girth weld of 
interest are extracted from the model. If a match is not obtained, the displacement profile is iteratively 
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adjusted until a match is obtained. For the purposes of this report, only the final calibrated models and 
associated results are presented. 

Figure 4.5: Analysis Methodology

4.5 Loadd Casess 

The assessment of the Edwardsville failure addressed four load cases, which are described in Table 4-3.
Four load cases were assessed considering variations in the soil type and properties. All load cases 
included gravity and an internal pressure specified as 476 psi. 

Table 4-3: Load Case Description

Load Case Description

Load Case 1 Upper Bound Undrained (Clay) properties

Load Case 2 Lower Bound Undrained (Clay) properties

Load Case 3 Lower Bound Drained (Sand) properties

Load Case 4 Upper Bound Drained (Sand) Properties

4.6 Postt Failuree Simulationn 

The response after the failure was modeled for each load case by “deleting” the elements near the girth 
weld and allowing the pipeline to respond. The separations observed in the model were then compared 
to the results recorded during the response shown in Table 3-2.
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5.0 RESULTS

The results from the numerical analysis are presented in detail for Load Case 1 and then summarized more 
briefly for each of the remaining load cases. The process for evaluating the Load Cases is shown graphically 
in Figure 5.1. The numerical analysis proceeded in steps, and the results are compared for each of the 
following steps: 2018 alignment, 2021 alignment, and as-found Alignment. Iterative adjustments were 
made as needed to achieve the results shown for each load case. 

Figure 5.1: Results Comparisons

It is also important to clarify the nomenclature regarding strains. The bending strains determined from
the heading angles recorded by the IMU tool and presented in the previous sections are calculated based 
on curvature in the horizontal and vertical planes. These bending strains do not include membrane strains, 
which reflect how much the pipe may have “stretched” or “compressed” because of uniform axial loading. 

In contrast, the numerical models can provide bending, membrane, and total strains by post-processing 
the available axial strains at locations around the pipe circumference. The total strain includes both the 
bending and membrane components. When the results from the numerical models are compared to the 
IMU bending strain data, the axial strains are processed to render the bending strain components in the 
horizontal and vertical directions providing an equivalent comparison. When the results present the total 
strains from the numerical models, these values are inclusive of the membrane and bending strains. The 
total strains are not compared to the bending strains calculated from IMU.  

5.1 Loadd Casee 11 – Upperr Boundd Undrainedd Propertiess 

The results for Load Case 1 are shown in Figure 5.2. Except for the total strain panel, each panel compares 
the results from the IMU tool (or as-found field measurements) to the numerical models with matching 
colors. Results from the numerical model are shown with dashed lines while the results from the IMU or 
field measurements are shown with solid lines. It should be noted that strains are not available for the as-
found field measurements, but they are presented for the calibrated numerical model representing the 
same condition. The results of each comparison based on the information in the panels are summarized 
below: 

Horizontal OOS: The horizontal OOS shows excellent agreement for the 2018, 2021, and as-found 
data sets. The peak displacements match to within 0.1-ft for each of these conditions.
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Horizontal Bending Strain: The horizontal bending strains show excellent agreement with the 
available IMU data sets from 2018 and 2021. The horizontal strains for the as-found condition 
from the numerical model show a sharp increase from the 2021 values near the upstream flank
of the landslide with peak horizontal bending strains of 0.38%. 

Vertical OOS: The vertical OOS shows agreement for the 2018, 2021, and as-found data sets.

Vertical Bending Strain: The vertical bending strains show excellent agreement with the available 
IMU data sets from 2018 and 2021. There are no significant changes in the vertical strains from 
2021 to the as-found condition in the numerical model. 

Combined Bending Strain: The combined bending strains show excellent agreement with the 
available IMU data sets from 2018 and 2021. The combined strains for the as-found condition 
from the numerical model show a sharp increase from the 2021 values near the upstream flank 
of the landslide with peak bending strains of 0.42%. This increase is primarily due to the increase 
in the horizontal bending strain. 

Total Strain: The total strains show progressive increases from 2018 to 2021 and the as-found 
condition in the numerical models. The maximum total strain in 2018 was 0.61% located near the 
peak displacement in the landslide. The maximum total strain in 2021 was 0.76% also located near 
the peak displacement in the landslide. In addition, the 2021 value shows rapidly changing total 
strains in the bend near odometer 32,900 feet. This rapid change is due to the “straightening” of 
the 2-degree field bend at this location. The numerical model also shows significant change near 
the upstream flank of the landslide adjacent to the failed girth weld 7630 at odometer 32,709 
feet. At this location, the total strains show a sharp increase with total strains of 0.83%. This rapid 
change in total strain near the failure is attributed to the pipe cross section becoming fully yielded 
(i.e., forming a plastic hinge) near the upstream flank of the landslide thereby creating a location
where strains can accumulate.

In summary, the comparison for Load Case 1 shows that the horizontal bending and total strains changed 
rapidly near the upstream flank of the landslide adjacent to the location of the failed girth weld. While 
the actual total strains are 0.18% at the location of the failed girth weld, the peak total strain occurs less 
than 10-feet away from the girth weld. Given the uncertainties with the precise position of the WoodPat 
pipeline prior to failure with respect to the landslide extents, it is possible that the strains were as high as 
0.83% in the weld if the upstream flank of the landslide is shifted slightly upstream from where it is located 
based on the 2021 IMU data. 
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Figure 5.2: Load Case 1, Upper Bound Undrained, Results Comparison

5.2 Loadd Casee 22 –– Lowerr Boundd Undrainedd Propertiess 

The results for Load Case 2 with lower bound undrained properties are shown in Figure 5.3. Except for the 
total strain panel, each panel compares the results from the IMU tool (or as-found field measurements) 
to the numerical models with matching colors. Results from the numerical model are shown with dashed 
lines, while the results from the IMU or field measurements are shown with solid lines. It should be noted 
that strains are not available for the as-found field measurements, but they are presented for the 
calibrated numerical model. 
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With respect to the out-of-straightness plots, the results from Load Case 2 are nearly identical to the 
results from Load Case 1. Both the horizontal and vertical out-of-straightness plots show excellent 
agreement with the 2018, 2021, and as-found data sets. However, the results do show differences in the 
horizontal, combined, and total strains. The sharp peak observed in Load Case 1 is more muted for Load 
Case 2 with lower overall strains near the upstream flank of the landslide. The horizontal bending strain 
near the upstream flank is 0.26% while the total strain is 0.61%. The strains are lower for Load Case 2
because the axial and bending resistance of the soil is weaker for the lower-bound load properties. The 
weaker properties delay the formation of the plastic hinge, but do not prevent its formation.

Figure 5.3: Load Case 2, Lower Bound Undrained, Results Comparison



Edwardsville Failure Analysis 100440-RP01-Rev1-071723
Marathon Pipe Line LLC July 2023

Page 23

5.3 Loadd Casee 33 –– Upperr Boundd Drainedd Propertiess 

The comparison of the results for Load Case 3 with upper bound drained properties are shown in Figure 
5.4. Except for the total strain panel, each panel compares the results from the IMU tool or as-found field 
measurements to the numerical models with matching colors. Results from the numerical model are 
shown with dashed lines while the results from the IMU are shown with solid lines. It should be noted 
that strains are not available for the as-found field measurements, but they are presented for the 
calibrated numerical model. 

With respect to the out-of-straightness plots, the results for the horizontal displacements from Load Case 
3 are nearly identical to the previous results. However, the vertical displacements do not match quite as 
well. Additionally, the calibration of the vertical displacements required the use of the saturated unit 
weight (125.4 pcf) rather than the equivalent unit weight (63 pcf). Since the vertical strength of drained 
materials is a function on the unit weight and the burial depth, this has the effect of increasing the vertical 
soil resistance. In this assessment, an increase in the unit weight was required to achieve agreement in 
the displacements.

Regarding the strains, the results from Load Case 3 show similar results to Load Case 1. A localized peak 
in the strains is evident near the upstream flank of the landslide. The horizontal bending strain near the
upstream flank is 0.29% while the total strain is 0.64%. These strains are slightly lower than the results for 
the upper bound undrained properties in Load Case 1. 
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Figure 5.4: Load Case 3, Upper Bound Drained, Results Comparison

5.4 Loadd Casee 44 –– Lowerr Boundd Drainedd Propertiess 

The results for Load Case 4 with lower bound drained properties are shown in Figure 5.5. Except for the 
total strain panel, each panel compares the results from the IMU tool or as-found field measurements to 
the numerical models with matching colors. Results from the numerical model are shown with dashed 
lines while the results from the IMU are shown with solid lines. It should be noted that strains are not 
available for the as-found field measurements, but they are presented for the calibrated numerical model. 



Edwardsville Failure Analysis 100440-RP01-Rev1-071723
Marathon Pipe Line LLC July 2023

Page 25

Calibrating the numerical models to the measured strains and displacements based on the recorded IMU 
data was challenging for Load Case 4. Even with the alteration to the unit weight as described in the 
previous section, the displacements and strains did not match well. Additionally, the model proved to be 
numerically unstable at displacements beyond the 2021 values. The comparisons showed that the 
displacements for the 2018 load case had reasonable agreement, but the comparisons did not match as 
well as any of the other load cases. In addition, the displacements near the peak and upstream flank of 
the landslide do not show good agreement for the 2021 load case. The weaker horizontal strength of the 
soil resulted in a noticeably smoother profile with lower strains near the upstream flank of the landslide. 

Regarding the strains, the results for Load Case 4 show significantly lower strains than the other load 
cases. The vertical and horizontal strains for the 2021 condition show poor agreement with the IMU data. 
While additional modifications to the soil properties may provide improvements to the comparison, it is 
unlikely that the vertical displacements will be able to be calibrated. These results indicate that the lower 
bound drained properties are not an accurate representation of the conditions observed at the failure 
location based on the 2021 IMU data and information collected at the time of failure. Therefore, the 
results from Load Case 4 were disregarded for future use. 
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Figure 5.5: Load Case 4, Lower Bound Drained, Results Comparison

5.5 Postt Failuree Axiall Separationn 

For Load Cases 1 through 3, the analysis models were progressed to simulate the conditions at the time 
of failure. This was accomplished by deleting the element nearest the girth weld and allowing the pipeline 
to separate as the soil elements relaxed. It is important to recognize that the results from this step are 
only considered appropriate when used as a qualitative order-of-magnitude type assessment. The 
conditions just prior to the failure are not likely to resemble the conditions during the response from 2012 
to 2021. The conditions near the girth weld are expected to change as the soil interacts with released 
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hydrocarbons, and some excavation is required for access to the girth weld. Both conditions will change 
the local restraint near the girth weld. Nevertheless, the measurements recorded during the investigation 
provide a useful point of comparison to judge the accuracy of the models. 

An average axial separation of 7.3-inches was recorded during the remediation activities. In comparison, 
Load Case 1 showed a separation of 4.8-inches, and Load Case 2 showed a separation of 6.5-inches. Load 
Case 3 showed a separation of 6.6-inches. It is interesting that the lower bound undrained properties and 
the upper bound drained properties showed better agreement than the upper bound undrained 
properties; however, all the results show reasonable agreement given the challenges in replicating the 
actual conditions after the failure. 

5.6 Otherr Analysiss Considerations 

Two additional considerations were addressed in the analysis at the request of MPL. First, the sensitivity 
of the results to the soil displacements near GW 7630 at the upstream flank of the landslide was 
investigated. The results from the initial assessments produced a “sharp” change near the upstream flank 
of the landslide between the 2021 and the as-found simulations. This change was tapered over a 10-ft 
length to “soften” the change. The results showed no significant difference in the out-of-straightness 
profiles; however, the total strains did reduce from 0.83% to 0.69% for Load Case 1. These results confirm 
that the region where the plastic hinge forms adjacent to the girth weld will be sensitive to soil properties 
and applied displacements. 

The second consideration addressed in the analysis was whether repair sleeves installed in 2014 within 
the displaced section could have influenced the results. Four repair sleeves varying from 1 to 2 feet in 
length were installed in 2014. The sleeves were located near the following odometers: 32,840 feet, 32,851
feet, 32,900 feet, and 32,911 feet. The failure was located at odometer 32,709 feet, or 131 feet from the 
nearest sleeve. The sleeves were included in the model by locally increasing the wall thickness for the 
elements at the sleeve location to account for the additional material. The results showed no difference 
in the peak strains observed for Load Case 1. Therefore, it was concluded that the presence of the installed 
sleeves did not contribute to the failure. 

5.7 Numericall Analysiss Resultss Summaryy 

The results from the numerical analysis are summarized in Table 5-1. All the load cases showed a sharp 
increase in strain approximately 10-ft from the girth weld where the incident occurred. The total strains
in the girth weld ranged from 0.61 – 0.83%, with the membrane strains accounting for approximately half 
of these total strains in each load case. While the strains at the girth weld within the model were lower 
than the maximum values near the girth weld (0.17 – 0.21%), uncertainties in the precise extents of the 
landslide profile combined with the sharp changes in strain near the girth weld make it likely that the girth 
weld was experiencing strains higher than the exact values predicted at the girth weld. 



Edwardsville Failure Analysis 100440-RP01-Rev1-071723
Marathon Pipe Line LLC July 2023

Page 28

Table 5-1: Results Summary

LC1 LC2 LC3

Total Strain at Girth Weld 7630 0.18% 0.21% 0.17%

Max Bending Strain Near Girth Weld 7630 0.42% 0.30% 0.35%

Max Membrane Strain Near Girth Weld 
7630 0.41% 0.31% 0.29%

Max Total Strain Near Girth Weld 7630 0.83% 0.61% 0.64%

Simulated Displacement After Failure (As-
found 7.3 inches) 4.8-inches 6.5-inches 6.6-inches
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6.0 DISCUSSION

The metallurgical examination (ADV Integrity, 2023) of the girth weld identified two planar features near 
the failure origin. The largest feature had a length of 7.2-inches with an average depth of 50% nominal 
wall thickness (NWT) and a peak depth of 88% NWT. The material testing determined that the weld 
properties and pipe properties were within specifications. The full-size equivalent Charpy energies for the 
weld centerline and heat affected zone were 58.2 ft-lb and 55.2 ft-lb, respectively. The metallurgical
report is included in the appendices.  

The tensile strain capacity (TSC) was estimated using PRCI SIA-1-7 with an apparent CTOD value of 0.0177 
inches. The exact dimensions of the feature (7.2-inch x 88% NWT) could not be specified as a feature size
due to limitations in the SIA-1-7 method. However, a feature was assessed with a size approximating the 
identified feature with respect to the peak depth. The assessed feature had a length of 3.27 inches with a 
depth of 80% NWT. This assessed feature is shorter than the actual feature, but with a depth near the 
measured peak depth. The predicted TSC based on this feature and the measured properties was 0.29%. 
It is reasonable to conclude that the TSC of the actual feature is not likely to be larger than this value. 

This calculated TSC of 0.29% is exceeded by the predicted strains from the numerical model. All the 
calibrated numerical models indicated that the pipe cross section as fully yielded at a location near the 
failed girth weld. As a result of the fully plastic cross section, the strains are shown to accumulate rapidly 
near the failed girth weld with only small increases in additional movement. For example, the peak total
strain near the failed girth weld in Load Case 1 was estimated as 0.44% at odometer 32722 feet based on 
the 2021 IMU inspection. While the pipeline displacements were not substantially different between the 
2021 inspection and those recorded after the failure (8 ft vs. 8.2 ft), the peak total strain from the as-
found simulation had increased to 0.83% at this same location. These results indicate that the strains near 
the girth weld increased by 89% with only small changes in movement. The peak total strains at the same 
location were only 0.1% based on the 2018 inspection. 

It is also noteworthy that the maximum overall bending strain did not change as significantly from 2018 
to 2021 as the bending strains near the girth weld. The maximum bending strain from the 2018 IMU was 
0.33% (total strain 0.60%) while the maximum bending strain in 2021 was 0.41% (total strain 0.76%). This 
represents an increase of approximately 25% in the reported maximum bending strains. However, the 
change in bending strain near the girth weld that failed was more significant. The bending strain near the 
girth weld changed from 0.02% in 2018 to 0.25% in 2021. The bending strain from the as-found condition 
was estimated at 0.42% representing a 61% increase from 2021 to the time of failure. This information 
supports the fact that the strains near the critical location were changing more rapidly than the strains 
near the peak displacement or the location of maximum bending strain within the previously identified 
area.

Another noteworthy observation in this analysis is that the membrane strains were equal to the calculated 
bending strains. It is common for pipeline operators to manage geohazard threats based on calculated 
bending strains alone. For most bending strain locations with smaller displacements and lower strain 
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values, the membrane strains are not significant and add less than 0.1% strain to the bending strain value. 
However, at larger displacements, the membrane strains can become significant with magnitudes equal 
to or greater than the calculated bending strain values as seen in this assessment. 
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APPENDIX A

Metallurgical Report
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Friday, June 16, 2023 100794-RP01-Rev0-061623

Nic Roniger, P.E. | MPL Mainline Integrity Supervisor
Marathon Pipe Line, LLC
539 S Main St, Findlay, OH 45840

Nic, 

Enclosed is our report documenting the mechanical testing and tensile strain capacity estimation of an 
intact girth weld removed from the Woodpat pipeline segment. This girth weld was removed due to the 
Edwardsville, Illinois incident occurring on March 11, 2022. Marathon reported that the pipeline in 
question was installed in 1949 using nominal 22-inch OD x 0.344-inch WT, API 5L, Grade X46 pipe material. 
Marathon reported that the pipeline transports crude oil at a maximum allowable operating pressure of 
881 psig, and the failure occurred at 479 psig. 

Thank you for the opportunity to complete this work and please do not hesitate to contact us with any 
questions.

Regards,

David Futch, PE | Director, Materials Engineering

ADV Integrity, Inc.
4027 Pinehurst Meadow | Magnolia, TX 77355
Office: | E-
Texas Registered Engineering Firm F-19081

Reviewed by:  Rhett Dotson, PE | Chief Engineer – Pipeline Integrity
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1.0 INTRODUCTION AND BACKGROUND

Marathon Pipe Line, LLC (Marathon) contracted ADV Integrity, Inc. (ADV) to perform mechanical testing 
of an intact girth weld removed from the Woodpat pipeline segment. This girth weld was removed due to 
the Edwardsville, Illinois incident occurring on March 11, 2022. The National Transportation Safety Board
(NTSB) performed a metallurgical examination of the failed girth weld and a partial examination of the 
intact weld provided. Marathon reported that the pipeline in question was installed in 1949 using nominal 
22-inch OD x 0.344-inch WT, API 5L, Grade X46 pipe material. Marathon reported that the pipeline 
transports crude oil at a maximum allowable operating pressure of 881 psig and the failure occurred at 
479 psig.

Marathon requested that ADV perform a series of examinations and mechanical testing to determine the 
weld’s quality and estimate the tensile strain capacity of the weld. To do so, ADV suggested a test matrix 
to include: pipe body and girth weld tensile tests, Charpy v-Notch testing of the girth weld per API 1104, 
CTODs of the welds per API 1104, girth weld macros, and full hardness maps. The cross girth weld tensile 
tests were monitored via digital image correlation (DIC) to provide additional details regarding strain 
during the tensile test. The results from each examination are summarized in the sections below.

ADV utilized feature dimensions determined via the NTSB examination on the failed girth weld and the 
feature dimensions present determined via radiographic testing (RT) of the intact girth weld. Based on 
review of the NTSB data, ADV determined the following:

Planar feature length within the failed weld: 
o Incomplete Penetration, 7.2-inch long, 1:15 to 1:30 o’clock orientation (0.6 to 1.2 feet); 

shown in Figure 1 and Figure 2
Metallurgical depth of 7.7 mm at deepest point, average 2-4 mm along the length 
of feature

o Incomplete Penetration, 1.2-inch long, 3:20 to 3:32 o’clock orientation (1.6 to 1.7 feet)
o Incomplete Penetration, 0.5 inch long, 6:46 to 6:53 o’clock orientation (3.25 to 3.3 feet)
o Incomplete Penetration, 0.5 inch long, 10:25 to 10:32 o’clock orientation (5 to 5.05 feet)

Intact weld: shown in Figure 3
o Volumetric Features:

Elongated slag inclusions and porosity, 0.5 inch long, 12:47 to 12:52 o’clock 
orientation (4.5 inch to 5 inch)
Elongated slag inclusions, 2 inches long, 2:20 to 2:40 o’clock orientation (13.5 inch 
to 15.5 inch)
Elongated slag inclusions, 1.5 inches long, 3:45 to 4:00 o’clock orientation (21.5 
inch to 23 inch)
Scattered porosity, 5 inches long, 5:12 to 6:05 o’clock orientation (30 inch to 35 
inch)
Elongated slag inclusions, 3 inches long, 7:38 to 8:10 o’clock orientation (44 inch 
to 47 inch)

o Planar features:
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Incomplete Penetration, 0.5-inch long, 4:15 to 4:21 o’clock orientation (24.5 inch 
to 25 inch)

Metallurgical depth 1.3 mm
Incomplete Fusion, 0.5-inch long, 6:54 to 7:00 o’clock orientation (39.75 inch to 
40.25 inch)
Burn through, 0.25 inch long, 9:20 to 9:23 o’clock orientation (53.75 inch to 54
inch)

Figure 1: Photograph of fracture surface. Numbered scale divisions are inches.

Figure 2: Photograph of fracture surface.
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Figure 3: RT image of intact girth weld.
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2.0 EXAMINATION OF INTACT WELD

2.1 Tensilee Tests

ADV performed tensile testing of the base pipe from both sides of the intact girth weld and three cross 
weld tensile tests around the circumference of the girth weld. The tensile straps were removed from the 
top of the pipe (12:00 o’clock orientation) and either the 3:00 o’clock orientation or 9:00 o’clock 
orientation, and the bottom of the pipe (6:00 o’clock orientation) guided by the RT images in an attempt 
to avoid flaws present. The cross girth weld tensile tests were monitored via digital image correlation 
(DIC). DIC utilizes a defined speckle pattern applied to the viewing surface (in this case the through 
thickness weld profile) created through black and white spray paint to monitor displacement over a given 
time. Relationship between the starting pattern and how that pattern deforms relative to adjacent 
patterns is then later interpreted as strain.

The results were compared to the closest API 5L edition from the time of manufacturing: API 5LX, 5th

Edition (1954). Tensile test (per ASTM A370) results, summarized in Table 1, respectively, are consistent 
with the requirements of API 5L, Grade X46 material. The cross girth weld tensile test prepared at the 
12:00 and 3:00 o’clock orientation failed in the weld metal with obvious signs of weld flaws (incomplete 
penetration and porosity). Images of all three tensiles are shown in Figure 4 through Figure 6. Videos of 
the DIC tests were provided in a separate file. Some of these videos failed outside the virtual extensometer 
as they failed in the base pipe. These results are considered further in the tensile strain capacity 
calculations.

Table 1: Tensile Strength Results

Sample Yield Strength
(psi)

Tensile Strength
(psi)

Elongation
(%)

Pipe Body, Longitudinal, 
Upstream Pipe 51,200 82,600 30.0

Pipe Body, Longitudinal, 
Downstream Pipe 55,700 82,000 30.0

API 5LX, Grade X46
5th Edition (1954) 46,000 (min) 63,000 (min) 23.5 (min)

Cross Girth Weld 1 (12:00) --- 69,400 1 ---
Cross Girth Weld 2 (3:00) --- 69,400 1 ---
Cross Girth Weld 3 (6:00) --- 81,200 2 ---

Longitudinal, 3/4" wide reduced sections
1 Failed in base material, 2 Failed in girth weld or HAZ
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Figure 4: 12:00 o’clock orientation cross girth weld tensile.

Figure 5: 3:00 o’clock orientation cross girth weld tensile.

Figure 6: 6:00 o’clock orientation cross girth weld tensile.

2.2 Charpyy v-Notchh Testss 

Girth weld centerline and girth weld heat affected zone (HAZ), two-thirds size Charpy V-notch tests (per 
ASTM A370) were performed to generate a transition curve; results are summarized in Table 2. Charpy V-
notch transition curves were generated using a hyperbolic tangent curve-fit (API 579, Annex 9F) and 
summarized in Figure 7 and Figure 8.
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Table 2: Charpy V-notch Results

Location Specimen Temperature
Absorbed 

Energy
(ft-lb)

Approx. Full-Size Equivalent 
Absorbed Energy

(ft-lb)

Percent 
Shear (%)

Weld 
Centerline

1 -110 12 17.9 30
2 -90 4.5 6.7 25
3 -70 21 31.3 40
4 -20 22 32.8 60
5 32 41 61.2 100
6 74 39 58.2 100

Weld HAZ

1 -70 4 6.0 10
2 -20 8 11.9 40
3 32 34 50.7 60
4 74 37 55.2 70
5 120 41 61.2 80
6 170 49 73.1 100

Figure 7: Girth weld centerline CVN transition curve.
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Figure 8: Girth weld HAZ CVN transition curve.

2.3 CTODs

ADV contracted Anderson and Associates to perform Bx2B SE(B) CTODs notched in the weld HAZ and the 
weld centerline. These tests were performed at ambient temperature at three circumferential locations: 
12:00 o’clock, 3:00 o'clock, and 6:00 o'clock orientation. The results are summarized in Table 3. 

Table 3: CTOD Results

Location CTOD (in) Average CTOD (in)

HAZ
12:00 0.011

0.00973:00 0.0073
6:00 0.011

Weld Centerline
12:00 0.012

0.01093:00 0.011
6:00 0.0098 1

1 Invalid result due to weld flaw present.

2.4 Girthh Weldd Macross andd Hardnesss Testingg 

ADV prepared two metallurgical cross sections of the girth weld, one at the 12:00 o’clock and one at the 
3:00 o’clock orientation. These cross sections are shown in Figure 9 and Figure 10, respectively. High-lo 
was identified in the 3:00 o’clock cross section, as annotated in the figure. The high-lo present at the 3:00 
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o’clock orientation is shown in Figure 11. An area of incomplete penetration was identified connected to 
the high-lo present. The base pipe microstructure on both sides of the girth weld is consistent with a 
ferrite-pearlite mixture expected for carbon steel, shown in Figure 12 and Figure 13.

Full hardness maps were performed on the cross sections at a 500-gram load (HV0.5). Images of the 
hardness traverse are shown in Figure 14 and Figure 15, respectively. No evidence of widespread heat 
affected zone softening was identified. ADV further calculated a weld strength factor (weld strength / pipe 
strength) for each macro: both were approximately 0.95. The full hardness reports are attached in 
Appendix B.

Figure 9: Photomicrograph of across the intact girth weld at the 12:00 o’clock orienation. Etchant is 2% 
Nital; original mangification is 0.6x.

Internal Surface

External Surface
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Figure 10: Photomicrograph of across the intact girth weld at the 3:00 o’clock orienation. Etchant is 2% 
Nital; original mangification is 0.6x.

Figure 11: Photomicrograph of girth weld feature present along the internal surface of the 3:00 o’clock 
cross section. Etchant is 2% Nital; original mangification is 50x.

0.025 inch

Internal Surface

External Surface

See Figure 5

Internal Surface
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Figure 12: Photomicrograph of the base pipe material upstream of the girth weld. Etchant is 2% Nital; 
original mangification is 200x.

Figure 13: Photomicrograph of the base pipe material downstream of the girth weld. Etchant is 2% 
Nital; original mangification is 200x.
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Figure 14: HV0.5 hardness map of weld, 12:00 o’clock orientation.

Figure 15: HV0.5 hardness map of weld, 3:00 o’clock orientation.

2.5 Calculatedd Tensilee Strainn Capacityy (TSC)

ADV followed PRCI SIA-1-7 to estimate the TSC of the weld, which contains a 0.67 safety factor. The 
assumptions utilized in the calculations are shown in Table 4. These assumptions were based upon the 
test results described in the subsections above.

Load case 1 was utilized to represent a feature of similar depth to that of the failure origin. The PRCI SIA-
1-7 software contains a maximum allowable aspect ratio of 12 and a maximum depth of 80% of the 
nominal wall thickness. Therefore, the flaw identified is outside the limits of the available industry tool. 
This limited the analysis to a feature that measured 6.95 mm deep (0.274 inches deep) with a length of 
3.27 inches. This resulted in a feature that was slightly shallower (compared to the peak depth) and 
approximately half the length than found during the metallurgical examination, resulting in a TSC of 0.29.
Load case 2 is based on the longest allowable feature within the PRCI SIA-1-7 software with a depth of 3.5 
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mm (similar to the average depth along the identified feature). Load case 3 is based on the feature length 
and depth identified via RT and metallography of the intact girth weld provided. These load cases are 
repeated with the pressure being modified from the MOP (881 psig) to the reported failure pressure (479 
psig).

Table 4: Tensile Strain Capacity Inputs and Results

Input Case
1 2 3 4 5 6

Pipe OD (in) 22
Pipe WT (in) 0.344 (8.7 mm)
Pipe Grade Grade X46 (46 ksi yield)

Pressure Factor 0.61 (881 psi) 0.33 (479 psi)
Misalignment (mm) 0.80

Weld Strength Factor 0.95
Flaw Length (in) 3.27 1.65 0.5 3.27 1.65 0.5

Flaw Depth (mm) 6.95 3.5 1.5 6.95 3.5 1.5
CTOD (in) 0.0097 (Avg), 0.0073 (Low)

Apparent Toughness, CTODa (in) 0.0177
Result (TSC %) 0.29 0.89 >2.0 0.35 1.1 >2.0



Woodpat Pipeline Girth Weld Testing, Edwardsville Illinois Pipe Sample 100794-RP01-Rev0-061623
Marathon Pipe Line, LLC June 2023

Page 16

APPENDIX A:  HARDNESS TESTING REPORTS
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