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1: Items Completed During this Quarterly Period:
The following items were delivered in this quarterly period.  The total to be billed for this quarter is $86,500.
	Item #
	Task #
	Activity/Deliverable
	Title
	Federal Cost
	Cost Share

	37
	2
	Task 2 – Identify potential limitations in components and pipeline conditions
	Potential component and condition limitations identified
	$8,000
	$0

	38
	4
	Task 4 – Develop assessment and repair procedure for identified anomalies
	Assessment procedure development
	$29,000
	$0

	39
	5
	Task 5 – Assess critical flaw sizes and respective detection thresholds
	Critical flaw sizes and thresholds assessed
	$25,000
	$20,000

	40
	6
	Task 6 – Review regulatory requirements for safety implications of pipeline conversion
	Regulatory requirements for conversion reviewed
	$15,000
	$0

	41
	7
	Task 7 - Determine and describe necessary operator actions
	Necessary operator actions determined
	$7,000
	$0

	42
	8
	7th Quarterly Status Report
	Submit 7th quarterly report
	$2,500
	$0



2: Items Not Completed During this Quarterly Period:
We are on target this quarter.
3: Project Financial Tracking During this Quarterly Period:
The financial tracking bar graph was put on a cumulative rather than a quarterly basis.  This shows that we are on track.
[image: ]
4:  Project Technical Status 
Work continued during the last quarter, as summarized below.
Task 1 – Literature Review
[bookmark: _Hlk138957057]Completed.
Task 2 – Identify Potential Limitations in Components and Pipeline Conditions
Completed.
Although Task 2 is technically completed with the submission of the elicitation survey to identify “Potential Limitations in Components and Pipeline Conditions” this area is where additional information will be developed for years to come.  Therefore, Emc2 will provide updates in these quarterly reports as appropriate when new information is obtained, even though it is beyond the task completion date.
The effects of gaseous hydrogen from transportation on SCC cracking seem to be a topic of variable opinion. In a DOT/PHMSA project on hydrogen pipeline threat evaluations we are just completing, some SMEs expressed the opinion that hydrogen should have no effect on SCC rates. At the same time, at least one university paper suggests that hydrogen increases the reactivity of the steel in the corrosion process. This increased reactivity may affect SCC, general corrosion, and perhaps selective seam weld corrosion. 
Any appropriate information from the September 2024 IPC meeting will be included as an update to this task. Additional information relative to this task is reported in Task 5.
Task 3 – Evaluate Non-Metallic Components for Retrofit or Replacement
Completed.  There is nothing additional to comment on at this time.
Task 4 – Develop Assessment and Repair Procedures for Identified Anomalies
[bookmark: _Hlk156312653]The efforts in this task are now complete. Should additional information become available before the end of the program, then that information will be reported as appropriate in this task.
DOT/PHMSA also issued an RFP for more detailed repair evaluations for hydrogen testing, where the fundamental work and scoping calculations developed in this task will be quite useful.
Task 5 – Assess Critical Flaw Sizes and Respective Detection Thresholds
During the last quarter, Prof. Gao of the University of Akron completed the additional efforts discussed below. Some of his results, along with other results from this program, were summarized in an IPC 2024 paper (sent separately to Louis Cardenas, the project's TTI). The review comments were very complimentary. Below, the focused continuing efforts underway are described.
Subtask 5.1 – Hydrogen Diffusion in Steels under the Influence of Stress and Plastic Deformation and the Resulting Effects on Damage Progression and Fracture Toughness – Development of Fundamental FE Evaluation Methods
During the last quarter, we have been working with Prof. X. Gao of the University of Akron to conduct the following additional hydrogen concentration sensitivity studies. The latest cases examined: 
1. SENT testing with different a/t. This evaluation is being done since the toughness of a surface-cracked pipe decreases with increasing a/t (or a/W in a SEN(T) specimen). The near crack-tip hydrogen concentration may change significantly with the a/W, which implies that the toughness changes relative to the different local hydrogen concentrations.
2. Case of hydrogen concentration in an ERW seam weld with a surface crack, examining the effect of using the base metal strength everywhere in the FE model versus including the higher hardness weld metal stress-strain curve in only the ERW weldment.
Evaluation of Hydrogen Concentrations in SEN(T) Specimens with Different a/W Values
The reason for this assessment is that since 2017, it has been shown that the fracture toughness of surface cracks and SEN(T) specimens changes with a/W due to constraint effects [1] [2]. The higher the fracture toughness, the larger the plastic strain, which in turn should increase the hydrogen trapping. It follows that the higher the local hydrogen concentration, the further the toughness should decrease. 
Current autoclave gaseous hydrogen testing uses C(T) specimens that have much higher constraint in the fracture process than SEN(T) specimens that mimic surface cracks better; however, there is a large number of SEN(T) tests in air on linepipe steels. A vintage base metal set of SEN(T) tests at room temperature was used for this evaluation. The base metal was from a 1960 ERW pipe where the stress-strain curve was available for the FE modeling. The SEN(T) specimens had a/W values of 0.28, 0.49, and 0.66.  The start of ductile tearing in air and the J-R curves were determined. For this effort, the evaluation was for the hydrogen concentration that would occur if the specimen was hydrogen-exposed. The numerical modeling continued up to the displacement where ductile tearing occurred in air.
The procedures used by Professor Gao of the University of Akron are identical to those used in all the past hydrogen concentration evaluations previously shown in this project. Some specific differences are that the results presented are based on small strain formulation with Abaqus NLGEOM=NO. The specimens are loaded in displacement-control to the load levels when ductile tearing is initiated in the air tests. The maximum applied displacements are 0.075 mm, 0.105 mm, and 0.25 mm for specimens having a/W=0.66, 0.49, and 0.28, respectively. A uniformly initial hydrogen concentration CL = 2.084x1012 atoms/mm3 is assumed for all specimens. The no-flux boundary condition is assigned at the surfaces of specimens, and hydrogen redistribution in the specimen is driven by the varying stress and deformation fields.
The results of the calculation for the hydrostatic stresses and plastic strains are the two key inputs for determining the trapped hydrogen. Figure 1 shows the distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CT) from the hydrostatic stresses, hydrogen concentration at NILS (CL) from the plastic strain, and total hydrogen concentration (CTotal), respectively, at the crack front near the specimen's symmetry plane.
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[bookmark: _Ref177459883]Figure 1	Distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CL) from triaxial stresses, hydrogen concentration at NILS (CT) from the plastic strain, and total hydrogen concentration (CTotal), respectively at the crack front near the mid-thickness plane of the specimen with a/W = 0.28
Figure 2 shows the results of the a/W = 0.49 specimen for the distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CT) from the hydrostatic stresses, hydrogen concentration at NILS (CL) from the plastic strain, and total hydrogen concentration (CTotal), respectively, at the crack front near the specimen's symmetry plane.
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[bookmark: _Ref177460160]Figure 2	Distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CL) from triaxial stresses, hydrogen concentration at NILS (CT) from the plastic strain, and total hydrogen concentration (CTotal), respectively at the crack front near the mid-thickness plane of the specimen with a/W = 0.49
Finally, Figure 3 shows the results of the a/W = 0.66 specimen for the distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CT) from the hydrostatic stresses, hydrogen concentration at NILS (CL) from the plastic strain, and total hydrogen concentration (CTotal), respectively, at the crack front near the specimen's symmetry plane.
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[bookmark: _Ref177460417]Figure 3	Distributions of plastic strain (εp), hydrostatic stress (3σh), hydrogen concentration at the trapping sites (CL) from triaxial stresses, hydrogen concentration at NILS (CT) from the plastic strain, and total hydrogen concentration (CTotal), respectively at the crack front near the mid-thickness plane of the specimen with a/W = 0.66
The above results show that 1) the hydrostatic stress gradient is high ahead of the crack front, thus CL is elevated in this region; 2) plastic strain concentrates at the crack tip region, thus CT is elevated in this region; and 3) CTotal is dominated by CT, thus is the dominant factor affecting hydrogen distribution. 
To illustrate the trends better for the three SEN(T) specimens, Figure 4 shows the Number of Trapped Hydrogen Atoms in the plastic zone as a function of displacement for a/W = 0.28, 0.49, and 0.66 specimens. Here, the plastic zone is quantified as the total volume of the integration points at which the equivalent plastic strain is greater than 10-6. With rising applied displacement, the amount of hydrogen atoms within the plastic zone increases. Except for the very early loading stage, the total number of trapped hydrogen atoms in the plastic zone is the largest in the a/W = 0.28 specimen and smallest in the a/W = 0.66 specimen. This is consistent with the difference in fracture constraint of these specimens.
This result is an important finding since, generally, the higher the toughness, the greater the plastic strain. The trend is also consistent with the autoclave C(T) test finding that new line-pipe steel with higher toughness has a greater amount of hydrogen degradation. We, therefore, anticipate the schematic trend in Figure 5 of how the fracture initiation toughness (Ji) for different surface crack depths might change with hydrogen. The trend should be that shallower surface cracks will experience a greater toughness loss from hydrogen than deeper surface cracks. This toughness change with surface crack depth is a key factor in leak-rupture behavior, so there should be some effect in the crack length for leak versus rupture behavior in hydrogen service.
[image: A graph with lines and numbers

Description automatically generated]
[bookmark: _Ref177461736]Figure 4	Number of trapped hydrogen atoms in the plastic zone as a function of applied displacement. The maximum displacement applied corresponded to the start of ductile tearing in air.
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[bookmark: _Ref175859686][bookmark: _Toc175912911][bookmark: _Toc176523698]Figure 5	Relationship between preferred-geometry C(T) specimen initiation toughness (Ji) and SEN(T) specimen Ji values as a function of a/W in the SENT specimens for air testing, and possible change in the SEN(T) Ji values in hydrogen




Hydrogen Concentration in an ERW Axial Surface-Cracked Seam Weld
The results were shown in the last quarterly report, but we thought it might be more illustrative to show the number of hydrogen trapping sites near the crack versus pressure for the two FE models. The first model assumes that the entire pipe has the base metal strength, while the second model uses the weld metal strength in the ligament of the ERW seam. 
Figure 6 shows the number of trapped hydrogen atoms in the plastic zone as a function of applied pressure for the axial flaw pipe. Here, the plastic zone is quantified as the total volume of the integration points at which the equivalent plastic strain is greater than 10-6. As the applied pressure increases, the plastic zone expands, and the amount of hydrogen atoms within the plastic zone increases. Because the yield stress of the weld material is much higher than that of the base material, the plastic strain (and plastic zone size) in the welded pipe is much smaller at the same applied pressure, resulting in much fewer trapping sites and, thus, a much smaller amount of trapped hydrogen. To better visualize the hydrogen result in the welded pipe, the plot is also made in logarithmic scale and shown in Figure 7.
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[bookmark: _Ref178168668]Figure 6 Number of trapped hydrogen atoms in the plastic zone as a function of applied pressure 
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[bookmark: _Ref178168735]Figure 7 Number of trapped hydrogen atoms in the plastic zone as a function of applied pressure (in logarithmic scale)
General Commentary on the FE Hydrogen Concentration Analyses and Fracture Mechanics Constraint Interactions for Vintage Pipeline Applications
The following includes updates from the last quarterly report, although the concepts are the same. This approach attempts to use Charpy data that operators have collected for the DOT/PHMSA MegaRule toughness evaluations. 
From the above cases and many more service applications not presented here, the relative hydrogen at the crack/flaw region to that applied on the ID surface is a general indication of the ranking of the importance of hydrogen to that type of integrity challenge. The amount of hydrogen in the gas (or autoclave testing) partially determines the hydrogen degradation, but there are other factors that determine the local crack-tip region hydrogen concentration. What is not known yet is how to relate the local crack-tip region hydrogen concentration to toughness degradation. That is the next challenge.  The local crack-tip hydrogen concentration can differ from values in an autoclave for fracture specimen test data for the same surface hydrogen applied.
A good starting point to determine this relationship of JIc-H versus local hydrogen concentration would be to take autoclave hydrogen testing data on line-pipe steels where tests were done with different partial pressures using C(T) specimens. However, when looking at autoclave testing data from several sources, we found that the preferred ASTM C(T) size was not used and might vary from material to material due to the different thicknesses of the pipes. The hydrogen autoclave testing organizations did not recognize that those thickness differences affect the measured toughness values and, hence, the amount of hydrogen degradation. 
We have recently followed up with the ASTM E1820 committee chairmen to suggest that the ASTM E1820 standard needs to be tighter for W/B or a/W variations. At a minimum, the wording in the standard should provide a warning that the measured toughness values with non-preferred specimen geometries can vary from the preferred geometry. During the development of the standard (back in the 1980s), the engineers involved in the standard development were familiar with these trends, but newer testing engineers and testing laboratory personnel were not. The currently allowed too-wide specimen geometries need to be fixed to get more consistent hydrogen autoclave testing. There is a future EPRG/PRCI round-robin testing effort for hydrogen gas autoclave testing, and the specimen geometries are suggested to follow the ASTM-preferred specimen geometry.
For existing pipelines, the preferred-size ASTM E1820 C(T) specimen[footnoteRef:2] was used in an inert environment to correlate to the toughness of a surface crack in a pipe [1]. Figure 5 previously showed how the preferred C(T) specimen relates to the toughness of SEN(T) specimens that agree with surface-cracked-pipe tests in an inert environment. C(T) specimens are “high-constraint specimens” (in fracture mechanics terminology), giving a lower toughness than a tension specimen where the tension specimen is more typical of a surface crack in a pipe. Single-edge-notched tension, SEN(T), specimens have a good similitude to a surface crack in a pipe, and it has been found that the initiation toughness increases as the depth/thickness of the crack decreases. [2: ASTM E1820 fracture toughness test standards has preferred C(T) specimen geometries that are W/B=2 and a/W=0.5; where W=width of the specimen, B=thickness, and a=crack length.] 

This empirical constraint-adjustment relationship only holds for the preferred C(T) specimen geometry per ASTM E1820. Additionally, the thickness of the C(T) specimen is equal to the width of the SEN(T) specimen for constraint consistency. The SEN(T) specimen with a crack oriented in the same direction as a surface crack and has a thickness equal to the pipe thickness.  This constraint-adjustment relationship works well for all materials on the upper-shelf toughness temperature region.  Due to the constraint similitude with a surface crack, the SEN(T) specimen also determines the brittle-to-ductile transition temperature of the surface-cracked pipe, whereas a C(T) test will give a much warmer brittle-to-ductile transition temperature [2].
Ideally, autoclave hydrogen testing would be done with fixed-grip SEN(T) specimens for more direct similitude with surface-cracked pipe, but C(T) specimen testing is much easier.  In looking at the autoclave hydrogen test data from many sources, the W/B values of the C(T) specimens were greater than 2 and, in cases up to a ratio of W/B=7, meaning the thickness was ~28 percent of the preferred-geometry ASTM specimen. Other cases are variable from pipe material to pipe material depending on the original thickness of the pipe. Some are closer to W/B=2 on occasion, so no single correction could be used. For example, the change in the initiation toughness with this factor of 28% of a preferred specimen thickness is estimated from Figure 8 to give a toughness value of 2.5 times higher than the preferred geometry C(T) specimen in an inert environment. The complication with the hydrogen is that a higher toughness value comes from the higher amount of plastic strain. As shown earlier in Figure 1 to Figure 3, the higher plastic strain will draw more hydrogen to the crack tip (the CT contribution increases), which should decrease the toughness further (relative to an inert environment) than from preferred geometry C(T) testing.
Compounding some of the autoclave testing, some C(T) tests are first used for fatigue crack growth rate testing, then fracture testing. From looking at fracture surfaces in published papers, the a/W of the C(T) test could be about 0.7, not the preferred a/W=0.5. C(T) specimen [like SEN(T) and SEN(B) specimen] Ji values are also sensitive to different a/W values. The a/W value of 0.7 in the C(T) test will reduce the toughness (in an inert environment and probably a hydrogen environment).
A final aspect that needs understanding is the effect of hydrogen on surface cracks of different a/t values in pipes.  Figure 1 to Figure 3 show the FE results of three different SEN(T) specimens with different a/W at load levels where the start of ductile tearing occurred. The plastic-strain fields are shown. It can be clearly seen that the shallower crack (with higher toughness) had a significant plastic strain – which is consistent with all other published data of this type. However, that larger plastic strain field causes a higher hydrogen concentration. If the magnitude of the change in the hydrogen concentrations is important to the fracture resistance, then one might expect the shallower crack fracture behavior to be more affected by hydrogen degradation than the deeper cracks. The results might be a flattening of the Ji value as a function of a/t [as was shown in Figure 5].
An important conclusion from these assessments is that for the hydrogen degradation evaluation, the effects of constraint on specimen geometry and, more importantly, on surface-crack geometries in pipes have not received any attention up to now. 
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[bookmark: _Ref163758612][bookmark: _Hlk163759058]Figure 8	Correlation between Ji values from preferred ASTM C(T) and SEN(B) specimen geometries with subthickness specimens – keeping a/W ~0.5
With the above discussion, it is seen that a better-defined procedure is needed to illustrate how the autoclave hydrogen data would be used and that adjustments to it may be needed from many more critical flaw evaluation procedures. Figure 9 is an attempt to illustrate the steps needed to move from using Charpy data, which the operators currently have to include adjustments to autoclave test data for burst-pressure evaluations, which are further discussed below.
Analysis Procedure for Critical Flaw Sizes or Burst Pressures and Flow Chart for Hydrogen Pipelines
Pipeline Inputs needed are the following:
· Diameter, Thickness, Grade, material type/vintage, and if there is any Charpy data?
· Next, estimate the stress-strain curve.
· Obtain the operating pressure and minimum design temperature.
· Determine if there are any unusual applied axial stresses.
Flaw Location and Flaw Type could be one of the following:
· Flaw could be in the base metal, axial seam weld, or girth weld
· Flaw type could be manufacturing flaws in base or seam/girth welds as well as fatigue cracks, SCC, HSC (hard spots/welds), dent, gouge and dent, wrinkle bend, corrosion patches, selective seam weld corrosion, etc.
Determination of Crack-Driving Force – i.e., Pressure vs Japplied
· The crack-driving force could be from appropriate FE numerical simulation or validated J‑estimation procedure
Determination of Atomic Hydrogen Concentration Near Flaws – (New crack-region hydrogen-concentration parameter to be determined, i.e., see Figure 4)
· This crack-tip hydrogen concentration parameter must be determined from FE analyses, or FE-based correlations must be established. The local hydrogen concentration is affected by the following;
· Prior plastic strain (dent, gouge, wrinkle bend, welds including stop-start locations and repair welds in the seam or pipe body, hydrotest induced plasticity for existing flaw, hardspots areas, etc.), and 
· Hydrostatic stresses (elastic residual stresses in welds, dents, gouges, bends, hardspots, etc.).
Determine Reference Toughness in Air Environment
· One could start with Charpy data for a reference toughness in air
· Charpy data from the user database can be used as an initial reference input for an inert gas environment
· From tests on the pipeline material for flaw location of interest, 
· If the database only has SA% and energy at one temperature, use the PRCI IM-1-08 procedure [1] to get CVP energy for the full-size specimen, and
· Determine fracture initiation transition temperature to see if ductile initiation occurs for a surface-cracked pipe at the minimum operating temperature using IM-1-08 procedures [1].
· Some vintage high hardness ERW/EFW/DSA welds may initiate brittle initiation in surface-cracked pipes. 
· Or use database statistics from PRCI IM-1-08 reports [1] for similar pipe manufacturer/vintage/weld type for Charpy or preferred-geometry fracture toughness specimen data
· Determine preferred-geometry C(T) specimen JIc in air environment
· JIc = f(CVP, thickness) correlation developed during PRCI IM-1-08 [1], and
· Preferred C(T) or bend specimen geometries have W/B=2 and a/W=0.5, per ASTM E1820. 
· Input C(T) or bend specimen data in air
· For non-preferred specimens, adjust JIc to get the preferred specimen reference JIc value
· Use W/B correction from PRCI IM-1-08 [1], and shown in Figure 8.
· Use a/W correction (there is an air test correction for SEN(T) specimens, and have a little trend data for C(T) specimens with different a/W and some SEN(B) data too.  It would be nice if all specimen types had the same correlation, but the a/W correction to a/W=0.5 needs to be determined.
· Adjust to full pipe thickness if specimen thickness is less than pipe thickness (can use the CVP vs JIc as a function of thickness trend curves or SEN(T) specimen with “W” adjustment).
· Correlate preferred-geometry SEN(B) or C(T) JIc values to surface-cracked pipe (or SEN(T) specimen) JIc values as function of a/W.
· Use correlations developed in IM-1-08 report, where one can go from CVP to C(T) or SEN(B) JIc value to surface-cracked-pipe or SEN(T) JIc values as function of a/t (a/W); or C(T) or SEN(B) JIc values to surface-cracked pipe [or SEN(T)] JIc values as function of a/t (a/W).
Adjust Air Environment JIc for Changes from Crack-Tip Hydrogen (using the new crack-tip hydrogen concentration parameter). 
· If have C(T) specimen JIc-H data, adjust to preferred-geometry C(T) specimens, then convert to SEN(T) Ji values– see above steps.
· Developed from analysis of autoclave test data, where JIc-H /JIc-air = fcn of (H ), where H  is a new local crack-tip-region hydrogen concentration parameter (to be developed).
· Note, most of the autoclave tests are on non-preferred C(T) specimen geometries – it still needs to be determined if one can use the relative adjustments from non-preferred C(T) to SEN(T) constraint-adjusted JIc values from the air trends (maybe use the air trends as a starting point, but validation in hydrogen needed in future testing!)
· H  value from service integrity flaws includes effects of prior plastic strain, residual stresses, hydrotesting, hydrogen exposure from one surface, etc. on the local-crack-tip hydrogen concentration that are not aspects that can be included in autoclave testing.
· Using autoclave data with either pure hydrogen to get an equivalent ppm or blended gas at operating pressure to get the JIc-H vs H  relationship
· Sensitivity of JIc vs. H should vary with the material type (grade, newer or vintage, seam welds, girth welds, hard-spot hardness values)
· Establish correlations once there is enough data
· Although JIc-air varies with material, how does JIc-H/JIc-air vs. H  vary with different materials? Some variable relationship may exist as a function of material parameters such as Sy, Su, BHN, etc.
· Determine if there is any temperature sensitivity on brittle-to-ductile initiation from hydrogen. 
· This will be important for some vintage hard ERW/EFW seam welds, some vintage DSAW, and hard-spot materials where the fracture initiation transition temperatures are in the operating temperature range.
· This hydrogen effect on the brittle initiation behavior is unknown at this time since all autoclave testing is at room temperature, uses non-preferred C(T) specimens, and we have not seen much data on high-transition-temperature steels.  
· Apply correction to SEN(T) constraint-adjusted JIc-H values, although that correction needs experimental validation, and no data yet exists. 
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[bookmark: _Ref171342162]Figure 9	Flow chart for determining burst pressure for cracks in hydrogen pipelines

Hard-Spot Critical-Crack-Size Evaluations for Burst Pressure
One update since the last quarterly report is the finding of additional residual stresses in hard spots from strain-gage data. The Battelle/NG-18 Report #37 (1971) had some strain gauge data measurements in hard spots to determine the residual stresses with no applied internal pressure. Those hard spots had a different geometry than the data reported in the last quarterly report. Report #37 hard spots were very long circumferentially (46 to 51 inches), while the hard spot evaluation shown in the last quarterly report had a circumferential length of about 7 inches. Both the hard spots in Report #37 and the recently measured hard spot were about 8 inches in axial length. The newly found residual stress values are shown in Figure 10, and are higher than the simple linear trend of the prior values. This suggests that the circumferential length of the hard spot may influence the residual stresses. The residual stresses in the hard spot can be comparable to the hoop stress in vintage pipelines for a Class 1 location at 72% SMYS and, hence, should contribute significantly to hydrogen stress cracking.
Depending on the review of fiscal status, the residual stresses could be added to the FE-based hard-spot model to examine the crack-driving force, as well as a calculation of the hydrogen density.
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[bookmark: _Ref175822512][bookmark: _Toc175912897][bookmark: _Toc176523684]Figure 10	Measurements of OD residual stresses in hard spots

Task 6 – Review Regulatory Requirements for Safety Implications of Pipeline Conversion
In the U.S., pipelines are regulated by Title 42 Part §192 of the CFR, with enforcement and rulemaking responsibility by the Pipeline and Hazardous Materials Safety Administration (PHMSA).  This regulation covers NG and “other gas” but does not directly address hydrogen service.  It incorporates B31.8S by reference, but as of this writing, it does not include ASME B31.12.  However, Section §192.632 covering ECA requires defects to be evaluated using appropriate material properties in engineering analyses.  This would necessitate consideration of HE in any damage evaluation.  Useful information can be gleaned from developing the ASME standard B31.12 Part PL-3.21 covering the design and construction of new pipelines intended for hydrogen service. 
In Title 42 Part §192.917, the following threats in B31.8S are incorporated by reference:
· Time-dependent threats such as internal corrosion, external corrosion, and stress corrosion cracking.
· Stable threats, such as manufacturing, welding, fabrication, or construction defects.
· Time-independent threats, such as third-party damage, mechanical damage, incorrect operational procedure, and weather-related and outside force damage, to include consideration of seismicity, geology, and soil stability of the area.
· Human errors, such as operational or maintenance mishaps or design and construction mistakes.
Due to the detrimental effect of hydrogen on the mechanical properties of steel, the potential for leak or rupture due to many of these threats may increase.  However, no industry standards or codes currently address the post-construction integrity of pipelines containing hydrogen.  Some important gaps that should be addressed to manage the safety and integrity of pipelines transporting hydrogen effectively include the following:
The loss in fracture toughness decreases tolerable flaw size of cracks or crack-like defects. Guidance on the appropriate toughness that should be used in ECA analysis is needed to ensure repair plans are effective. This would include time-dependent threats associated with SCC or fatigue crack growth, or stable threats due to original manufacturing defects.  The impact of fracture toughness on the tolerable flaw size is illustrated in Figure 11.  This example considers an axial seam OD flaw in a 22” diameter pipeline with a 0.312” wall thickness.  The operating pressure is 750 psi, or about 50% SMYS.  Also shown is the typical 90% probability of detection for UTCD (ultrasonic crack detection) tools of 1-mm depth. Note that at a toughness of around 35 ksi-√in, flaws around 0.5” in length at a depth of 0.04” (1 mm) are critical, suggesting that critical-sized flaws may not be detected with the desired 90% POD. 
Another important property change caused by the presence of hydrogen includes loss in fracture strain. Damage limits associated with locally thinned areas are expected to be affected by a loss in tensile ductility.  It has been demonstrated that hydrogen will accumulate locally in regions of high stress and strain, as illustrated in Figure 12.
[image: ]
[bookmark: _Ref171600935]Figure 11	Effect of loss in fracture toughness on tolerable flaw size
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[bookmark: _Ref171758137]Figure 12 Hydrogen Concentration in Locally Corroded Region Under Internal Pressure
The local concentration of hydrogen is shown to be increased due to the higher hydrostatic tensile stress and the increased solubility caused by the plastic strain.  Typical approaches for evaluating the acceptable size of locally thinned areas, e.g., B31.G Modified B31.G or RSTRENG, are based on an estimate of flow stress, as illustrated in  Figure 13.
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[bookmark: _Ref171759247]Figure 13 Models Used to Assess Local Thin Areas in Pipelines
These models have been developed and calibrated using pipe burst tests and relate failure pressure to the flow stress, usually taken as the average between the yield and tensile stress.  As hydrogen does not significantly alter these properties, the predicted burst pressure would not be affected using these and other empirically derived models.  However, the potential for cracking and failure is related to the accumulation of plastic strain within the corroded region and, therefore, may influence the burst pressure.  As a result, criteria for locally corroded regions in pipelines may need to be revised to include the effects of hydrogen.  Similarly, limits on other forms of damage, such as dents, gouges, etc., associated with local strain accumulation may require a study to determine if acceptance limits should be revised.
In addition to these forms of damage, there is the potential for an additional mechanism associated with subcritical crack growth under static loading. It has been shown that the accumulation of hydrogen at the crack tip can reduce the resistance to stable growth under constant load. This possibility is recognized in ASME B31.12, which includes test methods for establishing the minimum stress intensity for crack growth in hydrogen.  This standard provides a performance-based approach (Option B), where testing in hydrogen gas can be used to qualify materials.  However, no assessment methodology is currently in place to assess this for pipelines.  In the refining sector, low alloy pressure vessels containing hydrogen are susceptible to stable crack growth and are routinely evaluated to assess the potential for cracks to propagate during start-up at ambient temperature. This analysis is predicated on a KIH limit, which is the critical stress intensity for stable crack growth in hydrogen.
As discussed previously, the potential for hydrogen stress cracking at hard spots is likely to increase. High hardness equates to high tensile strength, which tends to increase sensitivity to hydrogen embrittlement. Therefore, pipelines known to be affected by hard spots may require additional analysis to evaluate the criticality of this issue when converted to hydrogen service.
A summary of the anticipated impact of hydrogen on root causes identified in ASME B31.8S is shown in Table 1 along with a potential mitigation strategy.
[bookmark: _Ref178232683]Table 1 Impact of Hydrogen on ASME B31.8S Root Causes
	B31.8S Root Cause
	Threat Level
	Description
	Primary Concern
	Mitigation Approach

	Seam Crack
	High
	Cracks located in ERW seams are often associated with pipe manufacture, e.g., hook cracks and lack of fusion. Susceptible to subcritical crack growth depending on applied stress and crack size.
	Crack growth to critical size, causing leak or rupture. Affected by fatigue
	ILI tools such as UTCD, EMAT, or hydrotesting are used to identify and estimate size. ECA is based on fracture mechanics analysis to determine mitigation strategy. Hydrotesting can establish maximum survivable flaw to help validate ILI results.

	Hard Spot
	High
	High degree of sensitivity to hydrogen. History of cracking due to hydrogen. Susceptible to subcritical crack growth depending on applied stress and crack size.
	Depending on size of hard spot, HSC could result in a critical sized flaw leading to longitudinal rupture.
	Detection by ILI tools is the primary approach, followed by removal. Concern for reliability of detecting hard seams due to the small volume of material affected. Are closely associated with manufacturer (primarily A.O. Smith, but also a few other manufactures of pipe in the 1950’s).

	Wrinkle Bend
	Medium
	Location of high strain and complex stress state. Location that could have higher hardness due to work hardening and greater sensitivity to hydrogen. 
	Crack initiation and grow by fatigue leading to circumferential leak or rupture.
	Identification and characterization of deformation. ECA limits may be based on dimensions, finite element analysis, estimation of strain, and assessment of fatigue life.

	Fabrication Welds
	Medium
	Weld related defect density is likely compared to ERW seams. Flaws oriented normal to principal stress, but crack driving force from weld residual stress present. Lower driving force for fatigue crack growth.
	Crack growth to critical size. Low driving force for fatigue crack growth. Better properties and fewer weld related defects compared to seam welds. Failure likely circumferential, leak or rupture.
	Identification by ILI tools such as EMAT or UT tools designed with probes detect cracks in the circumferential orientation. 

	Nonmetallic Materials
	Medium-Low
	Degradation of seals/packing in valves, meters and various fittings or components.
	Likely failure mode is a leak. Primarily only non-pressure boundary materials effected.
	Identifying and retrofitting certain components with appropriate materials.



Some of the relevant codes and standards that address mechanical integrity of pipelines are shown in Table 2.
[bookmark: _Ref178237126]Table 2 Codes and Standards for Pipeline Integrity
	Document Reference
	Title

	ASME B31.12
	Hydrogen Piping and Pipelines

	ASME B31.8S
	Managing System Integrity of Gas Pipelines

	ASME API 579 FFS-1
	Fitness-For-Service Evaluation

	API RP 1183
	Measuring and Assessing Dents in Pipelines

	API RP 1176
	Recommended Practice for Assessment and Management of Cracking in Pipelines

	API RP 1184
	Pipeline Facilities and Construction Inspection

	API Bulletin 1178
	Integrity Data Management and Integration

	API RP 1110
	Pressure Testing of Steel Pipelines for the Transportation of Gas, Petroleum Gas



Significant activity within the ASME B31 committee has already begun. The ASME Board of Pressure Technology Codes and Standards has approved a plan to relocate the hydrogen pipeline sections of ASME B31.12 to a new exception chapter within ASME B31.8, as well as updating the technical content. The Pipeline Research Council International (PRCI) Emerging Fuels Institute (EFI) developed a project to create Consensus Engineering Requirements (CERs) for hydrogen pipeline design and reuse (“Consensus Engineering Requirements for Pipelines in Hydrogen Service” to serve as a starting point for ASME B31.8 Hydrogen Task Group to write the new exception chapter of ASME B31.8. 
Key elements that need to be addressed in new/revised standards include the following:
Material Properties
The primary material properties must be specified.
· Fracture toughness 
· Fatigue crack growth rate 
· Critical stress intensity for stable crack growth (under constant load)
· Tolerable strain limit
As properties will be a function of various factors such as hydrogen partial pressure, lower bound data are needed unless specific test data are available. Standardization of testing procedures is critical to ensure that data are developed in a consistent manner. Specifications for specimen geometry, loading rate, preconditioning, surface finish, gas purity, and other factors must be published. Sandia National Laboratory is the leader in this area and is best positioned to help develop appropriate recommendations for testing and determining lower-bound properties.
ECA Analysis Procedures
The procedures included in documents such as API-ASME FFS-1 or BS7910 are most appropriate for fracture control. Methods that rely on Charpy energy conversion to fracture toughness will be difficult to apply. Charpy data are high-strain rate tests that tend to obscure the effects of hydrogen. 
For other forms of damage, such as local thin areas, dents, gouges, etc., more thought will be required to develop procedures that adequately account for loss of fracture strain. A complication here involves the potential for hydrogen accumulation in regions of high stress-strain. Various researchers are studying this topic using numerical modeling techniques informed by specialized testing. Parametric studies using finite element analysis will likely be needed to guide the development of appropriate limits for mechanical damage and local corrosion.
As noted above, hard spots represent a form of damage likely to be an important integrity threat with the addition of hydrogen. Approaches for ECA of hard spots are not currently addressed by any standards. Implications for the detection of critical-sized hard spots will be needed to develop appropriate mitigation plans.  Some examples are described in Table 1Table 3.





[bookmark: _Ref178319952]Table 3 Suggested ECA Approaches
	Damage
	Required Material Properties
	ECA Procedures

	
Cracks
	
KIC-H, KIH, FCGR
	Determination of critical crack size for fast fracture using fracture toughness in hydrogen (KIC-H). The critical stress intensity for stable crack growth under constant load (KIH) is needed to determine the potential for crack propagation. These limits will need to be compared with inspection detection limits. 

	

Hard Spots
	

KIC-H, KIH, Hardness
	Hardness and local residual stress from forming will dictate the probability of cracking. By determining the critical crack size, the tolerable hard spot dimensions can be inferred by assuming the hard region is cracked (typically along its longitudinal axis). Based on the operating pressure, the tolerable size of the hard spot can be estimated and compared with the detection limits for ILI tools.

	Local Metal Loss
	
Critical Strain, εH
	Revised procedures are needed to account for reduced fracture strain and accumulation of hydrogen at stress-strain concentration. Additional work is required to develop and validate ECA methods for these forms of damage. 

	Dents, Wrinkle Bends, Buckles
	
	


Task 7 – Determine and Describe Necessary Operator Actions
Title 42 Part §192.933 discusses the actions required by operators to identify and mitigate integrity threats. With the introduction of hydrogen, reassessment of threats and modification of the integrity management plan will be required.  ASME B31.8S provides guidance for operators on damage mechanisms and outlines the approach for operators to address them. However, it does not address the adverse effects of hydrogen. Shown in Table 4 are the various root causes identified in B31.8S and the implications of hydrogen blending. Operator actions, documented in their integrity management plans (IMP), must be updated to address the effects of hydrogen on material properties.
The primary focus will be on the following areas:
· Crack management,
· Hard spot detection,
· Corrosion control, and
· Dents and Gouges.
Crack Management
Currently, operators address crack management by following recommended practices such as API 1176.  Emphasis is placed on detection, sizing, and use of ECA to determine appropriate actions.  As discussed in Task 6, the reduction in fracture toughness associated with hydrogen embrittlement reduces the tolerable crack size.  This will have implications for ILI tool detection and sizing.  As illustrated in the example case shown in Figure 11, at a fracture toughness in the range of 35 ksi-√in, the critical crack length at a depth of 0.04 inch (1 mm) is about 0.5 inch in length.  The probability of detection for crack tools in gas pipelines using EMAT is less than in liquid systems using UTCD, where the 90% POD is in the range of 1-mm depth.  The implication here is that additional steps may be required to validate the detection and sizing performance of cracks using EMAT.  The selection of appropriate fracture toughness to use in ECA analysis is a key step in crack management.  Currently, data on the toughness of vintage pipelines in hydrogen are being generated in autoclave testing, although, as mentioned earlier, some “constraint adjustments” and loading rate effects are needed for those values.  In the final report, recommendations will be provided on the appropriate values to use in ECA based on the latest research in this area.  Along with this will be guidance on fatigue crack growth rates and appropriate steps to reassess the potential for crack growth.  Unlike liquid pipelines, traditional gas transmission pipelines are generally subject to less severe pressure cycling, and fatigue crack growth is generally not a primary concern.  This fatigue sensitivity might be different for a green hydrogen line using electrolysis from solar cells to generate hydrogen during the day, or lines feeding gas turbines, or lines transmitting hydrogen from nuclear plant excess capacity using hydrolysis that may fluctuate with electric power demands, etc.  However, given the accelerated fatigue crack growth rate caused by hydrogen, this should be reevaluated prior to changing service to include hydrogen.
Hard Spots
As discussed in Task 6, hard spots may become a more prominent threat in hydrogen service.  This is due to greater sensitivity to hydrogen embrittlement.  Generally, hydrogen stress cracking of hard spots becomes a concern when hydrogen charging takes place due to a combination of factors:
· High CP potential,
· Coating failure, and
· Wet or moist soil conditions.
The combination of all these environmental factors in proximity to a hard spot is usually of low probability.  In hydrogen service, however, where charging will take place continuously at every location of the pipeline, hard spots that may not have posed a threat due to good external coating may become important.  
Corrosion Control
Directionally, the presence of hydrogen will reduce the limits for local thin areas for the reasons discussed in Task 6.  While this is implied by the reduction in fracture strain, it will need to be explored in much greater detail, likely involving full-scale testing to verify if modifications to ILI programs for corrosion management will be required.  As current wall loss models do not use local strain concentration as a criterion for failure, it may be necessary to re-evaluate the ECA procedures to account for the effects of hydrogen. 
Dents and Gouges 
Locations of high-strain accumulation, like dents and gouges, are likely to become more critical in hydrogen service for the same reasons as local corrosion features.  Dents and gouges, however, are generally more problematic due to work hardening.  As discussed previously, this will increase the hydrogen concentration in these regions, as well as the sensitivity to hydrogen embrittlement. Therefore, additional guidance on management programs for these types of damage is needed.  
[bookmark: _Ref178320949]Table 4 ASME B31.8S Root Causes and Criticality
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5: Project Schedule 
The GANTT chart for the project below was updated from the prior quarterly report.  The efforts are on schedule.
[image: ]
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