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ABSTRACT
Mechanical damage is the leading cause of all pipeline failures. Unfortunately the best available technologies to assess the aging pipeline infrastructure only moderately prevent failures even with highly conservative repair practices and regular inspections.  The technology designed and demonstrated during this Phase I research provides the pipeline industry with a new and unique way to characterize the mechanical damage by measuring and quantifying the residual stresses associated with damage to offer more effective maintenance and management operations. Quantified residual stress analysis of the mechanical damage would provide a means to assess the severity of the damage while reducing the amount of unnecessary removal and repair applications.  A residual stress assessment tool providing a through-thickness complete characterization of pipeline steel mechanical damage has been developed to significantly improve pipeline safety and help achieve the DOT vision of safer, simpler, and smarter transportation solutions.













I. BACKGROUND 
With over 168,000 miles of operating hazardous liquid, 293,000 miles of gas transmission pipelines, and over 2,000,000 miles of distribution lines, the U.S. pipeline system forms the backbone of domestic industry and commerce. In combination with continued population expansion in areas near pipelines, the risks and effects of pipeline failures are costlier and more dangerous than ever. 
The pipeline infrastructure is increasingly strained due to both corrosion (including fatigue, hydrogen embrittlement, thinning, stress corrosion cracking, and other effects of aging) and more aggressive operations such as higher capacities, pressures, and the use of multiple fluids and gases in the same pipeline.  The existing codes and regulations were largely promulgated before the body of knowledge had accumulated regarding pipeline systems, and are viewed by many as being overly conservative. However, in spite of the ‘conservative’ nature of these regulations, failures are occurring in regions not indicated or caught by the existing codes and regulations. 

a. EXISTING MECHANICAL DAMAGE ASSESSMENT TECHNOLOGIES
Currently, mechanical deformations in steel pipelines such as dents, wrinkles, and bends are measured in the field using standard pit gauges or geometry-based measurements. The pit gauge measures the maximum deflection and the deformation extent is then measured using a ruler or a straight edge.  The latest generation caliper or geometry tools have multiple mechanical fingers that travel along the inside surface of the pipeline and record the deflections of the fingers resulting in a “map” of the surface, facilitating examination of deformation magnitude, shape, and location. Other pipeline service companies recommended assessment of wrinkle and bend severity by calculating the wrinkle severity ratio, h/L, which is the geometric characteristic used to describe the severity of a given wrinkle as shown in Figure 1.1  Integrity management programs charged with assessing wrinkles and bends consider the h/L ratio as the first-line grading tool.1   
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Figure 1:  Geometry measurements to determine dent and wrinkle bend severity ratio.1    
 
The most advanced competing efforts for residual stress assessment, such as laser profilometry or x-ray diffraction, are also seriously limited because they are based on surface measurements or mapping,. While such techniques may be useful as a gauge of the existing shape of the pipe, the residual stress measurement technology provides a leap beyond those techniques by providing three-dimensional measurements that provide insight into the fundamental property that drives the formation and growth of cracks.  Shape and geometry measurements are unreliable tools in the dynamic pipeline operating environments because shape and geometry can be altered by procedures such as re-rounding, shifting, and other effects that could modify and/or redistribute the stresses. In fact, re-rounding is a complex behavior that occurs in every dent with both elastic and plastic regimes. Under cyclic loading (as most pipelines are), the dent may exhibit cyclic re-rounding in the plastic region for some time until the elastic response becomes dominant.2 Even the most advanced electromagnetic systems such as MWM and MWM-array eddy current array sensors are designed to map out the shape of dents and defects on the surface as shown in Figure 2.3  Recent research and development on dent behavior has shown that the severity of a dent is often, but not always, tied to its shape.  Existing inspection tools provide the necessary data to meet the standards according to size and shape, but the best means to determine the integrity of the pipeline is through the use of more sophisticated sensors that monitor material properties three-dimensionally.  
[image: ]
Figure 2:  Section of steel pipeline with damaged regions mapped out utilizing MWM array eddy current sensors.3  


b. CURRENT CODES AND STANDARDS FOR MECHANICAL DAMAGE
A variety of regulations and codes govern pipeline construction and operation and determine the standards for field operations, as shown in Table 1 below. Table 1 lists standards and criterion from different organizations for dents in the unconstrained and constrained conditions, dents at welds, dents with cracks and gouges, and dents with corrosion.  The different criteria from Table 1 are based on modeling and other information with the intent of being conservative but are ineffective in many cases because complex geometries, re-rounding, or any of a host of other effects can lead to localized regions with stresses beyond the critical stress levels that are susceptible to cracking and failure. One of the most common complaints of pipeline operators is that, based on existing tests and codes, they remove or repair every indicated region yet the failures simply migrate to other areas. 

Table 1: Practices for mechanical damage tolerance in pipelines according to different codes and regulations.
[image: Dent assessment rules table]


II. CHALLENGE
Mechanical damage and deformations, including dents, bends, wrinkles, and other forms, are the leading cause of all pipeline failures. When damage or deformation of a pipe occurs, both macro and micro-scale gradients of stress are established around the damage area. Depending on the size, shape, and extent of the damage, these stresses vary in complex ways both around and through the thickness of the damaged region. The geometry-based methods currently used will be replaced by much more useful and effective measurements based on stresses compared to critical stress intensity factors determined by design criteria, modeling, and other means. By mapping and characterizing the residual stress around the entire region, any region above or near the critical stress can be indicated and the defined maintenance or operation program performed. 

The residual stresses associated with dents, bends, and wrinkles in steel form the basis for the nucleation and growth of cracks, especially at areas with the highest residual stresses. Quantified through-thickness residual stress characterization of dents, bends, and wrinkles provides a means to assess the severity of the damage through the coating while reducing the amount of unnecessary removal and repair applications, as regulated by Pipeline Safety Regulations 49 CFR Parts 190-195.  Generation 2 Materials Technology, LLC (G2MT) has developed a quantified electromagnetic sensor to assess through-thickness residual stress in pipelines from the exterior and through coatings. Quantitative knowledge of the through-thickness residual stress level will enable enhanced Risk-Based Inspection and drastically improve pipeline integrity.  


III. CHOSEN APPROACH 
To determine the severity of mechanical damage in pipelines and improve long-term pipeline integrity, G2MT opted to design and develop an electromagnetic sensor to measure three-dimensional, quantitative residual stress (strain) of mechanically damaged areas from the exterior and through coatings.  One of the well-kept secrets of pipeline corrosion and aging is the fact that residual stresses play a key role in the birth and growth of cracks in crack-susceptible regions. It is for this very reason that strain-based designs are used in pipeline construction; however, the ability to actually perform such in-situ residual stress measurements has never been available before.   

Knowledge of the residual stress levels associated with the damage provides an accurate means to assess the severity of the damage and improve the pipeline integrity, ultimately reducing the amount of unnecessary removal and repair applications. Phase I of this SBIR consisted of developing low-frequency impedance (employing penetrating electromagnetic waves (PEW)) to perform in-situ residual stress measurements on mechanically damaged steel pipeline sections.  

The proprietary calibration methodology has been designed to determine and map the residual stress levels over an entire dent/wrinkle bend area to provide vital information into the material properties rather than determining only the shape of the dent.  PEW measurements are especially advantageous for instantaneous, real-time, dent and wrinkle assessment because they provide a means of performing measurements at a standoff distance and through structural coatings using a guided oscillating magnetic flux.  The use of dielectric materials allows amplification of electromagnetic waves when performing measurements through thicker structural coatings including concrete.  

The change in magnetic flux between the sensor material and the material being observed is directly related to the electronic properties of the material such as impedance, resistivity, or conductivity.  Impedance is an intrinsic material property that dictates the specific extrinsic material properties that are so valuable in predicting material behavior. When the damaged steel pipeline sections are characterized with PEW’s, it is possible to pinpoint the specific regions with most severity.  Finding the regions of highest residual stress at any depth (into the steel) is important because there are regions that may not exhibit surface stresses or physical damage, yet may have very high residual stresses beyond the surface or closer to the opposite side.  

The top of Figure 2 shows a section of a steel pipe (SA204 Grade B, C-0.5Mo) that has experienced very early stages of high temperature hydrogen attack without any visual distortion. Conoco-Phillips sent the pipe in Figure 2 around to non-destructive evaluation companies tp locate and evaluate the region with hydrogen attack.  G2MT utilized an un-calibrated sensor (in terms of giving only a qualitative residual stress for this steel) to see if the damage could be pinpointed.  The graph in Figure 2 shows a frequency sweep of impedance as a function of position.  The weldment is the zero point in the x-position and is indicated by a vertical blue line.  Notice that 1.5 inches to the right of the weldment, there is large peak in the impedance.  This peak is so large that it makes the variation in residual stress levels across the weldment seem small in comparison to its residual stress level.  If you remove the data indicating the hydrogen damage, a residual stress profile of the weld can easily be seen.  
[image: Slide 14.tiff]
Figure 2:  Section of pipe with early stages of high temperature hydrogen attack.  The hydrogen attack was found with an impedance measurement and located where the peak is at its maximum.

During the NACE Corrosion Technology Week 2011 (annual “work week” for NACE technical committee), it was announced that G2MT was the only company that could pinpoint the exact location of these early stages of high temperature hydrogen attack.  Hydrogen is fundamentally just another source of residual stress that prefers to localize in regions of highest tensile stress (such as welds and mechanical damage). In these areas it is easier for the hydrogen atoms to localize because of its large repulsive electron cloud that is attracted to tensile residual stress fields.  

Hydrogen should also be a major concern to pipeline operators because hydrogen will always accumulate in regions of high stress such as in a mechanically damaged section.  It has been proven during over 60 years of research that hydrogen in pipeline steel dramatically accelerates crack growth rates.  The residual stress sensor will also be able to see the residual stress leftover from the mechanical damage as well as any lattice strain resulting from presence of localized hydrogen atoms.  Hydrogen is continuously produced and always present in cathodically protected pipelines. Cathodic protection is just one example of the many hydrogen sources available to steel pipelines.  

The residual stress sensor will be employed as a real-time, hand held sensor that can provide an immediate residual stress level measurement or as a wireless data transmission to inspection companies, QA departments, and  for integrity and risk models.  Future employment of the residual stress sensor on a “smart” crawler should also be considered for characterizing an entire steel pipeline to find all regions of high stress including regions not visible with the human eye.   


IV. TASKS 
The primary tasks of the Phase I research were to develop and demonstrate a successful real-time quantitative residual stress measurement system. G2MT successfully completed the six project tasks, including: (1) Development of the electromagnetic (includes low frequency impedance) analysis probe system to be able to assess residual stress at mechanically damaged regions; (2) Determination of the residual stress levels present in mechanically damaged pipelines steels; (3) Determination of the ability for low frequency impedance to monitor residual stress at the levels present in mechanically damaged pipeline steels; (4) Demonstration of the ability of electromagnetic measurements to measure the residual stress as a function of time in pipeline steel; (5) Determination of the repeatability of electromagnetic measurements as a function of damage severity; and (6) Demonstration of the use of an electromagnetic monitoring to assess damage severity.  The steps to determine and/or complete each task are further described in the following sections.  

TASK 1:  Development of the electromagnetic (includes low frequency impedance) analysis probe system to be able to assess residual stress at mechanically damaged regions
G2MT designed a new electromagnetic system specifically to operate at the levels of residual stress associated with mechanical damage in steel pipelines, which improves the overall sensitivity and accuracy of the sensor. The newly designed robotic sensor system (connected to the electromagnetic system)  scans the area of mechanical damage on the pipeline while accommodating for the geometric changes associated with the mechanical damage and is shown in Figures 3 and 4. The electromagnetic sensor can also be removed from the robotic scanner to be used as real-time, handheld probe. 

A big challenge in the development of an electromagnetic sensor for pipeline steels is making it powerful enough to overcome the magnetic remanence remaining in steel pipelines from previous pigging operations, while maintaining the sensitivity of the sensor to distinguish between the smallest possible measurable changes in residual stress.  Both of these challenges were overcome through the specific design of the electromagnetic system.  Multiple sensors were designed and tested during mechanical testing to determine each sensor’s sensitivity, accuracy, and repeatability to small changes or variations in residual stress.  To be able to design the electromagnetic sensor with proper sensitivity to measure residual stress on any damaged pipeline steel, the next challenge was to determine the levels of residual stress associated with the mechanical damage.  
[image: ]
Figure 3:  Electromagnetic residual stress scanning probe for mechanically damaged pipeline steels.
 
[image: ]
Figure 4:  The electromagnetic sensor attached to the electromagnetic scanning probe for mechanically damaged pipeline steels.


TASK 2:  Determination of the residual stress levels present in mechanically damaged pipelines steels
A material plastically deforms when it is loaded beyond its yield point.  After the material in a pipeline deforms, the stresses are redistributed in the pipeline so the actual residual stress levels are much lower than the yield point of the steel.  If the residual stress continued to increase as high as the yield stress of the steel, the pipe would plastically deform again in the direction of the highest stress.  This means that the residual stress levels of interest are all below the yield strength of the steel pipelines.  The highest strength pipelines currently being designed have yield strength’s exceeding 120 ksi (kips per square inch), while the lowest strength pipelines have yield strengths as low 42 ksi.  This means that the electromagnetic sensor needs to have the sensitivity to see, at least, any changes in residual stress in steel pipelines with yield strengths ranging from approximately 40 to 130 ksi.        

TASKS 3 AND 4:  Determination of the ability for low frequency impedance to monitor residual stress at the levels present in mechanically damaged pipeline steels; Demonstration of the ability of electromagnetic measurements to measure the residual stress as a function of time in pipeline steel.
To determine the capabilities and sensitivity of the electromagnetic system to measure a wide range of residual stress levels with through thickness variations, in-situ four-point bend testing was performed on pipeline steels specimens of various strengths. G2MT utilized the mechanical testing laboratories at the National Institute of Standards and Technology in Boulder, Colorado and Colorado Metallurgical Services in Aurora, Colorado to run in-situ electromagnetic testing while running four-point bend tests bars that were machined from a refurbished steel pipeline.  The changes in residual stresses are monitored with real-time electromagnetic sensors and strain gauges (top and bottom of specimen) during four-point bend mechanical testing as shown in Figure 5. 

[image: ]

Figure 5:  Four point bend test apparatus with electromagnetic sensors performed at the National Institute of Standards and Technology-Boulder.

A four-point bend test is beneficial because the surface strains can be measured with strain gauges and compared with the electromagnetic testing.  The residual stresses associated with elastic bending were calculated as a function of depth and applied load.  The calculated residual stresses as a function of depth were then compared and used for preliminary calibrations of the electromagnetic sensor.  Figure 6 shows the definition of true strain, where a non-linear strain distribution develops with a maximum compressive strain in the concave inner side of the specimen that is greater than the maximum tensile strain in the outermost side of the specimen.4 Electromagnetic measurements were performed on both the compressive and tensile stressed regions during four point bend testing to develop the relationships between tensile and compressive residual stress and impedance as a function of depth.  Having calibration specimens with a residual stress gradient is very difficult because the residual stresses not only have to be determined as a function of depth but then they need to be correlated to determine the equations relating them to one another. For neutron or X-ray diffraction, both techniques require metal removal to see beyond the surface.

[image: ]
Figure 6:  Distribution of strain determined by the simple-beam theory.  (a) Linear distribution for elongations and contractions,  (b) Distribution of engineering strain, and (c) Distribution of true strain.  Rn = radius of neutral axis; Ri = inner radius; Ro = outer radius.4 

Eight different strengths of pipeline steels underwent instrumented four-point bend testing and residual stress analysis.  Measurements were performed on specimens of various strengths to make sure the electromagnetic sensor is designed within the ranges to see micro-ohmic changes as well as dealing with macro stress variations in materials with yield strengths varying more than 50 ksi.   The electromagnetic residual stress sensor is designed to see micro-ohmic changes in impedance, so any slight change in residual stress is measurable at any depth. The four-point bend data was compiled and analyzed to establish preliminary calibrations to quantify residual stresses levels in mechanically damaged steel pipe. 

Figure 7 shows impedance and measured strain (with strain gauge) as a function of time while loading in tension and then unloading (at approximately 1300 seconds) a steel specimen.  The measurements were step loaded in Figure 7, which is not the case for all of the specimens.  There is a direct correlation of impedance to tensile strain as a function of time.  There is also a direct correlation to impedance and compressive strain as a function of time.  Figure 8 shows the loading of a steel pipeline specimen in compression (not step loaded as in Figure 7).  The elastic regions of the curves are the areas of interest because the residual stress levels are lower than the yield strengths otherwise they would be plastically deforming again.  The four-point bend testing successfully allowed G2MT establish the capabilities of the instrumentation to measure a range of residual stresses. 
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Figure 7:  Impedance and microstrain as a function of time on steel pipeline specimen measured during four-point bend testing.

[image: ]
Figure 8:  Impedance and microstrain as a function of time on steel pipeline specimen measured during four-point bend testing.


TASKS 5 AND 6:  Determination of the repeatability of electromagnetic measurements as a function of damage severity; and Demonstration of the use of an electromagnetic monitoring to assess damage severity. 
Besides developing and designing the electromagnetic sensor, the most difficult challenge during this research period was finding a complimentary technique to verify the repeatability and accuracy of the electromagnetic system.  The four-point bend mechanical testing with surface strain gauges proves that electromagnetic sensors can measure real-time changes in tensile and compressive residual stresses, but to verify that the electromagnetic sensors can accurately measure through-thickness residual stress is more difficult. 

The ideal verification tool (destructive or non-destructive) provide sthrough thickness quantified residual stress measurements. X-ray diffraction typically would be considered, but x-ray diffraction only measures surface strains requiring metal removal to measure the strains beneath the surface.  The metal removal in turn alters the residual stresses in the material surrounding it making it completely unrealistic for a calibration tool.  The only means to accurately calibrate and then verify the accuracy of the electromagnetic residual stress measurements is through the use of neutron diffraction measurements.  
Neutron diffraction measurements are similar to x-ray diffraction in terms of the results that are yielded.  Both neutron diffraction and x-ray diffraction are measuring changes in crystal lattice spacing.  The main difference between neutron and x-ray diffraction are the sources used to obtain the measurement (neutrons versus x-rays) and thus the depth of measurement.  The use of neutrons allows deeper penetration into metal that allows for a through-thickness lattice spacing assessment of a material while x-rays only provide surface and near-surface measurements. Neutron diffraction measurements of residual stress require the use of a nuclear reactor and unfortunately there are only eight (approximately) experimental reactors in the world capable of appropriate residual stress measurements.    

G2MT was able to develop a relationship with the National Research Council (Canada): Canadian Neutron Beam Centre (NRC-CNBC) to run neutron diffraction residual stress measurements on mechanically damaged steel pipeline sections with different levels of severity.  Neutron diffraction is the only technique available anywhere to guarantee the accuracy and repeatability of a through-thickness electromagnetic residual stress sensor.  G2MT will use the residual stress results from the NRC-CNBC on both gouged and wrinkled pipeline sections to verify the through-thickness residual stress measurements obtained with the electromagnetic sensors.  The neutron diffraction system at NRC-CNBC is shown in Figures 9 (a) and (b) with gouged pipelines being assessed.   G2MT will continue to work with the NRC-CNBC to assess residual stresses in more pipeline sections with mechanical damage as well as assess residual stresses in other components.  The only drawback for neutron diffraction is the length of time (months) to have the results calculated after exposure. 
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Figure 9:  Neutron diffraction measurements being performed on pipeline steel specimen with gouges. (a) Axial measurements and (b) hoop stress measurements.


V. RESULTS 
For testing of the electromagnetic residual stress sensor, pipeline specimens with wrinkle bends and gouges were collected from various sources.  The results for both types of damage are described below.      
a. WRINKLE BEND ANALYSES
Figure 10 is a photograph of a section of pipeline that has seven wrinkle bends (after removing one for neutron testing).  Figure 11 shows a close-up photograph of one of the wrinkle bends with a testing grid for residual stress measurements. The pipe is thirty inches in diameter with a wall thickness of 0.25 inches.  The yield strength is approximately 49 ksi and ultimate tensile strength of approximately 82.5 ksi.  All of the seven wrinkle bends were four feet long with a five-inch wrinkle width and a 0.75-inch wrinkle height.  This means that according to the, h/L, wrinkle bend severity all of the wrinkle bends are characterized as having the same severity.  
[image: ]
Figure 10:  Section of steel pipeline with wrinkle bends to be analyzed for residual stress levels.

[image: ]
Figure 11:  Wrinkle bend #5 from Figure 10 showing the measurement grid utilized for electromagnetic residual stress measurements.

Photomicrographs of the steel microstructure are shown in Figures 12 (a) and (b).  The microstructure images were taken at the surface of the inner-diameter (a) of the pipe and halfway through (b) the pipe wall. 
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Figure 12:  Micrographs of pipeline steel from Figures 15 and 16 at 1000x. Taken from (a) inner diameter and  (b) mid wall.

The through-thickness residual stress levels were measured in each of the wrinkle bends from Figure 10. Figure 13 (a) is a photograph of wrinkle bend #5 from Figure 10.  Figure 13 (b) shows the residual stress contour of wrinkle bend #5 at 0.191 mm beneath the surface as a function of the pipe circumferential direction and axial direction.  The residual stress in the contour map indicates the change in residual stress level compared to an undamaged region of the same pipe.  Notice that the very top of the wrinkle bend has a higher stress (on the order of 40 ksi greater) than the regions immediately adjacent to it on both the left and the right.  There are also other random patches of higher stress levels around the wrinkle bend.  

Figure 14 shows the residual stress profile as a function of depth into the material. The data shows that the top surface of the wrinkle bend has the highest tensile residual stresses, which then linearly decrease towards the inner diameter of the pipe until 0.1 inches below when the residual stress begins to increase again.  

[image: ]

Figure 13:  Residual stress contours as function of circumferential direction and axial direction in a steel wrinkle bend (shown on the left).  Top view of residual stress 0.191 mm beneath the surface.
[image: ]

Figure 14:  Residual stress contours as a function of depth and axial direction from a cross-section of the steel wrinkle bend.  


Figure 15 shows the residual stress contours 0.191 mm beneath the surface   for the seven wrinkle bends (2-8) as a function of circumferential and axial directions.  Notice that the residual stress profiles do not match for any of the wrinkle bends.  The residual stresses are all distributed differently along the length (or parallel) of the wrinkle bend.  Wrinkle bend #8 has high tensile residual stress levels along most of the surface at a wider width than the other wrinkle bends.  All of the wrinkle bends appear to have increasing tensile stress closer to the top of wrinkle bends.      


[image: ]

Figure 15:  Top view of residual stress contours 0.191 mm below the surface as a function of circumferential and axial directions (same as in Figure 13) for the seven different steel wrinkle bends shown in the photograph.  


b. GOUGE ANALYSES
Two different steel pipeline sections with induced gouges were also studied and are shown in Figures 16 and 17.  These sections could not be sectioned, so there is no available microstructure data or tensile strengths.  During the final review of this project, G2MT was told by PRCI that these gouges have actually been well characterized by the pipeline industry, so they will allow access to that information.  These gouge sections have undergone neutron diffraction and the data is being processed and G2MT will have access to it upon its completion.  

[image: ]
Figure 16:  Photograph of gouged steel pipeline section from France.

[image: ]
Figure 17:  Photograph of gouged steel pipeline section from France.


The through-thickness residual stress level was measured for the gouge in Figure 16. Figure 18 shows the residual stress contour of the gouge at 0.191 mm beneath the surface as a function of the pipe circumferential direction and axial direction.  Figure 19 then shows residual stress profile as a function of depth and axial direction.  Notice that once again the residual stresses are much higher at the surface than they are through thickness.  Figures 20 and 21 show the residual stress top view at 0.191 mm beneath the surface and the residual stress profile as a function of depth into the material.  The distribution of the stresses in this gouge is much different than all of the other mechanically damaged specimens investigated in this research.  Instead of the residual stress varying from the surface and down as before, the residual stress levels tend to vary across the gouge.  
 
[image: ]
Figure 18: Residual stress contours as function of circumferential direction and axial direction in a gouge (shown on the left).  Top view of residual stress 0.191 mm beneath the surface.
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Figure 19:  Residual stress contours as a function of depth and axial direction from a cross-section of the steel wrinkle bend.
  
[image: ]

Figure 20: Residual stress contours as function of circumferential direction and axial direction in a steel gouge (shown on the left).  Top view of residual stress beneath the surface.

[image: ]
Figure 21:  Residual stress contours as a function of depth and axial direction from a cross-section of the steel gouge.  


VI. DISCUSSION

Comparison of the residual stress results for seven different wrinkle bends indicated that electromagnetic can successfully be utilized to measure through-thickness residual stress levels in mechanically damaged steel pipelines.  There was a significant residual stress gradient present in all of the wrinkle bends with a measurable difference in maximum residual stress levels between the seven geometrically identical wrinkle bends.  The residual stress data obtained with the electromagnetic measurements can be used to determine the criticality of the mechanical damage and/or be used to determine the integrity and remaining life.  The geometric and shape based measurements predicted the same criticality for all seven wrinkle bends which differs dramatically from electromagnetic residual stress results shown here with varying levels of criticality.  

Comparison of the residual stress results for the two gouges indicated that the gouges also exhibited large residual stress gradients as a function of both position and depth.  The residual stress levels are definitely dependent on shape, but when comparing the residual stress levels from all damage investigated here, the residual stress profile does not directly follow the shape through thickness.  It is important to see the through thickness profile of residual stress for the mechanically damaged regions to determine where the residual stress is at a maximum.  The change in residual stress from undamaged to damaged state is very easy to detect with electromagnetic sensors whether or not the damage is visible or geometrically measurable.  

                      
VII. INDUSTRY INTEREST AND DESIRE FOR RESIDUAL STRESS SENSOR
There is strong industry support and desire for a residual stress sensor system from the pipeline industry; this residual stress assessment capability has been a long-standing desire of the pipeline industry, and the technology demonstrated in Phase I should be useful in many other applications and areas with only moderate changes. The residual stress sensor will be used by the pipeline owner to better determine which areas of mechanical damage should be repaired or replaced as well as the pipeline steel remaining life and integrity with and without the mechanical damage.  The pipeline industry has assisted G2MT in obtaining pipeline samples and assisting where possible in development and calibration of the residual stress sensor.    

G2MT has also established a strategic alliance for developing and providing in-field testing and analysis with Structural Integrity Associates, with a focus on power generation and pipeline systems, and is in the process of forming other strategic alliances for in-field pipeline assessment (IESCO). 

G2MT will also continue to work with NRC-CNBC to better characterize residual stress (strain) and hydrogen concentrations in steels and other metals. NRC-CNBC is keen on running neutron diffraction and electromagnetic measurements simultaneously while inducing strain on steel to better understand the actual dynamics of the system.  Using neutron diffraction and electromagnetic measurements together will allow for a full characterization of not only individual atoms, but also the dislocation structure and movement in the presence of hydrogen which has been a subject of debate for more than 60 years.     

The G2MT PipeStress Residual Stress technology was presented at the NACE Technical Committee Meeting in Las Vegas Nevada in 2011 and at the 2011 Corrosion Solutions Conference in Lake Louise, Banff, Canada.  Both presentations received an excellent reception. Management from Enterprise, El Paso, and other pipeline operators have indicated a need for the proposed technology and have offered support for development of the technology. 


VIII. EXPECTED/DESIRED OUTCOMES
The innovation is a through-thickness residual stress assessment system for pipeline steels and other metals. The residual stress sensor system allows for rapid nondestructive characterization of the localized stresses associated with damaged or stressed regions in pipelines such as dents, wrinkles, bends, and gauges. Mechanical damage is the leading cause of pipeline failures and is present on every operating pipeline. Quantitative measurements of the stresses by this innovative technology can be used to determine the crack-susceptibility of a given area. Operators can then make much more effective and proactive decisions during construction, maintenance, and operations of pipelines. The technology is much more effective than calipers or other surface-based measurements because it provides localized 3-D mapping of pipelines to provide more realistic data for integrity management programs.  G2MT desires to obtain Phase II funding to continue to calibrate the residual stress sensor for ruggedized field inspection on all pipelines regardless of strength or manufacturer and to continue to package the ruggedized sensor prototype to immediately begin field-testing.

One of the interesting indications of the Phase I testing is that the technology can clearly find areas where dents have been re-rounded and indicate the stress in such regions as well. These findings make sense in light of the capabilities of the system and the nature of re-rounded dents, and provide yet another compelling measurement feature that will be offered by the commercialized system. In fact, the ability to accurately find re-rounding in pipelines is by itself a unique feature, but the capability to then measure the extent of stresses and damage in areas of re-rounding truly sets the technology apart. 


IX. RECOMMENDED ADDITIONAL WORK UNDER PHASE II
The measurements demonstrated in Phase I indicate the capabilities of the system for highly accurate and rapid quantitative evaluation of residual stress in and near damage regions in actual pipeline specimens with various damage and deformation mechanisms. The G2MT system achieves high levels of accuracy by comparing and calibrating with high-accuracy standards; this will continue to be performed in Phase II for a variety of materials, configurations, and testing arrangements to achieve the needed data for precision in-field measurements. G2MT would work with SI, El Paso, Enterprise, the Pipeline Research Council International, and other industrial partners to perform in-field testing on exposed pipeline systems. G2MT would continue to work closely with the Neutron Research Center in Canada to perform needed calibration and simulation testing measurements to improve the accuracy and capabilities of the testing system.  

During Phase II, G2MT would perform field tests to guarantee that the sensors are user-friendly, acceptable to the testing conditions, and successful in determining the residual stress profile.  One other challenge for Phase II and beyond is developing new practices for utilizing in-situ residual stress measurements in construction, operation, and maintenance practices, codes, and standards. Phase II would also include incorporation of the residual stress measurements into wireless program that instantaneously analyzes the data and runs through an RBI assessment to provide results to the operator within seconds.   
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