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ABSTRACT 

The demand for inspection services as part of a site’s management of buried and underground pipe and 

tank programs has been increasing over the last several years in support of NEI Initiative 09-14 – 

Guideline for the Management of Underground Piping and Tank Integrity. Unlike traditional NDE 

methods that utilize direct contact with a material surface for inspection, buried pipe inspections utilize 

“Indirect Inspection” methodologies to gain insight into the condition of the pipe without the need for 

excavation.  Once adverse signatures are observed, excavation and quantitative examinations using 

traditional NDE methods are used.  A secondary benefit of this approach is that the disposition of large 

amounts of pipe with minimal likelihood for significant degradation can be established, saving the site 

valuable time and resources while maintaining the reasonable assurance of an asset’s integrity for safe 

operation. This approach optimizes inspection planning at locations with the greatest potential for worst-

case external corrosion degradation.  This paper will present two methods, APEC and GWT, and the data 

integration and analysis processes used to arrive at prioritized recommendations regarding a pipe’s 

condition. An example will be used to demonstrate how the data supports corrosion engineering decisions 

used to establish the reasonable assurance of buried pipe integrity.   

 

 

INTRODUCTION 

NEI’s NSIAC has identified five actions along with implementation dates as a method to establish 

reasonable assurance of structural integrity for the Underground Piping and Tanks Initiative (UPTI). The 

use of indirect inspections is a foundational element in any UPTI program. 

Indirect Inspections are intended to be used as a part of the Risk Ranking and Prioritization phase 

of an effective aging management program [1]. Indirect Inspections provide observable data associated 

with the likelihood of external degradation, and when used in conjunction with other risk ranking 

parameters, provide targeted information useful for Direct Examination planning. Focusing resources 

toward locations/areas at which corrosion activity may have occurred or may be occurring has proven 

effective in other industries to demonstrate the reasonable assurance of pipe integrity.  The continued use 

of Indirect Inspection tools can also be a leading indicator of system changes, further increasing the 

confidence in the system performance. 

Direct Examinations follow Indirect Inspections and provide the actual “inspection” of the buried 

systems or piping. Direct Examination is the combined process of excavation to expose the pipe and the 

characterization of a pipe condition through approved NDE technologies.  The quantitative, measured 

results obtained from a Direct Examination can be used to support continued operability decisions. 
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INDIRECT INSPECTION METHODS 

The nuclear industry is not the first to embark on the widespread evaluation of in-service buried pipe for 

the purposes of determining the integrity and continued fitness for purpose. At the turn of the 21
st
 century, 

the U.S. transmission pipeline industry experienced several incidents that resulted in fatalities and 

significant property damage.  In response, the U.S. Congress passed the Pipeline Safety Improvement Act 

of 2002 [2] whereby pipeline operators were required to risk rank and perform baseline inspections to 

demonstrate the pipelines were safe for continued operation. The approved inspection technologies were 

initially: internal inline inspection (ILI) UT or other technologies capable of reporting metal loss, 

deformation or cracking; hydrostatic testing; or excavation and conventional NDE methods.  

Construction practices for natural gas pipeline, unlike hazardous liquid pipelines, included pipe 

configurations that prevented the use of the highly reliable and cost effective ILI technologies. These 

restrictions included: 90° fittings, pipe diameter changes, size-on-size tees, sub-size valves and lack of 

access for the insertion of ILI tools. In response, the regulators introduced new terminology into the 

regulations [3] based on research completed at the Gas Research Institute (GRI) demonstrating the value 

and effectiveness of a new approach coined “Direct Assessment” [4]. Direct Assessment (DA) is a four-

step continuous improvement process in which: (1) a Pre-Assessment is performed to gather information 

about a large collection of assets, establish risk ranking and grouping of similar assets, and select indirect 

inspection tools; (2) Indirect Inspection uses aboveground inspection techniques to infer corrosion activity 

or corrosion control effectiveness through a minimum of two complimentary techniques; (3) Direct 

Examination is performed by evaluating risk and indirect inspection data then excavating  and 

quantitatively measuring the structure, gathering related data associated with the degradation mechanism, 

and performing pipe repairs; followed by (4) an engineering Post-Assessment of the entire methodology 

and conclusions to validate that DA was effective at identifying the degradation mechanism and establish 

re-inspection intervals.  

A guiding principle in the use of Indirect Inspections is the detection of conditions along a buried 

pipe that could support corrosion. For metal loss to occur, three conditions must be met: (1) a corrosion 

susceptible material must (2) be in contact with a corrosive environment; and (3) the corrosion control 

measures must be inadequate to control corrosion – as shown in Figure 1.  In the case of ferrous pipe 

materials (e.g., carbon steels, cast irons), an external coating was applied to isolate the material from the 

environment.  Cathodic Protection (CP) is routinely applied to buried structures as a “back-up” corrosion 

control measure to polarize the surface of a metal in the event that the coating is lost or degrades. 
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Figure 1: Relationship between material, environment and corrosion control measures on external metal 

loss. [13] 
 

Over the last decade several ANSI, NACE International and ASME standards [5-8] have integrated 

the DA process into practice and successfully demonstrated the effectiveness of using Indirect 

Inspections. These standards, as well as the U.S. DOT regulations, recognized the value that Indirect 
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Inspections offer, not to be confused with Direct Examinations, as a technique to screen large regions of 

buried pipe for degradation prioritization. By focusing efforts in the areas of interest the scope of pipe 

requiring Direct Examination can be greatly decreased as shown in Figure 2 while increasing the overall 

confidence of structural and leak integrity of buried piping systems. 

 

Risk Ranking & Threat Assessment

Indirect Inspection
(Over the line surveys, Soil testing, etc.)

Extend Pipe Evaluation via 
GWT Screening

Qualitatively Size 
Anomalies w/100% UT

Target Excavations at Highest 
Likelihood Locations

 
 

Figure 2: Using Indirect Inspection to Focus Efforts 

 

The nuclear industry has been slow to embrace the principles of Direct Assessment.  The key driver 

for the transmission industry is the identification of a dozen or so worst-case locations out of thousands of 

miles of installed pipe across the U.S. and around the world.  Although nuclear sites have only tens of 

miles of pipe, the key to successful NDE and the reasonable assurance of buried pipe integrity hinges on 

the ability to locate the worst case locations.  

Recent industry communication suggests that the use of Indirect Inspection information to group 

and prioritize areas as a means to further refine risk ranking prediction models have become confused by 

the common terminology “inspection”. As such, Indirect Inspections are being discouraged as part of a 

robust UPTI program.  A secondary benefit of Indirect Inspections is the ability to qualitatively group 

similar responses over the inspection area. If adverse conditions are discovered at an excavation site, 

industry guidelines such as NUREG-1801, Rev 2, XI.M41 [9] will prompt additional inspections and 

require an understanding of where “like and similar” conditions exist to increase the chance that that 

similar degradation can be discovered. Thus, the effective use of Indirect Inspections will be integral to 

the long term success of UPTI programs.  

 

 

AREA POTENTIAL EARTH CURRENT MEASUREMENTS 

The more common indirect inspection methodologies used around the world include the measurement of 

ground potentials directly over the pipe of interest to quantify the degree of polarization or the cathodic 

protection voltages at specific locations.  These are straightforward electrical measurements that involve 

connecting one side of a high impedance voltmeter to the structure of interest (e.g., the buried pipe) and 

the other side is connected to a reference electrode that is placed on the surface of the earth to measure the 

voltage over the pipe.  These individual pipe-to-soil measurements determine the electrochemical 

potential of the pipe to which they are attached and everything (i.e., all conductors) in an essentially 

conical shape in the soil between the reference electrode and the pipe. That is, they measure the potential 

of an area beneath the reference electrode. These potential levels are then compared to empirical 

acceptance criteria (NACE SP0169, [10]) to evaluate the corrosion control levels on the structure. 

The use of single reference cell measurements in a closely spaced, linear fashion is termed ‘Close 

Interval Survey’ or CIS. These measurements are useful in the evaluation of the effectiveness of a 

Cathodic Protection (CP) system with respect to corrosion control per criteria established in industry 

standards such as NACE SP0169 or ISO 15589 [11]. Simultaneous pipe-to-soil voltage measurements 

using two reference electrodes allows the observation of current gradients between the electrodes – a 
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process referred to as Direct Current Voltage Gradient or DCVG. DCVG as well as ACVG (Alternating 

Current Voltage Gradient) and ACCA (Alternating Current Current Attenuation) were developed to detect 

and quantify localized current flows created at coating degradation locations (aka holidays) created when 

the coating barrier designed to separate a susceptible material from a corrosive environment degrades. It 

should also be noted that any voltage gradient survey, whether DCVG or ACVG, is not performed with a 

direct connection to the pipe. Voltage gradients are actually measured between two probes to measure 

potential gradients associated with current movement in the ground. More information on the selection 

and use of the more common indirect inspection techniques are described in NACE SP0502 Appendix A.  

[5]. 

A subtle, yet critical limitation of the methods described above is that the Indirect Inspection data 

interpretations infer the behavior of a buried structure based on the measured response.  As long as 

measurements are performed over a single pipe or structure, remote to other buried structures, and the 

technician is sure that the second side of the voltmeter is connected to the structure of interest, then it is 

reasonable to assume that the measurement and any related interpretations are applicable to that single 

structure.  However, in nuclear power plants these assumptions are invalid for reasons including, but not 

limited to: inability to electrically isolate individual piping (all lines are commonly grounded); pipes 

(often many pipes) and the copper grounding grid are  within feet of one another both horizontally and 

vertically; insufficient electrical connection points to individual pipes; and depth.  

More recently, advances in computer processing and GIS data representation have allowed the use 

of three and four reference cells for data collection and interpretation. This evolution in data collection 

uses the same reference cells and interpretation principles proven effective for more than 60 years on 

linear structures, but now allows for current vectors and magnitudes to be generated in two dimensions 

(2D) that, once overlaid onto a buried structure map, provide insight into where a structure may be 

degrading. These methods yield corrosion activity over an area and can be referred to as Area Potential 

Earth Current (APEC) survey methods.  Practitioners ranging from the U.S. [12], to Canada [13] to 

Germany [14] have published and patented these approaches. The data can also provide a relative severity 

ranking based upon both current flows through the soil and potentials that can be used to refine, group 

and prioritize locations for validation using conventional NDE during Direct Examinations. When 

considering a holistic approach to buried pipe integrity management, it is equally valuable to understand 

where the threat of corrosion is low to support the decision to not investigate at a location as it is to be 

guided to sites with the greatest indication of potential corrosion activity. 

 

 
 

Figure 3: Example of how APEC indications can be interpreted. 
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APEC surveys are performed around a site over the piping of interest using a grid approach; 20ft x 

20ft spacing is common.  For sites without active cathodic protection systems, only a native survey is 

performed.  This survey approach, also referred to as the free corrosion potential, provides voltage 

potential and current flow information that can be used to group regions into like corrosion activity areas 

and identify areas of high current flow warranting further investigation.  For sites with active cathodic 

protection systems, a second interrupted survey is used to evaluate the effectiveness of the CP system at 

supplementing the corrosion control in areas where coating degradation may exist, but adequate 

protection is achieved.  It should be noted that the degradation of coatings is not an adverse condition 

requiring immediate corrective actions as long as the CP systems are providing the supplemental 

protection necessary to control corrosion.  The combination of coatings and CP can be highly effective at 

managing external corrosion of buried pipe and extending the asset service life. A schematic 

demonstrating how coating condition and CP effectiveness are evaluated is shown in Figure 3.  

In addition to identifying locations with the most likely potential for degradation that can support 

external corrosion, a technical corrosion engineering basis now exists for low priority locations that 

demonstrate the coating condition continues to perform as intended and/or that the cathodic protection 

systems are providing sufficient protection – both of which lower the threat that external corrosion is a 

concern.   

Another subtle benefit associated with APEC surveys are the classification or grouping of similar 

response areas. In the event that if a significant external corrosion condition is discovered during an 

excavation and Direct Examination, the APEC information can be consulted to identify other locations at 

the site with similar current flow and CP voltage levels.  Soil characteristics should also be considered as 

another complimentary information source.  

GWT 

Ultrasonic Guided Wave Testing (GWT) is a long range 

inspection technology which can be used to detect metal loss, 

cracking, delaminations, and many other damage types for a 

variety of structures, including pipes, plates, composite 

structures, and many more [16]. One application of the 

technology is for detecting metal loss in piping systems; both 

above and below grade. GWT exams for piping applications 

are typically conducted by placing an array of guided wave 

transducers (see Figure 4) around the pipe circumference that 

produces a guided wave mode which propagates down the 

axis of the pipe. GWT exams for piping applications 

typically operate in the frequency range of 15 – 100 kHz and 

both torsional and longitudinal wave types can be generated. 

A typical inspection is carried out by first exciting the transducer array to generate an axisymmetric wave 

mode which propagates along the pipe length. The concept of an axisymmetric guided wave mode 

propagating along a pipe is presented in Figure 5.  As the guided wave energy propagates along the pipe, 

reflections occur when the wave mode encounters changes in the pipe’s cross section or stiffness. These 

reflections propagate back to the transducer collar where they can be received and analyzed. Knowledge 

of the excited wave mode velocity allows for the axial position of the reflected indications to be 

determined.  

Guided wave technology is an Indirect Inspection tool used for screening and currently does not 

provide quantifiable information about the remaining wall thickness of the pipe. Therefore, indications 

are typically categorized in terms of severity (i.e., minor, medium, or severe). Indications can be 

categorized based on their amplitude with respect to a known reflector (i.e., a weld) and their 

circumferential extent which can be estimated using guided wave “focusing” and/or flexural mode 

analysis techniques [17]. As an example, a given reflection amplitude with a localized circumferential 

Figure: 4 - GWT Collar with transducer                   

 array. 
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focused response would be given a higher follow-up priority than the same amplitude response which is 

generally distributed about a larger portion of the pipe’s circumference.  

 

 
 

Figure 5. Finite element model (FEM) simulation demonstrating the concept of axisymmetric guided 

wave excitation where a uniform wave front is generated and propagates along the pipe. 

 

A recent enhancement in the technology is the incorporation of Focusing techniques. Focusing is 

achieved by using a segmented GWT transducer collar, typically octants, with independent control of 

each segment. Two types of focusing techniques are currently employed in the commercially available 

GWT equipment: Active Focusing and Passive Focusing. Active Focusing is performed by segmenting 

the transducer collar to allow for independent pulsing/receiving control of each channel. Time delay and 

amplitude phasing is then applied to the transducer array to allow focusing of the energy to a pre-

determined axial and circumferential position along the pipe by forcing the constructive interference of 

the guided wave energy produced from each segment at the focal point. This concept is presented in 

Figure 6. The size of the focal point depends on the number of channels in the transducer array. As an 

example, more channels lead to a smaller focal point and better resolution. Active focusing is typically 

conducted after analyzing and identifying the axial position of a suspect response in the axisymmetric 

scan and then focusing at that axial point and moving the focal point about the pipe’s circumference while 

receiving and analyzing the reflected energy from each circumferential focal point.  

 

 
Figure 6. FEM simulation of the concept of active guided wave focusing where time delay-

amplitude phasing is applied to the segmented guided wave transducer array to cause constructive 

interference of the guided wave energy to occur at a given focal point along the pipe. In this example, 

the guided wave energy is focused to the top of the pipe at the axial position shown. 

Focal Point 
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Smaller defects can be detected when using active focusing in comparison to only performing an 

axisymmetric scan as the constructive interference occurring at the focal point using phasing allows for 

more energy to be directed to a particular point which in turn produces a larger reflection [17]. The down-

side to performing 100% focal scans using commercially available equipment is that the inspection time 

can be significantly increased depending on the length of pipe of interest.  Passive focusing can also be 

used to estimate the circumferential extent of a reflector. Passive focusing relies on independent control of 

the transducer array on the receiving side of the data collection process only. Therefore, passive focusing 

can be performed by applying appropriate time delays after receiving the wave responses generated from 

an axisymmetric scan. One benefit of this approach is that it can quickly generate a focal image of the 

entire pipe length interrogated during a post-processing step. A drawback of this approach is that there is 

no more (or less) energy being delivered to a given focal point as is the case during phased array focusing 

and hence this approach can typically only provide circumferential sizing estimates to reflectors which 

were observed in the axisymmetric scan. Figure 7 presents a sample GWT axisymmetric scan with active 

and passive focusing results.  

 

 
 

          
 

Figure 7: (Top) Sample GWT axisymmetric A-Scan data showing responses from a weld and a defect. 

(Bottom Left) Passive Focusing scan of the axisymmetric data showing the circumferential extent of the 

defect concentrated to the 50º circumferential position of the pipe (1:30 clock position). Notice the weld 

produces a response around the entire circumference as expected. (Bottom Right) Phased Array 

Focusing Polar Plot for the defect showing its location concentrated to the 1:30 clock position. 

 

As mentioned earlier, GWT is a screening technology and Direct Examination (e.g., visual or 

ultrasonic inspections) are still needed to quantify the remaining wall for a given response. The 

technology has been proven capable of quickly inspecting long lengths of pipe. For above ground 

insulated piping, test lengths of several hundred feet are achievable. For buried piping with exterior 

coatings, depending on the type and thickness, the length of pipe which can be interrogated can be 

significantly reduced [18]. As an example, thin fusion bonded epoxy (FBE) coatings can have a minimal 

Defect 

Weld 
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effect on the test range whereas thicker bitumastic coatings can cause significant reductions in the test 

length down to the order of tens of feet.  

 

 

SYNTERGY OF THE TWO METHODS 

Buried pipe risk ranking processes relies on the alignment of related information known about a piping 

system to reveal the coincident pattern where adverse conditions exist with the potential to support 

degradation.  The greater number of factors that indicate an undesirable condition, the greater one’s 

confidence will be that degradation will be discovered.  

The two techniques discussed in this paper, APEC and GWT, have the unique ability to be used at 

relatively low cost since excavation to expose the pipe is not needed. GWT is routinely performed as pipe 

transitions above ground exiting the soil or near foundation penetrations into buildings.  Similarly, APEC 

is only performed at grade with reference cells in contact with the top of soil above buried pipe.  

The APEC survey has the potential to locate where a pipe coating has degraded allowing the metal 

to come in contact with the potentially corrosive soil environment. Detecting the current flow generated at 

one of these corrosion cells indicates the potential for more severe degradation, but in and of itself, does 

not signify metal loss. The magnitude of current flow when compared to the metallic structures below the 

reading is used to establish a severity for the indication.  When cathodic protection (CP) is applied at a 

site, APEC is also able to measure the voltage potentials states – native, potential applied (“On”), and 

“Instant Off”.  

Comparing these measurements at each location provides an indication as to whether any exposed 

metal due to coating degradation is being adequately supplemented by the CP system to ensure continued 

corrosion control protection. As shown in Figure 3, detecting coating damage and tempering these 

locations with the performance of the corrosion control system are one basis for establishing an external 

corrosion severity ranking. However, these severity criterions do not provide an indication of possible 

metal loss, only that conditions may be conducive to damage (i.e., a leading indicator). 

GWT is the complementary tool that can provide the additional insight as to whether metal loss has 

or is occurring on the pipe.  “Areas of interest” identified during GWT exams are classified in terms of 

severity based on the amplitude and focused responses of the indication as detailed in the preceding 

section.  

 

 

EXAMPLE 

As mentioned earlier, excavating within a nuclear plant is a complex process.  If the planned excavation is 

to be located in a high traffic area or near a building foundation on a pipe that is very deep, the 

complexity and cost further increase. Therefore it is critical that as much information can be known about 

a potential inspection site in advance of the excavation to ensure that a Direct Examination at this location 

will represent the worst case condition for this system, yielding the highest technical value.  

As an example, an investigation was conducted on some critical buried piping located between two 

buildings.  GWT was initially performed and detected several areas of interest for potential metal loss. It 

should also be noted that, in some cases, holidays in thick well-adhered bitumastic coatings can also cause 

or contribute to a GWT indication and it can be difficult to differentiate between a coating holiday and 

metal loss.  Unfortunately, the location of these pipes would not allow the easy excavation for GWT 

validation. 

The next year, an independent APEC survey was performed around the entire site. Without 

knowledge of the prior GWT findings, the vendor ranked the same area as a site worthy of follow-up with 

excavation and Direct Examination. APEC identified potential coating degradation that exposed the metal 

to the corrosive soil based on the magnitude of the relative current flow in the area, and quantified that the 

applied cathodic protection in the area was insufficient to provide adequate polarization or the minimum 

voltage levels to satisfy the site’s acceptance criteria. Thus, the conditions shown in Figure 1 were present 

for metal loss.  
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By combining the results of the two indirect assessment technologies, this particular region can be 

considered a worst-case region and the condition to support possible metal loss, coating holidays, and 

inadequate CP protection appear to exist. Figure 8 shows the APEC results overlaid with the GWT results 

for the region of interest. Thus, the use of two complimentary indirect inspection techniques increased the 

confidence that metal loss was likely at this location and management has supported an excavation at this 

area later in 2012.  

 

 
 

Figure 8: (Top) Aerial view of the piping system showing the results from the APEC survey as well as 

the GWT exams.  The piping segments inside the red box in the figure can be classified as higher risk for 

corrosion as GWT showed multiple “areas of interest” along the piping segments in this region and APEC 

survey data shows the CP to be in adequate with potential coating holidays. 

 

 

SUMMARY AND CONCLUSIONS 

Indirect Inspections are necessary and valuable tools in refining the risk ranking and evaluation of buried 

pipe systems.  Indirect Inspections should not be confused with an inspection traditionally performed 

using NDE technologies that yield quantifiable, dimensional information such as remaining wall 

thickness at a specific point. In the buried pipe arena these are referred to as Direct Examinations.    

Indirect Inspections are a unique collection of techniques, commonly applied remote to the area 

under analysis for otherwise untouchable piping, to qualitatively screen the condition and need for follow-

up NDE. Independently, indirect inspection technologies generally infer the corrosion tendency of a pipe 

based on other fundamental parameters that can be measured – coating condition, polarization, change in 

cross section, etc. As with any well founded engineering decision, it is only through the integration of as 

much relevant information as possible can we make the most logical and reasonable decisions.   

Integrating Indirect Inspections into the overall methodology of a buried pipe integrity program 

provides an increased technical basis for optimizing the selection of buried pipe with the greatest potential 

for degradation.  Using the approach described in this paper can increase the confidence that areas with 

degradation are identified and also the consistency by which locations are chosen for Direct Examination. 

Together, these measures will increase the confidence in the overall buried pipe program’s ability to 

optimize the inspection scope so as to provide continued reasonable assurance of pipe integrity.    
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