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ABSTRACT 
 
Many nuclear power plants use pressurized concrete pipes to distribute cooling and service water 
throughout the plant. Large diameter pipes form the backbone of a plant’s cooling water system and 
work reasonably well in a buried environment. However, over a period of time, either due to internal 
or external factors, these pipes deteriorate and may result in catastrophic failures. These failures are 
cause for interruption in service, property damage, and repair costs. 

Earlier methods for evaluating buried pressurized concrete pipes included internal visual 
inspection or external excavation of the line. Based on the number of cracks and delaminations, these 
methods help to identify pipeline sections close to failure. However, a true non-destructive evaluation 
method based on electromagnetics was developed that accesses the actual condition of these critical 
buried pressure pipes. Specialized in-line leak detection tools are also now able to find leaks in these 
large pipelines, which can be an early indicator of joint and corrosion problems. An acoustic fiber 
optic cable is capable of monitoring the deterioration of pipes in real time. By combining these 
technologies with a visual inspection, a comprehensive risk management program can be developed. 

This paper will present the nuances of visual and sounding, electromagnetic, and in-line 
acoustic leak detection inspection techniques, factors affecting service life, case studies of actual 
inspections of pressurized concrete pipes in nuclear power plants, and how to tie all these processes 
together to effectively manage a pressurized concrete pipeline in a nuclear power plant. 
 
JUSTIFICATION 
 
Large diameter circulating water mains are a crucial component in the operation of nuclear power 
plants. These pipelines distribute cooling and service water throughout the plant, without which the 
plant would not be able to operate. Over time, as with any material, these pipes deteriorate and unless 
properly inspected and repaired will fail. A failure in a circulating water main could force a nuclear 
power plant to shut down, result in energy shortage, and cause large economic losses. Therefore, 
monitoring and inspecting water mains in nuclear power plants is extremely important. This paper 
focuses on the effectiveness of inspection techniques for pressurized concrete pipe in nuclear power 
plants, and how these inspections can help to prolong the lifespan of the circulating water mains. 

 
INSPECTION METHODOLOGIES 
 
While distress rates are low for most concrete or ferrous pipe, a single deteriorating section is all that 
is required for a pipeline failure.  Inspection and condition assessment of cooling mains is a sound 
pipeline management task.  Assessing issues in cooling mains and addressing areas of concern is a 
pipeline management alternative to capital replacement projects for aging mains.  This method relies 
on assessing the condition of a pipeline to quantify damage/risk and performing isolated repairs on 
sections of pipe experiencing advanced deteriorationi.   
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Visual and Sounding Inspection 
Internal visual and sounding inspections are time tested methods for evaluation of the condition of 
concrete pipe with the intent of finding individual pipe sections in a state of incipient failure. 
 During an internal inspection, the inner concrete core of the pipeline is visually examined for 
cracking, spalling, pitting and other possible indications of distress. Certain crack patterns in the 
concrete of the pipe can be an indicator of structural deterioration, excessive loading conditions or 
possibly transient pressure issues. Additionally, each joint is visually inspected for cracking and 
spalling of the joint mortar. Over time, mortar can spall away and expose the steel joint ring leading to 
corrosion of the steel. Water flowing over a spalled joint can lead to deterioration of the inner core. 
When the cooling water of a nuclear power plant consists of seawater or brackish water the corrosion 
of the joint ring can be severe and possibly lead to the corrosion of the steel cylinder.  

In the case of prestressed concrete pipe (“PCP”) and prestressed concrete cylinder pipe 
(“PCCP”), as prestressing wire wraps break, the pipe begins to expand. As concrete has a low 
threshold for tensile stress, either a delamination or crack will form prior to a pipe approaching 
failure. Under normal operating conditions, the concrete core can separate from the steel cylinder. The 
sounding inspection of PCCP relies on the use of a steel rod, approximately 25cm shorter than the 
internal diameter of the pipe, to impact the inner lining of each pipe in order to detect “hollow” areas. 
Hollow areas in the lining of embedded cylinder pipe typically represent the separation of the lining 
from the steel cylinder, which is usually the result of a loss of prestress due to broken prestressing 
wire wraps, the most common form of distress in PCCP. When the prestress is lost and compression 
of the concrete is released, the internal pressure causes the cylinder and core to further expand.  Since 
the internal pressure acts against the steel cylinder, the concrete lining separates and does not expand 
after its residual concrete compression is relieved.  This separation is not completely reversible when 
the internal pressure is removed and can be detected as a hollow when the lining is soundedii. 

Reinforced concrete pipe (“RCP”) or bar-wrapped (“BWP”) pipe rely on the steel reinforcement 
encapsulated in concrete core for their strength. As the reinforcement corrodes, the concrete core may 
expand and crack, leading to failure or leakage. 

In addition to visually inspecting and sounding the pipeline, a surveyor’s distance wheel is used 
to measure the distance of each pipe length in order to provide documentation of the in-ground pipe 
layout, which often differs from the “as-built” records, and provides an accurate lay schedule. 
Measurements are also taken from known features (e.g. a joint) to any distressed areas, which allows 
the inspection team to develop a full inventory of every pipe that can be correlated to the available 
pipe laying schedules, as built drawings, and specifications to establish a comprehensive layout of the 
line. 
 
Electromagnetic Inspection Technologies 
Electromagnetic inspection is a nondestructive method of evaluating the baseline condition of the 
prestressing wire in PCP and PCCP or the reinforcing bars in BWP. Electromagnetic inspections 
ascertain a magnetic signature for each pipe to identify anomalies that are produced by zones of 
broken prestressing wire wraps. Various characteristics associated with an anomaly (length, 
magnitude, phase shift, etc.) are evaluated to provide an estimate of the number of broken wire or bar 
wraps. This inspection method is able to quantify the amount of damage and is the best method 
available to determine the baseline condition of a pipeline. Electromagnetic inspection provides an 
estimation of the level of prestressing wire or bar damage  

Electromagnetic pipe inspection technologies work by inducing a varying electrical field in the 
prestressing wire and measuring the corresponding magnetic field response. The main components of 
the electromagnetic equipment consist of a transmitter coil to generate the field, a receiver coil to pick 
up the induced response, and a data logger to record the data. This equipment is moved through the 
pipeline, or along the external pipe surface, and the resulting data is recorded on the data acquisition 
system. By evaluating this data, wire breaks can be identified on pipe sections and the position and 
number of broken wire wraps can be estimated.  

A common analogy used to describe the physics of an electromagnetic inspection is to view the 
prestressing wire as a coiled inductor. If the prestressing wire, acting as an antenna, is intact, the 
receiver coil detects a signal with certain characteristics. When the end of a pipe is reached, the 
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polarity of the detected field reverses because the coiled inductor ends. However, if the inductor is 
broken (i.e., the prestressing wire wrap is broken), the signal is altered and a new pole reversal occurs 
part way through the pipe. These unexpected reversals delay the arrival of the signal at the receiver 
and can be quantified to estimate the number of broken wire wraps.  

Multiple platforms consisting of manned or in-line unmanned options now exist that allow 
various degrees of preparation prior to performing an internal inspection. The various electromagnetic 
platforms provide the most thorough and accurate assessment available as data and, in the case of the 
manned inspection, can be correlated to the results of the internal visual and sounding inspection. For 
the unmanned electromagnetic inspections, options include the robotic and free-swimming inspection 
platforms for large diameter mains which can operated under depressurized or live operating 
conditions, respectfully, providing an electromagnetic inspection with the possibility of limited 
service disruption. 

The main variables that should be analyzed in determining whether to use the manned 
technology, the robotic tool or the unmanned free-swimming platform is whether or not the utility 
would like the electromagnetic inspection to be correlated with the visual and sounding inspection and 
whether or not the pipeline can be shut down and dewatered.  If the client is able to shut down the 
pipeline for a short period of time, and is interested in the visual and sounding evaluation in 
conjunction with the electromagnetic inspection, the manned electromagnetic technology is 
recommended providing the greatest level of detail. 
 
In-line Acoustic Leak Detection 
In-line leak detection services allow water utilities to proactively locate water main leaks that may 
otherwise have gone unnoticed, thereby minimizing costs associated with potential ruptures and water 
loss. Although not necessarily an indicator of structural damage, often times leakage is a precursor of 
larger problems in a pipe. Acoustic leak detection sensors are most successful when inserted into the 
pipelines, bringing the sensor to the leak, rather than relying on the sound of the leak to find the 
sensor. In-line surveys work exceptionally well on large-diameter water mains, which are often poor 
at transmitting leak sounds to external sensors and have limited access points to the pipe. In-line leak 
detection services have been proven to reliably identify very small leaks on water transmission mains 
with pinpoint precision, without requiring the water main to be taken out of service. 

Two successful types of in-line acoustic leak detection tools can be utilized in the larger 
diameter cooling water mains are the “free swimming” or “tethered” listening devices. Both systems 
are in-line, meaning that neither requires that the main be shut down for the inspection.  

The free swimming tools detect anomalous acoustic activity associated with leaks or pockets of 
trapped gas in pressurized pipelines. As the tool is free swimming, it can traverse and inspect very 
long distances with only two access points are required for insertion and extraction.  

The tethered in-line acoustic leak detection tools can pinpoint the location of leaks in a pipeline. 
Unlike the free swimming tool, the apparatus, it is connected to the surface by a cable through a 
50mm or larger tap. A small drag chute uses the flow of the water to draw the sensor through the 
pipeline while a trained technician evaluates results in real time.  As the tool is tethered, when a leak 
is detected, the technician can stop the tool and locate the leak, typically within 50cm. 
 
POST-INSPECTION SERVICES 
 
Structural Analysis 
In addition to the various pipeline inspection techniques, a post-inspection structural evaluation is 
advisable to analyze any specific pipe designs. In the case of PCCP, the evaluation would be based on 
the European (“EN”) Standard EN642, similar in nature to the American Water Works Association 
(“AWWA”) C301 and AWWA C304 standards used to define the design requirements. Additional 
concrete pipe designs can be evaluated based on either the current design standards or the standards in 
place at the time of manufacture. 

A finite element analysis non-linear three dimensional model is an accurate method for 
modeling complex geometry under different loading conditions. The finite element analysis model has 
been developed to determine the structural consequence of a deteriorating concrete pipe either due to 
cracking of the concrete, corrosion or breaking of the steel members, excessive external loading or 
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varying internal pressure. The evaluation is based on the available design standards, by utilizing pipe 
design specifications, design parameters, and the assumed current condition of the concrete and steel. 
In the analysis, the model of a pipe is subjected to internal pressure, pipe and fluid weights, and 
external loads while varying the level of damage. A performance curve, displaying the effects of the 
damage, is formulated and used to determine the acceptable deterioration the concrete pipe can 
withstand prior to experiencing theoretical loading limits. The finite element analysis offers the client 
the most accurate and comprehensive analysis of their pipeline by determining how a specific level of 
damage will affect the remaining useful of the asset. 

Examples of finite element performance risks curves are shown in Figure 1. Figure 1 is an 
embedded cylinder pipe that was design for a maximum combined operational and surge pressure of 
483 kPa. At the maximum design pressure, once the damage reaches 61 broken wire wraps, the pipe, 
theoretically, will no longer be in compression and will be in danger of failure. Similar curves can be 
created for non-cylinder pipe as well as metallic pipe. 

 

 
Figure 1: Performance risk curve for embedded cylinder PCCP 

 
Acoustic Fiber Optic Cable 
In North America, Acoustic Fiber Optic Cable (“AFO”) systems are being deployed in water mains as 
a method to detect and locate prestressing wire wrap break events in PCCP while the pipeline is in 
service. When developing a management program for a PCCP pipeline, such as pipelines that are 
found in nuclear power plants, there are two important variables to consider: the baseline condition of 
the pipeline and the rate of deterioration. The visual and sounding inspection, electromagnetic 
inspection, and the in-line leak detection services will provide an in depth and comprehensive 
evaluation of the baseline condition of a pipeline. However, this is simply a “snapshot” of the pipeline 
condition. To evaluate and track the deterioration of various PCCP water mains, an AFO system can 
listen for actively deteriorating pipes. 

AFO technology continuously monitors the acoustic activity in a pipeline to identify the 
acoustic events associated with the failure of prestressing wires. The AFO system continuously tracks 
the condition of each pipe in the line and reports the time and location of breaking prestressing wires. 
Thus, acoustic monitoring can identify actively deteriorating pipe sections and determine the rate of 
deterioration. The AFO system offers the client a unique insight into the real time status of their 
pipeline. Continuously monitoring the system provides information that could be invaluable to a 
nuclear power plant, because a pipe failure in a crucial line such as a large diameter cooling main 
could be catastrophic. 
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CASE STUDIES 
 
Case Study 1 
Visual, sounding, and electromagnetic inspections were performed on a cooling water pipeline located 
at a nuclear power generating station in North America. The pipeline carried cooling water that was 
critical to the power generation process. It was comprised of 2100mm PCCP manufactured by in three 
stages in the late 1960s and early 1970s. A relatively short pipeline, the approximate distance 
inspected was 280m for a total of 61 pipes.  

The visual inspection observed eight joints without mortar protecting the steel joint ring, and, 
therefore, were in need of repair. An additional thirteen joint has the spalling had yet to expose the 
steel rings. The sounding inspection detected a single pipe with a hollow sounding area in the barrel 
near mid-pipe. Review of the pipe laying schedule indicated an anchor ring embedded in the pipe and 
the concrete foundation. As a result, no pipes were found to be in a state of failure.  

During the same shutdown, an electromagnetic inspection was performed on the pipeline. Of 
the 57 lengths of PCCP available for evaluation, three (3) had electromagnetic signals indicative of 
distress. Though based on a limited sample size, the approximately 5.3% of damaged pipes the 
cooling pipeline exceeded the 3.9% average typically observed during other inspections of PCCP 
pipelinesi. Two pipes had anomalies representing 10 and 40 broken prestressing wire wraps while a 
third pipe had an anomaly where the electromagnetic signal could not provide quantifiable distress. 
As the electromagnetic inspection results did not correlate with the visual and sounding inspection, it 
was determined that the pipes with the electromagnetic anomalies did not have a loss of compression 
in the concrete core. Table 1 summarizes the results of the electromagnetic inspection. 
 

 

1Wire break regions were reported as meters from the upstream joint. 
2Shifted indicates a region where the electromagnetic signal indicated an anomalous area, though the exact 
number of broken wire wraps could not be determined. 

   
In addition to the joint damage and pipes with electromagnetic anomalies, marine growth was 

observed throughout the pipeline, and corrosion on a blind flange in a pipe.  It was recommended that 
the marine growth and locations of the corrosion be monitored or reevaluated during future internal 
inspections. A structural evaluation will determine the threshold of damage prior to rehabilitation as 
well as re-inspection during the next scheduled outage to determine if the pipe deterioration is an 
ongoing issue.  
 
Case Study 2 
Electromagnetic, visual, and sounding inspections were conducted in the supply and return lines for a 
nuclear power generating station in North America. The supply and return lines were comprised of 
1800mm, 2100mm, 2900mm, and 3000mm diameter PCCP that were manufactured in 1982. The 
inspection covered 1,660m as a total of 365 pipes were inspected. The cooling lines had been 
inspected and repair following an earlier inspection. The intent of the recent inspection was to 
determine the current condition of the pipe as well as estimating the rate of deterioration. The 
inspection findings are summarized as follows:   Four pipes of the return main had hollow areas detected; however, no pipes of the 

supply main had any hollow areas.   Of the four pipes of the return main, three hollow areas were located in the 3000mm 
portion of the return line and one hollow area was located in the 2100mm portion of the 
return line.  

Table 1: Electromagnetic Pipes of Interest 

Pipe 
Number 

Pipe 
Class 

Inspection 
Distance  

Pipe 
Length  

Break 
Region1 

Number of Wire 
Wrap Breaks by 

Region 

Total Number 
of Wire Wrap 

Breaks 
4 IV-84C 46m 4.88m 2.6; 4.1 25; 15 40 
5 III-84C2 100m 4.88m 0.8; 1.2–2.9 5; Shifted3 5; Shifted3 
6 III-84D 168m 4.88m 1.7 10 10 
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 The hollow areas were believed to be consistent with a loss of compression in the 
concrete core.   A total of 122 pipes were previously repaired using an internal carbon fiber lining. Of 
the 122 repairs, 60 had defects as a result of the operating conditions or were not 
adequately installed and in need of repair.  A joint between two pipes in the 3000mm portion of the return line had moisture 
present from the 1 o’clock position to the invert, indicating the potential of a leak. The 
joint was observed to be a wide, welded joint with faint cracks extending from the 3 
o’clock position up to the crown. These cracks were visible near the area where the 
water was observed to be seeping through the joint.  Analysis of the electromagnetic data identified 167 of the 365 pipes (45.8%) with 
electromagnetic anomalies consistent with broken prestressing wire wraps. However, 
multiple pipes had been previously repaired by means of a carbon fiber liner.  

Part of the structural analysis was to evaluate the risk of PCCP structural failure due to reduced 
structural capacity as a result of broken prestressing wire wraps. The prestressing wire is a principal 
structural component of PCCP and each individual class of PCCP installed in a pipeline was designed 
specifically for the maximum hydraulic operating pressure and earth covers expected along the route. 
Therefore, any amount of wire wrap damage poses some level of risk to PCCP and should be 
carefully evaluated. In an effort to quantify risk, a structural analysis and risk evaluation was 
performed, similar to shown in Figure 1 above, to determine the pipes in need of repair. The 
evaluation determined the nuclear power plant needed to repair eight pipes prior to returning the 
supply and return Lines to service. As the pipeline continues to deteriorate, re-inspection of the 
cooling lines was recommended within the next three to five years in an effort to identify additional 
pipes of concern. 
 
Case Study Conclusions 
Case Study #1 and Case Study #2 are examples of successfully manned internal inspections where the 
utility was able and chose to shut down their pipeline. The results showed that the level of damage in 
a given system can vary drastically, yet still can be adequately managed using current techniques and 
engineering evaluations. In Case Study #2, a considerably higher than average level of distress for 
PCCP water mains was encountered, yet the internal inspection schedule will allowed the utility to 
minimize the overall cost of rehabilitation when compared to complete replacement of the cooling 
lines.  

The pipes that were in need of repair were listed to the client as well as pipes that should be 
carefully monitored for the future.  In the case of Case Study #2, comparisons of the results of the 
most recent inspection to those of a prior inspection, were available and provided to the client who 
was then able to determine not only the current state of their pipeline, but also the rate of 
deterioration. Neither client in Case Study #1 or Case Study #2 opted to utilize and install a leak 
detection system or an AFO monitoring system, though, if they continue to include an inspection 
program in with their scheduled outages, the risk of failure should remain low. 

Overall, an increased level of deterioration was found in the return lines compared to the supply 
lines. The reason may be the higher temperature of the return flow as steel corrosion rates as well as 
other chemical reactions are directly affected by temperature. 
 
CONCLUSIONS 
 
Large diameter circulating water mains are vital components in the operation of nuclear power plants. 
These pipelines distribute cooling and service water throughout the plant, without which the plant 
would not be able to run. Over time, as with any material, these pipes deteriorate and in extreme cases 
can fail. A failure in a circulating water main could force the nuclear power plant to shut down, result 
in energy shortage, and cause large economic losses. Therefore, monitoring and inspecting circulating 
water mains in nuclear power plants is extremely important. 

Internal inspections can be utilized to gain a comprehensive understanding of the state of PCCP 
in a nuclear power plant. A visual and sounding inspection provides a thorough inventory of the 
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condition of the interior of the pipeline and is a time tested method for detecting pipes with severe 
damage that are a severe risk of failure. Electromagnetic inspections are able to detect broken 
prestressing wire wraps in PCCP, which is important because detecting broken wire wraps early 
allows for the utility to track the deterioration of a pipe and act before a failure occurs. In-line acoustic 
leak detection can locate leaks in the pipeline which cause water loss and in some cases are indicators 
of structure deterioration.  

In addition to the various pipeline inspection techniques that are available for a nuclear power 
plant, a post-inspection structural evaluation is advisable for the pipe designs that make up the 
pipeline. Structural evaluation consists of a design evaluation, investigation into possible operating 
issues, and a finite element analysis. Structural analysis in accordance with an internal inspection is an 
invaluable tool in evaluating the condition of a pipeline. Long term acoustic monitoring or 
reinspection and rehabilitation at regularly scheduled intervals provides a utility the adequately assess 
the condition of their pipeline minimizing the likelihood of failure.  
                                                 
i Higgins, M.S., Stroebele, A., Zahidi, S., “Numbers Don’t Lie, PCCP Performance and Deterioration 
Based on a Statistical Review of a Decade of Condition Assessment Data”, Pipelines Conference 
2012, Miami Beach, Florida, American Society of Civil Engineers, 2012.  
ii Price, R.E., Brooks, M.B., “Evaluation of Concrete Pressure Pipelines and Prevention of Failures”, 
Pipelines Conference 1995, San Diego, California, American Society of Civil Engineers, 1995. 
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