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Analysis and Measurement Services (AMS) Corporation has been conducting two research projects 
focused on understanding cable aging and developing cable condition monitoring technologies for nuclear 
power plants. The goal of the first project is to correlate cable faults with testing techniques that can 
identify and locate the faults whether they are in the cable, conductor, or the insulation. This project 
involves laboratory experiments using low and medium voltage cable types typically installed in nuclear 
power plants. The second project is focused on development of an integrated cable condition monitoring 
system for nuclear facilities. This system integrates a number of cable testing and cable condition 
monitoring techniques, such as the time domain reflectometry (TDR), frequency domain reflectometry 
(FDR), inductance, capacitance, resistance (LCR), reverse TDR (RTDR), current-to-voltage (IV) for 
testing of nuclear instrumentation sensors, insulation resistance (IR) and other techniques. The purpose of 
the project is to combine all proven technologies into one system to detect and pinpoint problems in cable 
circuits as well as cable insulation, shield, or jacket material.  
 
1. Introduction 
 
The current fleet of nuclear power plants in the U.S. is reaching the end of its first 40 years of operating 
life. Efforts are currently under way to extend the life of these plants to 60 years, 80 years, or even later. 
At the heart of life extension concerns is the embrittlement of the reactor vessel by years of neutron 
bombardment, cracks in reactor vessel internals, aging of cables, age related problems with piping, civil 
structures such as the reactor containment, and a few other components that are not replaceable or 
serviceable economically. Cable aging, in particular, is primarily concerned with degradation of the 
polymer material by thermal oxidation while exposed to heat, humidity, radiation, and other 
environmental stressors. Consequently, as the polymer becomes embrittled, it cracks and becomes 
susceptible to moisture intrusion that can cause shorts and shunts in the cable circuits. In fact, cable aging 
has resulted in signal anomalies, problems with plant control and safety systems, loss of critical functions, 
and even fire. 

Working under a U.S. Department of Energy (DOE) research grant, AMS has developed an integrated 
system for cable condition monitoring and fault detection. This system (Figure 1) incorporates several in-
situ cable testing techniques in one piece of equipment in addition to other functions useful for 
troubleshooting a cable circuit. The resulting integrated system tests: 

- Time domain reflectometry (TDR) 
- Frequency domain reflectometry (FDR) 
- Impedance (inductance, capacitance, and resistance) 
- Reverse time domain reflectometry (RTDR) 
- Insulation resistance (IR) 
- Current-to-voltage (IV)  
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The six tests listed above may be used to identify and locate a fault along a cable and can be performed 
remotely as well as in-situ. Research is currently underway at AMS to establish the sensitivity of these 
techniques to degradation of a cable’s polymer material.  

 

FIG. 1. Integrated Cable Condition Monitoring System 

This paper presents a review of cable testing techniques together with results of lab and field tests to 
demonstrate the validity of these techniques. 

2. Description of In-Situ Cable Testing Methods 

The six electrical testing methods mentioned earlier are described in this section. Used together, these 
methods provide an overall picture of the cable’s health as well as information for expediting any repairs 
that may be needed. If baseline data is available, then by comparison and interpretation, significant 
changes from the baseline indicating the effects of aging may be monitored. If such baseline data is not 
available, the characteristics of cables from similar installations may serve as a de facto baseline [1]. 

2.1. Time Domain Reflectometry (TDR) 

TDR is an electrical test technique that identifies and locates impedance mismatches in a cable circuit 
including cabling, connectors, and end devices. This test impedance mismatches along a cable or in a 
connector by sending a test signal between two conductors and measuring reflected signals. The reflected 
signal is plotted versus distance and shows any changes in impedance along the length of a cable circuit 
as well as termination impedance due to the end device. Results from TDR can be trended to evaluate the 
effects of environmental stressors over time [2]. The TDR technique has served the nuclear power 
industry in testing instrumentation circuits, motors, heater coils, and many other components to locate 
problems in the circuit in-situ. Figure 2 shows TDR results of a source range detector used at a U.S. 
nuclear facility that identified a high impedance connection at the outboard penetration. 
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FIG. 2. TDR Trace of NI Circuit Indicating a High Impedance Connection (Magenta) Compared to TDR 
Trace After the Circuit Was Fixed (Blue) 

2.2. Frequency Domain Reflectometry (FDR) 

FDR is an electrical testing technique similar to TDR that identifies and locates faults in a cable system 
in-situ. Figure 3 shows FDR results from a thermal aging experiment performed in the laboratory that 
identified and located polymer degradation. The FDR technique sends a frequency swept signal through 
the cable circuit and analyzes the circuit impedance changes that are reflected. The reflected signals are 
measured in frequency domain and then converted into the time domain using an inverse fast fourier 
transform to locate the impedance mismatches. The use of discrete frequencies makes it possible to 
identify and locate gross faults in cable insulation material and small faults in connectors or cables. 

 

FIG. 3. FDR Results Identifying and Locating Degraded Polymer Material 
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2.3. Impedance Measurements 

Impedance tests (also known as LCR) are performed to measure characteristics of a cable circuit that can 
change due to faulty connections, splices, and end devices. Impedance tests are often used in addition to 
TDR to identify whether a circuit problem is caused by an open circuit, short circuit, shunt, moisture 
intrusion, or other age-related problems [2]. 

The impedance tests are performed with an AC signal at different frequencies. The resulting data is 
evaluated to determine if they match expected results for the type of circuit being tested. Imbalances, 
mismatches, or unexpectedly high or low impedances between the cable leads indicate problems caused 
by cable degradation, faulty connections and splices, or physical damage. For example, abnormal 
capacitance measurements indicate a change in the dielectric or insulation of the cable. 

2.4. Reverse Time Domain Reflectometry (RTDR)  

AMS developed the RTDR technique which tests the quality of the shielding around the conductor of a 
coaxial or triaxial cable by sending an electrical pulse through the shield and identifying the distance 
where noise is coupled into the conductor. Electrical noise can couple at poor connections or terminations 
in the circuit but may also result from damage to the cables. During the test, the conductor is monitored 
for any return signal while high frequency electrical noise is applied through the shield of the cable. When 
a return signal is identified, the time delay determines the distance of the coupling point. This technique is 
typically used in conjunction with the TDR to determine the location of connections, splices, faults, and 
the end device. Figure 4 shows a laboratory setup of a cable circuit with a connection without full 
shielding around the conductor and the RTDR results identifying and locating the problem. 

 

 

FIG. 4. Laboratory Setup and RTDR Results Revealing Coupling with a Simulated Broken Shield (Blue) 
Compared to Baseline (Red)  
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2.5. Insulation Resistance (IR) 

IR tests quantify the quality of cable insulation by applying a voltage (e.g., 100 V dc) between cable 
conductors, shield and/or a ground plane while measuring current. As the voltage is applied, leakage 
current will flow through the insulating material and is measured to establish the cable insulation’s 
quality. Excessive leakage current may be caused by contaminants (moisture, grease, dirt, etc.) in the 
cable (Fig. 5). Time-based IR ratios such as the dielectric absorption ratio (DAR) and the polarization 
index (PI) are effective indicators to show changes in cable insulation in addition to the IR tests. The 
DAR is the ratio of the IR at 60 seconds to the IR at 30 seconds and the PI is the ratio of the IR at 10 
minutes to the IR at 1 minute. 

 

Fig. 5. Principle of insulation resistance test 

2.6. Current-to-Voltage (IV) 

IV curves are produced by applying increasing, incremental voltages to the end device under test while 
measuring the device’s current. Analysis of the IV test data can often reveal age related problems in end 
devices such as neutron detectors. As incremental voltages are applied, the current from the nuclear 
instrument is measured and plotted verses the applied voltage to produce an IV curve. The IV curves can 
be inter-compared and trended from one test to the next to identify detector degradation. Figure 6 shows 
trended IV results of nuclear instrumentation in a U.S. nuclear facility over time that indicate degradation 
of the detector. 
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FIG. 6. Trended IV Curves Revealing Degradation in Nuclear Instrumentation 

3. Effect of End Device 

Cable testing results are influenced by the device at the end of the cable. As such, AMS has developed 
new procedures for separating cable issues from problems in the end devices. For example, a signal from 
a nuclear plant temperature sensor may be faulty due to the cable, the connector, or the sensor. In this 
case, methods such as the loop current step response (LCSR) test and noise analysis are used together 
with cable testing techniques to isolate the problem. The descriptions of LCSR and noise analysis 
techniques are given in numerous papers previously published by AMS for the nuclear power industry of 
researchers. 

4. Conclusion 

The important issue of managing cable aging in nuclear power plants has been addressed by many 
organizations related to the nuclear industry. The necessity of cable aging management was suggested in 
IAEA-TECDOC-1402 [3] and IAEA-TECDOC-1188 [4] with other nuclear power plant I&C components 
that are affected by aging related degradation. There are several topics currently under investigation in 
this area of research. For example, the International Atomic Energy Agency (IAEA) is sponsoring a 
Coordinated Research Project (CRP) on condition monitoring and aging management of low voltage 
nuclear plant cables [5]. The first meeting for this CRP was held in Vienna, Austria in April 2012 [6]. 
These IAEA programs in the area of plant life extension/plant life management (PLiM/Plex) have 
produced a report number NP-T-3.6 to be published in 2012. The CRP is slated to include a major 
benchmarking activity to produce artificially and naturally aged cables to be used for validation of cable 
condition monitoring techniques.  

Through innovations arising from two research projects supported by DOE, AMS is providing equipment 
and technology for cable aging management and cable condition monitoring in nuclear power plants. This 
paper presents a review of the technologies that are being validated in these projects. 
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