
FULL MANUSCRIPT  IAEA-CN-194-074 

TOPIC: 4-3 Cable Ageing Management 

  1 

The Status Quo of Japanese Research on Assurance of Cable Integrity 
in Nuclear Power Plants∗∗∗∗ 

 

 Y. Ohkia, N. Hiraia, T. Minakawab, T. Okamotoc 

 a Waseda University, 
 Tokyo, Japan 
 

b Japan Nuclear Energy Safety Organization, 
 Tokyo, Japan 
 
c Central Research Institute of Electric Power Industry, 
 Yokosuka, Japan 

 
Abstract: With an increase in the number of nuclear power plants operated for a long period, the assurance of 
integrity is of prime importance for all the safety-related components in the plants. Polymer-insulated electric 
cables play key roles such as power supply and information transmission. In order to secure even higher 
reliability for cables in nuclear power plants, several research projects have been conducting in Japan. In this 
paper, important research results obtained through three such projects are described. The first one is a seven-year 
project inaugurated in April 2001. Based on the results obtained in simultaneous thermal and radiation aging 
tests done in the project, the activation energy values calculated from the experimental data were found to be 
smaller than those currently used. In the second project, research was conducted to examine whether we can 
locate the position of a degraded portion in a cable by measuring the magnitude and phase angle of the cable’s 
impedance as functions of frequency in a very wide frequency range and by carrying out inverse fast Fourier 
transform analyses on the spectra. As a result, this method was found to be much superior to the time domain 
reflectometry in the locating ability of the degraded portion in all the three kinds of cables examined. In the third 
project, research has been carried out to clarify the degradation mechanism of polymeric insulating materials 
under thermal and irradiation stresses, aiming at supporting the inspection and maintenance procedures of safety-
related cables. 

1. Introduction 

Cables being used in safety-related systems must maintain their functions up until the last stage of 
their in-service periods as well as until safe termination of any malfunctions caused by accidents. In 
most cables, polymers that are sensitive to radiation are used as insulators. With these cables, it is 
known that degradation is induced gradually by oxidation or by other causes in thermal and radiation 
environments during normal operation in addition to rapid degradation of performance due to severe 
environments such as those in a loss-of-coolant accident (LOCA) with high-temperature steam and 
high-dose radiation. Through an extensive study supported by the Japanese government [1], it was 
clarified that some cables would have difficulty in maintaining safety functions during and after a 
design basis event. Although trials to develop on-site real-time cable condition monitoring methods [2, 
3] have been made actively in several institutes, there exist no truly reliable non-destructive methods 
to detect various damages induced in cables. Therefore, research was conducted to examine whether 
we can locate the position of a degraded portion in a cable by measuring the magnitude and phase 
angle of the cable’s impedance as functions of frequency in a very wide frequency range and by 
carrying out inverse fast Fourier transform (IFFT) analyses on the spectra. 

Moreover, integrity of cables is usually examined by an accelerated test, in which the temperature and 
dose-rate are set to be much higher than those in the ambient atmosphere in actual nuclear power 
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plants. Therefore, a proper method must be established to estimate the degradation behavior in actual 
plants as correctly as possible from the data obtained in the test. In order to realize this, a thorough 
understanding of the degradation mechanism is desirable. A typical research result concerning the 
above is also described. 

2. Activation energy of insulating polymer 

In this section, the main result of the first project and its most important finding are summarized. The 
project is called the “Assessment of Cable Aging for Nuclear Power Plants”, referred to as “ACA” 
hereafter, which was conducted by the Japan Nuclear Energy Safety Organization (JNES) for seven 
years from April 2002 to March 2009. In Japan, integrity of the safety-related cables used in nuclear 
power plants is confirmed by an environmental qualification (EQ) test, which should be conducted in 
accordance with “The Practice Recommended by the Institute of Electrical Engineers of Japan”, based 
on the IEEE Stds 323-1974 and 383-1974. The test consists of procedures to simulate the aging under 
ambient environments in the normal operation for a planned service life, which is referred to as 
‘operational aging’, followed by a simulated LOCA. For simulating operational aging, sequential 
accelerated aging, which usually means thermal aging followed by radiation aging, has been adopted. 
The condition of the thermal aging test is set using the activation energy obtained by the Arrhenius 
model, which is estimated with data acquired at much higher temperatures. However, it has been 
pointed out that the activation energies in the operating temperature range, usually below 60 °C, are 
smaller than those estimated in a high temperature range [4]. 

To confirm the above, the activation energy was estimated in the ACA project for six kinds of 
insulating polymers by conducting thermal aging tests and simultaneous aging tests with heat and γ-
rays. The former tests were done at three different temperatures, namely at 135, 155, and 175 °C for 
silicone rubber, and at 100, 110, and 120 °C for the other polymers. The latter tests were conducted 
under the combination of three dose rates, 3, 8, and 100 Gy/h, and the aforementioned three 
temperatures. Note that these temperatures are quite lower than those usually used, and that these 
conditions were confirmed beforehand to be able to give uniform aging to the respective insulating 
polymers. For each sample, a tensile test to measure the elongation-at-break (EB) was also carried out. 
Then, the activation energy of each material [5] was estimated as shown in Table I by making an 
Arrhenius plot using the data at EB = 100%. The fact that many insulating polymers exhibit the 
activation energies less than 100 kJ/mol (= 24 kcal/mol), which are considerably lower than those used 
in usual EQ tests, has a very important meaning for the assurance of polymer-insulated cables used in 
nuclear power plants. 

 

3. Development of a reliable method for locating cable degradation 

In order to develop a reliable method to locate a degraded portion in a polymer-insulated cable, 
research has been conducted to study the effect of degradation of cable insulation on the cable’s 
impedance. In the study, the magnitude and phase angle of impedance of a target cable were measured 

Table I. Activation energies of insulating materials 

Insulating material 
Activation Energy 

kJ/mol (kcal/mol) 

XLPE 94.5-110 (22.6-26.3) 

FR-XLPE 66.1-83.8 (15.8-20.0) 

EPR 94.5 (22.6) 

FR-EPR 83.8-110 (20.0-26.2)  

SiR 41.5-50.4 (9.90-12.0) 

SHPVC 71.2-89.0 (17.0-21.2) 

XLPE: Cross-linked polyethylene; FR: Flame-retardant; EPR: Ethylene-propylene rubber; 
SiR: Silicone rubber; SH: Special heat-resistant; PVC: Polyvinyl chloride. 
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as functions of frequency in a very wide range and the location of the position of the damaged portion 
in the cable was tried by inverse fast Fourier transform (IFFT) analyses of their spectra. 

3.1 Experimental 

The cables tested are a triplex cable insulated by flame-retardant ethylene-propylene rubber (FR-EPR) 
and a duplex cable insulated by silicone rubber (SiR), which are typically used as low voltage cables 
in nuclear power plants. Their lengths are about 25 m. In order to simulate possible degradation in 
nuclear power plants, heat and 60Co-γ irradiation were given simultaneously over a partial length.  

The method we conducted is called broadband impedance spectroscopy (BIS), which measures 
frequency dependencies of the magnitude and phase angle of cable’s impedance by applying an ac low 
voltage with various frequencies between the cable terminals [3, 6, 7]. Although the impedance was 
measured at frequencies from 40 Hz to 110 MHz in most experiments, data obtained in a frequency 
range from 1 to 110 MHz are reported and analysed in this paper. For comparison, data were obtained 
from 1 to 200 MHz for some cables. In the measurements, the two conductors in the duplex cable or 
any sets of two conductors in the triplex cable were connected to two measuring terminals of an 
impedance analyser (4294A, Agilent) at one end, while the two conductors were short-circuited with 
each other or kept open at the opposite ends. For the measurements at frequencies of 1 to 200 MHz, a 
network analyser (E5061B, Agilent) was used. 

The IFFT analysis is known to convert data obtained as a function of frequency to those represented as 
a function of time. Therefore, for the impedance magnitude and phase angle spectra obtained for 
cables aged not entirely but along a certain specific length, IFFT analyses were carried out to locate 
the degraded portion in the cable by multiplying the velocity of the electromagnetic wave in the 
insulation. For comparison, some of the cables were evaluated by the time domain reflectometry 
(TDR), a typical method for locating the degraded portion in a power cable. For TDR, we used an 
Agilent 54754A reflectometer, in which pulses with duration of 1.2 µs were repeated. 

3.2 Results and discussion 

Spectra of magnitude and phase angle of impedance exhibit each maxima and minima at specific 
frequencies, depending on either the cable length or the length between the degraded portion and the 
cable end. Although the spectrum differs in the two cases where the cable end opposite to the one 
connected with the measuring terminals was short-circuited or open, the difference is in a way that the 
impedance in one condition shows maxima at the frequencies at which the other condition has minima. 
In this regard, only the data obtained for the open end are discussed. 

The sensitivity of the present BIS method is discussed by taking a 25-m SiR insulated cable as an 
example. Part of the cable, which is a 50 cm long, was irradiated by γ-rays at a dose rate of 1240 Gy/h 
at 170 °C at a portion 10.3 to 10.8 m from the cable end near the measuring terminal. Since the 
increase in the number of data used for IFFT makes the resolution clear [8], the data taken at 801 
different frequencies were interpolated to 8721. Figure 1 shows the gain/position spectra obtained for 
three doses, namely 412, 501, and 703 kGy. For the total doses of 412 and 501 kGy, a clear peak 
cannot be seen at a portion about 10 m from the cable end. This portion is exactly the place where the 
γ-rays had been irradiated. At 703 kGy, a clear peak appears at around 10 m. Although not shown, a 
similar peak appeared regardless of whether the measurement terminals were connected to whichever 
cable end nearer to or remoter from the degraded portion. Namely, the BIS method can detect the 
degradation clearly if the total dose is higher than a certain value between 501 and 703 kGy when the 
cable conditions such as the insulating material, size, and length are similar. 

Figure 2 shows the possible change in EB of SiR as a function of the total γ-irradiated dose, estimated 
on a theory called “superposition of dose to equivalent damage (DED)” described in reference [9]. 
Depending on the total dose, EB decreases from about 400% to 15% and it is about 20% at 501 kGy. 
On the other hand, according to the ACA project [10], a SiR-insulated cable in nuclear power plants 
must possess the EB values higher than the permissible value that ranges from 24 to 40%, depending 
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on the manufacturer, in order to secure its function after the design basis event. The value of EB at 501 
kGy is about 20%, which is lower than the permissible value between 24 and 40%. Therefore, the 
requirement cannot be satisfied. 

 

FIG. 1. Gain/position spectra of a 25-m SiR-insulated cable, γ-irradiated at 170 °C at a position 10.3 - 
10.8 m from the left end. Impedance spectra were measured at 801 frequencies in a range from 1 to 
110 MHz and interpolated to 8721 data. 

 

 

FIG. 2. Relation between EB and the total γ-irradiated dose, estimated based on a theory called 
“superposition of dose to equivalent damage” [9]. 

 

FIG. 3. Damage location result obtained by measuring the impedance in a frequency range from 1 to 
200 MHz for the same cable used for Fig. 1. 
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FIG. 4. Damage location results obtained by measuring the impedance in a frequency range from 1 to 
110 or 1 to 200 MHz for a triplex cable insulated with XLPE, aged by γ-irradiation to a total dose of 
600 kGy at a dose rate of 1 kGy/h at 100 °C at a position 10.0 - 10.5 m. 

A possible way that can improve the sensitivity of the BIS method is to increase the frequency range 
or the highest frequency at which the impedance is to be measured. Therefore, we tried to use the 
network analyzer that can obtain impedance spectra in a frequency range from 1 to 200 MHz. Figure 3 
shows the gain/position spectra obtained by the IFFT analyses on the impedance spectra measured by 
the network analyser. The sample was the same SiR-insulated cable with which the data shown in Fig. 
1 had been taken. Even at the lowest total dose of 412 kGy, a clear peak appears at a portion about 10 
m from the cable end, which is exactly the place where the γ-rays had been irradiated. Namely, the 
increase in the highest frequency used for the BIS method from 110 to 200 MHz can yield a 
significantly good resolution. Similar significant improvement of resolution and sensitivity can be also 
seen in Fig. 4 for a triplex cable insulated with cross-linked polyethylene (XLPE), aged by γ-
irradiation to a total dose of 600 kGy at a dose rate of 1 kGy/h at 100 °C. Furthermore, although the 
details are not shown due to space limit, a very similar result was obtained for a triplex cable insulated 
with FR-EPR aged by 1000-kGy γ-rays at 100 °C. The likely value of EB of SiR, estimated by the 
‘DED’ theory [9] at the above-mentioned total dose of 412 kGy, is about 25%. This value covers 
partly but not completely the aforementioned requirement level of 24 to 40% necessary for the SiR 
insulation for cables in nuclear power plants. Therefore, further efforts must be done. 

It is very important to compare the damage location ability of the BIS method to other possible 
methods. In this regard, we carried out TDR measurements using the same cable mentioned above, for 
which the damage location results are shown in Figs. 1 and 3. Figure 5 shows the results of location of 
the aged portion by the measurements. Even when the cable was irradiated by γ-rays to the highest 
total dose of 703 kGy at 170 °C, no clear peak appears. Namely, TDR cannot detect the damage. 
Figure 6 shows another example. The cable examined and the aging given are the same as those in the 
case of Fig. 4. Comparison among the three curves shown in Figs. 4 and 6 clearly indicates distinct 
superiority of BIS to TDR. From its principle, which is to detect the reflection of electromagnetic 
wave at the point where the impedance changes drastically, TDR seems unsuitable for the present 
aging by which the degradation becomes gradually severer along the direction of the cable. Therefore, 
as far as the present degradation is concerned, BIS is significantly superior to TDR.  
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FIG. 5. Damage location result obtained by TDR for the same cable used for Fig. 1. 

 

FIG. 6. Damage location result obtained by TDR for the same cable used for Fig. 4. 

4. Oxidation of insulating polymer and role of antioxidant 

A thorough level of understanding of the degradation mechanism of polymer used for cable insulation 
is necessary in order to manage aged cables properly. Regarding the degradation mechanism, it is 
assumed that thermal oxidation is enhanced when the antioxidant content becomes lower than a 
critical value [11]. The ratio of the absorbance due to carbonyl groups to that of methylene groups is 
used in the present study to quantify the oxidation, which is hereafter called oxidation degree [12]. To 
verify the above-mentioned assumption, we focused our attention on the mutual relations among the 
remaining antioxidant content (nA), oxidation degree, and EB, caused by accelerated thermal and 
radiation aging [13]. 

The samples investigated are XLPE sheets with a thickness of 1 mm. The samples, to which 
antioxidant, Irganox 1010, was intentionally added with contents of 0.4 and 0.2 wt%, are referred to as 
A and B, respectively. The sample that may contain the minimum amount of antioxidant but not 
intentionally is referred to as C. These samples were aged by the irradiation of 60Co γ-rays at a dose 
rate of about 100 Gy/h for various designated periods at room temperature, 60 and 100 °C. It is known 
that oxidation induction time (tO), which is measurable clearly by differential scanning calorimetry or 
chemiluminescence, strongly relates to nA. Figure 7 shows temporal change in nA estimated from tO. In 
all the samples except for sample C at room temperature, nA decreases with an increase in aging time 
and the decreasing rate is larger when the initial antioxidant content is lower. As shown in Fig. 8, 
although EB and oxidation degree are reasonably stable during the initial period, nA shows a 
continuous decrease from the initial stage. After a certain induction time, EB starts to decrease 
drastically to a sufficiently low value. The value of nA at this time is less than 0.1 wt%, which 
indicates that there must exist a certain minimum antioxidant content necessary for effective inhibition 
of oxidation. As shown in Fig. 8, the oxidation degree and EB show a distinct negative relationship, 
which is more evidently indicated by inverse sigmoid curves shown in Fig. 9. Since the oxidation 
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degree can easily be estimated by infrared spectroscopy, knowing such relationship is useful for 
estimating EB after the start of oxidation. 

Proper simulations of oxidation behaviour as functions of time, position in a polymer, and oxygen 
partial pressure can be a powerful tool to estimate the degradation of the polymer and the remaining 
life of a cable insulated with the polymer. In this regard, we have started numerical simulations by 
solving diffusion equations. A preliminary result is shown in Fig. 10, which clearly indicates that 
oxidation starts first at the edge of the sample [14]. 

 

FIG. 7. Estimated antioxidant contents in samples A, B, and C as a function of aging time at RT and 
100 °C. 

 

FIG. 8. An example of temporal changes in nA, oxidation degree, and EB in sample B. 

 

FIG. 9. Relations between oxidation degree and EB in samples A, B, and C. 
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FIG. 10. Numerical simulation of quantity of oxidation products, as functions of position and 
oxidation time in a polymer. Note that positions 0.0 and 0.5 correspond to the sample edge and center, 
respectively. 

5. Conclusion 

The status quo of Japanese research activities on assurance of cable integrity in nuclear power plants, 
being carried out under the supervision of Japanese government, was briefly reviewed. The important 
results obtained are summarized as follows:  

1) The activation energy determined by a seven-year thermal aging test done at temperatures 
lower than those used in conventional tests is considerably lower than that currently used in 
environmental qualification tests for all the polymers examined. 

2) The BIS method can locate a degraded portion in a polymer-insulated cable by conducting 
IFFT analyses and its location ability is improved by increasing the highest frequency at 
which impedance is measured. 

3) The location ability of BIS is distinctly superior to TDR. 

4) There must exist a certain minimum antioxidant content that can effectively inhibit 
oxidation. 

5) A strong negative correlation exists between the oxidation degree of a polymer and its 
elongation-at-break. 
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