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Abstract: Cross-linked polyethylene (XLPE) is one of the major materials for cable insulation. The 

degradation of cable insulation can be safety issues to nuclear power plants. This research has 

proposed deterministic and probabilistic models quantitatively predicting the decrease of the electrical 

resistance of the insulation as a function of time in thermal degradation. The activation energy of the 

degradation reaction has been determined as well. Different from previous studies using one resistivity 

value to represent the resistance of an entire specimen, our approach models one specimen as the 

combination of two parts: one degraded part and one non-degraded part possessing disparate 

resistivity based on Dichotomy Model. The volume ratio of the two parts determines the total 

resistance. The change of the ratio as a function of time can be calculated by the cumulative density 

function (CDF) of an exponential distribution. The trend of the total resistance is modeled into three 

phases: phase 1 with uniform degradation, transition phase caused by percolation, and phase 2 with an 

insignificant drop-off rate. The experimental data measured in accelerated conditions have been 

included in this paper to validate the models. 
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1.  INTRODUCTION 
 

Cross-linked polyethylene (XLPE or PEX) is a major material for cable insulation [1] because of its 

high reliability [2]. However, it inevitably degrades when exposed to heat, which can cause safety 

issues to nuclear power plants. The maximum operating temperature for XLPE insulation is about 

90℃ [3-5], but even below this threshold, the degradation persists [6]. 

 

XLPE insulation loses its electrical resistance due to ageing [6-8]. The resistivity after degradation can 

be 1,000 times smaller than that before ageing [7]. Therefore, many experiments have been performed 

to measure the resistivity of the insulation at different aging temperature [6-8]. Nonetheless, few 

physics-based models have been developed to quantitatively connect the change of electrical 

resistance and the effect of ageing temperature. 

 

Based on the Dichotomy Model [9-11], this research has proposed deterministic and probabilistic 

models representing the decrease of the insulation resistance as a function of time corresponding to 

different aging temperatures. Unlike the previous study using one resistivity value to represent an 

entire specimen [6-8], we model the resistance by the combination of one non-degraded part and one 

degraded part inside a bulk XLPE. Accelerated aging conditions have been applied to obtain the 

degradation rate and activation energy. Experimental data have been incorporated in this paper to 

validate the proposed models. 

 

2.  MODELING 
 

In thermal degradation, the trend of the electrical resistance or resistivity of XLPE insulation is shown 

in Figure 1 (a) [6-8]. Curve (A) starts with phase 1, followed by a steeper drop named transition phase, 

followed by phase 2 with a smaller slope. The start and end time of transition phase are denoted by ts 

and tf, respectively. When aging temperature is raised, each phase of curve (A) becomes steeper, 
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where this process is schematically represented by curve (B), (C), and (D), sequentially. In curve (D), 

three phases visually merge due to their high slopes and short (tf - ts). 

 

          
Figure 1. (a) Trend of the resistance modeled into three phases at lower and higher temperatures. (b) ~ 

(e) Illustration of the formation of percolation 

 

In Figure 1 (b) ~ (d), when aging time is smaller than t3, the degraded part is scattered. After t3, the 

degraded part forms the percolation denoted by the dotted line between the two electrodes in Figure 1 

(e). This percolation renders transition phase since the resistivity of the degraded XLPE can be 1,000 

times lower than that of the non-degraded XLPE [7]. 

 

To model the resistance of phase 1, the degraded part is assumed to be uniformly distributed in the 

bulk, as shown in Figure 1 (c) and (d). According to the Dichotomy Model [9-11], one unit cube is 

divided into n
3
 subcubes. As time elapses, some of the non-degraded subcubes become degraded 

subcubes shown by the dark subcubes in Figure 2 (a). 

 

 
Figure 2. (a) Current uniformly flows through (a) a unit cube, and (b) one of the columns in (a) 

 

The resistance of a non-degraded subcube (Rs0) and a degraded subcube (Rsd) can be represented by 

equation (1) and (2), respectively. ρ0 is the resistivity of the non-degraded part and can be measured 

via a non-degraded material. ρd is the resistivity of the degraded part and can be measured from a well-

degraded specimen. 
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The resistance of a unit cube (Rtl) can be calculated by the parallel connection of the columns where 

Figure 2 (b) shows one of the columns. Set Vd to be the volume ratio of the degraded part in a unit 

cube (degradation ratio). After calculation, Rtl can be denoted by equation (3). 

high 
temperature

Rsd

phase 1

transition
phase

phase 2

Time (linear)

Lo
g(

re
si

st
an

ce
)

low 
temperature

ts tf

Rs0
(A)

(B)

(C)

(D)

(a)
t1

t3

t0

t2

(b) (c)

(d) (e)

insulation

electrode

degraded part

Current

(a) (b)



Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, California 

 

     ρ
 
      

 
  ρ

 
    

 
  (3) 

 

If the degradation portion per unit time (degradation rate, ν) is constant, Vd can be calculated by 

equation (4) according to the cumulative distribution function (CDF) of an exponential distribution. 

 

          ν  (4) 

 

Therefore, equation (3) can be rewritten into equation (5). 
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Equation (5) represents the degradation of the resistance as a function of time in phase 1. For the 

simplicity in field application, transition phase is modeled by a straight line connecting the end of 

phase 1 and the start of phase 2. The change of the resistance in phase 2 is insignificant compared to 

those in phase 1 and transition phase. Hence, phase 2 can be modeled as a horizontal line. 

 

3.  VALIDATION 
 

3.1.  Case A 

 

The experimental data of set A samples are from the Figure 3 of the reference [6]. Since the data is in 

the form of resistivity, it is independent of the geometry of a specimen. Therefore, this research set the 

specimens to be unit cubes for the simplicity of calculation. In this condition, the values of resistance 

and resistivity are equal. The discrete patterns in Figure 3 are experimental data [6], which can be used 

to determine the values of ρ0 and ρd in equation (5); the values are listed in Table 1. The values of ν in 

equation (5) are tested to fit the experimental data and listed in Table 2. It is worth noting that when 

equation (5) is used to fit the experimental data, for the data points at 80 and 100℃, only the points in 

phase 1 are used, while for the data points at 120 and 140℃, all the data points in the three phases are 

considered. 

 

 
Figure 3. Measured (discrete patterns) and modeled (continuous lines) Rtl of the XLPE insulation 

 

Table 1. Parameters for equation (5) 
Resistivity (Ω-cm) 80℃ 100℃ 120℃ 140℃ 

ρ0 2.0E14 1.0E14 3.2E13 1.95E13 

ρd 1.0E12 1.0E12 1.9E12 1.54E12 

 

Table 2. Modeled degradation rate (ν) 
Temperature (℃) ν (1/h) 

80 8.5E-4 

100 1.0E-3 

120 9.0E-3 
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140 1.4E-2 

 

Figure 4 is the Arrhenius plot of Table 2. The slope of its linear fitting can be used to determine the 

activation energy (ΔG) where ΔG = - slope × (ideal gas constant) = 64 kJ/mol, which is close to the 

values reported in the reference (62.8 ~ 66.1 kJ/mol) [12]. 

 

 
Figure 4. The Arrhenius plot corresponding to Table 2 

 

3.2.  Case B 

 

The experimental data in case B are from Figure 1 of the reference [7]. The measured data are denoted 

by the discrete patterns in Figure 5. Their trends are similar to curve (D) in Figure 1. The values of ρ0 

and ρd are read from Figure 5 and listed in Table 3. Corresponding to equation (5), the values of the 

degradation rate (ν) are tested to fit the experimental data. The result is listed in Table 4. The values of 

the resistance calculated by equation (5) are represented by the continuous lines in Figure 5. 

 

 
Figure 5. Measured (discrete patterns) and modeled (continuous lines) Rtl of the XLPE insulation 

 

Table 3. Parameters for equation (5) 
Resistivity  (Ω-cm) 90℃ 135℃ 150℃ 

ρ0 7.0E14 

ρd 1.5E12 7.0E11 4.0E11 

 

Table 4. Modeled degradation rate (ν) 
Temperature (℃) Degradation rate (1/h) 

90 0.031 

135 0.042 

150 0.057 

 

Figure 6 is the Arrhenius plot of Table 4. The slope of the linear fitting of the plot can be used to 

determine ΔG where ΔG = - slope × (ideal gas constant) = 1.414 × 8.314 = 12 kJ/mol, which is 

significantly lower than the ΔG of set A samples. However, this value is expected since the drop-off 

rate of the resistance shown in Figure 3 is much lower than that in Figure 5. 

y = -7.696 x + 14.415 
R² = 0.876 

-8

-7

-6

-5

-4

2.3 2.5 2.7 2.9 

ln
(ν

)

1000 / oK

1E+10

1E+11

1E+12

1E+13

1E+14

1E+15

1E+16

0 500 1000 1500

R
es

is
ta

n
ce

 (
Ω

)

Ageing time (h)

90℃

135℃

150℃



Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, California 

 

 
Figure 6. The Arrhenius plot corresponding to Table 4 

 

4.  DISCUSSION 
 

The degradation rate (ν) in this model is derived from the trend of the electrical resistance. This ν is 

not equal to the degradation rate measured by chemical reactions. The degradation ratio (Vd) 

represented by equation (4) is the integral of ν against time, which can be used to draw the boundaries 

of each phase. According to the experimental data at 80℃ and 100℃ in Figure 3, the continuous lines 

plotted by equation (5) can be used to determine the values of Vd at the boundaries. At 80℃ and 

100℃, the Vd at the end of phase 1, or the beginning of transition phase, is about 0.95. At the same 

temperatures, the Vd at the end of transition phase is about 0.97. Therefore, by these Vd values, the ts 

and tf in Figure 1 can be calculated via equation (5). 

 

Since there is always uncertainty between the predicted and measured values as shown in Figure 3 and 

Figure 5, in addition to the deterministic approach based on equation (5), a probabilistic model has 

also been developed in this research. Bayesian parameter estimation [13-17], represented by equation 

(6) where the priors are ν and σ, can be used to obtain the distributions of priors. 

 

             
                  

                     
 (6) 

 

A measured resistance (yi) is assumed to be normally distributed around a predicted resistance (μy) 

with the standard deviation (σ), which is represented by equation (7) and (8), where μy can be 

calculated by equation (5) and represented by equation (9). 
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Take the experimental data at 120℃ in Figure 3 for example, the priors (ν and σ) are both assumed to 

be uniform distributions ranging from 0 to 0.015 and from 0 to 1E+13, respectively. The distributions 

of ν and σ calculated by Bayesian parameter estimation are shown in Figure 7. The average and 

percentiles of ν are listed in Table 5. By plugging the corresponding values of ν into equation (5), the 

uncertainty of the resistance is plotted in Figure 8. 
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Figure 7. The PDF of ν and σ 

 

Table 5. The average and percentiles of ν [×10
-3

 /h] 
Average 2.5% 25% 50% 75% 97.5% 

9.515 8.537 9.210 9.464 9.747 10.83 

 

 
Figure 8. The uncertainty of the resistance at 120℃ corresponding to Figure 3 

 

5.  CONCLUSION 
 

XLPE is a major material for cable insulation. The degradation of the insulation in nuclear power 

plants can result in safety issues. Few physics-based models have been developed to predict the 

degradation. The Dichotomy Model [9-11] has been applied to the decrease of the electrical resistance 

under thermal aging. It divides an entire material into degraded and non-degraded parts possessing 

disparate resistivity. The ratio and distribution of the two parts determine the trend of the resistance. 

The trend of the resistance is modeled into three phases: phase 1 with uniform degradation, transition 

phase caused by percolation, and phase 2 with an insignificant slope. While the aging temperature is 

high, the boundaries of the three phases become indiscernible. The development of the degradation 

rate and degradation ratio based on the Dichotomy Model facilitates the determination of the 

activation energy, which is an essential parameter in accelerated aging experiments widely used to 

predict the degradation rate of materials. In addition to the deterministic model, a probabilistic model 

has also been proposed in this research to model the uncertainty of the degradation according to the 

Dichotomy Model and Bayesian parameter estimation. Both deterministic and probabilistic models 

have been validated by experimental data. 

 

References 

 

[1] L. Bustard and P. Holzman, "Low-voltage environmentally-qualified cable license renewal 

industry report: Revision 1. Final report," Electric Power Research Institute, Palo Alto, CA. 

USA TR-103841, July 1994. 

[2] N. Hampton, R. Hartlein, H. Lennartsson, H. Orton, and R. Ramachandran, "Long-life XLPE 

insulated power cable," presented at the Jicable, Paris-Versailles, France, 2007. 

0

200

400

600

800

1000

1200

0.007 0.008 0.009 0.01 0.011 0.012

P
D

F

Degradation rate (ν) [1/h]

(a)

0.0E+00

5.0E-13

1.0E-12

1.5E-12

2.0E-12

2.5E-12

0.E+00 5.E+11 1.E+12 2.E+12 2.E+12

P
D

F

σ

(b)

1E+12

1E+13

1E+14

0 1,000 2,000 3,000 

R
es

is
ta

n
ce

 (
Ω

)

Ageing time (h)

Measured

2.5 percentile

Average

97.5 percentile



Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, California 

[3] S. Dalal, R. S. Gorur, and M. L. Dyer, "Aging of distribution cables in service and its simulation 

in the laboratory," IEEE transactions on dielectrics and electrical insulation, vol. 12, pp. 139-

146, 2005. 

[4] S. PÉLISSOU, J. CÔTÉ, S. ST-ANTOINE, and J. DALLAIRE, "Emergency Conditions 

Applied To Triplex Medium-Voltage XLPE Cables Having Flat Strap Neutrals," presented at 

the Jicable, Paris-Versailles, France, 2007. 

[5] C. Kim, Z. Jin, P. Jiang, Z. Zhu, and G. Wang, "Investigation of dielectric behavior of thermally 

aged XLPE cable in the high-frequency range," Polymer testing, vol. 25, pp. 553-561, 2006. 

[6] Y. Mecheri, L. Boukezzi, A. Boubakeur, and M. Lallouani, "Dielectric and mechanical behavior 

of cross-linked polyethylene under thermal aging," in Electrical Insulation and Dielectric 

Phenomena, 2000 Annual Report Conference on, 2000, pp. 560-563. 

[7] Y. Mecheri, S. Bouazabia, A. Boubakeur, and M. Lallouani, "Effect of thermal Ageing on the 

Properties of XLPE as an Insulating Material for HV Cables," presented at the International 

Electrical Insulation Conference, IET Centre, Birmingham, UK, 2013. 

[8] Y. Mecheri, M. Nedjar, A. Lamure, M. Aufray, and C. Drouet, "Influence of moisture on the 

electrical properties of XLPE insulation," presented at the Conference on Electrical Insulation 

and Dielectric Phenomena (CEIDP), Purdue University, West Lafayette, IN, 2010. 

[9] Y.-S. Chang and A. Mosleh, "Predictive model of the degradation of cable insulation subject to 

radiation and temperature," presented at the International Topical Meeting on Probabilistic 

Safety Assessment and Analysis (PSA), Pittsburgh, PA, 2017. 

[10] Y.-S. Chang and A. Mosleh, "Physics-Based Model of the Degradation of Cable Insulation 

Subject to Radiation and Heat," presented at the IEEE Conference on Electrical Insulation and 

Dielectric Phenomenon, Fort Worth, TX, 2017. 

[11] Y.-S. Chang and A. Mosleh, "Probabilistic Degradation Models for Cable Insulation in Nuclear 

Power Plants," presented at the ANS Winter Meeting and Nuclear Technology Expo, 

Washington, D.C., 2017. 

[12] T. Yamamoto and T. Minakawa, "The final report of the project of assessment of cable aging for 

nuclear power plants," Japan Nuclear Energy Safety Organization, Tokyo, Japan JNES-SS-0903, 

July 2009. 

[13] E. Rabiei, H. Chien, M. White, A. Mosleh, S. Iyer, and J. Woo, "Component Reliability 

Modeling Through the Use of Bayesian Networks and Applied Physics-based Models," in 

Reliability and Maintainability Symposium (RAMS), Reno, Nevada, USA, 2018. 

[14] E. Rabiei, E. L. Droguett, and M. Modarres, "A prognostics approach based on the evolution of 

damage precursors using dynamic Bayesian networks," Advances in Mechanical Engineering, 

vol. 8, p. 1687814016666747, 2016. 

[15] E. Rabiei, E. L. Droguett, and M. Modarres, "Damage monitoring and prognostics in composites 

via dynamic Bayesian networks," in Reliability and Maintainability Symposium (RAMS), 2017 

Annual, 2017, pp. 1-7. 

[16] E. Rabiei, E. L. Droguett, and M. Modarres, "Fully Adaptive Particle Filtering Algorithm for 

Damage Diagnosis and Prognosis," Entropy, vol. 20, p. 100, 2018. 

[17] E. Rabiei, E. L. Droguett, M. Modarres, and M. Amiri, "Damage precursor based structural 

health monitoring and damage prognosis framework," Safety and Reliability of Complex 

Engineered Systems, vol, pp. 2441-2449, 2015. 

 

 


